MOBILYA ve AHSAP MALZEME
ARASTIRMALARI DERGISI

FURNITURE and WOODEN MATERIAL
RESEARCH JOURNAL

é‘ |




Mobilya ve Ahsap Malzeme Arastirmalari Dergisi

Furniture and Wooden Material Research Journal
Kurullar - Boards 2025 - 8(2), 204-499

BAS EDITOR ve IMTiYAZ SAHIBI / EDITOR-IN-CHIEF and CONCESSIONAIRE

Prof. Dr. Bekir Cihad BAL, Kahramanmaras Siit¢ii Imam Universitesi, Kahramanmaras, Tiirkiye

EDITOR KURULU - EDITORIAL BOARD

Prof. Dr. Murat OZALP, Kiitahya Dumlupiar Universitesi, Kiitahya, Tiirkiye

Dog. Dr. Erkan AVCI, Mugla Sitki Kogman Universitesi, Mugla, Tiirkiye

Dog. Dr. Nasir NARLIOGLU, imzir Katip Celebi Universitesi, Izmir, Tiirkiye

Prof. Dr. Petar ANTOV, University of Forestry, Bulgaria

Prof. Dr. Vassil JIVKOV, University of Forestry, Sofia, Bulgaria

Assist. Prof. Dr. Agnieszka JANKOWSKA, Warsaw University of Life Sciences - SGGW, Warsaw, Poland
Assoc. Prof. Dr. Seyyed Khalil HOSSEINIHASHEMI, Karaj Branch, Islamic Azad University, Karaj, Iran
Assoc. Prof. Dr. Emilia-Adela SALCA, Transilvania University of Brasov, Romanya

Senior Lecturer Dr. Lee Seng HUA, Universiti Teknologi MARA (UITM), Malaysia

DANISMA KURULU - ADVISORY BOARD

Prof. Dr. Abdiilkadir MALKOCOGLU, Karadeniz Teknik Universitesi, Trabzon, Tiirkiye

Prof. Dr. Ahmet KURTOGLU, Dogus University, Istanbul, Tiirkiye

Prof. Dr. Bruno ESTEVES, Polytechnic Institute of Viseu, Portugal

Prof. Dr. Cevdet SOGUTLU, Gazi Universitesi, Ankara, Tiirkiye

Prof. Dr. Marko PETRIC, University of Ljubljana, Ljubljana, Slovenia

Prof. Dr. Mehmet Hakk1t ALMA, Kahramanmaras Siitgii Imam Universitesi, Kahramanmaras, Tiirkiye
Prof. Dr. Pavlo BEKHTA, Ukrainian National Forestry University, Ukraine

Prof. Dr. Petar ANTOV, University of Forestry, Bulgaria

Prof. Dr. Sait Diindar SOFUOGLU, Dumlupmar Universitesi, Kiitahya, Tiirkiye

Prof. Dr. Tuncer DiLiK, istanbul Universitesi-Cerrahpasa Istanbul, Tiirkiye

Prof. Dr. Vassil JIVKOV, University of Forestry, Sofia, Bulgaria

Assoc. Prof. Dr. Abdurrahman KARAMAN, Usak Universitesi, Usak, Tiirkiye

Assoc. Prof. Dr. Alperen KAYMAKCI Kastamonu Universitesi, Tiirkiye

Assoc. Prof. Dr. Fatih Tuncay EFE, Canakkale, Onsekiz Mart University, Tiirkiye

Assist. Prof. Dr. Agnieszka JANKOWSKA, Warsaw University of Life Sciences - SGGW, Warsaw, Poland
Assoc. Prof. Dr. Emilia-Adela SALCA, Transilvania University of Brasov, Romanya

Assoc. Prof. Dr. Milan GAFF, Czech University of Life Sciences Prague, Prague, Czech Republic

Assoc. Prof. Dr. Onder TOR, Kastamonu Universitesi, Kastamonu, Tiirkiye

Assoc. Prof. Dr. Seyyed Khalil HOSSEINIHASHEMI, Karaj Branch, Islamic Azad University, Karaj, Iran
Assist. Prof. Dr. Emine Banu BURKUT, Fatih Sultan Mehmet Vakif Universitesi, Istanbul, Tiirkiye
Assist. Prof. Dr. Fiisun CURAOGLU, Eskisehir Teknik Universitesi, Eskisehir, Tiirkiye

Assist. Prof. Dr. Tomasz KRYSTOFIAK, Poznan University of Life Sciences, Poland

Senior Lecturer Dr. Lee Seng HUA, Universiti Teknologi MARA (UITM), Malaysia

Ph.D. Juanito P. JIMENEZ, Jr., Forest Products Research and Development Institute (FPRDI), Philippines

DIL EDITORU - LANGUAGE EDITOR
Zeynep NARLIOGLU, Ingiliz Edebiyat1 ve Beseri Bilimler, Tiirkiye



Mobilya ve Ahsap Malzeme Arastirmalari Dergisi

Furniture and Wooden Material Research Journal
Icindekiler - contents 2025 - 8(2), 204 - 499

ICINDEKILER - CONTENTS
ARASTIRMA MAKALELERI - RESEARCH ARTICLES

Panel mobilya birlestirmeleri i¢in inovatif baglant1 elemani tasarim ve performansi
Innovative fastener design and its performance for panel furniture joints
Ali Kasal , Sadullah Sayarcan , Tolga Kugkun*

3B yazicida farkh baski yonlerinde iiretilen PLA ve PLA-Wood civatalarin mekanik 6zelliklerinin incelenmesi
Investigation of the mechanical properties of PLA and PLA-wood bolts fabricated via 3D printing with different print orientations
Abdulsamed Arik , Nergizhan Anac* , Vahap Neccaroglu , Oguz Kogar, Ali Ulas Giimiisliioglu , Hikmet Sefa Dénmez

Influence of carbon nanotubes on physical and mechanical properties of polypropylene/reed flour hybrid nano WPC
Polipropilen/kamis unu hibrit nano WPC'nin fiziksel ve mekanik ozellikleri iizerine karbon nanotiiplerin etkisi
Seyyed Khalil HosseiniHashemil * , Maryam Jamshidi , Behzad Kord , Eshmaiel Ganjian , Ahmad Ehsani, Nadir Ayrilmis

Furniture reuse: Institutional models in Turkey and Europe
Mobilyalarin yeniden kullanimi: Tiirkiye ve Avrupa'da kurumsal modeller
Gizem Biike Oztiirk

Determination of dielectric properties in oriental beech (Fagus orientalis Lipsky) wood
Dogu kaymi (Fagus orientalis Lipsky.) odununda dielektrik ozelliklerinin belirlenmesi
Beytullah Bozali

Tarihi bir caminin ahsap tavan elemanlarinda malzeme analizi: agac tiirii, bocek hasari ve higroskopik davrams
Material analysis of wooden ceiling elements of a historical mosque: wood species, insect damage, and hygroscopic behaviour
Elif Topaloglu* , Murat Oztiirk , Derya Ustadmer ,Mesut Yalcin

Mobilya endiistrisinde MDF levhalarda yiizey piiriizliiliigii ve yapisma performansina kesim parametrelerinin etkileri
Effects of cutting parameters on surface roughness and adhesion performance of MDF panels in the furniture industry

Izham Kiling

Enhancing operational efficiency of sawmills in Sri Lanka’s state timber sector
Sri Lanka devlet kereste sektoriindeki kereste fabrikalarinin operasyonel verimliliginin artirilmast
Pathmasiri Bandara , Chaminda Kumara Muthumala , Tharindu Dilan Amarasinghe , Faiz Mohideen Mohamed Thassim Marikar*

Alcak yogunluklu polietilen ve yiiksek yogunluklu polietilen karisiminin bazi fiziksel ve mekanik 6zellikleri iizerine attkk MDF

Effect of waste MDF powder on some physical and mechanical properties of blend of low density polyethylene and high density polyethylene
Bekir Cihad Bal*

3B yazici ile iiretilen mobilya kulplarinin performansinin incelenmesi
Investigation of the performance of furniture handles produced by 3D printing
Sedanur Seker

The orientation of growing in black pine wood, heat treatment and alpha-x chemical examination of the effects
Karagam odununda yetisme yonii, 151l islem ve alfa-x kimyasalimin etkilerinin incelenmesi
Kemal Giiler , Murat Ozalp , Abdurrahman Karaman

Emprenye ve 1s1l islemin karacam (Pinus nigra) agacinin fiziksel ve mekanik 6zellikleri iizerine etkileri
Effects of impregnation and heat treatment on the physical and mechanical properties of black pine (Pinus nigra) wood
Bilal Dogan , Osman per¢in

Evaluation of the wood machining characteristics and performance of Melia azedarach L. for furniture

Melia azedarach L. odununun mobilya iiretimi i¢in ahsap isleme ézelliklerinin ve performansinin degerlendirilmesi
Alvin F. Vardeleonl, Juanito P. Jimenez, Jr.*, Osward David F. llagan , Edward Paul S. Marasigan

A perceptual impact model of material, quality, and identity in wood furniture consumers’ value associations
Ahsap mobilya tiiketicilerinin deger iliskilerinde malzeme, kalite ve kimligin algisal etki modeli
Andrea Reményi

Hybrid making in furniture design education: bridging digital fabrication and craft through experiential learning
Mobilya tasarimi egitiminde hibrit yapim: dijital iiretim ile zanaat arasinda képrii kurmak
Hande Atmaca*

204-219

220-235

236-248

249-264

265-280

281-294

295-306

307-320

321-333

334-344

345-357

358-372

373-388

389-403

404-419



Mobilya ve Ahsap Malzeme Arastirmalari Dergisi

Furniture and Wooden Material Research Journal
Icindekiler - contents 2025 - 8(2), 204 - 499

Influence of resin content on the properties of particleboard made from different parts of oil palm biomass
Yag palmiyesi biyokiitlesinin farkli kissmlarindan yapilan yonga levhanin ézellikleri iizerindeki regine iceriginin etkisi 420-429
Nurrohana Ahmad* , Siti Noorbaini Sarmin , Lee Seng Hual , Yusri Helmi Muhammad , Wan Mohd Nazri Wan Abdul Rahman , Nur Sakinah Mohamed Tamat

Non-destructive assessment of dynamic properties of acetylated beech wood (Fagus orientalis L.) under varying
Degisen emprenye ve reaksiyon stireleri altinda asetillenmis kaymn odununun (Fagus orientalis L.) dinamik ézelliklerinin tahribatsiz degerlendirilmesi 430-444

Seyyed Khalil HosseiniHashemi* , Mojtaba Esfandyar

Cam, kaymn ve hus kaplama ile giiclendirilmis kavak kontrplagin bazi mekanik 6zelliklerinin degerlendirilmesi

Evaluation of some mechanical properties of poplar plywood reinforced with pine, beech and birch veneer 445-455
Vedat Cavus* , Bekir Cihad Bal
DERLEME MAKALELER - REVIEW ARTICLES
Circular design strategies in interior architecture: rethinking furniture design through reuse, recycling, and waste materials
456-470

I¢ mimarlikta dongiisel tasarim stratejileri: yeniden kullanim, geri doniigiim ve atik malzemelerle mobilya tasarumi yeniden diisiinmelk

Emine Banu Burkut

Ahsap ve ¢elik malzemenin biikme mobilyada kullanimu: literatiir incelemesi
Use of wood and steel materials in bending furniture: literature review 471-486
Feyza Mendi , Ayse Seda Caliskan* , Onur Ulker

Brief review of bamboo particle-based composites: parameter and performances
Bambu parcacik bazli kompozitlerin kisa bir incelemesi: parametre ve performanslar 487-499
Juliana Abdul Halip* , Mohd Nazrul bin Roslan , Azrin Hani Abdul Rashid , Noor Aslinda Abu Seman , Nurazwa Ahmad , Ambigaipagan Nagasamy



Mobilya ve Ahsap Malzeme Arastirmalari Dergisi

Furniture and Wooden Material Research Journal
Arastirma Makalesi - Research Article 2025 - 8(2), 204-219

Panel mobilya birlestirmeleri icin inovatif baglanti eleman tasarimi ve
performansi

Ali Kasal*>', Sadullah Sayarcan'’, Tolga Kuskun*

OZ: Bu calismada, panel mobilyalar igin disardan goriinmeyen, montaji kolay ve pratik,
inovatif bir baglant1 elemani tasarlanmasi, {i¢ boyutlu yazici teknolojisiyle iiretilmesi,
performansinin degerlendirilmesi ve piyasada mevcut kullanilan minifiksli birlestirmeyle
karsilastirilmasi amaglanmigtir. Arastirma kapsaminda, 2 farkli boy (40 ve 50 mm) ve kesit
yapisinda (bosluksuz, bosluklu) olmak iizere, 4 farkli kombinasyonda inovatif baglanti
elemani tasarimlari gelistirilmis ve {i¢ boyutlu yazici ile {iretilmistir. Kose birlestirmelerinin
uretiminde yonga levha, baglanti elemanlarmin iretiminde ise polilaktik asit (PLA),
akrilonitril stiren akrilat (ASA) ve polietilen tereftalat glikol (PETG) filamentleri
kullanilmistir. Daha sonra, bu baglant1 elemanlariyla birlestirilen L-tipi kose birlestirmeler,
statik diyagonal basing ve ¢ekme yiikleri altinda test edilmis ve moment tasima kapasiteleri
ile elastikiyetleri belirlenmistir. Deney sonuglarina gore, en yiiksek mukavemet PLA veya
ASA filamentten bosluksuz olarak {iiretilmis 45 mm uzunlugundaki baglant1 elemanlariyla
elde edilmistir. Moment kapasitesi iizerinde baglant1 elemani malzemesinin; elastikiyet
iizerinde ise baglant1 elemani kesit yapisinin belirgin etkisi goriilmiistiir. Deneyler sonucunda,
tasarlanan baglant1 elemanlariyla birlestirilmis deney orneklerinin minifiksli birlestirilmis
orneklerin ortalama %73t kadar mukavemete sahip oldugu gézlenmistir.

Anahtar kelimeler: Mobilya kdse birlestirmeleri, Inovatif baglant1 elemani, Panel mobilya

Innovative fastener design and its performance for panel furniture joints

ABSTRACT: In this study, it was aimed to design innovative fastener that is invisible from
the outside, easy to assemble and practical for panel furniture, to produce it with three-
dimensional printing technology and to evaluate the performance and to compare it with
minifix joint. Innovative fastener designs in 4 different combinations, including 2 different
lengths and cross-section, were developed within the scope of the study, and produced with a
three-dimensional printer. In production of corner joints, particleboard was used, and in
production of fasteners, polylactic acid (PLA), acrylonitrilestyrene acrylate (ASA) and
modified polyethylene Terephthalate glycol (PETG) were used. L-type corner joints
connected with these fasteners were tested under static diagonal compression and tension
loads. Their moment capacities and stiffness were determined. According to results, the
highest strength was obtained with 45 mm long fasteners produced full cross-section from
PLA or ASA filament. Fastener material had significant effect on moment capacity, fastener
cross-section structure had significant effect on stiffness. As a result, it was observed that
specimens connected with designed fasteners had an average strength of 73% of the minifix
connected specimens.

Keywords: Furniture corner joints, Innovative fastener, Panel type furniture
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1 Giris

Mobilya tasarimi, miihendislik agisindan farkli yapisal ozelliklere sahip iic ana grupta
siiflandirilabilir. Bunlar; iskelet tipi, panel tipi ve kombine (karma) konstriiksiyonlu
mobilyalardir. Panel tipi mobilyalar, genellikle tablalarin birlesiminden olusan iirlinlerdir.
Iskelet tipi mobilyalar ise daha saglam cercevelerle yapilan, genellikle daha dayanikli yapilari
ifade eder. Kombine mobilyalar ise her iki yapi tiiriinii birlestirerek hem estetik hem de
fonksiyonel bir denge olusturur. Bu farkli yapilar, mobilyalarin kullanim amacina ve iiretim
tercihlerine gore sekillenir (Ors ve Efe, 1998; Eckelman, 2003).

Mobilya iiretiminde, basarili bir tasarim siireci i¢in {i¢ temel alanin dikkate alinmasi
gerekir. Ilk olarak, fonksiyonel tasarim; mobilyanin kullanim amacina uygunluk saglamali ve
kullanicilarin ihtiyaclarmi en iyi sekilde karsilamalidir. Ikinci olarak, estetik tasarim, bir
iirlinlin gorsel agidan c¢ekici olmasini saglamakla ilgilidir. Burada, moda, kiiltiirel etkiler ve
kullanici tercihlerinin yani sira renk, bigim, doku gibi unsurlar da g6z 6niinde bulundurulur.
Son olarak, miihendislik tasarimi, mobilyanin {iretiminde kullanilan malzeme ve tekniklerin,
en verimli sekilde belirlenmesini igerir. Bu siireg, mobilyanin teknik, ekonomik ve estetik
gereksinimlerinin bir arada disiiniilerek bilimsel bir temele dayandirilmasini saglar.
Miihendislik tasarimi, mobilyanin dayanikliligi, fonksiyonelligi ve uzun Omiirlii olmasini
garanti etmek icin kritik 6neme sahiptir (Efe 1994; Eckelman, 2003; Kasal, 2004; Ceylan ve
ark., 2024).

Gilinitimiizde, mobilya imalat sektoriinde genellikle, depolama, nakliye ve montaj kolaylig1
gibi nedenlerle tutkal kullanimi gerektirmeyen ve demonte (sokiiliip takilabilen) montaj
imkani1 saglayan mekanik baglanti elemanlar1 (minifiks, multifiks, vida, c¢ektirme vs.)
kullanilmaktadir.

Literatirde, panel mobilya kdse birlestirmelerinin mukavemetine iliskin birgok Kriterin
degerlendirildigi ¢alismalar baglant1 elemanlar1 hakkinda detayli bilgi vermektedir (Eckelman
and Rabiej, 1985; Jivkov ve ark., 2005; Tankut, 2009). Bir ¢alismada, panel mobilyalar i¢in
yeni bir birlestirme elemani tasariminda uygulanmasi gereken metodoloji hakkinda detayli
bilgiler verilmis olup kose birlestirmelerde kullanilan birgok baglanti elemani incelenmis ve
bunlar estetik, montaj kolayligi, ara¢ gere¢ kullanimi, operasyon sayisi, mukavemet vb. gibi
bircok kriter agisindan karsilastirarak degerlendirilmistir (Podskarbi ve ark., 2017). Ayrica,
yeni inovatif demonte baglant1 elemanlarin tasarlandigi ve bu elemanlarla birlestirilen panel
mobilya kdse birlestirmelerinin performansinin mevcut eksantirik baglanti elemanlariyla
karsilastirildigr ¢aligmalar yapilmis ve bu calismalarin sonucunda yeni tasarlanan baglanti
elemanlarimin performanslarmin kabul edilebilir diizeyde oldugu bildirilmistir (Poskarbi ve
Smardzewski 2019; Krzyzaniak ve Smardzewski 2021). Diger bazi caligmalarda panel
mobilya vidali kose birlestirmelerinde, optimum vida sayisi, vida ¢ap1 ve boyu gibi faktorler
belirlenmis, ayrica birlestirmelerin  performansmin tahmin edilmesini saglayacak
matematiksel esitlikler gelistirilmistir (Kasal ve ark., 2006; Kasal 2008).

Kavelali kose birlestirmelerin diyagonal basing yiikii altindaki moment kapasiteleri
belirlenmistir (Dalvand ve ark., 2014). Benzer bir ¢alismada, kelebek seklindeki baglanti
elemanli gonyeburun birlestirmeler ¢esitli kombinasyonlarda diyagonal ¢ekme ve basing
altinda test edilmis ve elde edilen sonucglara gore birlestirmelerin dis ve i¢ kenarlarindaki
gerilme konsantrasyonlari analiz edilmistir (Maleki ve ark., 2012a; Dalvand ve ark., 2013).
Bir diger ¢caligmada ise yabanci ¢itali kdse birlestirmeler diyagonal basing ve ¢ekme yikleri
altinda test edilmis, ¢aligma sonucunda optimum yabanci ¢ita dlgiileri ve derinligi belirlenmis
ve MDF o6rneklerin yonga levhaya istiinliik sagladig: bildirilmistir (Maleki ve ark., 2012b).
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Literattrde gergeklestirilen bu ¢alismalar, gergeklestirilen tasarim ve tiretim siiregleri ile
test yontemleri anlaminda literatiire ¢ok Onemli katkilar saglamistir. Ancak, ¢ogu baglant1
elemanlarmin maliyetleri ve montaj siireclerinde yasanan teknik ve ekonomik zorluklar, yeni
alternatif baglant1 elemanlari tasarlanmasimi ve iiretilmesini tesvik etmektedir. Ozellikle, panel
mobilyalar i¢in farkli malzeme ve yontemler kullanarak yeni birlestirme elemanlarinin
tasarimi onem arz etmektedir. Bu acidan degerlendirildiginde, giiniimiizde yeni tasarimlarin
iic boyutlu yazicilarda modellenmesi ve kolayca {iretilmesi yeni bir yontem olarak karsimiza
cikmakta ve insan aklinin sinirlar1 zorlamaktadir.

Ug boyutlu yazici teknolojilerinin gelistirilmesi, tasarlanan ve modellenen her tiirlii yapisal
ozellikteki tirliniin kolayca iiretilebilir olmasina ve insan aklinin smirlarini zorlamasina imkan
vermektedir. Ug boyutlu yazicilar giiniimiizde, otomotiv, saghk, mimari ve insaat, savunma
sanayi, egitim, oyuncak vb. bir¢cok sektorde verimli bir sekilde aktif olarak kullanilmaktadir.
Yakin gelecekte, bu teknolojilerin ¢ok daha fazla gelisecegini ve kullaniminin mobilya
sektorli de olmak tizere pek ¢ok farkli sektorlere dogru yayginlasacagini tahmin etmek ¢ok zor
degildir. Birlestirme ve baglant1 elemanlarinin tasarimi, mobilya miihendislik tasariminin
onemli adimlarindan birisidir. Bu sebeple, ii¢ boyutlu yazici teknolojilerinin mobilya baglant1
elemanlarinin iiretilmesi i¢in kullanilmasi ¢ok 6nemli goriilmektedir.

Bu caligmanin temel amaci; firmalarda Uretilen panel mobilyalarda mevcut dretim
yontemlerine alternatif olmak iizere, saglamliktan taviz vermeden maliyetleri azaltmak,
montaj siiresini kisaltmak ve montaj kolaylig1 saglamak amaciyla, disardan goériinmeyen,
0zgiin, inovatif bir baglant1 elemani tasarimi gelistirmesi ve bu baglanti elemanmin
performansmin belirlenmesi, mobilya sektoriinde yaygin olarak kullanilan mevcut minifiks
birlestirme teknigi performansi ile karsilastirilmasidir.

2 Materyal ve Metot
2.1 Materyal
2.1.1 Baglanti elemanlarinin tasarimi, modellenmesi ve Uretimi

Calisma kapsaminda, panel mobilyalarin iiretiminde, kose birlestirmelerde kullanilan
minifiks baglant1 elemanina alternatif olmak {izere baglant1 elemanlar1 tasarlanmis ve
iretilmistir. Baglant1 elemanlarmin tasariminda, panel mobilya kose birlestirmelerinin
demonte, montaji kolay ve montaj sirasinda herhangi bir ara¢ gerece ihtiya¢ duyulmadan
baglantin saglanmasi amag¢ edinilmistir.

Baglanti elemanlarmin tasariminda, ii¢ boyutlu modelleme islemleri i¢in “Autocad
Inventor” yazilimindan yararlanilmig ve panel mobilya Uretimi igin en uygun teknolojik
parametrelere sahip olmasima dikkat edilmistir. Tasarim ¢alismalarinda, agac isleri ve mobilya
sektoriinde, gesitli konstriiksiyon tipine sahip mobilyalarin birlestirme islemlerinde yaygin
olarak ve ¢ok eski yillardan beri bilinen ve kullanilan “kirlangi¢ kuyrugu” geometrisinden
esinlenilmistir. Bu geometrinin, panel mobilya kose birlestirmelerinde kullanilabilecek bir
baglant1 elemanina uyarlanmasi esas alinmistir. Buna gore kirlangic kuyrugu geometrisine
sahip 2 farkli enine kesitte (bosluksuz, bosluklu) baglanti elemani tasarimi yapilmistir.
Tasarlanan baglant1 elemanlarinin kirlangi¢ kuyrugu enine kesitli goriiniigleri ve olgtleri Sekil
1’ de gosterilmistir.

Bosluksuz ve bosluklu enine kesite sahip baglanti elemani tasarlanmasmdaki amag,
bosluksuz enine kesite sahip olan baglant1 elemani ile bosluklu yapidaki ve daha az malzeme
kullanilarak tiretilebilen baglant1 elemaninin mukavemet agisindan karsilastirilabilmesidir.
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Sekil 1. Bosluksuz ve bosluklu baglant1 elemanlarinin enine kesit goriiniisleri (6lgtiler mm)

Tahmin edilebilecegi gibi, bosluklu olan baglant1 eleman1 dolu olan baglant1 elemanima
gore hem malzeme miktar1 hem de iiretim siiresi agisindan ¢ok daha ekonomiktir. Kirlangig
kuyrugu seklinde enine kesite sahip olarak tasarlanan bu baglanti elemanlarinda, baglanti
elemaninin uzunlugunun belirlenmesi de ¢oziilmesi gereken Oonemli parametrelerden birisi
olarak diisiiniilmiistiir. Clinkii gereksiz uzunlukta iiretilen baglant1 elemanlarinda iiretim
malzemesi miktar1 artacak ve bu durum maliyeti olumsuz olarak etkileyecektir. Buna gore,
baglant1 elemanmin tasariminda 2 farkli uzunluk 6lgiisii (40 ve 45 mm) ile calisiimistir.
Tasarlanan 4 farkli kombinasyondaki (bosluklu, bosluksuz, 40 mm, 45 mm) baglanti
elemanlarinin perspektif goriintisleri ve detayl 6lciileri Sekil 2°de gdsterilmistir.
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Sekil 2. Tasarlanan baglant1 elemanlarmin 3B modellenmis goriiniisleri ve 6lgiileri (mm)

Tasarimi olgunlastirilan ve Ui boyutlu olarak modellenen baglant1 elemanlarinin, ii¢
boyutlu yazici ile iiretilebilmesi i¢cin gerekli 6zelliklere sahip olmasi saglanmistir. Burada,
Autocad Inventor programinda ii¢ boyutlu olarak modellenen baglant1 elemanlari, {i¢ boyutlu
yazicilarda yaygin olarak kullanilan STL (streolithography) formatmna doniistiiriilmiistiir. Bu
asamadan sonra, olusturulan iic boyutlu modellere iliskin dosyalar {i¢ boyutlu yazici ile
iiretilebilir hale getirilmistir. Baglant1 elemani iiretimleri i¢in, pek ¢ok malzeme arastirilmis,
on denemeler yapilmis ve mevcut yazici ile iiretilebilecek malzemeler belirlenmistir. Buna
gore, PLA, ASA ve PETG olmak tizere 3 farkli filamentten yararlanilmigtir. Filamentlerinin
yogunluklar1 ve ASTM D3039/D3039M-17 (2017)’e gbre cekme direncleri ile ¢cekmede
elastikiyet modiilii degerleri belirlenmistir. Baglant1 elemanlarinin Gretiminde, her bir
parametre i¢in firma Onerilerinde verilen araliklar dikkate alinmis, ancak bu araliklardaki en
basarili sonuglarin  hangi noktalarda almacaginin belirlenmesi igin 0n denemeler
gergeklestirilmistir. Buna gore tiretim i¢in optimum degerler ve testlerle belirlenen ¢ekme
direncleri Cizelge 1’de verilmistir. Her bir malzemeden olmak iizere 20’ser adet baglanti
eleman: iretilmistir. Buna gore toplamda 120 adet baglant1 eleman: iiretilmistir. Caligma
kapsaminda, 4 farkli konfigiirasyon (2 kesit yapisi, 2 uzunluk) ve 3 farkli malzeme olmak
iizere toplam 12 farkli baglant1 elemani grubu denenmek {izere iiretilmistir.
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Cizelge 1. 3B yaziciyla iiretiminde kullanilan optimum dokiim degerleri

Filament Nozzle Sicakhi@in  Tabla Sicakhigts  Doluluk Oram Katman Cekme Direnci
(°C) (°C) (%) Kahnhg (mm) (N/mm?)
PLA 220 70 90 0.1 50
ASA 260 90 90 0.1 39
PETG 240 90 90 0.1 44

2.1.2 Kaose birlestirme deney érneklerinin hazirlanmasi ve montaji

Deney ornekleri kenar ve yuzey olmak Uzere iki farkli elemandan olusmaktadir. Kenar
elemani olarak belirtilen yatay eleman 270 x 92 mm, yiizey eleman1 olarak belirtilen diisey
eleman ise 270 x 110 mm olgiilerindedir (Sekil 3).

- R

Sekil 3. L-tipi kose birlestirme deney 6rnegi (Levha kalinligi 18mm, yilizey elemani genisligi
110 mm, kenar elemani uzunlugu 270 mm ve kenar elemani genisligi 92 mm’dir.)

Birlestirmelerde, iki eleman birbirlerine 2 adet baglant1 elemani ile baglanmistir. Baglanti
elemanlarinin yerlestirilecegi yerlere onceden gerekli Glgiilerde bir tarafi diiz bir tarafi
kirlangic kuyrugu sekline olan kanallar agilmistir. Baglanti1 elemani eksenleri arasindaki
mesafe icin ¢coklu delik makinelerindeki standart 6lci (32 mm) hesaba alinacaktir. Deney
orneklerinin birlesme yerlerinin detay1 Sekil 4’de gosterilmistir.

KENAR‘IELEMANI
| an-=>1 JK ; D | =
1 - 1
32 | 40-45 | 40-45 ] E 80-90

 e— D ( : D

110

YUZEY ELEMANI

270 2
Sekil 4. Kenar ve ylizey elemanina agilacak kanallarin goériiniisii ve 6lgiileri

Deney oOrnekleri hazirlanirken oncelikle yiizey ve kenar elemanlar1 i¢in gerekli olan
kirlangic kuyrugu ve diiz kanallar acilmigtir. Bu kanallar bilgisayarli niimerik kontrol (CNC)
makinesinde ac¢ilmistir. Kenar elemanina agilan kanallar Sekil 5a' da, yuzey elemanma agilan
kanallar Sekil 5b’ de gosterilmistir.
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Sekil 5. Kenar (a) ve yiizey (b) elemanlarina agilan kanallar

Kenar ve yiizey elemanlarina gerekli kanallarin acgilmasini takiben montaj asamasina
gecilmistir. Montaj asamasinda ilk olarak baglant1 elemanlar1 kenar elemanina agilmis olan
kanallara serbest el ile kolayca yana kaydirilarak yerlestirilmistir.

Tasarlanan baglant1 elemani, montaj asamalarimda da gorildiigi gibi, calismanin
amaclarina hizmet edecek niteliktedir. Baglant1i elemani montaj sonrasinda disardan
goriinmemekte, pratik bir seklide yatay ve diisey panel elemanlar1 higbir arag-gereg
gerektirmeden diisiik montaj kuvvetleriyle kolayca birbirlerine birlestirmektedir. Baglanti
elemaninin maliyeti de firmada mevcut olarak panel mobilya birlestirmelerinde kullanilan
minifiks baglant1 elemanina gore ¢ok daha diisiiktiir.

Montaj sirasinda ilk olarak kirlangi¢ kuyrugu kesitli baglant1 elemani, yatay elemana
(kenar eleman) agilmis olan bir tarafi diiz bir tarafi kirlangic kuyrugu seklinde agilmis
kanallardan, diiz kanal olan tarafin igerisine yerlestirilmis, daha sonra da yatay yonde
kaydirilmak suretiyle kirlangic kuyrugu kanal tarafina yerlestirilerek sikistirilmistir (Sekil 6a,
6b, 6¢). Bu islem icin hicbir arag gerece gerek duyulmamakta olup, islem sadece el
yordamiyla ve ¢ok diisik montaj kuvvetleri uygulanmak = suretiyle kolayca
halledilebilmektedir.

Bu asamadan sonra, benzer bir islem ylizey eleman (diisey eleman) ile kenar elemanini
birlestirmek i¢in gerceklestirilmistir. Burada, baglant1 elemaninin kirlangi¢c kuyrugu kisminin
bir tarafi kenar elemani icerisinde sikistirilmis durumdadir (Sekil 6¢). Bu elemanda, baglanti
elemaninin disarda kalan kismi, yiizey elemaninda agilmis olan ve diger elemanda oldugu gibi
bir tarafi diiz bir tarafi kirlangic kuyrugu seklinde acilmis kanallardan diiz olan kanalin
icerisine yerlestirilmektedir (Sekil 6¢, 6d). Daha sonra da, eleman yanal yonde kaydirilmak
suretiyle baglant1 elemaninin kirlangic kuyrugu kanal igerisine yerlestirilerek sikistirilmasi
saglanmaktadir (Sekil 6e). Bu asamada da, herhangi bir arag¢ gereg ihtiyaci olmayip, montaj
cok diisiik montaj kuvvetleriyle el yordamiyla yapilabilmektedir. Montaj sonrasinda baglant1
elemani disardan gériinmemektedir.

Deneylerde, 3 baglant1 eleman1 malzemesi, 2 enine kesit yapist (bosluklu, bosluksuz), 2
baglant1 eleman1 uzunlugu, 2 yiikleme bi¢imi ve her bir deney 6rnegi grubundan 5 yineleme
olmak (zere toplam 120 adet L-tipi kose birlestirme deney ornegi (3 x 2 x 2 x 2 = 120)
hazirlanmig ve statik diyagonal gekme ve basing yiikleri altinda test edilmistir (Sekil 7).
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Sekil 6. Orneklerinin tasarlanan baglant1 elemaniyla montaj asamalar1

Calismaya iliskin deneme deseni Cizelge 2’ de verilmistir.

Cizelge 2. Calisma kapsamina iligkin deneme deseni

No Malzeme Baglanti elemam1  Baglanti elemani Cekme Basing

Kkesit yapisi uzunlugu Deneyi Deneyi
1 ASA Bosluksuz 40 mm 5 5
2 45 mm 5 5
3 Bosluklu 40 mm 5 5
4 45 mm 5 5
5 PLA Bosluksuz 40 mm 5 5
6 45 mm 5 5
7 Bosluklu 40 mm 5 5
8 45 mm 5 5
9 PETG Bosluksuz 40 mm 5 5
10 45 mm 5 5
11 Bosluklu 40 mm 5 5
12 45 mm 5 5
Toplam Deney Ornegi 60 60

120 Adet

Ayrica, tasarlanan baglant1 elemanlariyla birlestirilen 6rneklerden elde edilen sonuglarin,
minifiks baglant1 elemaniyla karsilastirilabilmesi i¢in, 10 adet (5 ¢ekme, 5 basing) minifiks
baglantili deney Ornegi de hazirlanmig ve test edilmistir. Tiim deney Ornekleri, deneylere
alinmadan once 20 + 2°C ve % 65 + 5 bagil nem kosullarindaki iklimlendirme odasinda
denge rutubetine ulagincaya kadar bekletilmistir. Deney orneklerinin rutubet ve yogunluklari
icin TS EN 322 ve TS EN 323’ de belirtilen esaslara uyulmustur.

210



Kasal ve ark., Mobilya ve Ahsap Malzeme Arastirmalar: Dergisi, 8 (2), 204-219

2.2 Metot
2.2.1 L-tipi kose birlestirmelerin diyagonal basing¢ ve ¢ekme deneyleri

L-tipi deney Orneklerinin diyagonal ¢ekme ve basing yiikleri altindaki moment tagima
kapasitelerinin belirlenmesi ic¢in herhangi bir standart bulunmamaktadir. Bu nedenle, bu
caligmada L-tipi deney ornekleri Uzerine ge¢cmiste yapilan ¢alismalar (Efe ve ark., 2003;
Kasal ve ark., 2006; Kasal, 2008; Dalvand ve ark., 2013; Dalvand ve ark., 2014) esas
almmustir.

Deneyler, bilgisayar kontrollii ve 5 ton kapasitesi olan Universal Test Cihazinda, 6 mm/dak
hiz ile statik yuklemelerle gergeklestirilmistir. Test sonuglari, diyagonal ¢ekme ve basing
yiikleri olarak elde edilmis ve bu yiikler altinda taginan momentler (Mg) her bir 6rnek igin
ayr1 ayr1 hesaplanmistir. Ayrica, deney yiikleri altinda meydana gelen diisey yondeki yer
degistirmeler (y) de belirlenmis, buna gore elde edilen yuk-deformasyon grafiklerinin elastik
bolgesine gore birlestirmelerin elastikiyetleri (K¢) de belirlenmistir.

Diyagonal ¢ekme testlerinde; moment (Mg), Esitlik 1°e, elastikiyet (K¢), Esitlik 2°ye gore
hesaplanmistir (Sekil 7a).

M¢ = 0.5 Fmaxgk x 0.5L¢ (Nm) 1)

K(;:Fmaxg

=(N/mm) (2)

Burada; Mc¢: Cekme yiikii altinda tasinan moment (Nm), Fmaxck: GO¢me anindaki
maksimum kuvvet (N), L¢: Moment kolu 93.34 mm ve y: yer degistirmelerdir. Diyagonal
basing deneylerinde ise moment (Mb), Esitlik 3’c, elastikiyet (Kb), Esitlik 4’e¢ gore
hesaplanmistir (Sekil 7b).

Mb = Fmaxb x Lb (Nm) (3)

Fmaxb

Kb =

= (N/mm) (4)

Burada; Mb: Basing yiikii altinda tasinan moment (Nm), Fmaxb: Gog¢me anindaki
maksimum kuvvet (N), Lb: Moment kolu 93.34 mm ve ve y: yer degistirmelerdir.

Sekil 7. Diyagonal ¢cekme (a) ve basing (b) deneyi diizenegi ve mesafeler
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2.2.2 Ilstatistiksel degerlendirme

Deney sonuglarmin istatistiksel analizi asamasinda; istatistiksel analizler basing deneyi
sonuglar1 igin ayri, ¢ekme deneyi sonuglari igin ayri olacak sekilde gerceklestirilmistir.
Ayrica, her bir deneyden moment ve elastikiyet olmak iizere 2 farkli veri elde edilmis olup
toplamda 4 farkli bagimli degisken kullanilmustir. Istatistiksel analizlerde, baglant1 eleman1
uzunluk Olgiisti, bosluklu olup olmamasi ve baglanti elemani malzemesi faktorlerinin
(bagimsiz degiskenler), deney Orneklerinin diyagonal basing ve c¢ekme yiikleri altindaki
moment tasima kapasiteleri ve elastikiyetleri iizerindeki etkileri ¢oklu varyans analizi
(MANOVA) ile belirlenmistir. Varyans analizleri sonucunda farkliliklarmm p<0.05’e gore
istatistiksel anlamda farkli ¢ikmasi halinde, bu farkliliklarin gruplar arasindaki Snemini
belirlemek i¢in en kii¢iik onemli fark (LSD) karsilastirma testi kullanilmustir. Istatistiksel
analizlerin  gerceklestirilmesinde,  “Minitab  Statistical =~ Software”  programindan
yararlanilmistir.

3 Bulgular ve Tartisma
3.1 Diyagonal basin¢ deneylerinde moment kapasitesi ve elastikiyet sonuclar

Malzeme ¢esidi, kesit yapis1 ve uzunluk faktorleri ile bu faktorlerin etkilesimlerinin L-tipi
kose birlestirmelerin basing yiikii altindaki moment kapasitesi ve elastikiyeti iizerindeki
etkilerine iligsin ¢oklu varyans analizleri Cizelge 3’ te verilmistir. Moment kapasitesi igin
yapilan varyans analizi sonuglarma gore, ana faktorlerden malzeme ¢esidi (M) ve kesit yapisi
(K) moment kapasitesi tizerinde etkili, baglant1 elemani uzunlugunun etkisi ise istatistiksel
anamda 6nemsiz ¢ikmustir. Ikili etkilesimlerden, M x K ve M x U anlamli, K x U anlamsiz,
ticlii etkilesim M x K x U ise anlaml1 bulunmustur.

Cizelge 3. Basing yiikii altindaki moment kapasitesi ve elastikiyete iligkin varyans analizi

Serbestlik Kareler Kareler

Varyans Kaynaklari Derecesi Toplam Ortalamasi F Degeri (P<0.05)
Moment
Malzeme (M) 2 12.7189 6.35947 21.46 0.000*
Kesit (K) 1 2.6425 2.64250 8.92 0.004*
Uzunluk (U) 1 0.0067 0.0067 0.22 0.637
M x K 2 7.7688 3.88440 13.11 0.000*
Mx U 2 10.1236 5.06182 17.08 0.000*
KxU 1 0.6000 0.06000 2.02 0.161
MxKxU 2 11.5936 5.79678 19.56 0.000*
Hata 48 14.2230 0.29631
Toplam 59 59.7371
Elastikivet
Malzeme (M) 2 33.47 16.74 3.11 0.053
Kesit (K) 1 1328.27 1328.27 247.18 0.000*
Uzunluk (V) 1 187.19 187.19 34.84 0.000*
M x K 2 9.07 4.54 0.84 0.436
Mx U 2 317.82 158.91 29.57 0.000*
KxU 1 270.23 270.23 50.29 0.000*
MxKxU 2 174.99 87.50 16.28 0.000*
Hata 48 257.94 5.37
Toplam 59 2579.00

*: Istatistiksel olarak anlaml

Bu sonuglara gore, varyans analizinde anlamli bulunan ana faktorler olan malzeme ve kesit
yapist (Cizelge 4) ile tugli etkilesim (Cizelge 6) i¢in karsilastirma testleri yapilmustir.
Elastikiyet i¢in yapilan varyans analizi sonuglarina gore, K ve U ana faktdrlerinin elastikiyet
tzerindeki etkileri anlamli, M’nin etkisi ise istatistiksel anamda 6nemsiz c¢ikmustir. Ikili
etkilesimlerden, M x K disindaki etkilesimler ve ayni1 zamanda M X K x U iglii etkilesiminin,
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etkileri de anlamli bulunmustur. Bu sonuglara gore, varyans analizinde anlamli bulunan ana
faktorler olan kesit yapist ve uzunluk (Cizelge 5) ile tglii etkilesim (Cizelge 6) icin
karsilastirma testleri yapilmistir.

Moment kapasitesi ve elastikiyet degerleri igin yapilan c¢oklu varyans analizleri
sonuglarinda, ana faktorlere iligkin F-degerleri incelendiginde, moment kapasitesi zerinde
malzeme, elastikiyet (izerinde ise kesit yapisinin belirgin etkisi gdze carpmaktadir. Ikincil
olarak, moment kapasitesinin kesit yapisindan, elastikiyetin ise uzunluktan etkilendigi
sOylenebilir. Mekanik 6zellikleri yiiksek olan malzemeler ile iiretilen baglanti elemanlari
dogal olarak birlestirmenin moment kapasitesini artirirken, baglanti elemanlarmnin kesit
yapismin bosluklu olmasi, deney yiikleri altinda malzemenin esnemesine ve dolayisiyla da
birlestirmenin elastikiyetinin diismesine yol agmustir.

Malzeme cesidinin ve kesit yapisinin L-tipi kdse birlestirmelerin basing yiikii altindaki
moment Kkapasitesi degerlerine etkilerine ait ortalamalarin karsilagtirma sonuglar1 Cizelge 4’te
verilmistir.

Cizelge 4. Malzeme ¢esidi ve kesit yapisina gére moment ortalamalarmin karsilastiriimasi

Malzeme cesidi Moment ( Nm) Moment ( Nm)
(X) HG Kesit yapisi (X) HG
PLA 4.82 A
PETG 4.72 A Bosluksuz 4.66 A
ASA 3.79 B Bosluklu 4.24 B

Buna gore, PLA ve PETG’nin moment kapasitesi ayni diizeyde olup en yiiksek, ASA ise
en diisiik tespit edimistir. Kesit yapisinin, L-tipi kose birlestirmelerin basing yiikii altindaki
moment kapasitesi degerlerine etkilerine gore, Uretilen baglanti1 elemanlarinin bosluksuz
olmas: birlestirmelerin moment kapasitesini %10 artirmustir. Bu durum, deney yiikleri altinda
birlestirmelerde olusan momenti karsilamada bosluksuz olan baglant1 elemaninin atalet
momentinin ve malzeme miktarinin fazla olmasi ile agiklanabilir. Ancak, moment
kapasitesindeki %10’luk bir artis ile bu mukavemete ulasmak i¢in gerekli olan maliyetin
analiz edilmesi, bir bagka ifadeyle bosluksuz baglant1 elemani1 kullaniminin ekonomik olup
olmadigmni anlamak i¢in maliyet performans analizi yapilmasi mantikli bir yaklasim olacaktir.

Kesit yapis1 ve baglant1 elemani uzunlugunun L-tipi kose birlestirmelerin basing yiikii
altindaki elastikiyet degerlerine etkilerine ait ortalamalarm karsilastirma sonuglar1 Cizelge
5’te verilmistir.

Cizelge 5. Kesit yapisi ve baglanti elemani uzunluguna gore elastikiyet ortalamalarinin

karsilastirilmasi
. Elastikiyet (N/mm) Baglanti Elemam Elastikiyet (N/mm)
Kesit yapisi X) HG Uzunlugu X) HG
Bosluksuz 17.46 A 45 mm 14.52 A
Bosluklu 8.05 B 40 mm 10.98 B

Kesit yapismin, L-tipi kdse birlestirmelerin basing yiikii altindaki moment kapasitesi
degerlerine etkilerine gore, liretilen baglant1 elemanlarinin bosluksuz olmasi birlestirmelerin
elastikiyetini yaklasik 2 kat artirmugtir. Uretilen baglant1 elemanlarinin 45 mm uzunlugunda
olmasi, 40 mm olmasmna nazaran birlestirmelerin elastikiyetini % 32 gibi 6nemli bir oranda
artirmigtir. Buna gore, baglant1 elemanlarinin 45 mm uzunlugunda tiretilmesi onerilebilir.
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Malzeme ¢esidi-kesit yapisi-baglant1 elemani uzunlugu tglii etkilesiminin, L-tipi kose
birlestirmelerin basing yiikii altindaki moment kapasitesi ve elastikiyet degerlerine etkilerine
ait ortalamalarm karsilastirma sonuglar1 Cizelge 6’da verilmistir.

Cizelge 6. Uclii etkilesimi icin moment ve elastikiyet ortalamalarmin karsilastiriimasi

Malz?rr'le Kesit Yapist Uzunluk Moment (Nm) Elastikiyet (N/mm)
Cesidi X HG X HG
45 mm 4.72 (15.4) BC 22.65 (15.8) AB
Bosluksuz
PLA 40 mm 4.59 (11.6) BC 10.82 (9.8) D
Bosluklu 45 mm 5.62 (5.08) A* 9.65 (11.6) DEF
3 40 mm 4.34 (12.3) C 7.07 (20.9) FG
Bosluksuz 45 mm 4.14 (10.5) CD 17.35 (25.1) C
PETG 40 mm 5.49 (13.2) A* 20.42 (16.9) B
Boslukd 45 mm 4.21(16.4) C 7.20 (16.2) EFG
O3luKiu 40 mm 5.05 (14.1) AB 10.05 (13.9) DE
45 mm 5.51 (6.6) A* 24.05 (11.9) A*
Bosluksuz
ASA 40 mm 3.48 (15.9) D 9.47 (14.8) DEF
Bodlukl 45 mm 2.68 (12.9) E 6.23 (17.3) G
O3iuxid 40 mm 3.52 (9.1) D 8.10 (14.3) DEFG

*: Parantez icerisindeki degerler varyasyon katsayilaridir (%).

Cizelge 6’ya gore; moment kapasitesi i¢in en yiliksek degerler aymi diizeyde olup PLA-
bosluklu-45 mm, PETG-bosluksuz-40 mm ve ASA-bosluksuz-45 mm kombinasyonlarinda
elde edilirken, en diisiik moment kapasitesi degerlerini ASA-bosluklu-45 mm kombinasyonu
vermisti. PETG ve ASA malzemelerinden iiretilen bosluklu baglanti elemanlarinda,
uzunlugun artmas1 moment kapasitesini diistirmiistiir. En yiiksek elastikiyet degerleri ASA-
bosluksuz-45 mm kombinasyonunda elde edilirken, en diisiik elastikiyet degerlerini ASA-
bosluklu-45 mm kombinasyonu vermistir. Buna gore, ASA malzemesinden iiretilen baglanti
elemanlarinin mutlaka bosluklu iiretilmesi gerektigi anlasilmaktadir. Genel bir degerlendirme
yapilacak olursa, ASA malzemesinden tiretilen baglant1 elemanlar1 bosluksuz olarak Uretilirse
en iyi moment kapasitesi ve elastikiyet degerlerini verecegi sdylenebilir.

3.2 Diyagonal ¢ekme deneylerinde moment kapasitesi ve elastikiyet sonuclari

Baglant1 elemanlarinda; malzeme c¢esidi, kesit yapist ve uzunluk faktorleri ile bu
faktorlerin etkilesimlerinin L-tipi kose birlestirmelerin ¢ekme yiikii altindaki moment
kapasitesi ve elastikiyeti lizerindeki etkilerine ilisin ¢oklu varyans analizleri Cizelge 7° de
verilmistir.

Coklu varyans analizi sonuglarina gore, malzeme ¢esidi (M) ve baglant1 elemani uzunlugu
(U) ana faktorlerinin moment kapasitesi tizerindeki etkileri 0,05 hata payr i¢in anlamli
bulunurken, kesit yapisinin (K) etkisi ise istatistiksel anamda 6nemsizdir. M x U ve K x U
ikili etkilesimleri anlamli, M x K ikili etkilesimi ise anlamsizdr. M x K x U f{gli
etkilesiminin etkileri de istatistiksel olarak anlamsizdir. Bu sonuglara gore, varyans analizinde
anlamli bulunan ana faktorler olan malzeme ve uzunluk (Cizelge 8 ve 9) ile ikili etkilesimler
(Cizelge 10 ve 11) icin karsilastirma testleri yapilmistir. Elastikiyet i¢in gerceklestirilen coklu
varyans analizi sonuglarma gore, M ve K ana faktorlerinin etkileri 0,05 hata payi i¢in anlaml
bulunurken, U’nun etkisi ise dnemsizdir. Ikili etkilesimler ve iiclii etkilesimin elastikiyeti
uzerindeki etkileri istatistiksel olarak anlamlidir. Buna gore, varyans analizinde anlamli
bulunan ana faktorler olan malzeme ve kesit yapisit (Cizelge 8 ve 9) ile tglii etkilesim
(Cizelge 12) icin karsilastirma testleri yapilmustir.
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Cizelge 7. Cekme yiikii altindaki moment kapasitesi ve elastikiyete iliskin varyans analizi

Serbestlik Kareler Kareler ..
Varyans Kaynaklari Derecesi Toplam: Ortalamasi F Degeri (P<0.05)
Moment
Malzeme (M) 2 197.27 98.636 11.17 0.000*
Kesit (K) 1 20.53 20.531 2.33 0.134
Uzunluk (U) 1 116.47 116.473 13.19 0.001*
M x K 2 23.47 11.735 1.33 0.274
MxU 2 543.33 271.665 30.77 0.000*
KxU 1 45.64 45.636 5.17 0.028*
MxKxU 2 18.62 9.312 1.05 0.356
Hata 48 423.80 8.829
Toplam 59 1389.13
Elastikivet
Malzeme (M) 2 576.8 288.40 8.42 0.001*
Kesit (K) 1 4210.9 4210.86 122.91 0.000*
Uzunluk (U) 1 34.4 34.36 1.00 0.322
M x K 2 458.6 229.29 6.69 0.003*
Mx U 2 3987.1 1993.57 58.19 0.000*
KxU 1 1937.8 1937.85 56.56 0.000*
MxKxU 2 1087.5 543.77 15.87 0.000*
Hata 48 1644.5 34.26
Toplam 59 13937.6

*: {statistiksel olarak anlamh

Malzeme ¢esidinin, ¢ekme yiikii altindaki moment kapasitesi ve elastikiyet degerlerine
etkilerine ait ortalamalarm karsilastirilma sonuglar1 Cizelge 8’de verilmistir.

Cizelge 8. Malzeme cesidine gére moment ve elastikiyet ortalamalarmin karsilastirilmasi

Malzeme cesidi = l)\/loment (Nm) = (Iile)lstlklyet (N/mm) =
ASA 32.76 A 66.22 A
PETG 30.34 B 59.81 B
PLA 28.33 C 59.48 B

Yapilan karsilastirmalar sonucunda; hem moment hem de elastikiyet icin malzemeler
arasindaki basar1 siralamasi ASA, PETG ve PLA seklindedir. PETG ve PLA’ dan (retilen
baglant1 elemanlariyla birlestirilmis 6rneklerin elastikiyetleri arasindaki farklar anlamsizdir.

Baglant1 elemani uzunlugunun, ¢ekme yiikii altindaki moment kapasitesine ve kesit yapisi
faktoriiniin de elastikiyet degerleri lizerindeki etkilerine ait ortalamalarin karsilastiriima
sonuglar1 Cizelge 9°da verilmistir.

Cizelge 9. Baglant1 eleman1 uzunlugu ve kesit yapisina gore moment ve elastikiyet
ortalamalarinin karsilastirilmasi

Baglant1 Elemani Uzunlugu Moment (Nm) Kesit yapisi Elastikiyet (N/mm)
(X) HG (X) HG
45 mm 31.87 A Bosluksuz 70.22 A
40 mm 29.08 B Bosluklu 53.46 B

Baglant1 eleman1 uzunlugunun, L-tipi kdse birlestirmelerin ¢ekme yiikii altindaki moment
kapasitesi degerlerine etkilerine ait ortalamalarin karsilagtrma sonuglarina gore, baglanti
elemant uzunlugunun birlestirmelerin  moment kapasitesi {izerinde etkili oldugu
gorulmektedir. Baglant1 elemanmmin 40 mm den 45 mm’ ye ¢ikarilmasi, birlestirmelerin
cekme yiikii altindaki moment tagima kapasitesini %10 artrrmustir. Uygun derinlige sahip kutu
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tipi mobilyalarda, baglant1 eleman1 uzunlugunun artirilmasimin mukavemeti daha da artiracagi
diisiiniilmektedir. Kesit yapisinin, L-tipi kdse birlestirmelerin ¢ekme yiikii altindaki elastikiyet
degerlerine etkilerine ait ortalamalarin karsilagtirma sonuglarina gore, baglant1 elemanlarinin
bosluksuz olarak tretilmesi birlestirmelerin elastikiyetini 6nemli derecede artirmustir.
Bosluksuz baglanti elemanli birlestirmeler, bosluklu baglant1 elemanli birlestirmelere gore
cekme yiikii altinda %32 daha yiiksek elastikiyete sahip bulunmuslardir.

Malzeme ¢esidi-baglant1 elemani uzunlugu ikili etkilesiminin, L-tipi kdse birlestirmelerin
cekme yiikii altindaki moment kapasitesi degerlerine etkilerine ait ortalamalarin karsilastirma
sonuglar1 Cizelge 10°da verilmistir.

Cizelge 10. Malzeme ¢esidi-baglant1 elemani uzunlugu ikili etkilesim moment ortalamalari

Moment (Nm)

Malzeme Uzunluk (X) HG
45 mm 38.42 A
ASA 40 mm 27.12 C
45 mm 29.71 BC

PET
¢ 40 mm 30.98 B
PLA 45 mm 27.50 C
40 mm 29.16 BC

Yapilan karsilastirmalar sonucunda, en yiiksek moment kapasitesi degerleri 45 mm
uzunlugunda ASA malzemeden iiretilmis baglant1 elemanlariyla elde edilirken, en diisiik
moment kapasitesi degerlerini yine ASA malzemeden tiretilen 40 mm uzunlugundaki baglant1
elemani ile tretilmis birlestirmeler vermistir. ASA’ dan {retilmis 40 mm uzunlugundaki
baglant1 elemanli birlestirmeler ile PLA’ dan {iretilmis baglant1 elemanli birlestirmeler
arasindaki mukavemet farklar1 istatistiksel olarak onemsizdir.

Kesit-uzunluk ikili etkilesiminin, birlestirmelerin ¢ekme yiikii altindaki moment kapasitesi
degerlerine etkilerine ait ortalamalarin karsilastirma sonuglar1 Cizelge 11°de verilmistir.

Cizelge 11. Kesit yapisi-baglant1 elemani uzunlugu ikili etkilesim moment ortalamalar1

Moment (Nm)

Kesit yapisi Uzunluk

(X) HG

45 mm 31.59 A

Bogluksuz 40 mm 30.55 A
45 mm 32.16 A

Bogluklu 40 mm 27.63 B

Yapilan karsilastrmalar sonucunda, en diisik moment kapasitesi degerleri 40 mm
uzunlugunda ve bosluklu olarak iiretilmis baglant1 elemanli birlestirmelerde elde edilmis olup
diger kombinasyonlardaki baglant1 elemanli birlestirmelerin mukavemetleri arasindaki farklar
bilimsel olarak anlamsiz ¢ikmistir. Malzeme ¢esidi-kesit yapisi-baglant1 elemani uzunlugu
iclii etkilesiminin, L-tipi kose birlestirmelerin ¢ekme yiikii altindaki elastikiyet degerlerine
etkilerine ait ortalamalarin karsilastirma sonuclar1 ve deneylerden elde edilen moment
kapasitesi degerleri Cizelge 12’da verilmistir. Malzeme-kesit kapisi-baglant1 elemani
uzunlugu tglii etkilesiminin, birlestirmelerin  moment kapasitesi {izerindeki etkileri
istatistiksel olarak anlamsiz bulunmustur. Bu nedenle tiglii karsilastirma sonuglarinda moment
kapasitesi degerleri homojenlik gruplarin ayrilmamistir. Birlestirmelerin elastikiyet degerleri
icin, en yiiksek degerlerin elde edildigi kombinasyon PETG-bosluksuz-40 mm olup, en diisiik
elastikiyet degerleri ASA-bosluklu-40 mm kombinasyonunda elde edilmistir.
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Cizelge 12. Uglii etkilesimi i¢in elastikiyet ortalamalarmin karsilastiriimas: ve momentler

Malzeme Elastikiyet (N/mm)

Cesidi Kesit Yapist Uzunluk Moment (N) X HG
Bosluksuz 45 mm 28.72 (9.1) 63.33 (10.1) D

PLA 40 mm 30.63 (5.9) 65.62 (2.8) CD

Bosluklu 45 mm 26.29 (9.1) 54.41 (8.5) E

40 mm 27.70 89.9) 54.58 (14.9) E

Bosluksuz 45 mm 28.84 (10.6) 49.81 (10.2) EF

PETG 40 mm 33.06 (9.5) 93.35(5.9) A
Bosluklu 45 mm 30.57 (10.7) 48.20 (8.4) EF

40 mm 28.91 (13.9) 47.91 (8.7) EF

Bosluksuz 45 mm 37.20 (6.6) 78.19 (9.8) B

ASA 40 mm 27.95 (12.4) 71.00 (9.5) BC

Bosluklu 45 mm 39.63 (7.2) 72.56 (9.1) BC

40 mm 26.29 (11.6) 43.13 (14.1) F

*: Parantez igerisindeki degerler varyasyon katsayilaridir (%)

4 Sonug ve Oneriler

Bu c¢alismada, panel mobilya kose birlestirmelerinde kullanilan minifiks baglanti
elemanina alternatif olarak, yeni inovatif bir baglant1 eleman1 tasarimi yapilmis ve baglanti
elemanmin tasariminda c¢esitli faktorler incelenerek en yiksek mukavemete sahip baglanti
elemani arastirilmistir. Bu kapsamda:

e Minifiks igin de ayn1 testler karsilastirma yapilabilmesi amaciyla gergeklestirilmistir.

e Karsilagtirma sonuglarinda, basing ve c¢ekme altindaki moment kapasitelerine
bakildiginda, tasarlanan baglant1 elemanlar1 ile birlestirilen deney érneklerinin, minifiks
ile birlestirilmis deney 6rneklerine nazaran daha diisiik degerlerde oldugu goériilmektedir.

e Basing deneylerinde, tasarlanan en iyi baglant1 elemanli birlestirmelerin (PLA-Bosluklu-
45 mm), minifiksli birlestirmelerin yaklasik %67’si kadar moment tasindigi; ¢ekme
deneylerinde ise %80°’1 kadar moment tasindig1 belirlenmistir.

e Sonucgta, moment tasima kapasitesi olarak yeni tasarlanan baglant1 elemanlariyla,
minifiksli birlestirmelerin ortalama %73’i mukavemete ulagilmistir.

o Karsilastrma sonuglarinda, basing ve ¢ekme yiikii altindaki elastikiyet degerlerine
bakildiginda, tasarlanan baglanti elemani ile birlestirilen deney 6rneklerinin, minifiks ile
birlestirilmis deney orneklerine nazaran daha diisiik sonuglar verdigi gértlmektedir.

e Basing deneylerinde; elastikiyet acisindan, tasarlanan en 1iyi baglant1 elemanlh
birlestirmelerle (PETG-Bosluksuz-45 mm) minifiksli birlestirmelerin yaklagik %83’iine
ulasildigy; ¢ekme deneylerinde ise %61°1 kadar elastikiyet sonuglar1 alindig1 goriilmiistiir.

e Elastikiyet bakimindan, yeni tasarlanan baglant1 elemanlariyla, minifiksli birlestirmelerin
ortalama %72’sine ulasilmstir.

e Yeni tasarlanan baglant1 elemanlariyla, minifiksli birlestirmelerin hem moment kapasitesi
hem de elastikiyet acisindan yaklagik %72’sine ulagilmistir.

e Bu baglamda, baglanti eleman: tasarimlarmin, yeni malzemeler ve yeni {retim
teknolojileri ile ¢alisilip gelistirilerek bu oranin artirilabilecegi hatta minifiksten daha
giiclii birlestirmeler tasarlanabilecegi 6ngoriilmektedir.
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3B yazicida farkl baski yonlerinde iiretilen PLA ve PLA-Wood civatalarin
mekanik 0zelliklerinin incelenmesi
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Ali Ulas Giimiisliioglu, Hikmet Sefa Dénmez?

OZ: Bu calismada, ticari Poliamid 6.6 (PA 6.6) civata ile eriyik yigma modelleme (EYM)
yontemiyle Uretilen saf (katkisiz) PLA (polilaktik asit) ve PLA-Wood (odun unu katkili PLA)
cwvatalarin tork dayanmmlar1 ve kirilma yiizeyleri incelenmistir. 3B yazicida farkli baski
yonlerinde (0°, 45° 90°) M8x1.25x70 boyutlarinda civatalar iretilmistir. Malzemelerin
cekme, egme, sertlik ve yiizey piiriizliliigh 6zellikleri karsilagtirilmistir. Cekme testinde, saf
PLA malzemesi PLA-Wood’a gore yaklasik %45; egilme testinde ise %52 daha yiiksek
dayanim gostermistir. Yiizey puriizliligi agisindan PLA-Wood, saf PLA’ya gore %29 daha
plirtizlii yiizey sunmustur. Tork testlerinde saf PLA, PLA-Wood’a kiyasla %79 daha yiiksek
tork dayanimi sergilemistir. Ticari PA 6.6 civata ise yalnizca saf PLA’nin 0° yonelimli
numunesinden daha diisiik performans gostermistir. Bu bulgular, baski yoneliminin ve
malzeme se¢iminin 3B yazdirilmis baglanti elemanlarinin performansi iizerinde belirleyici
oldugunu ve 0° yonelimin genel olarak en avantajli sonuglar1 sagladigini ortaya koymaktadir.
Elde edilen veriler, hafif yapisal uygulamalarda ve montaj-tamirat islerinde referans
niteligindedir.

Anahtar kelimeler: Eriyik yigma modelleme, PLA-Wood, Yazdirma yonii, Civata

Investigation of the mechanical properties of PLA and PLA-wood bolts
fabricated via 3D printing with different print orientations

ABSTRACT: This study investigates the torque resistance and fracture surfaces of pure PLA
(polylactic acid) and PLA-Wood (wood flour added polylactic acid) bolts manufactured via
Fused Deposition Modeling (FDM), compared to commercial Polyamide 6.6 (PA 6.6) bolts.
M8x1.25x70 bolts were 3D-printed at varying orientations (0°, 45°, 90°) to evaluate the
effects of printing direction on mechanical properties. The hardness, surface roughness,
tensile strength, and flexural strength of pure PLA and PLA-Wood were analyzed. Results
indicate that 0° print orientation yielded the highest mechanical strength, while significant
degradation occurred at 45° and 90°. Surface roughness was minimized at 0° and peaked at
45°. PLA-Wood demonstrated inferior performance to pure PLA, and the torque resistance of
PA 6.6 bolts was substantially lower than that of 0°-oriented pure PLA bolts. These findings
provide critical insights for material selection and design in lightweight structural
applications, assembly, and repair processes.
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1 Giris

Katmanli imalat (KI) teknolojisi; temeli dijital modellere dayanan, malzemenin katmanlar
hélinde birlestirilmesiyle ti¢ boyutlu nesnelerin iiretilmesini saglayan yenilik¢i bir iiretim
yontemidir. Geleneksel imalat siireclerine kiyasla tasarim esnekligi, 6zellestirme imkani ve
hammadde verimliligi gibi avantajlar1 sayesinde, havacilik, otomotiv, tip ve hediyelik esya
gibi ¢esitli sektorlerde yaygin bi¢imde kullanilmaktadir (Jadhav ve Jadhav, 2022; Bharat ve
ark., 2024). Ki’in yaygm alt teknolojilerinden biri olan Eriyik Yigma Modelleme (EYM),
diistik maliyeti, sade islem parametreleri ve genis malzeme segenekleriyle 6ne ¢ikmaktadir
(Ulkir and Akgun, 2024). EYM yonteminde yaygin olarak kullanilan polilaktik asit (PLA),
yenilenebilir kaynaklardan elde edilen ve biyobozunur 6zelligiyle ¢evre dostu bir
termoplastiktir. PLA malzemeye cesitli katki maddeleri eklenmesiyle farkli termal, kimyasal,
mekanik ve ylizey 6zelliklere sahip parcalar tretilebilmektedir (Er and Aydinli, 2023). Cevre
dostu malzeme arayisi, plastik malzemelerin yerine gegebilecek dogal lif takviyeli
kompozitlere ilgiyi artirmustir. PLA esasli biyokompozitler, odun lifleri gibi dogal
takviyelerle gii¢clendirildiginde hem mekanik performans artis1 saglar hem de siirdiiriilebilir
tiretim hedeflerine katki sunar (Durmaz, 2022; Kechagias ve ark., 2022). Bu tur kompozitlerin
kullanimi, estetik agidan dogal goriiniimlii {riinlerin iiretimine olanak tanirken, g¢evresel
etkileri azaltmak i¢in ¢6ziim sunmaktadir (Zuo ve ark., 2024; Yang ve ark., 2025).

Literatiirde, biyokompozit malzemelerin iiretiminde kullanilan 3B (Ug¢ Boyut) baski
parametrelerinin (0rnegin katman kalinligi, baski sicakligi ve doluluk orani) nihai {riin
tizerindeki etkileri kapsamli bigimde incelenmistir (Fountas ve ark., 2023; Chen, ve ark.,
2025). Zandi ve arkadaslari, PLA/ahsap kompozitlerde katman kalinligi, nozul capi ve
doluluk oranmin egilme dayanimi {izerindeki etkilerini Taguchi deney tasarimi ile
inceleyerek, %75 doluluk orani ve 0.2 mm katman kalmligmm en yiiksek mekanik
performansi sagladigini belirtmislerdir (Zandi ve ark., 2020). Kechagias ve arkadaslar1 ise
hindistan cevizi lif katkili PLA kompozitlerde, 200 °C nozul sicakliginin en yiiksek ¢cekme
dayanimmi sagladigini raporlamistir (Kechagias ve ark., 2022). Ote yandan, baski sirasmda
malzemenin yerlestirilme yonii, mekanik 6zellikler ve yiizey kalitesi lizerinde dogrudan etkili
olan bir parametredir. Baski yonii, baskinin tabla diizleminde hangi yonde yerlestirildigini
ifade eder ve farkl agilar (6rnegin 0°, 45° ve 90°) bask1 yoniine paralel ya da ¢apraz malzeme
yerlesimiyle par¢a dayaniminda farkliliklar yaratabilir. Goérski ve ark., (2013), yonelim
acisinin yazdirma igleminin yeniden tiretilebilirligini dogrudan etkiledigini bildirmistir. Dogru
ve ark., (2024), katmanli imalatla PLA ve PET (Polictilen Tereftalat) polimerlerinden iiretilen
cwvata ve somunlarin tork dayanimlarini ve sertliklerini incelemislerdir. Katmanlh {iretim
yontemleriyle {iretilen baglant1 elemanlarinin, diisiik veya orta yiiklere dayanmak igin biiyik
veya alisilmadik sekilli baglant1 elemanlarinin gerekli oldugu durumlarda avantajli oldugunu
ifade etmislerdir. Drazan ve ark., (2025), 0°, 45° ve 90° agiyla 3B yazdirilmis Akrilonitril
Stiren Akrilat (ASA) malzeme ile M10 somun Gretimi ve ¢ekme testleri yapmiglardir. 3B
yazdirilmis somunlarmn en yiiksek ¢ekme mukavemeti, numuneler 45°'de yonlendirildiginde
olmustur. Harshitha ve Rao (2019), Akrilonitril Bltadien Stiren (ABS) ve PLA malzemeden
M12 civatalarmin 3B baskis1 alinmistir. Solidworks ve ANSY'S yazilimlar1 kullanilarak civata
ve somunun baglant1 tasarimi ve analizleri yapilmistir. Analiz sonuglari, PLA’dan yapilan
civatanin deformasyon olarak ABS'den yapilmis civatalara gore kesmede daha giiglii
oldugunu goéstermistir.

Dogal malzeme takviyeli PLA esashi filamentlere yonelik g¢alismalarda, takviyelerin
mekanik agidan sagladiklar1 etkilere de odaklanilmistir. Dembri ve ark., (2024),
PLA/biochar/Washingtonia robusta lif kompozitlerinde %3 NaOH ile islem gdrmiis liflerin
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cekme ve egilme dayanimini 6nemli dlglide artirdiging; bu iyilesmenin, lif-matris ara yizey
baglanmasindaki iyilesmeden kaynaklandigini ifade etmislerdir. Lekrine ve arkadaslari da,
NaHCO:; ile 72 saat muamele edilen liflerin 37.41 MPa ¢ekme dayanimi ile en iyi sonucu
verdigini; ancak daha uzun siirelerde liflerin yapisal olarak bozuldugunu tespit etmislerdir
(Lekrine ve ark., 2024). Benzer sekilde, Narlioglu ve ark., (2021) %20 oraninda ¢cam talagi
iceren PLA kompozitlerde ¢ekme dayaniminin yaklasitk 8 MPa’ya distiigiinii, bunun
sebebinin lif-matris arayiizeyinin zayif baglanmasi oldugunu belirtmislerdir. Stoof ve ark.,
(2017) ise yiiksek ahsap katki oranlarinda (>%15) ¢ekme dayaniminda belirgin bir disiis
gozlemlemislerdir. PLA/ahsap kompozitler, diisiik yogunluk, karbon ayak izinin azalmasi,
biyobozunurluk ve diisiik nem emilimi gibi nitelikleri sayesinde yalnizca teknik performans
acisindan degil, cevreyi korumak i¢inde dikkat ¢ekicidir. Bu o6zellikleriyle yapt malzemeleri,
otomotiv parcalari, mobilya iriinleri, dekoratif {iriinler ve biyomedikal modeller gibi ¢esitli
alanlarda kullanim potansiyeline sahiptirler (Zolfaghari ve ark., 2013; Pozo Morales ve ark.,
2017).

Efe ve Imirzi (2007), mobilya endiistrisinde kullanilan masif ve kompozit aga¢
malzemelerin fiziksel ve mekanik oOzellikleri ile T-tipi birlestirmelerin performans
ozelliklerini incelemislerdir. Birlestirme cesidine gore karsilastirildiginda kuvvet tagima
performansina gore en yiiksek direnci kavelali birlestirmelerin verdigini bildirmislerdir. Bunu
siras1 ile alyan vidali birlestirme ve yildiz vidali birlestirme gesitleri takip etmistir. 3B
yazicida iiretilmis odun plastik kompozitlerin mobilya baglant1 elemanlarmin birlestirilmesi
icin kullanilabilirligi konusunda ¢alismalar sinirlidir (Jasinski ve ark., 2025). Oysaki, plastik
malzemelerden {iretilen baglanti elemanlar1 sektdorde yogun olarak bulunmaktadir. Bu
baglamda, saf PLA ve PLA esasli ahsap kompozitlerin {iretim siireglerinin ve performans
Ozelliklerinin sistematik bigimde arastirilmasi, mobilya endiistrisinde 3B yazic1 kullanimina
yonelik 6nemli katkilar saglayacaktir.

Bu calismanim amaci, sokiilebilir mobilya baglantilarinda 3B yazicilarda {iretilen mekanik
pargalarin kullanilabilirligini arastirmak ve siirdiiriilebilir tiretim yaklasimlarina yonelik
deneysel veri saglamaktir.

2 Materyal ve Metot

Yapilan calismada Bambu Lab X1E model yiiksek hassasiyetli 3B yazic1 ve Filameon
markasina ait saf PLA ve PLA-Wood filamentleri kullanilmistir. Deney numuneleri, 0°, 45°
ve 90°olmak tizere farkli yonlerde basilmistir. 3B numunelerin ¢ekme, egme mukavemetleri,
sertlik ve ylizey piiriizliligi olgiimleri yapilmigtir. Ayrica PSA Teknik Group’tan temin
edilen poliamid 6.6 (PA6.6) malzemeden iiretilen, DIN933 standardinda M8x1,25x70 alt1
kose tam dis civatalar ile birlikte saf PLA ve PLA-Wood’tan iiretilen ayn1 boyuttaki civatalara
tork testleri uygulanmistir. Biitiin sonuclar karsilastirmali olarak tartisilmistir. Sekil 1°de
numunelerin liretim agamasi ve mekanik testlerini i¢eren is akis semasi verilmistir.

2.1 Malzeme dzellikleri

Yapilan calismada Filameon markasma ait 1.75 mm capinda siyah saf PLA ve acik
kahverengi PLA-Wood filamentleri kullanilmigtir. Calisma kapsaminda saf PLA ve PLA-
Wood filamentlerden iiretilen civatalar 3B yazicida basilmistir. PA6.6 civatalar, PSA Teknik
Group’tan satin almmistir. Deneylerde kullanilan malzemelerin 6zellikleri Cizelge 1°de
verilmistir. Saf PLA yapisi itibariyle insan saghgina zarar vermeyen, toksik etkisi
bulunmayan ve karbon ayak izini azaltan gevreci bir malzemedir. PLA-Wood ise, odun
par¢alarinin kiiciik odun unu haline getirilerek saf PLA igerisine %30 oraninda ilave
edilmesiyle elde edilmistir (Ayrilmis ve ark., 2019). PLA-Wood filament, odun unu katkilt

222



Arik ve ark., Mobilya ve Ahsap Malzeme Arastirmalart Dergisi, 8 (2), 220-235

polimer kompozittir. Odun polimer kompozitler, esas olarak polimer matrisler ve seliloz
esaslt dolgu maddeleri kullanilarak olusturulur. Mobilya sektoriinde plastik malzemelerin
yerine alternatif olarak kullanilan malzeme c¢esitlerinden biridir (Avct ve ark., 2022; Jasinski
ve ark., 2025). Poliamid 6.6, poliamid plastikler i¢inde en dayanikli ve en yiiksek erime
noktasia sahip malzeme olarak taninir (Pozo Morales ve ark., 2017). Mukavemet, sertlik ve
rijitligi yliksek ve ani darbelere karsi calismaya uygun malzemelerdir.

Baski Siireci

Test Sireci

Sekil 1. Deney is akis1 (a) Filamentler, (b) 3B yazic, (c) Uretilen numuneler, (d) Cekme testi,
(e) Egme testi, (f) YUzey piiriizliiliik testi, (g) Sertlik testi, (h) Dijital tork anahtar1

Cizelge 1. Malzemelerin Mekanik Ozellikleri (Pozo Morales ve ark., 2017; URL-1, 2025;

URL-2, 2025)
Mekanik Ozellikler Saf PLA PLA-Wood PA 6.6
Yogunluk (g/cm?®) 1.24 1.13 1.15
Cekme Dayanimi1 (MPa) 50 47 85
Cekme Uzamasi (%) 20 - 7

2.2 3B bask siireci

Saf PLA’nin 3B yazdirma iglemi 270 mm/s baski hizi, 207°C nozul sicakligi ve 60°C tabla
sicakliginda; PLA-Wood’un ise 270 mm/s baski hizi, 215°C nozul sicakligi ve 60°C tabla
sicaklik parametreleri kullanilarak gerceklestirilmistir. Yazdwrma islemlerinde 0.4 mm
capinda nozul kullanilmistir. Katman yiiksekligi her iki malzeme igin 0.2 mm olarak
belirlenmistir. Yazdirma sirasinda kullanilan hat genisligi 0,8 mm, dis duvar hat sayis1 2 ve
Ust-alt katman sayis1 5 olarak ayarlanmistir. Doluluk orani %100 olacak sekilde ayarlanmig ve
dolgu deseni olarak ¢izgi tipi desen tercih edilmistir. Numune yonelimleri, literatiirde yaygin
olarak kullanilmasi nedeniyle 0°, 45° ve 90° (Sekil 2) olarak belirlenmistir (GOrski ve ark.,
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2013; Singh, 2013). Numuneler, Bambu Lab X1E yazicida %100 doluluk oraninda ve 0.2 mm
katman kalimliginda tiretilmistir. Sekil 2’de civatalarin basim yonleri gosterilmistir. Saf PLA
ve PLA-Wood malzemelerden M8 standardina uygun, dis {istii ¢ap1 8 mm ve adimi 1.25 mm
olan civatalar 3B yazicida basilmistir.

Sekil 2. Saf PLA ve PLA-Wood civatalarm basim yonelimleri a) 0° b) 45° c) 90°
2.3 Malzeme o6zelliklerini belirlemek icin kullanilan testler

Yapilan ¢alismada saf PLA ve PLA-Wood filamentleri ile Gretilen numunelere, ASTM
D638 (ASTM D638, 2022) standardina gore ¢ekme ve ASTM D790 (ASTM D790, 2017)
standardina gore egme testleri uygulanmistir. Cekme testleri 1 mm/dk ve egme testleri 5
mm/dk test hizinda (oda sicakliginda) gergeklestirilmis ve testler i¢in 5 KN kapasiteye sahip
WDW-5 model tiniversal test cihazi kullanilmistir. Numuneler her bir test icin dort defa
testlere tabi tutulmuslardir. Sertlik degerleri ASTM D2240 standardina (ASTM D2240, 2021)
uygun olacak sekilde Loyka (Shenzhen, Cin) markali Shore-D durametreli cihaz ile 4 farkh
noktadan ol¢iilmiistiir. Sekil 3’te testlerde kullanilan numunelerin boyutlar1 gosterilmistir.

a 19
b c
R
N S 6 |
9 T
[
40
12,7

Sekil 3. Test numunelerinin boyutlari: a) egme, b) sertlik ve yiizey piiriizliliigi, c) ¢ekme
(6lgiiler mm’dir).

Yiizey purizliligi Mitutoyo (Kawasaki, Japonya) marka SJ301 model portatif yiizey
pirtizlilliigii 6lclim cihaziyla numunelerin Ust yiizeyinde 5 tekrarla Glglilmiis ve degerlerin
ortalamalar1 alinmustir. Olgiimlerde, drnekleme uzunlugu (cut-off) 0.8 mm, degerlendirme
uzunlugu 4 mm olarak sec¢ilmistir.
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3 Bulgular ve Tartisma
3.1 Cekme testi sonuclar

Cekme testi sonuglarma gore (Sekil 4), 0° baski yonelimi hem saf PLA hem de PLA-Wood
numunelerinde en yiiksek ¢ekme dayaniminin elde edildigi yonelim olarak 6ne ¢ikmistir. Bu
durum, yazdirma sirasinda olusan katman cizgilerinin ylik yoniiyle ayni1 dogrultuda yer
almasinin, katmanlar arasinda daha giiglii bir baglanmaya olanak tanidigin1 gostermektedir.
Saf PLA numunesi bu yonelimde 49.88 MPa ile en yiiksek ¢ekme dayanimini gdstermistir.
Ayn1 yonelimde PLA-Wood numunesi ise 34.44 MPa degerine ulagmistir. Bu farklilik, saf
PLA matrisine eklenen odun liftlerinin katkisinin ¢ekme mukavemetine olumsuz katki
sagladigin1 isaret etmektedir. Literatiirde de belirtildigi iizere, dogal lif takviyesi bazi
durumlarda yap1 biitiinliiglinii zayiflatmakta, 6zellikle lif-matris ara yiizey etkilesimleri zay1f
kaldiginda kopma davranisinda erken kirilmalar meydana gelebilmektedir (Peltola ve ark.,
2014; Wang ve ark., 2017). Baski yonelimi 45° oldugunda, tiim numunelerde énemli &lglide
cekme dayanimi kaybi1 gozlenmistir. PLA numunesi bu yonelimde 29.33 MPa degerinde
dayanim sergilerken, PLA- Wood i¢in bu deger 15.94 MPa ile sl kalmistir. Bu azalma,
filament malzeme yOneliminin yiikk dogrultusuyla acisal fark olusturmasindan
kaynaklanmaktadir. Ara katmanlar boyunca olusan yiik transferi zayiflamis, 6zellikle PLA-
Wood numunelerinde katmanlar arasi gozeneklilik artistyla birlikte ¢atlak ilerlemesi
kolaylasmistir (Ana¢ ve Kocar, 2024). Benzer sekilde, 90° baski yoneliminde de mekanik
performans minimum seviyeye inmistir. Bu yonelimde katmanlar arasi baglar yiik yoniine dik
konumlandigindan dolayi, yiikk tasima kapasitesi belirgin bi¢cimde dismistiir. Saf PLA
numunesi bu durumda 25.68 MPa degerinde bir ¢ekme dayanimi gosterirken, PLA-Wood
yalnizca 12.30 MPa degerine ulasabilmistir. Elde edilen bulgular, EYM yontemiyle Uretilen
yapilarin ¢ekme dayaniminin yalnizca kullanilan malzemeye degil, ayn1 zamanda baski
parametrelerine de oldukga duyarli oldugunu gostermektedir. Odun lifi katkismin baski
sirasinda dagilimi, zayif baglanma yiizeyleri olusturmasi ve yapisal diizensizliklere neden
olmas1 gibi etkenler, mekanik performansta olumsuz sonuglar dogurmustur. Bu kapsamda,
yonelim yonunin optimizasyonu ve katki malzeme oranmin kontrollii ayarlanmasi, kompozit
filamentlerin performansini artirmak adina dikkate alinmasi gereken temel faktorlerdir.
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Sekil 4. Saf PLA ve PLA-Wood numunelerinin ¢ekme dayanimlari

Sekil 5’te numunelerin kirilma yiizeyleri verilmistir. Saf PLA malzemede kopmanin
yonlenme agisina bagli olmaksizin benzer noktalardan gergeklestigi goriilmektedir. Cekme
numunelerinde diiz ve keskin sekilde kopma olmustur. PLA-Wood numuneler incelendiginde,
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kopma noktalarinin ve kirilma yiizeylerinin benzer oldugu anlasilmaktadir. 0° baski
yoneliminde PLA-Wood numunelerde 6l¢iim uzunlugu boyunca gerilme ¢izgileri goriiniirdiir.
Numunelere uygulanan kuvvet, malzeme bag kuvvetini aginca malzeme kirilmistir.

m__g‘_ql e S

| |

d) ¢) f)

Sekil 5. Cekme sonras1t numunelerin kirilma ylzeyleri a) Saf PLA 0° b) Saf PLA 45° c) Saf
PLA 90° d) PLA-Wood 0° e) PLA-Wood 45° f) PLA-Wood 90 °

3.2 Egme testi sonuglar

Elde edilen egme testi sonuglari, tipki cekme testlerinde oldugu gibi hem malzeme
bilesiminin hem de bask1 yoneliminin mekanik davranis tizerinde 6nemli etkileri bulundugunu
gostermektedir (Sekil 6). Egme kuvveti agisindan en yiiksek deger, 0° baski yonelimiyle
uretilen saf PLA numunesinde 6l¢iilmiis olup, bu numune 88.28 N degerine ulasmistir. Ayni
yonelimde PLA-Wood numunesi ise 58.01 N ile daha diisiik bir performans sergilemistir. Bu
durum, ¢ekme testleriyle tutarli bir sekilde, dogal katki malzemesi olarak eklenen odun
liflerinin matrisle yeterince biitiinlesememesi sonucunda egme kuvvetini diisiirdiigiinii ortaya
koymaktadir. Literatiirde de vurgulandig: tizere, dogal takviyeler genellikle elastisite modl
Uzerinde olumlu etkiler gosterebilse de, ara yiizey baglarinin zayif olmasi durumunda egilme
mukavemeti tizerinde olumsuz sonuglar dogurabilmektedir (Zandi ve ark., 2020).

Baski yonelimi 45°'ye degistirildiginde, her iki malzemede de egme kuvvetinde ciddi bir
azalma gozlemlenmistir. Saf PLA numunesi bu yonelimde 54.75 N gosterirken, PLA-Wood
numunesi 22.01 N’da kalmistir. Bu davranis, katman ¢izgilerinin yiik dogrultusuyla ¢apraz bir
ac1 yapmasi nedeniyle olusan yapinin zayiflamasiyla agiklanabilir (Garg ve ark., 2017). Gardi
ve ark. ABS malzemelerde 60° raster agisinin ¢cekme dayanimini maksimize ettigini, 30°'nin
ise egilme dayanimi i¢in optimal oldugunu belirtmistir (Garg ve ark., 2017). Ancak PLA-
Wood gibi kompozitlerde, lif yoneliminin kontrolsiiz olmasi ve ahsap-matris ara yizey
baglarmin zayifligi nedeniyle, saf polimerlerde gecerli olan bu optimizasyon kurallar1
dogrudan uygulanamamaktadir. Gurrala ve Regalla, EYM yontemiyle iretilen pargalarin
mekanik dayanimmin, filamentler arasi baglanma kalitesiyle dogrudan iliskili oldugunu
belirtmistir (Gurrala ve Regalla, 2014). Bu bulgular, dogal lif takviyeli kompozitlerde
gOzlemlenen dlzensiz yik aktariminin, filamentler arasi bag yapisini zayiflatarak kirilma
davranisin1 olumsuz yonde etkileyebilecegine isaret etmektedir. 90° baski yonelimi ile
tiretilen numunelerde ise egme kuvveti en diisiik seviyelere inmistir. PLA-Wood numunesi bu
durumda yalnizca 19.96 N egme kuvveti gosterebilirken, saf PLA i¢in bu deger 45.06 N
olarak kaydedilmistir. Bu sonuclar, 90° yonelimde katmanlar aras1 yapismanin yiik tasima
kabiliyetini oldukga sinirladigint ve dzellikle kompozit yapilar (PLA- Wood) icin bu etkinin
daha belirgin hale geldigini gostermektedir (Domingo-Espin ve ark., 2015). Katmanlar
arasinda eksik birlesme, bosluk olusumu ve lif yonelimindeki problemler, egilme yiikleri
altinda ¢atlak baslatic1 noktalar olarak islev gorerek kirilmayi hizlandirmigtir (Sood ve ark.,
2012).
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Sekil 6. Egme kuvvetinin parga baski oryantasyon yoniine gére dagilimi

Genel olarak, elde edilen bulgular, EYM siirecinde baski yOneliminin ve malzeme
se¢iminin egilme dayanimi tizerinde yiiksek derecede etkili oldugunu ortaya koymaktadir. Saf
PLA malzemeler, tim yonelimlerde PLA-Wood kompozitlerden daha Ustiin performans
sergilemistir. Ozellikle 0° ydnelimi, filamentlerin yiik dogrultusuna paralel hizalanmasi
sayesinde egilme davranisi agisindan en avantajli geometriyi saglamaktadir. Odun unu katkili
kompozitler ise, mekanik dayanim agisindan optimizasyon gerektiren bir yapiya sahiptir. Bu
baglamda, kompozit filamentlerde kullanilan dogal katkilarin homojen dagilimi, boyut
kontrolii ve ara yiizey bag kuvvetleri iizerine odaklanan ilave iyilestirme ¢aligmalari,
performans artirimi agisindan kritik 6nem tasimaktadir. Sekil 7°de saf PLA ve PLA-Wood
numunelerinin egme testi sonrasindaki kirilma yiizeyleri verilmistir. Egme testinde saf PLA
numunelerin tamamen kirilmig ve PLA-Wood numuneler ise yonelim agisma bagl olarak
ikiye ayrilmistir. Her iki malzeme i¢in 0° yonelim agisinda kirilma bolgesinde daha siinek bir
davranis sergilendigi ve uygulanan yiik hatt1 boyunca kirilmanin gergeklestigi goriilmiistiir.

-)——b)- _)—
a C

o o )
Sekil 7. Egme sonras1 numunelerin kirilma yiizeyleri a) Saf PLA 0° b) Saf PLA 45° ¢) Saf
PLA 90° d) PLA-Wood 0° e) PLA-Wood 45° f) PLA-Wood 90 °

3.3 YdUzey piiriizliiliigii sonuclan

Sekil 8’de, basim oryantasyon yoniine bagl olarak aritmetik ortalama yiizey piiriizliiliik
(Ra) degerleri verilmistir. Yiizey piiriizliligii sonuglari, baski yoneliminin hem saf PLA hem
de PLA-Wood numunelerinde yiizey kalitesini dogrudan etkiledigini gdstermistir. Diisiik
bask1 yonelim acgilarinda, 3B yazdirmada tepe genliginin katman yiiksekligine karsilik geldigi
duzenli profiller elde edilmektedir (Buj-Corral ve ark. 2019). En diisiik yilizey piiriizliligi
degerleri 0° baski yoneliminde elde edilirken, 45° yoneliminde piiriizliiliikte ciddi artiglar
gozlemlenmistir. Nozul hareketinin katman c¢izgileriyle ayni dogrultuda gergeklestigi 0°
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yoneliminde, yiizeyin daha diizglin olusmasi saglanirken; 45° yonelimin karmagsik katman
gegcislerine neden olarak yilizeyde daha fazla diizensizlik olusturdugu gézlenmistir. 90°'lik
baski yonelim agisinda, destek kullanmaya gerek kalmaz. 45°°de ise destek ihtiyaci vardir. Bu
nedenle 45°°de yiizey piirtizliliigii en yiiksek degerdedir. Saf PLA numunesi, ¢ogunlukla
PLA- Wood'a kiyasla daha diisiik Ra degerleri gdstermistir. Ozellikle 0° yoneliminde saf
PLA, 4.92 um piiriizliliik degeriyle en diizglin ylizeyi saglamigtir. Ayn1 yonelimde PLA-
Wood'un yiizey piirtizliiliigii 6.36 pum olarak Ol¢lilmiistiir. Bu fark, PLA-Wood igeriginde
bulunan odun pargaciklarinin baski swrasinda diizensiz yerleserek yiizeyde mikroskobik
¢ikintilara neden olmasiyla iligkilendirilebilir. Literatiirde de belirtildigi iizere, dogal lif veya
partikiil iceren kompozit filamentler, homojen olmayan yap:1 ve termal genlesme farklar1
nedeniyle yilizey kalitesini diisiirebilmektedir (Vinayagamoorthy ve ark., 2019). 45° baski
yoneliminde hem saf PLA hem de PLA-Wood numunelerinde yiizey piiriizliligiinde belirgin
artiglar gozlemlenmistir. Saf PLA numunesi bu agida 26.75 pm ile en yiksek puruzliluk
degerine ulasirken, PLA-Wood ise 25.67 um ile yiiksek bir piiriizliilik sergilemistir. Bu
yonelimde katman c¢izgilerinin ¢apraz yerlesmesi, katman gegislerinde keskin yiikseltiler
olusturmakta ve nozuliin iz birakma etkisini artwrmaktadir. 90° yonelimi, piirtizliilik
degerlerinin orta seviyede goriildiigli bir diger baski yonelimi olarak 6ne ¢ikmistir. PLA-
Wood bu agida 14.83 um yiizey pirizliligi gosterirken, saf PLA’da bu deger 12.64 pm
olarak Olgiilmiistiir. 90° yoOnelimde katmanlarm {st {iste binmesi malzemenin yiik
dogrultusuna dik yerlesmesine sebep olarak, katman sinirlarinda dalgali yiizey olusumuna
neden olmus, ancak bu durumda dahi 45° yonelime kiyasla daha diizenli bir yap1 ortaya
koyulmustur. Bu bulgular, katman yoneliminin yiizey kalitesi tizerindeki etkisini ortaya koyan
onceki ¢aligmalarla da ortiismektedir. Nitekim Bintara vd. (Bintara ve ark. 2023), saf PLA
malzemesi iizerinde gergeklestirdikleri ¢alismalarinda, 45° katman yoneliminin en yiiksek
yiizey puriizliligini (Ra 11.79 um), 90° yonelimin ise en diisiik piiriizliligi (Ra 0.98 um)
verdigini bildirmislerdir. Bu durum, katman yoneliminin yiizey morfolojisi Uzerindeki
belirleyici roliini desteklemektedir. Elde edilen veriler, yiizey kalitesinin yalnizca kullanilan
malzemeye degil, ayn1 zamanda baski yOnelimine de yiiksek oranda bagli oldugunu
gostermektedir. Ozellikle PLA-Wood gibi odun unu katkili filamentlerde, ahsap unu
katkismin dagilimi ve baski sirasinda olusan bozulmalar yiizey piiriizliiliigiinii artirmaktadir.
Bu nedenle, estetik agidan yiiksek yiizey kalitesi beklenen uygulamalarda hem yonelim
acisinin dikkatli se¢ilmesi hem de katki malzemelerinin oran ve dagilimmin optimize edilmesi
gerekmektedir.
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Sekil 8. Basim oryantasyon yoniine gore ylizey piiriizliilik degerleri
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3.4 Sertlik 6l¢iim sonuglari

Elde edilen sertlik Ol¢iim sonuclari, tipki egme ve ¢ekme testlerinde oldugu gibi hem
malzeme bilesiminin hem de baski yoneliminin mekanik Ozellikler {izerinde belirgin bir
etkiye sahip oldugunu ortaya koymaktadir (Sekil 9). Sertlik degerleri, saf PLA'nin tiim bask1
yonelimlerinde (0°: 87.5, 45°: 85.0, 90°: 87.6 Shore D) PLA-Wood'a gore (0°: 80.7, 45°:
76.3, 90°: 78.5 Shore D) daha yiiksek degerler sergiledigini gostermektedir. Bu fark, saf
PLA'nin homojen yapis1 ve ahsap unu icermemesinin malzeme biitliinligiinii korumasiyla
aciklanabilirken, PLA-Wood’taki diisiik degerler ahsap unu katkisinin neden oldugu mikro
bosluklar ve zayif ara yiizey baglarindan kaynaklanmaktadir (De Castro Magalhédes ve ark.
2025). Ozellikle 45° yoneliminde her iki malzemede de gdzlenen sertlik diisiisii, katman
cizgilerinin yiik dogrultusuna agili yerlesiminin yapisal zayiflamaya yol acgtigini ortaya
koymaktadir. Literatiirle uyumlu sekilde, 0° ve 90° yonelimlerinin daha yiiksek sertlik
sagladig1 goriilmiistiir. Narlioglu, %30 kayin agacit unu igeren PLA kompozit filament
kullanarak farkl katman kalinliklarinda trettikleri numunelerde Shore D sertliginin yaklasik
73 oldugunu bildirmistir (Narlioglu, 2021). Jiang ve ark. (2021) ise yaptiklari ¢alismada, misir
samani tozu igeren PLA kompozitlerinin Shore D sertlik degerlerinin 70 ile 80 arasinda
degistigini raporlamistir. Bu bulgular, mevcut ¢alismada PLA-Wood malzemesinde
gozlemlenen daha diisiik sertlik degerlerini destekler niteliktedir.

100
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40
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Sekil 9. Basim oryantasyon yoniine gore sertlik degerleri
3.5 Tork ol¢iim sonuglar:

Ug farkli oryantasyon agis1 (0°, 45°, 90°) ve iki farkli filamentten (saf PLA ve PLA-Wood)
iretilen civatalara ve ticari olarak temin edilen PA 6.6 M8x70 civatalara giivenli yiik altindaki
mukavemetlerini anlayabilmek igin tork testleri yapilmistir. Testler swrasinda civatalar
mengeneye sabitlenmis ve tork Olger ile sikilmistir (Geratech DTWI-30i model dijital tork
anahtar1). Her malzeme grubundan dort numune test edilmis ve ortalama o6lglim degerleri
alimmistir. Test sonuglari, farkli yonelim acilariyla iiretilen numunelerin M8x70 civatalar
tizerindeki torku anlaml diizeyde etkiledigini ortaya koymustur (Sekil 10).
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Sekil 10. M8x70 civatalarin tork degerleri

Odun unu dolgulu PLA numunelerde bask1 yonelim agis1 arttik¢a tork degerlerinde belirgin
bir azalma gozlemlenmistir. Bu numunelerde sirasiyla 0° aciyla 2.4 Nm, 45° aciyla 1.1 Nm ve
90° agiyla 0.4 Nm tork degerleri elde edilmistir. Benzer bir egilim standart saf PLA
numunelerde de tespit edilmis; 0° acgiyla 4.3 Nm olan tork dayanimi, 45°'de 2.3 Nm’ye ve
90°'de 0.8 Nm’ye diismiistiir. Bu bulgular, yonelim a¢isindaki artisin katmanlar arasi yapigsma
direncini azalttigin1 ve dolayisiyla tork dayanimini disiirdiiglinii géstermektedir. Ayrica, odun
unu dolgulu PLA’nin standart saf PLA’ya kiyasla daha diisiik tork dayanimi sergilemesi,
dolgu malzemesinin mekanik performanst olumsuz etkileyebilecegine isaret etmektedir.
Sonuglar, eklemeli imalatla iiretilen baglant1 elemanlarinda yoneliminin kritik bir tasarim
parametresi oldugunu vurgulamaktadir. Sekil 11°de saf PLA, PLA-Wood ve Poliamid 6.6
civatalarin tork testi sonrasinda kopan pargalar1 gosterilmistir.

Sekil 11. Saf PLA, PLA-Wood ve Poliamid 6.6 civatalarin tork 6l¢timii sonrasinda gérinim
a) Saf PLA 0° b) Saf PLA 45° c) Saf PLA 90° d) PLA-Wood 0° ) PLA-Wood 45° f) PLA-
Wood 90° g) Poliamid 6.6

Saf PLA ve PLA-Wood malzemede 0° ve 90°'de civata basinin govdeyle birlestigi yerden
kopma olmusgken, 45° i¢in acili kirilma gerceklesmistir. Poliamid 6.6 civatalar tork dlgiimii
sirasinda dis styrrmustir ve kopma gerceklesmemistir. Montaj ve demontaj durumunda bazen
cwvata dislerinin tutus kabiliyetini kaybetmesiyle siyrilma veya asmma gibi problemlerle
karsilasilabilir. Bu durum, dislerin daha hizli deforme olabildigi veya asinabildigi plastikler
ve daha yumusak metaller gibi malzemelerde daha belirgindir. Bu ¢alismada Poliamid 6.6
civatada tork dayanimi 2.52 Nm olarak dlgiilmiistiir. Olgiilen deger, saf PLA’da 0° yonelimle
elde edilen tork degerinden daha diisiiktiir.

230



Arik ve ark., Mobilya ve Ahsap Malzeme Arastirmalart Dergisi, 8 (2), 220-235

4  Sonuglar ve Oneriler

Bu ¢alismada, EYM yontemiyle tiretilen saf (katkisiz) PLA ve PLA-Wood numuneler igin
cekme, egme, sertlik, yiizey piriizliligii ve tork testleri gerceklestirilerek baski yoneliminin
(0°, 45°, 90°) mekanik Ozellikler tizerindeki etkileri arastirilmistir. Saf PLA ve PLA-Wood
crvatalar, Poliamid 6.6 civata ile karsilastirilmistir. Elde edilen bulgular asagidaki sekilde
Ozetlenebilir:

e Baski yonelimi, hem mekanik performans hem de ylizey gorlinimii iizerinde
belirleyici bir parametre olmustur. Ozellikle 0° yoneliminde saf PLA, 49.88 MPa
cekme dayanimi ve 88.28 N egme kuvveti gostermistir. Bu degerler, 90° yonelimle
kiyaslandiginda sirastyla %94 ve %96 daha yuksektir. Katman gizgilerinin yuk
dogrultusuna paralel yerlesmesi, yiikk aktarimini giiclendirmistir. 45° ve 90°
yonelimlerinde, tabakalar arasi1 bag zayiflamis ve yiik aktarimi diizensizlesmistir.

o Saf PLA, tim yonelimlerde PLA-Wood kompozitlere kiyasla daha yiiksek mekanik
performans gostermistir. 0° yoneliminde PLA-Wood, 34.44 MPa ¢ekme dayanimi ve
58.01 N egme kuvveti sergileyerek, saf PLA'ya gore sirasiyla %45 ve %52 daha diistik
kalmistir. Odun lifi katkisi, matris ara yiizeyinde zayif baglanmaya neden olarak
performansi diisiirmiistiir.

e Yiizey piirtizliligi agisindan en diisiik deger 0° yoneliminde Slgtilmiistiir. Saf PLA bu
yonelimde 4.92 um Ra degeri gosterirken, PLA-Wood 6.36 um ile %29 daha purizli
yuzeye sahiptir. 45° yoneliminde saf PLA'da 26.75 um gibi ¢cok daha yiiksek bir Ra
degeri tespit edilmistir.

e Tork testlerinde saf PLA malzeme, PLA-Wood'a gore daha yiiksek tork dayanimi
saglamistir. 0° yoneliminde saf PLA 4.3 Nm, PLA-Wood ise 2.4 Nm degerlerine
ulagmustir. Bu, yaklasik %79'luk bir farka karsilik gelmektedir. 90° yoneliminde tork
dayanimi saf PLA'da 0.8 Nm, PLA-Wood'da ise sadece 0.4 Nm olarak 6l¢iilmiistiir.

e Ticari poliamid 6.6 civata, 2.52 Nm tork dayanimiyla sadece saf PLA'nin 0°
yonelimindeki numunesinden daha diistik kalmistir. Diger tiim saf PLA ve PLA-Wood
numuneleri, PA6.6'ya kiyasla daha diisiik performans gostermistir. Bu, 3B baski ile
iiretilen civatalarin ancak belirli yonelim ve malzeme kombinasyonlarinda geleneksel
malzemelerle rekabet edebilecegini gostermektedir.

e Bu calisma, baski parametrelerinin ve malzeme bilesiminin mekanik o6zellikler
tizerindeki kritik roliinii ortaya koymustur. Ozellikle 0° yonelimi, mekanik testlerin
tamamimda en avantajli sonuglar1 vermistir. Kompozit filamentlerde ise lif/toz
dagilimi, bag yapis1 ve katki orani gibi parametrelerin daha dikkatli optimize edilmesi
gerektigi aciktir.
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ABSTRACT: This study investigated the effect of incorporating multi-walled carbon
nanotubes (MWCNTS) into polypropylene/reed flour (PP/RF) composites, aiming to enhance
their mechanical and physical performance. Composites were prepared using various
MWCNT concentrations (0, 1, 2, 3, and 5 phr) and characterized through mechanical testing,
water absorption analysis, and scanning electron microscopy (SEM). The addition of
MWCNTs significantly improved flexural and tensile properties, with peak tensile strength
observed at 2 phr (approximately 15% higher than the control) and maximum flexural
strength at 3 phr (approximately 15% higher). Impact resistance was also highest at 2 phr
(around 10% increase compared to control). Although mechanical performance declined at 5
phr due to MWCNT agglomeration, this formulation exhibited the lowest water absorption
(approximately 12% reduction) and thickness swelling, indicating improved hydrophobicity.
SEM micrographs confirmed better filler dispersion at lower concentrations and agglomerate
formation at higher loadings. The results highlight the reinforcing potential of MWCNTS,
particularly at 2-3 phr, in improving both structural strength and moisture resistance.

Keywords: WPC, Reed flour, Carbon nanotube, Mechanical properties, Water absorption

Polipropilen/kamis unu hibrit nano WPC'nin fiziksel ve mekanik ozellikleri
Uzerine karbon nanotiplerin etkisi

OZ: Bu calismada, ¢cok katmanli karbon nanotiiplerin (MWCNT) polipropilen/kamis unu
(PP/RF) kompozitlerine katilmasmin mekanik ve fiziksel performans (zerine etkisi
arastirtlmistir. Kompozitler, farkli MWCNT oranlariyla (0, 1, 2, 3, ve 5 phr) hazirlanmis ve
mekanik testler, su emme analizi ve taramali elektron mikroskobu (SEM) ile karakterize
edilmistir. MWCNT ilavesi, 6zellikle egilme ve ¢ekme Ozelliklerinde belirgin iyilesmeler
saglamistir; gekme mukavemeti 2 phr'de (yaklasik 15% artis), egilme mukavemeti ise 3 phr'de
(yaklasik 15% artis) en yiiksek diizeye ulasmistir. Darbe dayanimi da 2 phr'da en yiiksekti
(kontrol ile karsilastirildiginda yaklasik %10 artis). MWCNT aglomerasyonu nedeniyle
mekanik performans 5 phr'de diismesine ragmen, bu formiilasyon en diisiik su emilimini
(yaklasik %12 azalma) ve kalinlik sigmesini gostererek hidrofobisitede iyilesme gosterdi.
SEM mikrograflari, daha diisiik konsantrasyonlarda daha iyi dolgu dagilimi ve daha yiiksek
yiiklemelerde aglomera olusumunu dogruladi. Sonuglar, MWCNT'lerin &zellikle 2-3 phr'de
hem yapisal dayaniklihigi hem de nem direncini iyilestirmede giiclendirme potansiyelini
vurgulamaktadir.

Anahtar kelimeler: Polipropilen kompozit, Kamis unu, Karbon nanotiip, Mekanik 6zellikler
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1 Introduction

Composite materials are engineered by combining two or more constituents in such a way
that the resulting material exhibits enhanced properties compared to its individual
components. Typically, one of the substances acts as the matrix, which binds the structure
together while the others serve as reinforcements such as fibers or particles (Saarela et al.,
2007). These materials often outperform traditional ones in terms of mechanical
characteristics, offering a favorable strength-to-weight ratio and environmental sustainability
(Vuorinen, 2007).

The mechanical behavior of fiber-reinforced composites is largely influenced by factors
such as the size and orientation of fibers, their distribution, the nature of bonding at the fiber-
matrix interface, and the volume and aspect ratio of fibers (Sir6 and Plackett, 2010).

In recent years, wood/natural fiber plastic composites (WPCs) have gained considerable
attention. These composites are made by embedding organic or inorganic fillers into a
thermoplastic matrix such as polyethylene (PE), polypropylene (PP), or polyvinyl chloride
(PVC). Wood-based fillers offer notable benefits over conventional fillers like glass fibers or
minerals due to their low cost, light weight, renewability, and minimal abrasiveness to
machinery. WPCs are increasingly utilized in applications ranging from construction and
automotive parts to infrastructure (Selke and Wichman, 2004; Klyosov, 2004).

Ongoing research focuses on optimizing the performance of WPCs through adjusting raw
material compositions, improving wood-plastic interface adhesion, and refining processing
parameters (Lu et al., 2000; Mohanty et al., 2001; Kim, 2012).

Hosseinihashemi et al., (2023, 2025) demonstrated that thermal and chemical-additive
treatments of wood/plastic composites improve their durability and resistance, while Bal
etal., (2023) reported that adding fillers such as wood flour or glass flour can optimize the
mechanical behavior of polymer-based composites. These findings suggest that combining
nano-additives with natural fillers can effectively improve the performance of hybrid wood-
plastic composites.

Previous studies have investigated polypropylene (PP) composites reinforced with natural
fillers such as reed flour and nano-additives like multi-walled carbon nanotubes (MWCNTS)
to improve their viscoelastic properties. It has been shown that the addition of MWCNTS can
enhance storage modulus, loss modulus, and creep resistance, while also reinforcing shear
behavior. In fiber-reinforced PP/wood-flour composites, improvements in mechanical
properties have been observed; however, challenges such as filler-matrix incompatibility,
non-uniform dispersion of nanotubes, and increased viscosity remain. The current study
combines MWCNTs with reed flour in PP matrices to address these issues and develop
composites with improved viscoelastic performance (Kord et al., 2017).

Carbon nanotubes (CNTs), known for their extremely high Young’s modulus, are
recognized as highly effective reinforcements when dispersed in polymer matrices. Their
inclusion in composites significantly boosts mechanical properties such as tensile strength and
stiffness, making them suitable for high-performance applications (Coleman et al., 2006).

In addition to mechanical enhancements, CNTs contribute to improved energy absorption
(Sun et al., 2009), abrasion resistance (Giraldo et al., 2008), as well as enhanced thermal and
electrical conductivity (Huang et al., 2005; Hollertz et al., 2011). Their high aspect ratio, the
ratio of length to diameter, is central to their reinforcing capability (Cataldo et al., 2009).
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Currently, CNT-reinforced composites are used across industries, including automotive,
aerospace, defence, electronics, energy, and sporting goods (Kingston et al., 2014). The
synergy of lightweight, high surface area, and exceptional mechanical strength makes CNTs
ideal for enhancing composite performance.

Specifically, multi-walled carbon nanotubes (MWCNTS) improve the interfacial bonding
between wood fibers and polymer matrices, which is critical in WPCs. These nanostructures
act as particulate fillers at the nanoscale, facilitating stress transfer and enhancing durability
(Kim and Mai, 1998; Ma et al., 2010). As demonstrated by Jin and Matuana (2010),
integrating CNTs into the shell layer of WPCs enhances flexural properties, although the
inherent flexibility of PVC may influence the overall mechanical behavior. Recent studies
(Park et al., 2020; Jian et al., 2022; Lukawski et al., 2023; Zhao et al., 2025) have shown that
integrating carbon nanotubes and graphene into wood-plastic composites can significantly
enhance mechanical strength, moisture resistance, and flexural behavior.

This study aimed to explore the use of reed as an alternative to traditional wood fillers in
WPCs while also examining the effect of including MWCNTSs on the mechanical and physical
performance of polypropylene/reed flour nanocomposites. The specific objective was to
identify the optimum MWCNT content (2-3 phr) that would maximise tensile, flexural,
impact and water resistance properties.

2 Material and Method
2.1 Materials

Reed stalks were supplied by Anzali lagoon in the northern Iranian province of Gilan to
prepare lignocellulosic materials. The reed stalks were cut to pieces 2 cm in length by a band
saw. Then, they were milled with a hammer mill. The obtained reed flour was ground with a
Thomas-Wiley miller to a fine powder of 40-60 mesh size, and then oven-dried and stored in
sealed plastic bags before processing.

Polymer matrix comprises an injection molding grade polypropylene (PP) with the
commercial name of Z30, they were supplied in the form of pellets by Marun Petrochemical
Complex in Iran. The melt flow index (MFI) of the provided PP was 25 g/10 min and had a
density of 0.9 g/cm?.

Coupling agent, maleic anhydride grafted polypropylene (PP-g-MA) in the form of
granules was supplied by Solvey (Solvey International Chemical Group, Brussels, Belgium)
with a trade name of Priex 20070 (MFI = 64 g/10 min, grafted Ma 1 wt%).

MWCNTs nanostructures introduced to the composites were supplied by Iran’s Research
Institute of Petroleum Industry (RIPI). The outer and inner diameters of the MWCNTSs were
about 30 and 10 nm, respectively, and the purity was 90%.

2.2 Sample preparation

Reed flour was initially dried in an oven at 85 °C for 24 h to prepare the composite
specimens. Then, PP, reed flour (RF), coupling agent (CA), and MWCNTSs were mixed and
packed, in accordance to the mix proportions given in Table 1.

Composites were produced through a two-stage process. In the first step, PP was fed to the
mixing chamber. After PP melted, the compatibilizer and MWCNTSs were added. Reed flour
was then fed through after passing for 5 minutes. The total mixing time was 13 min. The
mixing was carried out with a co-rotating twin-screw extruder (Dr. Collin GmbH, Germany).
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Table 1. PP/RF nanocomposites mix proportions

Reed flour Polypropylene ~ MWCNTSs

Samples label (RF) (Wt.%) (PP) (Wt.%) (phn) Coupling agent (CA) (phr)
50-50-0 50 50 0 2
50-50-1 50 50 1 2
50-50-2 50 50 2 2
50-50-3 50 50 3 2
50-50-5 50 50 5 2

The barrel had five consecutive heated zones with temperatures set at 165, 170, 175, 180,
and 185 °C, respectively. The screw speed was 60 rpm. The product was recovered by
guiding the molten extrudate into a standard cold water stranding bath. The cooled strands
were pelletized using a pilot scale grinder, dried and stored in sealed plastic bags. In the
second stage, test specimens were injection molded by an injection molder at a molding
temperature of 180 °C and an injection pressure of 4 MPa (Eman machine, Aslanian Co.,
Iran) to produce standard ASTM specimens. Finally, specimens were conditioned at a
temperature of 20 °C and a relative humidity of 50% before testing according to ASTM D618.

2.3 Methods
2.3.1 Mechanical properties

Flexural and tensile strength assessments were conducted in accordance with ASTM D790
and ASTM D638 standards, respectively. An Instron testing machine (Model 8112, USA) was
employed for these tests, with crosshead speeds set at 1 mm/min for flexural and 2 mm/min
for tensile measurements. The Izod impact strength was evaluated at ambient temperature
using a Santam pendulum impact tester (Model SIT-20D). Test specimens measured 62.5 mm
x 13 mm x 3 mm and were notched to a depth of 2.5 + 0.02 mm at a 45° angle, consistent
with ASTM D256 guidelines. The results presented reflect the average values derived from
four specimens per group.

2.3.2 Physical properties

Water absorption and thickness swelling of the composites were determined using ASTM
D7031 procedures. Three specimens per composition were dried in an oven at 103 £+ 2 °C for
24 hours. Their initial weights and thicknesses were measured with an accuracy of 0.001 g
and 0.001 mm, respectively. The samples were immersed in distilled water at room
temperature for 24 hours, then surface moisture was gently removed using paper towels, and
post-immersion measurements were taken.

2.3.3 Statistical analysis

A one-factor analysis of variance (ANOVA) was used to evaluate the effects of different
MWCNT concentrations. Duncan’s multiple range test (DMRT) was employed at a 95%
confidence level to distinguish significant differences among treatment means when ANOVA
revealed statistical significance.

2.3.4 Scanning electron microscopy (SEM) characterization

Composite morphology was examined using field emission scanning electron microscopy
(FE-SEM, TESCAN MIRA3 XMU, Czech Republic). A gold layer of approximately 25 nm
was sputter-coated on the samples to mitigate charging during imaging. The specimens were
analyzed under an accelerating voltage of 5 kV to investigate fracture surfaces and filler
dispersion characteristics.
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3 Results and discussion

The statistical analysis using ANOVA demonstrated significant effects of MWCNT
incorporation on key mechanical and physical properties of the composites. The F-values for
water absorption, thickness swelling, impact strength, flexural and tensile strength, and
moduli are summarized in Table 2, indicating the degree of influence exerted by the
nanofillers.

Table 2. F-value (in analysis of variance) obtained from statistical analysis

Investigated property  F-value
Water absorption (24 h)  7.147
Thickness swell (24 h) 3.578

Impact strength 3.143
Flexural strength 31.264
Flexural modulus 22.113

Tensile strength 803.185
Tensile modulus 728.611

3.1 Flexural and tensile strength

The mechanical enhancement of composites is influenced by multiple factors including
fiber type, orientation, interfacial adhesion, and modulus of each component (Hull and Clyne,
1996). CNTs possess a Young’s modulus around 1 TPa (Salvetat et al., 1999), and their
integration into wood composites significantly boosts stiffness and tensile strength (Ma et al.,
2010). Replacing wood fibers (5000-8000 MPa modulus) with CNTs can substantially
improve elastic performance (Farsi and Sani, 2014). According to Hazarika and Maji (2014),
CNTs interact chemically with hydroxyl and methylol groups in lignocellulosic components,
resulting in improved composite strength and durability.

Figures 1 and 2 show the flexural and tensile properties as a function of MWCNT content.
Maximum flexural strength and modulus were observed in specimens with 3 phr MWCNTS.
In contrast, optimal tensile strength and modulus occurred at 2 phr. Both flexural and tensile
strengths declined at 5 phr, likely due to nanoparticle agglomeration leading to poor
dispersion, crack initiation, and stress concentration.
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Figure 1. Flexural strength and modulus of PP/reed flour nanocomposites as a function
of MWCNTSs content
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Figure 2. Tensile strength and modulus of PP/reed flour nanocomposites as a function
of MWCNTSs content

The results indicate that the introduction of MWCNTS increased both flexural and tensile
strength. An increase in mechanical properties reveals that the stress was successfully
transferred from the PP matrix to the nanostructures reinforced nanocomposite. The
nanocomposites incorporating 3 phr MWCNTSs exhibited the highest flexural strength and
modulus of elasticity. Statistical analysis showed that the mechanical properties in terms of
flexural strength and modulus were significantly influenced by the addition of MWCNTSs.
These results are in compliance with other researches in which greater flexural strength was
achieved by applying carbon nanotubes in the PP composites (Li et al., 2007; Musso et al.,
2009; Kordkheili et al., 2012). The results also verified that MWCNTS increases the tensile
strength of nanocomposites but the optimum values of tensile strength and modulus
correspond to the 2 phr MWCNTSs specimens. However, increasing MWCNTS nanostructure
adversely affects the tensile strength and elasticity modulus.

On the other hand, the addition of 5 phr MWCNTSs decreased both flexural and tensile
strength of nanocomposites by 7% and 10%, adversely affecting the flexural and tensile
modulus of elasticity. This might be related to the ineffective dispersion of MWCNTSs and
nanostructure agglomerates, leading to the initiation of cracks at stress concentration points
and, consequently, a decline in tensile strength.

3.2 Impact resistance

It was found that the impact strength shows the strength of the material against breakage
and initiation of crack formation at the weakest regions through the microstructure of the
composite, which is the connecting point between lignocellulosic material and polymer matrix
(Farsi and Sani, 2014). Figure 3 shows the values of notched impact strength of the studied
nanocomposites.

Impact strength, which represents resistance to fracture under sudden loading, is highly
dependent on the interfacial zones within the composite microstructure. As shown in Figure 3,
the inclusion of 2 phr MWCNTSs enhanced impact strength by ~10%, acting as crack arresters
through a bridging mechanism (Makar et al., 2005; Tavasoli Farsheh et al., 2011). However,
beyond this concentration, impact resistance dropped, likely due to MWCNT clustering,
which weakened the matrix's ability to transfer stress effectively (Eitan et al., 2003).
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Figure 3. Impact resistance of PP/reed flour nanocomposites as a function of MWCNTSs
content

3.3 Water absorption and thickness swelling

Natural fibers absorb moisture due to their high hydroxyl group content, resulting in
dimensional instability. Water may also permeate through capillary pathways formed at weak
fiber-polymer interfaces (Espert et al., 2004). As shown in Figure 4, samples with 1 and 2 phr
MWCNTSs exhibited higher water absorption, while the lowest was found in 5 phr composites.
Thickness swelling followed a similar trend. These findings align with prior studies
highlighting the role of nanoparticle concentration on hydrophobic behavior (Abdelmouleh et
al., 2007; Dhakal et al., 2007; Shinoj et al., 2010).The influence of MWCNTSs addition on the
water absorption after 24 h water immersion and the thickness swell of PP/RF
nanocomposites are shown in Figure 4.
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Figure 4. Water absorption and thickness swell percentage (24 hour) of PP/reed flour
nanocomposites as a function of MWCNTSs content
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The highest water absorption values were observed in 1 and 2 phr MWCNTS incorporated
composites, whereas the lowest one was found in the nanocomposites containing the highest
amount of MWCNTSs (5 phr). The lowest thickness swell was obtained from the experiment
performed on the 5 phr MWCNTS nanocomposites.

3.4 Morphology of hybrid nanocomposites

SEM analysis (Figure 5) illustrated improved filler-matrix interaction upon MWCNT
addition, with crack bridging mechanisms evident. Increased MWCNT levels, however, led to
visible agglomerates, particularly at 5 phr, which created stress concentration zones prone to
failure (Seshadri and Saigal, 2007).

Figure 5 shows FE-SEM micrographs showing the fracture surfaces of PP/reed flour
nanocomposites containing MWCNTs at 1, 2, 3, and 5 phr.

Introducing MWCNTS to the PP/reed flour composite improved the interface between the
fibers and matrix. Moreover, CNT nanostructures can act as barriers in the matrix against the
cracks opening during their growth, through a crack bridging mechanism illustrated in Figure
6.
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Figure 5. FE-SEM micrographs of PP/RF/MWCNT nanocomposites microstructure: a) 1 phr
MWQCNTSs, b) 2 phr MWCNTS, ¢) 3 phr MWCNTS, d) 5 phr MWCNTS
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Figure 6. Schematic of crack bridging mechanism by CNTs, Reprinted from Ref. (Seshadri
and Saigal, 2007)

As a result of such phenomena, a higher level of energy is needed for the crack to grow
and propagate (Seshadri and Saigal, 2007). The crack bridging process is idealized as normal
MWCNTSs pull out from the polymer matrix, which is shown in the fracture surface of
nanocomposites with all amounts of MWCNTS.

It can also be observed that some regions of the agglomerated nanoparticles can be
identified from the SEM images as the MWCNTSs content was increased from 3 to 5 phr,
(Figures 5 (c) and (d)). The decline in the flexural and tensile strength and the impact strength
value for nanocomposites incorporating MWCNTs more than 3 phr might be related to the
increase in probability for nanostructures agglomeration that creates regions of stress
concentrations requiring less energy to elongate the crack propagation.

4  Conclusions

e This study investigated the influence of multi-walled carbon nanotubes (MWCNTS) on
the physical and mechanical properties of polypropylene/reed flour (PP/RF)
nanocomposites. The results confirmed that the incorporation of MWCNTS up to 3 phr
significantly enhanced the mechanical properties, particularly flexural and tensile
strength. Notably, 3 phr MWCNTSs led to the highest flexural performance, whereas
tensile properties peaked at 2 phr.

e Despite the mechanical benefits, increasing MWCNT concentration to 5 phr resulted in
performance deterioration due to nanoparticle agglomeration and poor dispersion.
Furthermore, 2 phr MWCNTS exhibited optimal impact strength, while the lowest water
absorption and thickness swelling occurred in the 5 phr formulation, indicating
improved hydrophobicity at higher MWCNT content.

e Overall, the findings suggest that the addition of MWCNTSs, particularly at 2-3 phr, is
effective in reinforcing PP/reed flour composites, optimizing their structural and
moisture resistance characteristics for potential industrial applications.
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Furniture reuse: Institutional models in Turkey and Europe

Gizem Biike Oztiirk*

ABSTRACT: This study provides a comparative examination of repurposing strategies
developed within the furniture sector in line with sustainability and circular economy
principles, with a focus on the contexts of Europe and Turkey. The aim is to investigate
institutional models for reusing furniture with potential for extended life cycles, analyze the
recovery capacity of wood-based materials, and propose a sustainable and applicable
framework for Turkey. A qualitative research approach was adopted, in which the activities of
European organizations such as RREUSE, WRAP, Repair Café, ENVIE, RepaNet, and
AERESS were evaluated through a literature review and document-based analysis. In parallel,
official reports and case studies from metropolitan municipalities including Istanbul, Kocaeli,
and lzmir were analyzed. In the material assessment, solid wood, MDF, and particleboard
were classified according to criteria such as technical suitability, structural durability, and
potential for surface renewal. The findings indicate that multi-actor, socially driven models
are prevalent in Europe, while in Turkey, initiatives remain limited and largely charity-
oriented. The study concludes by proposing a new model based on collaboration with local
governments, offering a roadmap for strengthening Turkey’s institutional capacity in
sustainable furniture repurposing.

Keywords: Reuse in furniture, Sustainability, Material recovery

Mobilyalarin yeniden kullanimi: Tiirkiye ve Avrupa'da kurumsal modeller

OZ: Bu calisma, mobilya sektoriinde siirdiiriilebilirlik ve dongiisel ekonomi ilkeleri
cercevesinde gelistirilen yeniden islevlendirme stratejilerini, Avrupa ve Tiirkiye Ornekleri
iizerinden karsilastrmali olarak incelemektedir. Caligmanin amaci, yeniden kullanim
potansiyeli tasiyan mobilyalara iliskin kurumsal modelleri degerlendirmek, ahsap bazli
malzemelerin geri kazanim kapasitesini analiz etmek ve Tiirkiye i¢in stirdiiriilebilir ve
uygulanabilir bir kurumsal ¢erceve Onermektir. Nitel bir aragtirma yaklasimi benimsenmis;
Avrupa’da RREUSE, WRAP, Repair Café¢, ENVIE, RepaNet ve AERESS gibi kurumlarin
faaliyetleri literatlir taramasi ve belge temelli analiz yoluyla incelenmistir. Buna paralel
olarak, Tiirkiye’de Istanbul, Kocaeli ve izmir gibi biiyiiksehir belediyelerinin resmi raporlar1
ve Ornek uygulamalar1 degerlendirilmistir. Malzeme incelemesinde masif ahsap, MDF ve
yonga levha tiirleri; teknik uygunluk, yapisal dayanim ve ylizey yenilenebilirligi dlgiitlerine
gore siniflandirilmistir. Bulgular, Avrupa’da sosyal girisim temelli ve ¢cok aktorli modellerin
yaygin oldugunu; Tirkiye’de ise girisimlerin smirli kaldigin1 ve agirlikli olarak yardim odakl
isledigini ortaya koymaktadir. Calisma, yerel yonetimlerle is birligine dayali yeni bir model
onererek Tiirkiye’nin kurumsal kapasitesini gelistirmeye yonelik bir yol haritas1 sunmaktadir.

Anahtar kelimeler: Mobilyada yeniden islev, Siirdiiriilebilirlik, Malzeme geri kazanimi1
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1 Introduction

Sustainability and circular economy principles have gained increasing prominence in the
furniture industry. Within this framework, the concept of adaptive reuse-here applied to
furniture repurposing-has emerged as a key strategy for extending product life cycles,
reducing waste generation, and minimizing material loss (Bullen and Love, 2011; Chapman,
2005). In the context of furniture, adaptive reuse refers to repurposing products beyond their
original function, contributing not only to environmental objectives but also to economic and
cultural sustainability (Conejos et al., 2013). The reuse of furniture with aesthetic or
emotional value, in particular, has been shown to influence consumer behavior and strengthen
sustainable consumption patterns (Giines and Demirarslan, 2020).

In contemporary furniture design, adaptive reuse has gained visibility both as a creative
trend and as a sustainable production strategy (Yal¢inkaya and Karadeniz, 2022). Approaches
such as superuse, upcycling, vintage design, and repair culture aim to restore the functional
and aesthetic qualities of discarded or outdated furniture (Superuse, n.d.; Reclaim, 2024).
These practices enable furniture to be reimagined in new contexts through creative
transformation. Among various materials, wood is the most commonly reused due to its
physical durability, aesthetic appeal, repairability, and biodegradability (Efe and Kasal, 2007).
Solid wood, especially when processed with traditional techniques, offers high reuse
potential, while engineered products such as MDF and particleboard demonstrate more
limited durability because of their susceptibility to moisture and impact (Koksal and Kelleci,
2020).

In Europe, institutional frameworks for furniture reuse are relatively well established.
Organizations such as RREUSE, WRAP UK, the Remade Network, and the Repair Café
Foundation combine environmental and social objectives by managing collection, repair, and
redistribution processes (RREUSE, 2025; Repair Café Foundation, 2025). These initiatives
promote not only ecological waste management but also social inclusion, local employment,
and community engagement. The European Union has also implemented regulatory measures
designed to increase reuse rates and strengthen circular economy infrastructures (European
Commission, 2017).

By contrast, efforts in Turkey remain fragmented and are primarily led by municipalities
and small-scale volunteer initiatives. Notable examples include the donation center of Istanbul
Metropolitan Municipality, the URBANREC project by Bornova Municipality, and the
activities of GEKADER. However, at the national level, significant gaps persist in systematic
data sharing, organizational capacity, and policy development (Candan et al., 2024).

Against this background, the aim of this study is to comparatively examine institutional
approaches to furniture reuse in Europe and Turkey, assess the technical characteristics and
reuse potential of wood-based materials, and propose an applicable organizational framework
that can strengthen Turkey’s institutional capacity in sustainable furniture repurposing. To
achieve this aim, the study adopts a qualitative research method supported by literature
reviews, municipal reports, document-based analysis, and case studies.

2 Material and Method
2.1  Research Gap and Rationale

Due to their bulky structure and material diversity, furniture waste represents a strategic
category with both economic and environmental implications. In Turkey, reuse and upcycling
practices related to this category remain limited in terms of institutionalization and legal
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framework development. This gap highlights the need for systematic research and provides
the underlying rationale for the present study, which examines the role of local governments
and develops policy-oriented recommendations for strengthening furniture reuse systems.

2.2 Research methodology

The study adopts a qualitative research design grounded in document analysis and
comparative content analysis. Within a descriptive-analytical framework, the 2024 activity
reports of metropolitan and district municipalities in Turkey were examined. European best
practices were evaluated through sustainable development policies, circular economy
strategies, and social enterprise models. A multiple-case study approach enabled an analytical
comparison of various implementation models across both Turkey and Europe.

2.3 Data collection process and tools

Data were collected from two main sources. Primary data consisted of 2024 activity reports
published by major metropolitan municipalities such as Istanbul, Kocaeli, and izmir, as well
as district municipalities including Gebze, Kartepe, and Korfez. Secondary data comprised
academic literature (e.g., Bovea and Pérez-Belis, 2012), European Commission documents,
non-governmental organization (NGO) reports (e.g., WRAP, RREUSE, ENVIE), and
sustainable development strategy papers. All documents were analyzed using open coding,
and the resulting themes were categorized under institutionalization, community participation,
education, legal framework, and policy support. Coding was conducted manually, and the
analysis was carried out directly by the researcher.

2.4 Data analysis method

Comparative thematic analysis was employed to evaluate local government practices in
Turkey alongside best practices in Europe, categorized under six sustainability-oriented
dimensions: institutional structure, community engagement, material separation capacity,
educational activities, policy support, and monitoring and reporting mechanisms. Findings
were presented with the support of tables and figures, emphasizing measurable indicators
such as recovery rates, partnerships, participation levels, and implementation scope. This
method ensures cross-scale comparability and enabled a structural analysis of multi-actor
models.

2.5 Research gap, contribution, and limitations

The existing literature on institutional-level analysis of furniture upcycling in Turkey
remains limited and lacks comparative depth. Previous studies often focus on individual or
small-scale social initiatives, with insufficient attention to municipal capacities, regulatory
compliance, and integration with community-based models. This study addresses these gaps
by comparing Turkish practices with established European models and offering new policy
insights. Its primary contribution lies in proposing an integrated multi-actor evaluation
framework for sustainable furniture waste management. However, the main limitation is the
exclusive reliance on publicly available documents, without the inclusion or field
observations. This constraint positions the study as a preliminary evaluation, which can serve
as a foundation for future qualitative and quantitative field research.

251



Oztiirk, Furniture and Wooden Material Research Journal, 8 (2), 249-264

3 Findings and Discussion
3.1 Repurposing and recycling strategies as a sustainability approach in furniture

Furniture repurposing refers to the reuse of existing components for functions other than
their original purpose, while preserving material integrity. It goes beyond simple repair; it
reflects a multidisciplinary approach that integrates creative design processes, cultural
continuity, and environmental responsibility (Giines and Demirarslan, 2020; Elibol et al.,
2018; Senkal, 2023). For example, using a tabletop as a shelf or a wardrobe door as a desk
introduces creative solutions that foster emotional connections with the past, adding both
functional and symbolic value (Demirbasg, 2017). This approach recirculates products, thereby
reducing waste generation, and contributes to environmental sustainability by lowering
carbon emissions and energy consumption (Pei et al., 2024; Kutlu and Bekar, 2021). For
instance, reusing a one-ton sofa can prevent up to 1.45 tons of CO:-equivalent emissions
(RREUSE, 2023). Consequently, it conserves resources by reducing raw material
consumption, diversifies design processes, and creates job opportunities for local artisans and
producers (Kershaw, 2020; Yagan Koyli, 2023).

According to the Brundtland Report (WCED, 1987), sustainability is defined as “meeting
the needs of the present without compromising the ability of future generations to meet their
own needs.” In this context, prolonging product life cycles, preventing waste, and reducing
environmental impacts are key objectives (Manzini and Vezzoli, 2003). The "Cradle to
Cradle" model by McDonough and Braungart advocates for product regeneration in a waste-
free cycle compatible with nature (McDonough and Braungart, 2002). In line with such
sustainability principles, repurposing emerges as a prominent strategy. It enables products to
be utilized in new forms without resorting to energy-intensive production or incurring
recycling costs (Ellen MacArthur Foundation, 2019), thereby making sustainability tangible
not only environmentally but also economically and socially (Vezzoli and Manzini, 2008;
Stahel, 2016). Economically, it offers low-cost options for consumers and value-added design
opportunities for producers. While high-quality materials such as solid wood are easy to
process, composites like MDF can be reused through surface renewal or modular assembly
(European Commission, 2017; Kdksal and Kelleci, 2020).

In recent years, design trends such as “vintage” and “retro” have gained popularity in
supporting this perspective (Yararel Dogan et al., 2022). These trends prioritize the
restoration and reuse of solid wood furniture from the 1950s—-1980s (Giines and Demirarslan,
2020). Furniture markets for such items are increasingly attracting interest across both Europe
and Turkey. The “upcycling” approach, meanwhile, involves transforming obsolete materials
into higher-value products (Sung, 2017). For example, discarded wooden pallets can be
creatively upcycled into functional and aesthetically valuable furniture. Such practices not
only reduce material waste but also promote community engagement through do-it-yourself
(DIY) initiatives, highlighting the social, environmental, and economic dimensions of
sustainable furniture design (Figure 1).

Another notable perspective is the “repair culture,” which emphasizes product repair
before waste occurs. Events such as Repair Cafés provide free furniture repairs, support
craftsmanship, and encourage social interaction (Repair Café Foundation, 2025). Modular and
disassemblable furniture designs further reinforce this mindset by allowing components to be
reused in various combinations, enhancing production flexibility and extending product
lifespans (Ozel and Kayacan, 2020). Lastly, open-source and DIY (do-it-yourself) furniture
designs are integral to this transformation movement. Designs downloaded from platforms
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such as OpenDesk can be locally manufactured, involve users directly in the process, and help
disseminate the culture of reuse (OpenDesk, 2020).

[

Figure 1. Up cycled pallet furniture, illustrating DIY practices and reuse strategies within
sustainable furniture design (Schmitz, 2015).

Furniture repurposing is significant not only for sustainability but also for aesthetics,
personalization, and cultural continuity. Users increasingly prefer products with a story and
character, thereby strengthening the influence of circular and ethical design in the sector.

3.2 The reusability potential of wood materials

Wood, with its natural, renewable, and biodegradable properties, is among the most
suitable materials for sustainable design and circular economy principles. Sustainability in
this context aims to reduce resource consumption across the product lifecycle, minimize
environmental impacts, and ensure the reintegration of materials into circulation.
Accordingly, the reuse potential of wood holds critical importance in sustainable product
management (Ogurlu, 2024). Different wood types used in furniture production offer varying
levels of recovery potential depending on their physical properties and workability. Solid
wood species (e.g., oak, walnut, beech, spruce) are particularly well suited for secondary use
due to their robust structures and adaptability to surface refinishing processes (As and
Biiyiiksari, 2010). Reuse practices involving such materials reduce carbon emissions,
decrease demand for raw materials, and contribute to the preservation of natural ecosystems
(Ogurlu, 2024).

While softwoods (spruce, pine) are easy to work with, they are prone to surface
deformations. Tropical hardwoods (teak, mahogany) are highly durable but limited by high
cost, restricted availability, and the need for sustainable forestry certification (Dilik and
Girsoy, 2017). On the other hand, low-density raw woods sourced from industrial by-
products such as pallets and crates are frequently utilized in upcycling projects (Canbakal
Ataoglu, 2015). Composite materials such as MDF and particleboard, however, provide
limited recyclability due to their low durability and formaldehyde-based content (CPWR,
2004). These materials are typically suitable for restricted applications, such as surface
cladding or mosaic panels. In addition to wooden type, surface treatments and joining
techniques play a decisive role in the recyclability of wooden furniture. Synthetic coatings
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(e.g., varnish, lacquer, polyurethane) complicate sanding and refinishing, whereas natural oils,
waxes, and shellac are more environmentally friendly and easier to renew (Vidholdova et al.,
2021). Open-pore species such as oak, chestnut are particularly compatible with such
treatments. Similarly, demountable joints- such as mortise and tenon, dowels, or wooden
blocks- facilitate the disassembly and reuse without structural damage, whereas glued or
nailed joints hinder disassembly and compromise material integrity (Vidholdova et al., 2021).

Solid wood, with its longevity and natural texture, thus offers clear advantages for
environmental sustainability. Conversely, composites like MDF and particleboard, while
affordable, present significant structural and environmental drawbacks (Degirmentepe and
Colak, 2021). Beyond material properties, certification systems play a crucial role in
sustainable furniture production. This study examines four widely recognized schemes in the
sector: FSC, PEFC, Cradle to Cradle, and the EU Ecolabel (FSC, 2024; PEFC, 2024; Cradle
to Cradle Certified, 2024; European Commission, 2017). FSC and PEFC certify sustainable
forest management practices, while Cradle to Cradle evaluates multidimensional criteria
including material health, energy efficiency, water stewardship, and social responsibility. The
EU Ecolabel, meanwhile, serve as an official environmental label that covers the entire
product lifecycle (Table 1). Other certification systems were excluded from this study due to
their limited use in the furniture sector.

Table 1. International environmental labels used in furniture products and their descriptions

Certificate/Label Logo Description
FSC (Forest Q An international certification system that promotes responsible forest
Stewardship Council) e management. The FSC label indicates that the wood used in the product
Fsc'vor: originates from sustainably managed sources.
PEFC (Programme A certification program suitable for small forest owners that supports
for the Endorsement of sustainable forest management. The PEFC label signifies that the product
Forest Certification) meets environmental, economic, and social sustainability criteria.
Cradle to Cradle A comprehensive certification system that evaluates a product’s life
Certified cycle based on criteria such as material health, reuse potential, use of
cradleccradie renewable energy, water stewardship, and social responsibility.
EU Ecolabel The official environmental label of the European Union. It aims to
B N2 reduce the environmental impact of products throughout their entire life
Ecolabel cycle. It covers a wide range of product categories, including furniture.

In conclusion, solid wood emerges as the most suitable material for sustainable
repurposing due to its durability, reparability, and renewable surface. Achieving sustainability
in furniture design requires environmentally friendly production processes, the use of
demountable joints, and repair-oriented practices throughout the lifecycle. In this way,
wooden materials can become not only reusable but also long-lasting and environmentally
responsible. Table 2 presents a comparative analysis of three wood-based materials widely
used in the furniture industry-solid wood, MDF, and particleboard. These materials were
selected for their prevalence in the sector, and their differences were analyzed in terms of
structural properties, surface treatment potential, durability, and joining techniques. Other
materials (e.g., plywood, OSB, HDF) were excluded from the scope due to their limited
application areas or insufficient data. The selected three materials are therefore considered
representative for evaluating sustainability practices in the furniture industry.
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Table 2. Comparison of woods used in furniture in terms of sustainability

Material Type Advantages in Terms of Challenges in Terms of Surface Renewal Reusability
Sustainability Sustainability Suitability Performance
Natural, renewable, long- Can be costly; surface Very High — Suitable Very
lasting; easily renewable  deformations may occur under for sanding, oiling, High
Solid Wood through sanding, oiling, and heavy use. polishing, etc.
polishing; low carbon
footprint.
MDF (Medium-  Smooth surface, low cost,  Sensitive to moisture, contains ~ Moderate — Limited ~ /\ Moderate
Density easy to process; can be formaldehyde; may swell and correction possible
Fiberboard) restored with surface blister. through surface
coatings in some cases. coatings.
Particleboard Economical, lightweight, Poor screw holding capacity, Low — Usually X Low
(Chipboard) readily available. deteriorates with moisture; low requires part
structural strength. replacement rather

than surface renewal.

Taken together, these evaluations confirm that solid wood holds the greatest potential for
reuse, owing to its physical durability and reparability. To maximize this potential,
sustainability-oriented surface treatments and demountable joints should be prioritized in
production. When material selection, production techniques, user habits, and repair culture are
considered in an integrated manner, the contribution of wooden materials to circular design
can be significantly enhanced.

3.3 Institutional practices in Europe: Organizations and system models

In Europe, the recycling and reuse of furniture waste are managed through multi-actor
institutional structures aligned with the European Union’s circular economy policies. These
models aim not only to generate environmental benefits but also to foster social inclusion,
local employment, and community-based economic development (European Commission,
2021; Interreg Europe, 2022). One of the most prominent networks in this field is RREUSE,
which brings together social enterprises in more than 20 countries. Member organizations
contribute to both environmental outcomes and local benefits through activities such as waste
collection, repair, redesign, and social retail (RREUSE, 2025; Wikipedia, 2024). RREUSE
integrates product reuse with socio-economic outcomes, prioritizing social employment
alongside environmental sustainability.

Similarly, the UK-based WRAP (Waste and Resources Action Programme) is a public-
interest organization that focuses on long-lasting design, repair protocols, and consumer
awareness. WRAP promotes sustainability in the furniture sector through initiatives
developed in collaboration with local governments (WRAP, 2021a; 2021b). Another notable
initiative is the Repair Café Foundation, a Netherlands-based organization that advances a
culture of repair through public workshops where volunteers and participants repair
household items together. These workshops encourage knowledge exchange, social
interaction, and the shared use of resource (Repair Café Foundation, 2024a; 2024b).

In France, ENVIE operates more than 50 local centers dedicated to the collection and
repair of durable consumer products (furniture, electronics, appliances), providing
employment opportunities for disadvantaged groups (Féderation Envie, 2022). In Austria,
RepaNet functions within the framework of the social economy, combating long-term
unemployment through repair workshops and social retail stores that generate both
environmental and social value (RepaNet, 2024). In Spain, AERESS unites social economy-
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based structures under one umbrella, reducing waste and fostering social inclusion through
the collection and repair of furniture and electronic items (AERESS, 2024).

Many organizations affiliated with RREUSE operate similar models. For instance,
Emmaus Défi in France supports circular economy practices by collecting and repairing
furniture while promoting the social reintegration of homeless individuals (Emmais Défi,
2024). In Belgium, De Kringwinkel refurbishes millions of second-hand furniture and
household items annually, reintegrating them into the circular economy and generating
substantial employment opportunities (De Kringwinkel, 2024).

In Croatia, Humana Nova, although primarily focused on textiles, also contributes to
furniture reuse and social employment (Humana Nova, 2024). Likewise, Germany’s Soex
Group, while mainly textile-oriented, runs furniture repair and reuse programs in selected
branches (Soex Group, 2023).

In addition, local organizations such as CICLOPLAST in Spain and CRAFT in Ireland
occasionally develop furniture-focused pilot projects that contribute to circular economy
practices (RREUSE, 2023). Although many of these organizations treat furniture as part of
durable household goods, they play a vital role in reuse systems with regard to both
environmental and social outcomes (Table 3).

Table 3. Selected furniture reuse organizations in Europe

Organization Country Focus Areas Type of Social Contribution
Name Implementation
RREUSE Multiple (20+ Furniture, textiles, electronics Umbrella Social enterprise network,
countries) organization, social employment
store, repair
WRAP United Kingdom Furniture sector Guidelines, design  Awareness raising, design-
protocols, public oriented practices
cooperation
Repair Café ~ Netherlands-based,  Household goods, furniture, Volunteer repair Community engagement,
30+ countries electronics workshops knowledge transfer
ENVIE France Furniture,electronics, Local centers, repair, Employment for
appliances social store disadvantaged groups
RepaNet Austria Furniture and household Repair, redistribution Solution to long-term
items unemployment
AERESS Spain Household goods, furniture,  Repair, reuse centers Social integration
electronics

Overall, these examples from across Europe present noteworthy institutional models that
combine sustainability and societal benefit. Geographically, organizations focused on
furniture reuse and recycling are most concentrated in Western and Central Europe. This
concentration reflects the long-standing implementation of circular economy policies, the
strong tradition of social entrepreneurship, and robust civil society networks in these regions.

Since the 1990s, the European Union has supported the development of such initiatives
through strategies promoting resource efficiency, waste prevention, and eco-design. As a
result, social enterprise-based organizations such as RREUSE, ENVIE, Emmals Défi, and
RepaNet have been institutionalized and expanded through regulatory incentives and financial
support. Local governments in countries such as Germany, the Netherlands, France, and
Belgium, have reinforced these initiatives through environmentally focused policies and the
provision of public production spaces, thereby strengthening community-based practices.
Within this context, organizations such as Repair Café and De Kringwinkel not only
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contribute to waste reduction but also enhance social inclusion, local employment, and
community engagement.

A common feature of these enterprises is their development of multi-actor and
multifunctional models that systematically reintegrate bulky items like furniture into reuse
systems. These models combine technical infrastructure (repair workshops, logistics systems,
collection centers) with social capacity (volunteer engagement, social entrepreneurship and
employment for disadvantaged groups).

In addition, supportive environmental policies -including tax advantages, grant programs,
and regulatory frameworks- have reinforced these systems. This process involves
collaboration not only among social enterprises but also with public institutions and private
sector actors. For example, the European Furniture Industries Confederation (EFIC) identified
furniture as a priority product group under the Ecodesign for Sustainable Products Regulation,
which entered into force in 2024. EFIC has developed technical guidelines, digital product
passports, and repair manuals to facilitate the sector’s transition to a circular economy. It has
also contributed to the sector-specific implementations of regulations such as the “Right to
Repair,” the “EU Deforestation Regulation,” and the “Packaging and Packaging Waste
Regulation.” According to EFIC’s 2024 report, these regulations improve not only
environmental performance but also the global competitiveness and social responsibility of
the European furniture industry (EFIC, 2024).

Sustainable furniture management in Europe operates through multi-actor structures
involving social enterprises, public institutions, and the private sector. This model offers a
framework for Turkey, where institutional infrastructure is still developing. Adapting
European practices to the local context through collaboration among municipalities,
universities, and civil society can reduce furniture waste while strengthening social solidarity,
environmental awareness, and sustainable development.

3.4 Current practices and institutional framework for furniture recycling in Turkey

In Turkey, efforts to recover and repurpose furniture waste have expanded in recent years
through pilot projects initiated by local governments and supported by volunteer initiatives.
However, these practices remain mostly local in scope and lag behind European examples in
terms of institutionalization, technical infrastructure, and policy support (Asfuroglu, 2024). A
notable initiative is the program launched by the Istanbul Metropolitan Municipality (IBB) in
2019, which distributes refurbished furniture to people in need. According to 2024 data,
Istanbul’s solid waste facilities received an average of 16.245 tons of waste daily (IBB, 2024).
Likewise, in 2022 the Korfez district of Kocaeli recovered 51.639 tons of household waste
(Korfez Municipality, 2024). The EU-funded URBANREC Project, implemented by Bornova
Municipality and the izmir Institute of Technology, represents another pioneering effort,
directing unusable furniture to recycling processes while incorporating restorable items into
social assistance networks (URBANREC, 2020a). In Gebze and Kartepe, zero-waste policies
have been supported through environmental awareness programs, student clubs, and
educational activities (Gebze Municipality, 2024; Kartepe Municipality, 2024).

At the national level, the Zero Waste Project, launched in 2017, marked a significant step
in waste management but remains limited in addressing bulky waste such as furniture.
Educational activities primarily target small-scale waste (e.g., paper, plastic), while awareness
of bulky waste is still lacking (Ministry of Environment, Urbanization and Climate Change,
2024). According to the Zero Waste Foundation, the recovery rate increased from 13% in
2017 to 36.08% in 2024, with a national target of 60% set for 2035 (Zero Waste Foundation,
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2025). Reaching this goal will require comprehensive, sector-specific policies explicitly
covering bulky waste. From a regulatory perspective, the Waste Management Regulation does
not directly address furniture waste, and while municipalities are obliged to establish zero-
waste systems, monitoring and evaluation procedures remain unclear. Similarly, the National
Waste Management and Action Plan (2016-2023) classifies furniture waste as “special
household waste” but provides no specific strategy, collection method, or standard for this
category (Republic of Turkey Ministry of Environment and Urbanization, 2017).

This study includes the municipalities of Istanbul, Kocaeli (Kérfez, Gebze, Kartepe), and
Izmir (Bornova) because of were their original, sustainable, and publicly accessible practices
specifically targeting furniture waste. These municipalities are distinguished by their
integrated activities that combine environmental education, social solidarity, and material
recovery, along with their commitment to transparent public data sharing. Current practices in
Turkey are generally project-based and led by metropolitan or district municipalities. Among
them, Istanbul’s model, which links the reuse of furniture waste with social assistance, and
the upcycling-oriented URBANREC Project in Bornova, stand out as particularly noteworthy.
In Gebze and Kartepe, awareness-raising initiatives targeting children and youth have
contributed to public consciousness. From a positive perspective, the integration of zero-
waste practices with social responsibility and education, together with transparent data
sharing, can be considered indicators of institutional maturity. However, several limitations
persist. There is still no centralized recycling strategy for bulky waste such as furniture, and
existing initiatives largely remain at the pilot stage. Furthermore, since educational content
primarily addresses small-scale waste, public awareness of bulky items remains insufficient
(Table 4).

Table 4. Local practices on furniture and household waste recovery in Turkey (2022-2024)

Local Authority / Summary of Implementation Year Achieved Results / Source
Institution Data
Istanbul Metropolitan Collection of usable household items, 2024 An average of 16,245 tons of IBB, 2024
Municipality delivery to those in need after waste disposed of daily
maintenance
Kocaeli / Korfez Recovery of household waste 2022 51,639 tons of waste Korfez Mun.,
Municipality recovered 2024,
Izmir Bornova Municipality Furniture upcycling through the 2021 Contributions to social aid URBANREC,
+IYTE URBANREC Project and material recycling 2020
Gebze Municipality Zero waste education, student clubs, and 2024 Reached 6,754 students; 5 Gebze Mun.,
activities in schools events organized 2024
Kartepe Municipality Distribution of zero waste bins and 2024 Awareness activities held in Kartepe Mun.,
awareness activities schools and public 2024
institutions
Zero Waste Project (General) Raising waste awareness, educational 2017- Recovery rate reached Zero Waste,
collaboration with MoNE 2024 36.08% in 2023 2019
National Waste Management  Furniture defined as “special household 2016- Unclear implementation; no Republic of
and Action Plan waste” but no implementation standards 2023 mandatory separate Turkey
collection. MoEUCC, 2017

In this context, key areas for improvement include: clarifying definitions, separation, and
recovery standards for bulky waste in legal regulations; providing centralized funding and
technical support to scale up local practices; expanding educational content to explicitly
include bulky waste; and promoting transparency through systematic monitoring and
evaluation mechanisms. Overall, although promising practices exist in Turkey with respect to
furniture waste recycling, a comprehensive approach encompassing policy, legislation, and
implementation is essential for these efforts to become systematic, institutionalized, and
sustainable.
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3.5 Comparative evaluation: European and Turkish contexts

In Europe, furniture recycling and repurposing processes are implemented in an integrated
manner through robust institutional structures, community-based initiatives, and supportive
sustainability policies. These practices serve as examples not only for waste management but
also for job creation, social solidarity, and the institutionalization of environmental
responsibility. Projects coordinated by networks such as RREUSE, ENVIE, and WRAP are
supported by European Union directives, with technical processes documented and the
environmental benefits of reuse measured and reported through indicators such as CO2
savings (Bovea and Peérez-Belis, 2012). Volunteer-based initiatives such as the Repair Café
further reinforce this system by promoting a culture of repair and cultivating environmentally
conscious citizens. These systems are strengthened by public guidelines, repair workshops,
educational programs, and long-term incentive mechanisms. Processes such as sorting, pre-
reuse analysis, and environmental impact assessment are conducted under standardized
protocols. In contrast, practices related to furniture recycling in Turkey remain largely
project-based and dependent on the initiative of local governments. While notable projects
implemented in major cities such as Istanbul, Kocaeli, and Izmir -as well as partnerships such
as URBANREC- represent significant progress, they lag behind European examples in terms
of institutionalization, policy support, incentive mechanisms, and monitoring processes. Most
municipalities redistribute discarded furniture as part of social assistance schemes; however,
these processes are rarely supported by systematic material analysis, environmental impact
measurement, or transparent reporting (IBB, 2024; Gebze Municipality, 2024; URBANREC,
2020b). Moreover, community participation and a culture of volunteering have not yet been
developed within an institutional framework in Turkey, and existing activities are often
limited-access initiatives sustained through individual efforts. Structural challenges—
including the absence of a national strategy or regulations specifically supporting furniture
recycling, insufficient financial incentives, and limited technical infrastructure for reuse—
continue to constrain progress in this field. The following table presents a comparative
analysis of furniture recycling systems in Europe and Turkey based on sustainability criteria
(Table 5).

Table 5. Comparative sustainability criteria of furniture reuse practices in Europe and Turkey

Criteria European Examples Practices in Turkey
Institutionalization Developed networks (RREUSE, ENVIE, Municipal initiatives, project-based
WRAP), publicly supported systems practices
Community Participation Social enterprise-based, voluntary and Aid-oriented, mainly focused on donations
organized models and identifying needs
Material Separation Documented processes by type, technical Limited separation, no data-driven system
analyses
Education and Awareness Public guides, workshops, wide-reaching School-based limited activities, constrained
education networks to individual efforts
Policy and Incentives Long-term planning and incentives supported  Regulatory gaps, lack of strategic national
by EU directives policy
Monitoring and Reporting  Annual reports, measurements such as CO: Fragmented or absent reporting, lack of
savings transparency

The multi-actor structures, sustainability-oriented policies, and social participation
mechanisms established in Europe can serve as a model for Turkey. Although awareness of
waste management has increased in recent years, the lack of a systematic transformation
strategy for bulky waste such as furniture has limited the effectiveness of recycling initiatives.
This highlights the urgent need for a holistic policy approach that addresses not only technical
aspects but also governance structures and societal engagement.
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4  Conclusion and Recommendations

According to the findings of this study, furniture waste recycling practices in Turkey
remain largely limited to municipal projects and charity-based initiatives.

In Europe, institutional networks such as RREUSE and WRAP integrate systematic
data collection, sorting, and reuse processes with environmental, social, and economic
sustainability objectives.

In Turkey, recycling processes are characterized by a lack of institutionalization,
technical infrastructure, monitoring, and reporting mechanisms.

Training activities conducted under the Zero Waste Project generally focus on small-
scale waste types, and no specific policy or strategy has yet been identified for bulky
waste categories such as furniture.

In European contexts, awareness-raising efforts are supported by institutionalized
volunteer-based structures like Repair Café, which emphasize community
participation. By contrast, volunteering remains mostly individual and lacks
continuity.

Although municipal practices in various provinces of Turkey are promising, the
absence of coordination and standardization across initiatives remains a critical
shortcoming.

Unlike previous studies, this research evaluates practices in Turkey using up-to-date
municipal activity reports and legislative frameworks, thereby systematically
identifying current deficiencies.

In this context, the following key development areas are recommended:

Furniture waste should be more clearly defined in legislation as "special domestic
waste," with regulations for separate collection established.

Coordination between local governments should be strengthened, and best practices
disseminated more widely.

Collaboration with universities and non-governmental organizations should be
expanded, and community-based repair workshop models should be supported.

The environmental impacts of reuse and upcycling practices (e.g., CO- savings) should
be systematically measured and reported with transparency.
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Determination of dielectric properties in oriental beech (Fagus orientalis
Lipsky) wood
Beytullah Bozali'*

ABSTRACT: Today, the wood of the oriental beech (Fagus orientalis Lipsky.) is widely
used in various applications, including furniture, musical instruments, carvings, and veneer. In
this study, the dielectric properties of oriental beech were investigated at AC signal
frequencies of 100 Hz-1 MHz in the voltage range of 0-100 V DC, and the effects of
different surface conditions on these properties were investigated. The dielectric, thermal and
surface free energy behaviors of control wood (CW) and wood soaked in water for two weeks
(SW) were analyzed comprehensively. Basic parameters such as specific heat capacity (Cp),
real (¢') and imaginary (¢") dielectric constants, alternating current electrical conductivity
(oac), free energy component (G/w), dielectric loss factor (tand) were evaluated in detail
within the scope of experimental measurements. SW samples exhibited approximately 1,000-
fold higher (&) values and a two-to three-fold increase in (tand) compared to CW samples.
Furthermore, (cac) increased from ~10° S/m in CW to ~10* S/m in SW, indicating a
significant increase in ionic conductivity due to the higher moisture content. CV samples
maintain their insulation properties by showing consistent dielectric properties across the
entire frequency range. All measurements were repeated three times (n=3) and the standard
deviation was found to be less than 5%. These results show that whereas dry wood retains
consistent dielectric performance with low losses, moisture dramatically increases
conductivity and dielectric losses.

Keywords: Oriental beech, Dielectric properties, AC conductivity, Frequency

Dogu kayim (Fagus orientalis Lipsky.) odununda dielektrik 6zelliklerinin

belirlenmesi

OZ: Giiniimiizde dogu kaym (Fagus orientalis Lipsky.) odunu, mobilya, mizik aletleri,
oymacilik ve kaplama malzemesi gibi ¢esitli alanlarda yaygin olarak kullanilmaktadir. Bu
calisgmada, dogu kayinmin 100 Hz—1 MHz AC sinyal frekanslarinda ve 0—100 V DC gerilim
arahiginda dielektrik ozellikleri incelenmis ve farkli yiizey kosullarinin bu o6zellikler
iizerindeki etkileri arastirilmistir. Kontrol grubu ahsap (CW) ve iki hafta suda bekletilmis
ahsap (SW) oOrneklerinin dielektrik, termal ve serbest ylizey enerjisi davranislar1 kapsamli
sekilde analiz edilmistir. Deneysel 6l¢iimler kapsaminda, 6zgiil 1s1 kapasitesi (Cp), gercek (g')
ve sanal (g”) dielektrik sabitleri, alternatif akim elektriksel iletkenlik (oac), Serbest enerji
bileseni (G/w), dielektrik kayip faktorii (tand) gibi temel parametreler detayli olarak
degerlendirilmistir. SW 6rnekleri CW Orneklerine kiyasla yaklasik 1.000 kat daha yiiksek (")
degerleri ve (tand)'de iki ila ii¢c kat artis gostermektedir. Ayrica, (cac) CW'de ~10~° S/m'den
SW'de ~10* S/m'ye yiikselerek, daha yiiksek nem igerigi nedeniyle iyonik iletkenlikte dnemli
bir artis oldugunu gostermektedir. CV numuneleri tiim frekans araliginda tutarli dielektrik
ozellikler gostererek yalitim 6zelliklerini korumaktadir. Tiim 6l¢iimlerin ti¢ kez tekrarlanmig
(n=3) ve standart sapmanin %5'ten kiicliik bulunmustur. Bu sonuclar, kuru odunun diisiik
kayiplarla tutarh dielektrik performansini korurken, nemin iletkenligi ve dielektrik kayiplarini
onemli dl¢lide artirdigin1 gostermektedir.

Anahtar kelimeler: Dogu kaymi, Dielektrik 6zellikler, AC iletkenligi, Frekans
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1 Introduction

The dielectric properties of a non-conducting material describe its interaction with electric
fields. The dielectric constant is defined as the rate of increase in capacitance of a material in
a capacitor compared to a vacuum and is the primary measure of its energy storage capacity
(James, 1975). While electrical techniques such as resistivity measurement are widely used
because moisture levels affect structural performance, data correction is necessary due to
material properties and temperature effects (Otten et al., 2017). Numerous characteristics of
electrical conductivity in wood have been documented, including temperature and moisture,
hemicellulose, cellulose and lignin, mechanical structure, etc. (Husein and others, 2014). The
literature also reports that it fluctuates, especially with respect to electric field frequency and
moisture content (James, 1975).

There are many studies in the literature on oriental beech. Some of these studies
investigated the screw retention strength of plywood produced with poplar, beech, and
eucalyptus veneers (Bal et al., 2015). The effects of color bleaching and varnishing processes
applied to oriental beech on the flame-induced combustion characteristics of the material were
investigated in another study in the literature (Yalinkili¢ et al., 2020). Some of the other
studies in the literature are the experimental and numerical analysis of the bending behavior
of particleboard and fiberboard reinforced with plywood (Glntekin and Uysal, 2024) and the
effect of light intensity on the burning performance of paints used in wood and wood-based
panels (Kara et al., 2024).

There is significant research examining the relationship between dielectric properties and
environmental and structural parameters parallel to these materials studies. In liquid crystal
systems, both real and imaginary components of dielectric permittivity have been successfully
predicted depending on frequency, voltage, and doping ratio (Aksoy et al., 2023). In another
study, the dielectric behavior of SBR/NR-based rubber insulator material was investigated
experimentally under different voltage and frequency conditions. The change in tand value in
high voltage and frequency applications was analyzed (Akimn and Arikan, 2020). The dielectric
properties of rock and pellet samples prepared from jet samples were investigated in the
frequency range of 5 Hz-13 MHz under different moisture contents. The measurements
revealed that the dielectric constant varied between 3.2-4.4 for the rock sample and 2.9-3.9
for the pellet sample (E1 Mami, 2024). They introduce Chapidif, a software that models and
analyzes the dielectric functions of aluminum. They note that comparisons with experimental
data, such as reflected electron energy loss, improve the model's accuracy and dielectric
characterization capabilities (Vos and Grande, 2025). Bentonite composites containing
different proportions of cobalt (1%) and nickel (5%) were prepared and, their dielectric and
structural properties were investigated (Bashal et al., 2025). The dielectric properties of the y3
Borophene structure were investigated by Monte Carlo simulations and the ferroelectric—
paraelectric transition behavior of the material was revealed under the influence of crystal
field, temperature and coupling forces (Sabbah et al., 2025). CdTe nanoparticles doped with
N#i?* ions were synthesized using a microwave-assisted method and were determined to have a
hexagonal crystal structure with dimensions of 23-25 nm. Dielectric measurements revealed
that the dielectric constant and loss decreased as the frequency increased in the 10 Hz-10
MHz frequency range (Tiwary et al., 2025). (Bio.ssLao.1s)(Feo.sTio.s)Os ceramic compound was
synthesized by the conventional solid-state reaction method, and the dielectric, impedance
and magnetic properties of the material were analyzed comprehensively (Joshi et al., 2025).
The dielectric properties of starch were also investigated.
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This study is based on the hypothesis that water uptake in oriental beech wood
significantly increases ion polarization and charge accumulation at the interface, leading to
higher dielectric losses (¢”, tand) and higher alternating current conductivity (cac) compared to
dry wood samples. The study sought to determine how frequency and moisture content affect
the storage behavior and dielectric loss of oriental beech wood compared to other hardwood
species. The effects of wood on its dielectric response are also thoroughly investigated to
close a significant gap in the research. Although there is much dielectric research for different
types of wood, there are currently few systematic investigations on oriental beech (Fagus
orientalis Lipsky.). Its dielectric response (g', €”), AC conductivity, and polarization
mechanisms across a broad frequency range (100 Hz to 1 MHz) have not been well studied.
This study aims to close this gap, theoretically defining the underlying mechanisms and
physically interpreting them by thoroughly analysing the dielectric characteristics of oriental
beech samples (CW and SW). We also expect to lay a strong basis for interdisciplinary
applications such as thermoelectric converters and hybrid acoustic-dielectric materials by
elucidating the energy storage and dissipation mechanisms of wood.

2 Materials and Methods

We have chosen a frequency range of 100 Hz to 1 MHz to capture the most important
dielectric relaxation events in wood. lonic and electronic polarization processes predominate
above 100 kHz. These processes have been reported in the literature for a range of wood
species and composites (Pentos et al., 2017; Elloumi et al., 2021; Sahin and Ay, 2004). The
range of DC voltages used in this study was between 0 and 100 V and chosen to avoid
polarization and conduction and to excite the material sufficiently to maintain sample
integrity. Similar mechanisms have been reported in studies of oriental beech and other
hardwoods. (Torkaman et al., 2022). All electrophysiological measurements in this study
were conducted in a controlled laboratory at 20-24 °C and 60-65% relative humidity.
Moreover, the consistency and repeatability of the electrical properties were maintained. All
voltage measurements were repeated three times for each sample to ensure repeatability. (n =
3) These results represent the mean values of these three replicates.

2.1 Sample preparation

CW test samples were prepared with dimensions of 500 mm x 70 mm x 15 mm, and SW
test samples were prepared with dimensions of 250 mm x 70 mm x 15 mm. CW: The
untreated control group's samples. The test samples were kept in a lab setting after being air-
dried. (20-24°C, 60-65% RH) SW: Water was collected during the trial, and samples were
kept in distilled water for two weeks in this experimental group. Its moisture level is typically
between 10% and 12%. (Glass and Zelinka, 2010). The SW samples were submerged in water
until the humidity level surpassed 100% for two weeks. The electrodes were affixed to the
sample's contact surface to create an electric field perpendicular to the conductors. This
arrangement was chosen because it ensures a consistent voltage response and reduces
anisotropic variability in the spectrum measurements. The CW and SW groups are oriented in
the same way to guarantee comparability. This study does not evaluate other grain
orientations, such as longitudinal or tangential. As a result, the radial orientation was
regulated and maintained during all measurements. Our selection of a constant orientation is
further supported by earlier research that discovered significant anisotropy of dielectric
characteristics dependent on grain direction in oriental beech wood and other hardwoods
(Sahin and Ay, 2004).
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2.2 Electric Field

The electric field is defined as the force acting on a unit positive charge and is a vector
quantity. Mathematically, the electric field is expressed in Equation (1).
E-C
q

(1)

In Equation (1), E is the electric field vector (N/C or V/m), F is the electric force acting
on the load, and q is the test load. The presence of an electric field allows the dipoles to align
in the direction of the field and create macroscopic polarization in the material (Tinga and
Nelson, 1973; Vaydogan, 2017). When an electric field (Eappiied) is applied to a dielectric
material, the molecular dipoles are reoriented, creating a dipole field (Eaipole) in the opposite
direction. The rearrangement of charges within the material results in polarization (P), which
can lead to a decrease in the net electric field. The polarization Equation is given in Equation

(2).
P=¢,X.E )

In Equation (2), P represents the polarization, ¢o the permittivity of the gap, X. the
electrical susceptibility, and E the electric field applied to the system.

2.3 The Measurement of dielectric properties

Two opposing surfaces of each test sample were covered with 20 mm-wide self-adhesive
copper conductive tape to take measurements in the dielectric spectroscopy (DS) experimental
setup. Figure 1A The LCR measuring device probes were attached to 10 mm-long sections of
the copper conductive tape, creating a capacitor-like structure within the test samples exposed
to alternating electric fields. Figure 1B Synchronization between the test system and the test
system was verified using an oscilloscope placed at the connection points. A DC bias voltage
of up to 100 V is applied in dielectric spectroscopy experiments. This value is chosen to
provide sufficient field strength to activate polarization and conductivity phenomena in the
samples, thus preventing dielectric breakdown. The selected bias range also corresponds to
the safe operating limits of the LCR measurement system (GW Instek 8105G) and is
consistent with similar studies on wood and other polymeric insulation materials (Barsoukov
and Macdonald, 2005; Elloumi et al., 2021).

Figure 1. (A) Image of the test sample and (B) DS measurement system used in the study
(Demir et al. 2024; Ibrahimoglu et al. 2024; Ramazanoglu et al. 2025)
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Figure 1 Measurement and recording of electrophysical parameters are achieved using a
GW Instek 8105G LCR measuring device capable of measuring in the frequency range of 20
Hz to 5 MHz (Ibrahimoglu et al., 2024). The upper frequency limit was chosen as 1 MHz,
which corresponds to the reliable operating range of the Instek 8105G GW LCR measuring
device used in this study. This limitation was observed in studies where significant relaxation
processes were observed below 1 MHz. Similar results were obtained in the literature survey
on wood and wood-based composites. (Sahin and Ay, 2004; Pento$ et al., 2017; Elloumi et
al., 2021) Beyond this range, electron polarization artefacts and germ forces may affect
accurate characterization. Dielectric property measurements were determined using an
impedance analysis system equipped with a Keithley 2400 SMU and a GW Instek 8105G
LCR measuring device, powered by a computer with an IEEE 488 interface card (Demir et
al., 2024; Ramazanoglu et al., 2025).

The accuracy of the measurement system was validated by us before testing the two test
samples. The LCR meter was calibrated with dielectric materials such as air (¢ = 1.0), PTFE
(' = 2.1), and glass (¢' = 4.5-7.0) (Von Hippel, 1954; Markham, 1964). The determined
values agreed with data reported in the literature with a deviation of less than 3%. In addition,
the LCR device (GW Instek 8105G) was calibrated at the factory and thoroughly validated
according to internal standards (Barsoukov and Macdonald, 2005). System synchronization
was tested using an oscilloscope to determine the reliability of the brake response. A low AC
signal was applied to the LCR meter to characterize the voltage. Synchronization between the
devices was verified with an oscilloscope at the contact points to ensure reliable acquisition of
(€, (¢"), tand, and (oac) values over the entire frequency range studied.

The specific heat capacity of the system, Cp (C), is related to the complex dielectric
constant.

C=Cy' (3)
% =Cyé” (4)

The capacitance Co and conductivity (G/w) values of the composite medium, depending on
the frequency, are represented by Equations (1) and (2). In Equations (3) and (4), C is the
capacitance, G is the conductivity, w=2xnf is the angular frequency, (&) is the real dielectric
constant (energy storage), (¢") is the imaginary dielectric constant (energy loss), Co=¢o.A/d is
the geometric capacitance. €o IS the dielectric permittivity, A is the measured contact area of
the composite medium, and d is the thickness of the composite medium (Wei et al., 2016;
Demir, 2025).

3 Results and Discussion

In this study, the basic material properties of oriental beech (Fagus orientalis Lipsky.) are
discussed. Literature indicates that oven-dry density varies between 0.63 and 0.72 g/cms3, and
porosity is generally 58-62% (depending on the growing area and anatomical structure). The
fiber saturation point (FSP) of beech is generally around 30% moisture content, indicating the
transition between bound and free water in the cell walls. These parameters provide important
information for understanding the dielectric behavior of wood under different frequency and
humidity conditions (Glass and Zelinka, 2010; Sahin and Ay, 2004; Torkaman et al., 2022).

Equations (3)-(4) help understand the variation of properties such as capacity Cp with
frequency. The relationship of Cp with frequency is indirectly related to the variation of (g')
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and (¢") (Kao, 2004). Figure 2a below shows the oriental beech capacitance-frequency
variation.
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Figure 2. a) Capacitance-frequency variation, b) frequency-dependent behavior of the real
dielectric permittivity, c) frequency-dependent behavior of the imaginary permittivity, d)
frequency-dependent conductance (G/w) plot, ) frequency-dependent dielectric loss factor
(tand) behavior, f) frequency-dependent variation of AC electrical conductivity

The Cp—F graph in Figure 2a shows the change in specific heat capacities (Cp) of two
different test samples based on oriental beech, CW and SW, with frequency. While
capacitance is a fundamental parameter characterizing the electric charge storage capacity of a
material, conductivity is related to the mobility of electrical charge carriers. Ondo-Ndong et
al. stated that the decrease in capacitance values observed in materials is inversely
proportional to the increase in conductivity values (Ondo-Ndong et al., 2018). Similar trends
are observed in dielectric studies on wood composites, where capacitance decreases steadily
with increasing frequency, reflecting a weakening of dipolar polarization at high frequencies
(Notingher et al., 2003; Porebska et al., 2021).

The experimental CW sample shows extremely low Cp values (~1E-11 F) throughout the
whole frequency range. Both dry and wet surfaces are more polarized and have higher
dielectric constants (¢’ and €"). These findings suggest that solute solubility at low and dry
temperatures promotes corrosion susceptibility and corrosion product breakdown (Sahin and
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Ay, 2004; Pento$ et al., 2017; Glass and Zelinka, 2010). These results may indicate that the
absence of moisture significantly limits the energy storage capacity of wood in alternating
electric fields. The increased capacitance (Cp) observed in SW samples at frequencies up to
10 kHz can be attributed to the combined effects of ionic and interface polarization (Maxwell-
Wagner-Sillars), which lead to charge accumulation at the interfaces between cell wall
components and adsorbed water (Sahin and Ay, 2004; Pento$ et al., 2017; Sugimoto et al.,
2005). The consistent drop in Cp above 10 kHz indicates that dipoles and interface charges
are less able to track an electric field that is changing quickly. This frequency-dependent
dielectric dispersion seems to fit Jonscher's description of the universal dielectric response
(Jonscher, 1977). Although a detailed curve fitting (e.g., Debye or Cole-Cole modeling) was
not performed in this study, the observed trends are consistent with established theoretical
frameworks for dielectric relaxation in wood-based materials (Jonscher, 1977; Pento$ et al.,
2017).

We can assess the electrical response of a material with both resistive and reactive
components using the complex impedance approach, which is frequently employed in
dielectric research. The complex impedance Z* is defined as the sum of the real Z’' and
imaginary Z" components. The real (¢') and imaginary (¢') components of the dielectric
constant are derived by Equations (6) — (9) based on the expression for complex impedance
(Z*) defined in Equation (5) (Gencel et al., 2024; Ibrahimoglu et al., 2024; Demir, 2025).

Z*=7'+jz" (5)

Using the impedance spectrum, the complex dielectric constant &* is obtained as in
Equation (6).

&% =— =g'+ je" (6)

In Equation (4), €* represents the complex permittivity, w=2nf represents the angular
frequency, and Co represents the gap capacitance. The real (¢') and imaginary (¢'") components
of the complex dielectric constant are calculated as follows using Equation (4).

ol 1 Z"

wC, (Z)°+(Z") @
I z

wC, (Z)*+(Z")? (8)
Co=¢ dé (9)

In Equations (7)-(9), Co represents the capacitance of free space. In Equation (9), &o
represents the dielectric permittivity A of the composite medium and d represents the
thickness of the composite material (Demir, 2025).

The &¢—F plot shown in Figure 2b examines the true dielectric constant (g') values of
oriental beech CW and SW test samples in the frequency range of 100 Hz—-1 MHz.

The CW test sample (¢') remained positive and constant (in the range of ~1-10) and
showed no significant variation with frequency. This indicates a low density within the
sample and limited directivity. Its stability, even at high frequencies, demonstrates that the
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structure is highly insulating, homogeneous, and has low losses. Therefore, the CW structure
can be recommended as a reliable insulating material for applications requiring high-
frequency stability.

(&") for SW samples exhibit a pronounced dielectric dispersion up to ~10 kHz, followed by
stabilization between 30 and 50 kHz. This behavior is consistent with the interface
polarization (Maxwell-Wagner-Sillars) at low frequencies and the universal dielectric
response reported in dielectric studies of wood and composites (Sahin and Ay, 2004;
Jonscher, 1977; Pentos, et al., 2017; Sugimoto, et al., 2005; Duchow and Gerhardt, 1996).

At very low frequencies, an unusual negative permittivity (~—30,000) is observed in the
SW group (Figure 2b). It is due to electrode polarization and charge accumulation at the
sample-electrode interface. Similar anomalous dielectric dispersion effects have been reported
for wet wood and other high-loss dielectric systems (Sugimoto, et al., 2005; Torgovnikov
1993; Barsoukov and Macdonald 2005). Therefore, negative (&') values at low frequencies
should be interpreted as an experimental manifestation of interface polarization rather than an
intrinsic negative dielectric constant of the material.

SW samples exhibit strong dielectric dispersion at low frequencies, with (&) values
decreasing sharply up to ~10 kHz and then gradually stabilizing. This behavior is consistent
with previous dielectric studies on hardwoods, which reported that the intrinsic permittivity
(¢") decreases with increasing frequency due to interfacial and ionic polarization mechanisms.
For instance, Pento$ et al. (2017) discovered that hardwood species like birch and oak had
high (&') values at low frequencies, which decrease at ~5 kHz. This trend is like our SW
results. Similarly, a USDA Forest Products Laboratory report indicates that & in wet wood
can vary between ~103-10° at 1 kHz but stabilizes at ~10-100 at 1 MHz, depending on
density and moisture content (Glass and Zelinka, 2010). Compared to these studies, our
results show slightly larger scattering magnitudes, which is due to the higher free water
content in the SW samples. In contrast, the CW samples exhibit nearly frequency-independent
behavior, consistent with drywood systems described in the literature.

The ¢"-F plot presented in Figure 2c compares the dielectric losses of the CW and SW
materials of two different test samples of oriental beech, using imaginary permittivity (€")
values measured in the range of 100 Hz—1 MHz. Real permittivity (¢') represents the energy
storage capacity of the system. Virtual permittivity (¢") reflects the energy loss under the
applied alternating electric field, i.e., the fraction converted into heat (Glass and Zelinka,
2010; Pentos$ et al., 2017; Sahin and Ay, 2004; Porebska et al., 2021). In dielectric constant
calculations based on complex impedance parameters, the (¢”) value is defined by Equation
(8).

(¢") for SW decreases from ~10° to ~10? in the range 10>-10° Hz. The average slope on a
logarithmic scale is approximately -0.7, corresponding to a Jonscher exponent of s=0.3. This
is consistent with the dielectric response of disordered dielectric systems and shows
dispersion determined by interfacial and ionic polarization processes at low frequencies
(Jonscher, 1977; Barsoukov and Macdonald, 2005). The high (&") values in SW samples,
which gradually decline with frequency, show conductivity loss (o/weo), which is mostly
caused by ion mobility in the adsorbed water phase. The dipolar relaxation of polar groups
and bound water is the main cause of the low (¢”) values and slight frequency dependency
observed in CW samples. These results confirm that conductivity losses dominate SW, while
dipolar relaxation determines the dielectric response in CW SW (Jonscher, 1977; Barsoukov
and Macdonald, 2005).
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As seen in Figure 2c¢, the SW model's permittivity (¢”) is much larger than the CW model's
and progressively drops with frequency, showing considerable dielectric loss from water
polarization and ionic conduction. This outcome is consistent with previous research showing
that hardwoods exhibit higher (¢"”) values than softwoods due to their lower density and
porosity, especially at low frequencies (Pentos, et al., 2017). For example, oak has a 425%
higher absorption coefficient than spruce at approximately 110 kHz, suggesting that pore
structure and anatomy influence the dielectric properties. Sahin and Ay (2004) discovered that
density and moisture content had a major impact on the dielectric loss of wood, with larger
moisture concentrations (¢") rising in the frequency range. They consistently show that the
low and flat values (¢”) of the CW model suggest relatively little ion transfer by dipole
relaxation, while the high values (¢”) of the SW model are due to the combined effect of
adsorbed water and interface polarization. At very low frequencies, the electrode polarization
effect is caused by charge deposition between the electrode and the sample, which can
artificially increase the apparent dielectric constant. Furthermore, negative values of (g') are
observed at high humidity, which is related to the polarization and the dominant conductivity
properties of the Maxwell-Wagner interface. There are different studies in literature to explain
the dielectric behavior of wood-based materials (Barsoukov and Macdonald, 2005; Jonscher,
1977; Sahin and Ay, 2004).

Several physical processes, including segmental transition, polarization relaxation, and
light loss, affect the free energy ratio (G/w) of devices under alternating current. This process
is mainly related to the complex dielectric constant (&”) described by Equation (10).

G
—=C,e" 10
=G, (10)

In Equation (10), G is the conductivity (S), w=2=nf is the angular frequency (rad/s),
Co=¢o-A/d is the geometric capacitance, and (¢") is the dielectric loss component (Macdonald,
1992; Demir, 2025; Barsoukov and Macdonald, 2005). Equation (11) can be used to
conceptualize alternating current (AC) as the conductivity (cac) and the loss of conductivity.

o, (W) =g,we" (11)

Equation (11) determines the electrical conductivity (c.c(S)) and AC conductivity (S/m) by
considering the dielectric loss. Equation (11) uses e for the gap's dielectric constant
(8.854x107*2 F/m) and (¢") for the dielectric loss constant.

o, = AW (12)

The frequency-dependent conductance in Equation (12) is determined by an exponential
parameter, s, and a constant conductance factor, A. The features of a wood-based system's
frequency-dependent conductance and conduction mechanism are described by Equation (12).
The system's conductance (¢") changes with frequency. Low conductivity shows the system's
ability to store energy and provide insulation, whereas high conductivity suggests that the
system tends to lose energy (Macdonald, 1992; Barsoukov and Macdonald, 2005; Demir,
2025). Material’s ability to store energy in an alternating field is represented by its real
permittivity (g'), which is mostly caused by electronic, dipolar, and interfacial polarization
(Maxwell-Wagner polarization). Equation (11) establishes a direct relationship between the
alternating current conductivity (cac) and the imaginary permittivity ("), which represents
dielectric losses resulting from delayed dipolar orientation and charge carrier hopping. The
frequency dependence of (cac), generally described by Jonscher's power law Equation (12),
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shows hopping and relaxation at low to moderate frequencies, while dipolar and electronic
polarization dominate at higher frequencies. The dielectric loss tangent (tand = ¢"/g')
represents the ratio of the energy lost to the energy stored. Low tand values indicate high
dielectric stability, while high tand values can correspond to significant losses of relaxation
(Jonscher, 1977; Barsoukov and Macdonald, 2005).

The G/o-F plot shown in Figure 2d shows the frequency-dependent free energy
conductance of two different test samples of oriental beech in the frequency range of 100 Hz—
1 MHz. G/o represents the energy loss per unit frequency. High values in SW indicate
conduction loss dominated by ion movement, while low values in CW reflect insulation
behavior with minimal loss (Barsoukov and Macdonald, 2005; Jonscher, 1977). The
predominance of ionic conductivity and ongoing energy loss through water-mediated charge
transfer are confirmed by the G/o values in SW samples, which stay high (~10™ F) and
appear to increase progressively over the entire measurement range.

Continuous wave samples have much lower G/® values (~10*-10"7 F) and show minor
oscillations above 10 kHz, which are likely due to weak interface polarization and
measurement aberrations. Overall, these results demonstrate that while SW samples exhibit
substantial conductive loss behavior, continuous wave samples function as insulating systems
with minimal energy loss (Barsoukov and Macdonald, 2005; Jonscher, 1977). Similar results
were noted by Sugimoto et al. (2005). They asserted that moist wood exhibited higher
conduction losses due to Maxwell-Wagner interface polarization, but dry samples behaved
more like insulating systems. Furthermore, Pento$ et al. (2017) discovered that hardwoods
with higher moisture content consistently displayed increases in dielectric loss characteristics
across the whole frequency range, suggesting that absorbed water may contribute to increased
ion mobility. These similarities support the hypothesis that SW samples display the normal
conduction loss behavior of wet hardwood, even while differences in the fluctuation patterns
of CW samples may suggest density- or structure-dependent relaxation anomalies.

The Tand-F diagram comparing the dielectric dissipation of SW materials with CW
samples in the 100 Hz to 1 MHz frequency range is displayed in Figure 2e. The loss factor
(tand) is an important parameter since it indicates the energy loss relative to the energy
storage capacity of a dielectric material. The CW samples had modest tand values and little
polarization loss. The SW material, on the other hand, had a decrease in tand with frequency,
a sign of the relaxation impact of the water. (tand) is referred to as the primary parameter that
describes a system's dynamic loss. It is crucial to comprehend how power conversion systems
and high-frequency equipment operate. Equation (13) calculates the loss factor tand from the
real (¢) and imaginary (¢”) components of the complex dielectric constant (¢* = &' — je")
(Demir, 2025).

tans = (13)

Low tand levels have been reported to give the material high dielectric stability and
insulating qualities, but high tand values are said to result in large energy losses during the
dipole steering process (Kao, 2004; Barsoukov and Macdonald, 2005).

The tand value of the CW test sample was almost constant (around ~2.5) across
frequencies. This suggests steady orientation behavior and good dielectric qualities with
minimal energy loss. The low-frequency negative tand values (= -30) found in SW samples
are thought to be artifacts caused by charge accumulation at the interface and electrode
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polarization rather than inherent material characteristics. In these circumstances, () may turn
negative, leading to a negative tand ratio. Heterogeneous wet dielectrics have also shown a
similar anomalous dielectric dispersion, which may be a measurement artifact rather than a
real negative loss characteristic (Barsoukov and Macdonald, 2005; Torgovnikov, 1993).
Figure 2¢ also shows a pronounced tand peak in SW samples at approximately 1-2 kHz,
representing the loss maximum. The corresponding relaxation time (t = 1/27fiax) is
approximately 10 s, consistent with interfacial polarization processes (Maxwell-Wagner-
Sillars) in water-saturated wood. Conversely, CW samples exhibit low and nearly constant
tand values over the entire frequency range, suggesting poor dipolar relaxation and strong
insulating properties (Jonscher, 1977; Sugimoto, et al., 2005).

At low frequencies (~1 kHz), the SW sample exhibits the characteristic tand behavior,
which is marked by an abrupt negative peak followed by a significant loss value that stays
constant at higher frequencies. This indicates a significant loss of energy due to water-induced
ions and interface polarization. However, the CW sample maintained low and consistent tand
values across the spectrum, indicating good insulation. Similar low-frequency loss peaks are
observed for wet wood (Sahin and Ay, 2004; Sugimoto et al., 2005), whereas dry wood tends
to show smaller and more uniform tand values (Glass and Zelinka, 2010), which is consistent
with the results of this study.

Equations (11) and (12) give the AC electrical conductivity (cac) equations. AC electrical
conductivity (oac) is directly related to the ability of a material to conduct free energy lost
under an electric field through current. In dielectric systems, (cac) reflects the resistive energy
component of the system and determines the extent to which free energy is retained or lost.
High conductivity indicates that the system tends to lose energy, while low conductivity
indicates its insulation and energy storing capacity (Macdonald, 1992; Demir, 2025;
Barsoukov and Macdonald, 2005).

Figure 2f (cac—F) plots show the AC electrical conductivity behavior of two different
oriental beech test CW and SW samples in the frequency range of 100 Hz to 1 MHz. The
conductivity values of the CW test sample versus frequency were quite low (~107 — 107 S).
However, small sharp spikes were observed in some frequent regions. This indicates that the
CW test sample is highly insulated, has limited segmental orientation, and stores energy
mostly. The conduction mechanism is weak; the conversion of dipole orientations into free
energy is limited. It is suitable for insulation, long-term energy storage, and low-loss
capacitive applications. The SW test sample's conductivity value grew somewhat with
frequency and stayed high (~10™* S). A smooth logarithmic ascending trend was seen in the
curve. This structure implies that the electrical transport mechanism of free ions is activated,
and ion mobility is increased by water modification. The SW test sample has poor insulation
qualities and is vulnerable to energy losses because of its high (&") fraction and increased
frequency. This is in line with earlier studies that demonstrate how moisture dramatically
raises dielectric losses in hardwoods via interfacial polarization and ionic conduction (Sahin
and Ay, 2004; Sugimoto et al., 2005; Glass and Zelinka, 2010). The frequency dependence of
oac In SW samples follows Jonscher's universal power law o,.(f) = g, + Af*, where the
exponent s reflects the conduction mechanism. According to our observations, cac gradually
rises with frequency in SW, which is in line with s values for ion-hopping conduction in wet
wood systems that have been reported to be between 0.2 and 0.5 (Jonscher, 1977; Sugimoto et
al., 2005). Steady-flow samples, on the other hand, show a practically constant Gac (~10~°
S/m), which corresponds to s = 0, suggesting an insulating characteristic with no frequency
dependency.
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In the present study, CW samples of oriental beech show low dielectric parameters (g’ =
10, ¢" = 1, tand = 0.1), while SW samples show much higher values (¢' = 103, " = 104, tand =
20), indicating the presence of strong ionic polarization. Similar trends were observed in
hardwoods: oak (&' = 10>-103, tand = 5-15) and birch (¢’ = 10%, tand = 4-10) show higher
losses than spruce, a softwood with lower & (10-50) and tand (2—6) values (Pento$ et al.,
2017; Sahin and Ay, 2004; Sugimoto et al., 2005). These comparisons verify that the
dielectric behavior of moist eastern beech is more pronounced than that of softwoods,
although it is still comparable to hardwoods.

The results of the dielectric properties (CW and SW) of oriental beech wood were
compared with the values reported in the literature for oriental beech and other hardwood
species. The capacitance (Cp), real (¢') and imaginary (¢") dielectric constants, alternating
current electrical conductivity (cac), free energy component (G/w), and dielectric loss factor
(tand) are all displayed in Table 1, which summarizes the comparison. The dependability of
the results and their applicability to previously published data are confirmed by the fact that
the values obtained in this investigation are consistent with the ranges reported for hardwoods
under comparable measuring conditions.

Table 1. Comparative dielectric parameters (Cp, €', €”, cac, G/, tand) of oriental beech
wood and literature values reported for other hardwood species.

Parameter Ccw SW Literature values (hardwoods and moist wood)
Capacitance (Cp) 107"'-10"'°F 10®°F Similar order reported for moist hardwoods (Sugimoto et al., 2005)
€' (real) 1-10 10%-103 10-10° depending on MC and frequency (Pentos et al., 2017)
¢” (imag.) 0.1-1 10103 Broad range 1-103 in moist wood (Sugimoto et al., 2005)
cac (S/m) 10° 10~ 108-1073 (Sahin and Ay, 2004; Pento$ et al., 2017)
Glo 10%-107F 10*F Matches moisture-dependent interfacial polarization (Sugimoto et al., 2005)
tand 0.01-0.1 upto 102 Loss tangent strongly moisture dependent (Sahin and Ay, 2004)

4 Conclusion and Suggestions
According to the test results in our study

e Control samples showed continuous specific heat capacity and genuine dielectric
permittivity in the low-frequency band when tested for thermal and dielectric stability.
This indicates that the molecular structure of wood stuff is stable.

e The dielectric behavior of wood under humid circumstances is more complex than that
of SW materials. Unusual phenomena, such as negative permittivity and negative tand,
are observed in SW samples at low frequencies. The breakdown of the synchronous
dipole orientation brought on by water-induced ion polarization and charge
accumulation at the interface can account for these phenomena.

e Because of their high conductivity and potential for energy conversion, SW test
samples can be employed in humidity sensors and green energy applications, while
CW test samples can be used for insulating properties in high-frequency electronic
systems.

e Oriental beaches were the only wood species that were investigated. Additionally,
curve-fitting techniques (such as Cole-Cole or Jonscher analysis) were not used to
predict aberrant behaviors like negative (¢") and tand values; this should be considered
in subsequent research. Similar techniques can be used to investigate the dielectric
characteristics of various wood species. This could aid in the creation of conductive
composites and insulation based on biomaterials. Our findings leave two questions
unsolved: (i) What effects do longitudinal and tangential anisotropic grain orientations
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have on the development of anomalous dielectric behavior? (ii) What effects do high
humidity levels have on the change from stable to unstable dielectric responses?
Future research addressing these issues will lead to a more thorough comprehension of
dielectric mechanisms in wood materials.
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Tarihi bir caminin ahsap tavan elemanlarinda malzeme analizi: agac ttrd,
bbdcek hasari ve higroskopik davrams

Elif Topaloglu*'>, Murat Oztiirk?">', Derya Ustaémer®=’ Mesut Yal¢in®

OZ: Bu calismada, Trabzon ilinin Akcaabat ilgesinde bulunan tarihi Demirtas-Derecik-
Karaman Merkez Camisine ait atik eski ahsap tavan elemanlarinin odun tiirii, biyolojik
tahribati ve higroskopik 0Ozellikleri arastirilmistir. Eski (6zgiin) 6rnekler ve yeni (kontrol)
ornekler olmak tizere iki Ornek grubu olusturulmustur. Yapilan mikroskobik analizler
sonucunda eski ahsap tavan elemanlarinin Dogu ladini (Picea orientalis L.) tiirline ait oldugu
belirlenmistir. Eski drneklerin diri odun kisminda tahribata yol agan bocek tiriiniin Anobium
punctatum oldugu tespit edilmis ve ergin boceklere ait 6zellikler belirlenmistir. Eski ve yeni
ahsap tavan orneklerinin teget, radyal ve boyuna yondeki genisleme oranlar ilgili standartlara
gore belirlenmis olup eski ahsap tavan drneklerinin bahsi gegen ii¢ yondeki genisleme oranlari
yeni Orneklere kiyasla daha diisiikk bulunmustur. Higroskopik davranist anlamak ig¢in
gerceklestirilen iki haftalik suda bekletme suresi boyunca eski ve yeni 6rneklerin higroskopik
davraniglarinin genel olarak benzerlik gosterdigi gézlemlenmistir. Calismanin sonuglari, tarihi
yapilarin  korunmasi agisindan kullanilacak odun tiiriiniin dogru belirlenmesinin  ve
malzemenin higroskopik davraniginin dikkate alinmasinin 6nemini vurgulamaktadir.

Anahtar kelimeler: Ahsap tavan, odun anatomisi, bocek hasari, higroskopik davranig

Material analysis of wooden ceiling elements of a historical mosque:
wood species, insect damage, and hygroscopic behaviour

ABSTRACT: In this study, the wood specie, biological degradation, and hygroscopic
properties of waste old wooden ceiling elements from the historic Demirtag-Derecik-Karaman
Central Mosque in the Akcaabat district of Trabzon province were investigated. Two sample
groups were created: old (original) and new (control) samples. Microscopic analyses
determined that the old wooden ceiling elements belonged to the species Oriental spruce
(Picea orientalis L.). The insect species that caused damage to the sapwood of the old
samples was identified as Anobium punctatum, and the characteristics of the adult insects
were determined. The swelling rates of the old and new wooden ceiling samples in the
tangential, radial, and longitudinal directions were determined according to relevant
standards, and the swelling rates of the old wooden ceiling samples in these three directions
were found to be lower than those of the new samples. During a two-week water immersion
period to understand hygroscopic behaviour, the hygroscopic behaviour of the old and new
samples was generally observed to be similar. The results of the study emphasize the
importance of correctly determining the wood specie to be used and taking into account the
hygroscopic behaviour of the material in terms of conserving historical buildings.

Keywords: Wooden ceiling, wood anatomy, insect damage, hygroscopic behaviour
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1. Giris

Tarihi yapilar, insa edildikleri doneme ait mimari unsurlari, miihendislik bilgilerini,
kullanilan yap1 malzemelerini ve Kkiiltiirel 6zellikleri glinlimiize tasiyan kalict kiiltiirel
miraslardir. Anadolu cografyasinda, Osmanli ve Sel¢uklu donemlerinden giiniimiize ulasan
pek ¢ok tarihi cami bulunmaktadir. Bu camiler, tas ve ahsap yap1 teknikleriyle insa edilmis
olup yiizyillardir ayakta kalmayr basarmis onemli 6rneklerdir (Ozodabas, 2023). Karadeniz
Bolgesi'nde sikga karsilasilan camilerde, hem dis cephelerde hem de i¢ mekanin tasiyict ve
siisleyici unsurlarinda ahsap malzeme yogun bir sekilde tercih edilmistir (Aydin, 2017).
Ahsap malzeme, bu bolgenin kirsal camilerinde, dis duvar yapist disinda; genellikle mahfil
kat1, tavan, doseme, cati, kap1 ve pencere kanatlar1 gibi ¢esitli mimari unsurlarda; dikme ve
kirig gibi tasiyict elemanlarla birlikte i¢ mekanda yer alan mihrap, minber ve vaaz Kursisu
gibi 6gelerde kullanilmistir (Zorlu, 2017).

Arastirma konusu olan Demirtas-Derecik-Karaman Merkez Cami Trabzon ilinin Akcaabat
Ilgesi, Derecik Beldesi, Karaman Mahallesi’nde bulunmakta olup Sera Deresi Vadisi’nin
giineyinde dere yataginin dogusunda yer almaktadir. Cami iizerinde insa tarihini gosteren bir
kitabe bulunmamakla birlikte mimari 6zellikleri agisindan 20. ylizyila tarihlendirilmektedir
(Kazaz, 2016; Sar1, 2021). Sekil 1’de goriildiigii iizere caminin tavani gizli kubbeli ahsap
tavanlidir (Kazaz, 2016).

KAV 1 A 13 e
Sekil 1. Demirtas-Derecik-Karaman Merkez Cami ahsap tavani
Anadolu’da ¢ok eski donemlerden bu yana tercih edilen ahsap tavanlar, ekonomik agidan
oldukca uygun bir Ortii ¢oziimiidiir. Genellikle kare ya da kareye yakin dikddrtgen planh
mekanlarda tercih edilen ahsap tavan sistemi, zaman zaman dairesel alanlarda da

kullanilmigtir. Ahsap tavan, mekani tasiyicilarla bolmeden ortme olanagi sunarak 6zellikle
genis acikliklarda islevsel bir ¢oziim saglamaktadir (Korkmaz, 2016). Ahsap malzeme; dogal
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yapisi, estetik cesitliligi, kolay sekillendirilebilir ve stirdiiriilebilir olusu, ses ve 1s1
yalittmindaki etkinligi, paslanmaya karsi dayamikliligi ve baglanti pargalariyla yiiksek
dayanim gdstermesi gibi sebeplerle gegmisten giiniimiize cati dahil yapi iskeletlerinin gesitli
boliimlerinde yaygin sekilde kullanilmistir (Bozkurt, 2013; Giiler ve Tor, 2023). Nem ve
asinmaya karst direncli, farkli renk ve desen Ozelliklerine sahip agag cinsleri, i¢ mekanlarda
yatay yiizeylerde kullanilacak ahsap malzemeler olarak tercih edilmektedir. Ayrica bu agag
cinsleri, farkli sekillerde birlestirilebilir ve gesitli desenlerde dosenebilir (Hanedar, 2021).
Geleneksel Tiirk mimarisinde gerek igne yaprakli gerekse yaprakli agac tiirlerinin yapilarin
farkli yerlerinde kullanildig1 bilinmektedir. Tayla (2007) tarafindan hazirlanan “Geleneksel
Tiirk Mimarisinde Yapi1 Sistem ve Elemanlar1 I’ adli eserde 6zellikle igne yaprakli agaclardan
Sarigamin geleneksel ev yapiminin her boliimiinde genis bir sekilde kullanildigi, Dogu
ladininin 6zellikle dekorasyon ve i¢ dograma yapiminda kullanildigi, Goknarin i¢ dograma,
ahsap tavan ve doseme gibi yapi1 elemanlarinda kullanildigt; yaprakli agaclardan &zellikle
Cevizin geleneksel evlerde ¢ift katli ve gegme kiiglik parcaciklardan yapilan tavanlarda ve
citalarla yapilan boyasiz tavanlarda kullanildigi belirtilmektedir. Ahsap yapilarda &zellikle
taban ve tavan dosemeleri, kirig, lambri, kapt ve merdiven gibi yap1 elemanlari, mobilya ve
sepet gibi esyalar; cami, miize ve kiliselerdeki ahsap sanat eserleri ve miizik aletleri, ahgab1
bir gida maddesi olarak kullanan bocekler tarafindan 6nemli derecede tahrip edilmektedir.
Mobilya bdcekleri (Anobium punctatum), ev teke bdcekleri (Hylotrupes bajulus), parke
bocekleri (Lyctus spp) ve olim saati bocekleri (Xestobium rufovillosum) en fazla rastlanan
boceklerdir (Kartal, 2016).

Ahsap malzeme, bulundugu bolgenin iklimsel kosullarina baglh olarak ¢evresindeki hava
sicakligr ve bagil nemdeki giinliik ya da mevsimsel degisimlerden etkilenmektedir. Bu durum
da ahsabin i¢indeki nem oraninin degismesine yol agmaktadir. Ahsap, pek ¢ok dogal malzeme
gibi bulundugu ortamin kosullarina bagli olarak zamanla g¢esitli bozulmalara maruz
kalabilmektedir. Sicaklik ve bagil nem gibi i¢ ortam sartlar1 ahsabin hizmet 6mriinii etkileyen
faktorler arasinda yer almaktadir (Kartal ve ark., 2024). Ortamin higro-termal kosullar
degistiginde ahsap yeni bir denge rutubet icerigine ulagsma egilimindedir. Suyu emer veya
desorbe eder. Bu higroskopik davranis, malzemenin yapisinda i¢ gerilimlere,
deformasyonlara, ahsap desteklerin ¢atlamasina ve boyali katmanlarda bozulmalara yol
acabilmektedir. Zira bu durumlar, muhtemelen ahsap eserlerin korunmasindaki sorunlarin ana
kaynagidir (Allegretti ve Raffaelli, 2007). Literatiirde yaslanmis ahsabin higroskopik
davraniglarina iliskin bilgiler oldukca sinirlidir. Kohara ve Okamoto (1955), yaslar1 240 ile
1300 y1l arasinda degisen iki eski Japon odun tiiriinde higroskopisitede bir azalma oldugunu
tespit etmislerdir. Esteban ve ark., (2006), 205 yillik yaglanmis sarigam odununa ait sorpsiyon
egrilerinin yeni oduna gore daha yiiksek oldugunu belirlemislerdir. Gereke ve ark., (2011),
dogal olarak yaslanmis ve giiniimiiz odun Orneklerinden olusan {i¢ agac¢ tiiriiniin rutubet
davranigin1 arastirdiklar1 caligmalarinda yaslanmanin ahsabin nem tepkisi ve boyutsal
degisimi iizerinde belirgin bir etkisi olmadigi sonucuna varmislardir. Topaloglu (2023),
caligmasinda sarigamdan imal edilmis eski pencere denizliklerinden alinan 6rnekler iizerinde
gerceklestirdigi su alma deneyi sonucunda, 2. saatten 312. saate kadar genel olarak su alma
oraninin zamanla arttigini, ancak 120. saatte bu artigin gerceklesmedigini belirlemistir.

Ahsabin dogal yapisi, estetik goriintiisii, 151 ve ses yalitimi1 gibi fonksiyonel 6zellikleri cami
i¢ mekanlarin1 farklilagtiran 6nemli unsurlardir. Fakat zamanla ¢evresel faktorlerin etkisi ve
kullanim kosullar1 nedeniyle ahsap malzemenin bozulmasi kaginilmaz olmaktadir. Geleneksel
yapt malzemelerinin malzeme 0Ozellikleri acisindan degerlendirilmesi ve uygun malzeme
secimi restorasyon siirecinin saglikli bir sekilde yiiriitiilmesi igin biiylik éneme sahiptir. Bu
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calismanin amaci; cami i¢ mekaninda kullanilan ahgap tavan elemanlarinin odun tiirii teshisini
yaparak bu elemanlarin su ile iliskisi ve bdcek kaynakli biyolojik bozulma durumlarini
degerlendirerek caminin siirdiiriilebilir restorasyonuna katki saglayacak bilimsel veriler elde
etmektir.

2. Materyal ve Metot
2.1 Materyal

Arastirma kapsaminda kullanilan materyaller, Demirtas-Derecik-Karaman Merkez
Caminin restorasyona hazirlik asamasinda sokiilen ve yeniden kullanim i¢in uygun olmayan
atik 0zgiin ahsap tavan elemanlaridir (Sekil 2). Ciplak gbzle yapilan gézlemler sonucunda
ahsap tavan elemanlari lizerinde yagli boya tabakasinin oldugu, diri odunda bocek deliklerinin
bulundugu, catlak ve ¢iiriime gibi bozulmalarin olmadig1 gortilmiistiir. Calisma kapsaminda;
eski ornekler (yagl boyali-orijinal) ve yeni ornekler (kontrol 6rnegi) olmak lizere iki test
grubu olusturulmustur. Yeni Ornekler, eski orneklerle karsilagtirma yapmak amaciyla
Trabzon’dan temin edilen Dogu ladini 6rnekleridir. Sekil 2°de 6zgiin ahsap tavan elemani
tizerinde odun tiirii teshisi, bocek zararmin tespiti ve su alma deneyi icin yapilan kesim plant
belirtilmistir.

Bacek teshisi
Su alma deneyi

Sekil 2. Ozgiin ahsap tavan elemani ve kesim plani

2.2 Metot
2.2.1 Odun anatomisi ve tur teshisi

KTU Orman Fakiiltesi, Odun Anatomisi Laboratuvarina ulastirilan ahsap numunelerin
zarar gormemis kisimlarindan 1 x 1 x 1 cm boyutlarinda kiibik 6rnekler hazirlanmigtir.
Orneklerdeki hava bosluklarmin giderilmesi ve yumusatilmasi, kesit alma sirasinda hiicre
yapisinin zarar gormemesi amaciyla bu pargalar saf su icerisinde dibe ¢Okene kadar
kaynatilmistir. Ardindan, her 6rnek, hacimce esit oranlarda hazirlanmis alkol, gliserin ve saf
su karigimi igerisinde muhafaza edilmistir. Bu ¢ozeltiye biyolojik bozulmalarin 6niine gegcmek
amaciyla uygun miktarda fenik asit eklenmistir (Merev, 1998; Gergek, 2011).

Kesit almaya uygun hale getirilen Orneklerden, Reichert model kizakli mikrotom
kullanilarak yaklagik 15-20 mikrometre kalinliginda enine (transversal), boyuna isinsal
(radyal) ve boyuna tegetsel (tanjansiyel) yonlerde mikroskobik kesitler hazirlanmistir.
Kesitler, yapisal pigmentlerin uzaklastirilmasi amaciyla 5-10 dakika boyunca sodyum
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hipoklorit ¢ozeltisinde bekletilmis ve ardindan saf su ile durulanmistir. Boyama oncesinde
ortam pH’sinin notrlenmesi icin kesitlere 1-2 damla asetik asit uygulanmis, 1-2 dakika
bekletildikten sonra tekrar saf su ile yikanmistir. Bu 6n islemlerin ardindan kesitler, %0.5
oraninda hazirlanmis %50’lik safranin ¢ozeltisinde 5 dakika silireyle boyanmistir. Fazla
boyanin uzaklastirilmasi amaciyla kesitler sirastyla %70 ve %99’luk etanol serilerinden
gecirilmistir. Son asamada, standart kalici preparat hazirlama protokolii izlenerek kesitler
gliserin-jelatin ortamina alinmig ve mikroskobik incelemeye uygun daimi preparatlar elde
edilmistir (Ives, 2001).

Hazirlanan daimi preparatlara ait mikroskobik goriintiiler, Olympus BX50 model
arastirma mikroskobuna entegre dijital kamera aracilifiyla kaydedilmis ve gorsel analiz
islemleri BAB Bs200ProPlus Goériintii Isleme ve Analiz Yazilimi1 (Bab, 2000) kullanilarak
gerceklestirilmistir. Tir teshisinde, IAWA Committee tarafindan olusturulan mikroskobik
odun Ozelliklerine iliskin standart tanimlamalar esas alinmis (Richter ve ark., 2004) ve
Tiirkiye'de dogal olarak yayilis gosteren Gymnospermae taksonlarina ait odun atlasi
kullanilarak anatomik karsilagtirmalar yapilmistir (Gergek, 2011).

2.2.2 Bocek zararinin tespiti

Eski ahsap tavan elemanlarindan alinan 6rneklerde bocek zarari oldukga siddetli olup
tahribatin hangi bocek tiirlinden kaynaklandiginin tespiti amaciyla tiir teshisi yapilmak {izere
ahsap ornekler, Diizce Universitesi Orman Fakiiltesi Odun Koruma Laboratuvarinda Prof, Dr.
Mesut Yalcin tarafindan incelenmistir. Bu amagla bocek ¢ikis deliklerinin fazla oldugu ahsap
elemanlardan Ornekler alinmistir. Laboratuvar ortaminda Soif marka stereo mikroskobu
yardimi ile Orneklerdeki ¢ikis delikleri; sekli, biytkligi (¢ap1) ve dagilimi incelenmistir.
Ornekler parcalanarak bdcek yenigi tozlardaki diskilarin; rengi, sekli, dokusu ve biiyiikliigii
incelenmistir. Ayrica dokiintiiler igerisinde ergin bocek arastirmasi yapilip elde edilen ergin
boceklerin viicut yapilari, biiyiikliigii, rengi vb. incelenmistir. Elde edilen veriler teshis
anahtarlarinda degerlendirilerek tiir teshisi yapilmistir (Borror ve ark., 1989; Canakc¢ioglu ve
Mol, 1998; Kaygin, 2007; Noldt ve Noldt, 2013; Elgharbawy ve Abied, 2019).

2.2.3 Genisleme anizotropisi ve su alma orani

Su alma oranim belirlemek i¢in 20 x 20 x 30 mm (kalinlik x genislik % uzunluk)
boyutlarinda kesilerek hazirlanan deney ornekleri 20+2 °C sicaklik ve %6545 bagil nem
kosullarinda iklimlendirme odasinda hava kurusu hale gelinceye kadar bekletilmistir. Hava
kurusu haldeki ornekler, kurutma etiiviinde 103+2 °C sicaklikta tam kuru agirliga gelinceye
kadar kurutulmustur. Her bir grup i¢in 30 adet test 6rnegi kullanilmigtir. Tam kuru hale
getirilmis test ornekleri saf su ile doldurulmus beher igerisine yerlestirilmistir. Test 6rnekleri
sirastyla her 24 saatte bir beherden ¢ikarilmis ve yilizeylerindeki fazla su alinarak
uzaklagtirilmistir. Sudan ¢ikarilan 6rneklerin agirliklar1 ve boyutlart 6lgtildiikten sonra tekrar
suyu yenilenmis beher igerisine yerlestirilmistir. Bu islem toplam 14 giin boyunca
stirdiirilmiistiir. Her su degisimi sonrasinda su alma oran1 (SAO) Esitlik 1 ve 0Ornek
boyutlarindaki degisimler yillik halkalara teget yonde (t), yillik halkalara radyal yonde (r) ve
lifler boyunca (I) olmak Gzere 1ISO 13061-15 (2017) standardi esas alinarak hesaplanmustir.

SAO=[(Az2— A1) / A1] x 100 1)
SAO = Su alma orani (%)

Az = Suda bekletilen 6rnegin agirligi (g)

A: = Ornegin tam kuru agirhig (g)
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2.2.4 Tstatistik hesaplarin yapilmasi

Istatistik hesaplamalar1 SPSS Statistics 27 programi kullanilarak yapilmistir. Elde edilen
verilere ait aritmetik ortalama ve standart sapma degerleri belirlenmistir. Eski ve yeni 6rnek
gruplari arasinda anlamli farklar olup olmadigini belirlemek igin Independent-Samples T testi
uygulanmigtir.

3. Bulgular ve Tartisma
3.1 Odun anatomisi ozellikleri

Mikroskobik incelemeler sonucunda, tarihi caminin tavanindaki eski ahsap elemanlarinin
Dogu ladini (Picea orientalis L.) tiirline ait oldugu belirlenmistir. Sekil 3’te Dogu ladini
(Picea orientalis L.) tiriine ait mikro fotograflar gosterilmistir.

T I T 1e
90 15
75‘,: as?
9e0's® gust
D:l,:: !
X A4t

T

Sekil 3. Dogu ladini (Picea orientalis L.) odununun enine (a, b, c, d), radyal (e, f, g, h) ve
teget (1, j, k) kesitlerine ait mikro fotograflar. Olcek cubugu a=250 pm; b=100 um; c¢,d,k=50
pum; e, f, 1, j=25 um; g,h=10 pum
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Dogu ladini odununun yillik halka siirlar1 belirgin olup ilkbahar odunundan yaz odununa
gecis yavastir (Sekil 3a-b). Ilkbahar odunu traheidleri ince geperli ve genis liimenlidir (Sekil
3d). Yaz odunu traheidleri ise kalin ¢eperlidir ve daha kiiciik caplara sahiptir (Sekil 3d).
Boyuna reg¢ine kanallar1 genellikle yaz odunu igerisinde yer almakta olup regine kanalini
cevreleyen 5-10 arasinda degisen sayidaki epitel hiicreler kalin ¢eperlidir (Sekil 3b-c).
Ilkbahar odunu traheidleri radyal ceperlerinde ¢ogunlukla tek sirali gecitler gdriilmekle
birlikte ¢ok genis traheidlerde nadiren iki sirali gegitler de gozlemlenmistir (Sekil 3e-f).

Oz 1sinlar1 genellikle tek sirali dizilim gosterir. Ozisinlarmin maksimal yiiksekligi yaklasik
29 hiicreye kadar ulagmaktadir. Re¢ine kanali igeren 6z 1sinlarinin orta boliimlerinde hiicre
dizilimi sik olup yapilar1 heterojen karakterdedir. Re¢ine kanalin1 ¢evreleyen 5-10 arasinda
degisen sayidaki epitel hucreler bulunmaktadir (Sekil 31-j-K) (Sudo, 1968). Bu 6z 1sinlarinin
alt ve Ust smirlarinda bir ya da iki sirali enine traheid yer almakta olup bu traheidlerin
ceperleri cogunlukla ince, bazen de diizgiin ya da dalgali goriiniimde olabilir (Sekil 3e-h). Oz
1511 parangim hiicreleri ile boyuna traheidlerin karsilasma yerlerinde 1-5 adet piceoid tipte
gecit bulunmaktadir (Sekil 3g).

Dogu ladini, Tiirkiye ve Kafkasya’da genel olarak yayilis gdstermekle birlikte Tiirkiye’de
Ordu, Giresun, Trabzon, Rize ve Artvin’in daglik kesimlerinde dogal olarak yayilis
yapmaktadir. Dogal yayilis ortaminda en fazla 60 m. boy yapabilen herdem yesil agaclardir
(Akkemik, 2020). Yap1 malzemesi olarak, kap1 ve pencere dogramalarinda, gemi diregi ve
maden diregi yapiminda, yonga ve lif levha endiistrisinde, miizik aletleri yapiminda
kullanilmaktadir (Bozkurt ve Erdin, 2011). Dogu ladini ormanlarinin Dogu Karadeniz
Bolgesi’nde bol bulunur olmasi; odununun diizgiin lifli, yumusak ve orta agirlikta olmast,
agirligina gore yiiksek direng Ozellikleri gostermesi ve ahsap isciligi acisindan kolay
islenebilir ozellikte olmasi bu tlrin geleneksel Dogu Karadeniz mimarisinde tercih
edilmesinin temel nedenleri arasinda yer almaktadir.

3.2 Bocek zarari

Eski tavan oOrneklerinde biyolojik tahribata sebep olan bodcek tiirliniin teshisine ait
fotograflar Sekil 4’te belirtilmistir. Bocek zarar1 gormiis ahsap eleman Ornekleri 6n
incelemede, kabuksuz yumusak agac tiirii olup rutubet oran1 %20’nin altinda oldugu tespit
edilmistir. Odun o6rnekleri yiizeysel incelendiginde, ergin bocek ¢ikis deliklerinin dairesel ve
delik c¢aplarmin yaklagik 1-1.5 mm c¢apinda oldugu tespit edilmistir (Sekil 4a-b). Odun
ornekleri pargalanip ergin, larva veya bocek diskisi taramasi yapilmistir. Bocek diskilarinin,
acik renkli, silindirik ve topak seklinde oldugu ve diski boyunun yaklasik 0.5 mm boyutunda
oldugu belirlenmistir (Sekil 4c). Ayrica galerilerde 6lii olarak tespit edilen ergin boceklerin ~3
mm boyunda, silindirik, protonumun kaidesinin elitradan biraz genis, prothoraks koyu bir
sekilde bastan itibaren sarimsi tiiylerle ortiilii oldugu gozlemlenmistir (Sekil 4d). Antenler
toplam viicut uzunlugunun yaklasik ticte biri uzunlugundadir ve ii¢ terminal segmentten
olusup hafifce yassi oldugu tespit edilmistir. Tim bu inceleme ve teshis anahtarlari
yardimiyla degerlendirmeler neticesinde ahsap yapi elemaninda zarar yapan bdcek tiiriinuin;
Insecta sinifi, Anobiidae familyasi, Coleoptera takimi, Anobium cinsine ait Anobium
punctatum tiirii oldugu tespit edilmistir. Anobium punctatum Diinyada genis bir yayilis
alania sahip olup Avrupa, Asya ve Kuzey Amerika’nin 1liman bolgelerinde yerli tiir olarak
bulunur. Sonradan Giiney Afrika, Avustralya’da yayilis gostermistir. Tiirkiye’de de genis
yayilis alanma sahip olup basta, Istanbul, Ankara, Dogu Karadeniz ve Dogu Anadolu
Bolgesi’nde yayilis gostermektedir. Daha ¢ok yumusak agagc tiirlerini tercih eden bu tiir, igne
yaprakli tlirlerde diri odunu tercih ederken yaprakh tiirlerde 6z odununu tercih etmektedir.
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Uygun kosullar altinda en siddetli tahribat yaptig1 tiirlerin basinda, ¢am, ladin ve digbudak
gelmektedir (Kaygin, 2007).

8 3o 3
L — .f‘__’.
R oo/ 74
- e >

== - -

Sekil 4. Deformasyona sebep olan bocek tiirliniin teshisi

a) Bocek tahribatina ugramis ahsap numune 6rnegi, b) Ergin bocek cikis deligi (Olgekteki
iki ¢izgi aras1 1/2mm’dir), ¢) Bdcek diskisi, d-) Ergin bocek ve farkli agidan gdriiniimi
(Olgekteki iki ¢izgi aras1 1 mm’dir), f) Larva tunelleri

3.3 Genisleme anizotropisi ve su alma orani

Higroskopik malzemeler icin 6nemli 6zelliklerden olan nem alma (sorpsiyon) davranisi,
s06z konusu malzemelerden iiretilen elemanlarin kullanim siiresince boyutsal stabilitesini ve 0
malzemenin birgok kullanim alani igin uygunlugunu belirler (Noack ve ark., 1973). Bu
nedenle bir ahsap elemanin rutubete maruz kaldigi kullanim yerlerinde malzemenin boyutsal
kararliliginin dikkate alinmasi1 Onemlidir. Boyutsal kararlilik bakimindan ahsap malzeme
anizotropik bir malzemedir. Yillik halkalara teget yonde, yillik halkalara radyal yonde ve
lifler boyunca daralir ya da genisler (Glass ve Zelinka, 2021). Eski ve yeni Orneklerin
genisleme yizdelerine ait tanimlayici istatistiksel bilgiler Cizelge 1°de belirtilmistir.
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Cizelge 1. Eski ve yeni 6rneklerin genisleme ylizdesine ait tanimlayici istatistiksel bilgiler

Genisleme yuzdesi (%) Sig. (2-tailed)

Eski 7.80 (0.94)" -

t _ 0.030
Yeni 8.48 (0.80)
Eski 4.22 (0.59) -

r _ 0.001
Yeni 5.83 (0.76)
Eski 0.33 (0.03) -

I _ 0.001
Yeni 0.57 (0.04)

“ Standart sapma parantez icerisinde gosterilmistir. ~ p<0.05 (p: 6nem diizeyi)

Cizelge 1’de goriildiigli tizere yeni orneklerin teget yondeki genisleme yiizdesi %8.48,
radyal yondeki genisleme ylizdesi %5.83 ve boyuna yondeki genisleme yiizdesi ise %0.57
olarak belirlenmistir. Ahsap kiiltiirel miras objeleri ile ilgili sorunlarin birgogunun ahgabin
sismesi ve daralmasindan kaynaklandigi diisiiniildiiginde yaslanmis ahsabin nem alma
davranigina ait bilgiler de onemlidir. Kranitz ve ark., (2016) tarafindan yapilan derleme
calismasinda literatiirde yaslanmis ahsabin sisme davranisi konusunda az ve birbiriyle tutarsiz
kaynaklar bulundugu belirtilmektedir. Literatiirde belirtilen degerlere bakildiginda odunun
daralma yuzdelerine ait verilerin genisleme yizdelerine ait verilerden oldukga fazla oldugu
belirlenmis olup Aydin ve Colak (2011), Picea orientalis L. odununun teget yonde genisleme
ylzdesini %8.64, radyal yonde genisleme yuzdesini ise %5.41 olarak belirlemislerdir. Can ve
ark., (2012), Tirkiye’nin Dogu Karadeniz Bolgesi’nden almig olduklar1 Picea orientalis
odununun teget yondeki genisleme yiizdesini %6.59 olarak tespit etmislerdir. Independent-
Samples T testi sonucuna gore eski ve yeni Orneklerin teget, radyal ve boyuna yondeki
genisleme yuzdeleri arasinda istatistiksel olarak anlamli bir fark oldugu ve yaslanmis tavan
orneklerinin her ti¢ yondeki genisleme yuzdelerinin yeni 6rneklerin degerlerinden daha diisiik
oldugu belirlenmigstir. Yasl ahsabin azalan higroskopikligi, yaslanma siirecinde meydana
gelen en Oonemli kimyasal degisim olan hemiseliilozlarin pargalanmasiyla aciklanmaktadir
(Obataya, 2017). Ayrica eski orneklere ariz olan Anobium punctatum boceginin seliillozu
degrade edebilen enzimler Gretme kapasitesine sahip olmalar1 (Erdin, 2009) eski odun
orneklerinin teget ve radyal yondeki genislemesinin yeni Orneklere kiyasla azalmasini
saglamis olabilir.

Ahsap higroskopiktir, yani hiicre duvar1 polimerlerindeki hidroksil gruplar1 ¢evredeki
nemle hidrojen bagi kurma egilimindedir. Su, hiicre duvarna eklendik¢e ahsap hacmi
neredeyse eklenen su hacmiyle orantili olarak artar. Ahsabin sismesi, hiicre duvart lif
doygunluk noktasina ulagincaya kadar devam eder. Bu noktadan sonra alinan su, bosluklarda
(limenlerde) serbest su olarak kalir ve artik ahsabin sismesine katki saglamaz (Rowell, 2013).
Dolayistyla bu calismada hem eski hem yeni 6rnekler, 6rnek rutubeti lif doygunluk noktasina
(~%30) ulasincaya kadar su alip sisme olay1 gergeklesmis ve boyutlarinda artis olmustur. Lif
doygunluk noktasindan sonra su alma eylemi devam etmis (Sekil 5) ancak 6rnek boyutlarinda
bir degisiklik olmamistir. Eski ve yeni orneklerin suda bekletme siirelerine gore su alma
oranlart (%) Sekil 5’te gdsterilmistir. Buna gore iki haftalik suda bekletme stirecinde 24 saatte
bir yapilan dl¢iimler sonucunda 24. saatten 336. saate kadar su alma oranlar1 eski 6rnekler igin
%63.97-120.09 ve yeni Ornekler igin %61.03-115.83 olarak bulunmustur. Her iki 6rnek grubu
icin suda bekletme siiresi arttik¢a su alma oranlarinin arttig1 tespit edilmistir.
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Suda Bekletme Siresi (sa.)

Sekil 5. Eski ve yeni drneklerin suda bekletme siirelerine gore su alma oranlari

Su alma oranina ait Independent-Samples T testi sonuglar1 Cizelge 2’de belirtilmistir.
Cizelge 2. Suda bekletme siiresine gére SAO’ya ait Independent-Samples T testi sonuglari
Suda bekletme suresi (sa.) Sig. (2-tailed)

24 0.24

48 0.03"

72 0.43

96 0.40
120 0.32
144 0.62
168 0.18
192 0.11
216 0.06
240 0.10
264 0.18
288 0.18
312 0.20
336 0.22

“p<0.05 (p: 6nem diizeyi)

Independent-Samples T testi sonucuna gore eski ve yeni drneklerin 48. sa. hari¢ olmak
lizere su alma oranlari arasinda istatistiksel olarak anlamli bir fark olmadigi (p>0.05)
belirlenmistir. Eski ornekler, 48 sa. suda bekletme siiresinden sonra farkli bir higroskopik
davranig gostererek yeni drneklerden daha fazla su almistir. Bu saatten sonra suda bekletme
stiresi arttikga yeni ornekler eski Orneklerin aldigi su miktarina yakin oranlarda su almis
olmasina ragmen istatistiksel olarak bu iki 6rnek grubu arasinda farklilik olmadig: tespit
edilmistir. Esteban ve ark., (2005), higroskopik yaslanmayla tanimlanan higroskopisite
kaybinin yasli odunun hiicre duvarindaki polar gruplarin su buharini baglama yetisini
kaybetmesiyle birlikte nem alma kapasitesinin azalmasi olarak aciklamaktadir. Ayrica elde
edilen bu sonug, eski 6rneklere ariz olarak odun dokusunu tahrip eden Anobium punctatum

boceklerinin u¢gma delikleri agarak odunun permeabilitesini artirmasiyla iligkili olabilir
(Erdin, 2009).
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4. Sonuglar ve Oneriler

Bu ¢alismada, tarihi bir caminin eski ahgap tavan elemanlarinin odun tlr{ teshisi, biyolojik
tahribat1 ve higroskopik 0zellikleri aragtirilmis olup asagidaki sonuglara ulasilmistir:

e Yapilan mikroskobik analizler sonucunda, eski ahsap tavan elemanlarinin Dogu ladini
(Picea orientalis L.) tiiriine ait oldugu belirlenmistir.

e Eski ahsap tavan elemanlarinin diri odunu iizerinde tahribat yapan bocek tdrinin
Anobium punctatum oldugu tespit edilmistir.

e Eski tavan Orneklerinin teget, radyal ve boyuna yondeki genisleme yuzdeleri yeni
orneklerin genisleme ylzdelerinden daha kuguktr.

e Iki haftalik suda bekletme siiresince eski ve yeni drnekler genel olarak birbirine benzer
bir higroskopik davranig gostermistir.

e Demirtas-Derecik-Karaman Merkez Caminin restorasyon c¢alismalar1 kapsaminda,
tarihi 6zgilinliigiin korunmasi agisindan yeni ahsap tavan malzemesi se¢iminde Dogu
ladini tiiriniin kullanilmas1 ve yeni ahsap malzemenin fiziksel Ozellikleri dikkate
alarak i¢ mekanlarda kullaniminda gerekli rutubet derecesine kadar kurutulmasi
onerilmektedir. Ayrica mevcut ahsap elemanlarda bocek aktivitesinin devam ettiginin
tespit edilmesi durumunda uygun tekniklerle miicadele yontemleri uygulanmalidir.

Tesekkiir

Yazarlar, 6rnek temini ve saha calismalari siirecinde sagladigi destek ve yardimlar igin
Trabzon Derecik Karaman Mahallesi Muhtarligina tesekkiir ederler.
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Mobilya endistrisinde MDF levhalarda yizey piiriizliiliigii ve yapisma
performansina kesim parametrelerinin etkileri

[zham Kiling*

OZ: Bu ¢aligmada, farkli yogunluk seviyelerine sahip orta yogunluklu lif levhalarda (MDF)
kesim parametrelerinin kenar yiizey purizliligii (Ra) ve Polivinilklorir (PVC) kenar
bantlarmin yapigma direnci tizerindeki etkileri arastirilmistir. Deneylerde 18 mm kalinliginda,
diisiik (0,65 g/cm?) ve yiiksek (0,72 g/cm?®) yogunlukta MDF levhalar kullanilmigtir. Kesimler,
96 disli ATB geometriye sahip daire testere ile 3000 ve 4500 dev/dk donme hizlarinda ve 6, 9,
12 m/dk ilerleme hizlarinda gerceklestirilmistir. Kesim sonrasi yiizey piiriizliliigi 6lgtimleri
TS EN ISO 21920-2 standardina uygun olarak yapilmis, yapisma direnci ise ASTM D6862
standardia gore 90° soyma testi ile belirlenmistir. Varyans analizi (ANOVA) sonuglara
gore yogunluk, donme hizi ve ilerleme hizi faktdrlerinin hem yiizey piriizliligii hem de
yapigma direnci lizerinde istatistiksel olarak anlamli etkileri bulunmustur (p < 0,05). Yiiksek
yogunluklu MDF, yiiksek donme hiz1 ve diisiik ilerleme hiz1 kosullarinda en diisiik Ra (3,91
um) ve en yiiksek yapigma direnci (5,87 N/mm) degerlerini vermistir. Ayrica yiizey
plriizliligii ile yapisma direnci arasinda negatif yonlii gli¢lii bir korelasyon (r = —0,72; p <
0,001) belirlenmistir. Sonu¢ olarak, MDF’nin islenmesinde o6zellikle yiiksek yogunluklu
levhalarin ve yiiksek donme hizi ile diisiik ilerleme hizi parametrelerinin se¢ilmesinin, hem
ylizey kalitesini hem de PVC kenar bantlarinin yapisma performansini optimize ederek
artirdig1 ortaya konmustur.

Anahtar kelimeler: Kenar Bantlama, MDF, Yapisma Direnci, Yiizey Pirtzliligi

Effects of cutting parameters on surface roughness and adhesion
performance of MDF panels in the furniture industry

ABSTRACT: In this study, the effects of cutting parameters on edge surface roughness (Ra)
and adhesion strength of Polyvinyl Chloride (PVC) edge bands in medium-density fiberboard
(MDF) with different density levels were investigated. MDF panels with 18 mm thickness and
two density levels (low: 0.65 g/cm3® and high: 0.72 g/cm3) were used in the experiments.
Cutting was performed using a 96-tooth circular saw blade with an alternate top bevel (ATB)
geometry at spindle speeds of 3000 and 4500 rpm and feed rates of 6, 9, and 12 m/min.
Surface roughness was measured according to TS EN ISO 21920-2, while adhesion strength
was determined by the 90° peel test in accordance with ASTM D6862. Analysis of variance
(ANOVA) revealed that density, spindle speed, and feed rate had statistically significant
effects on both surface roughness and adhesion strength (p < 0.05). High-density MDF
combined with higher spindle speed and lower feed rate yielded the lowest Ra value (3.91
pm) and the highest adhesion strength (5.87 N/mm). Furthermore, a strong negative
correlation was found between surface roughness and adhesion strength (r = -0.72; p <
0.001). Overall, the findings demonstrated that selecting appropriate cutting parameters in
MDF processing improves both surface quality and the adhesion performance of PVC edge
bands.

Keywords: Adhesion Strength, Edge Banding, MDF, Surface Roughness

Makale tarihcesi: Gelis:02.10.2025, Diizeltme:31.10.2025, Kabiil:26.11.2025, Yayinlanma:26.11,2025 * izham.kilinc@batman.edu.tr
!Batman Universitesi, Teknik Bilimler MYO, Tasarim Bolimu, Batman/Tirkiye

Atif: Kilig 1.,(2025). Mobilya endiistrisinde MDF levhalarda yiizey piiriizlilliigii ve yapisma performansina kesim
parametrelerinin etkileri, Mobilya ve Ahsap Malzeme Arastirmalar: Dergisi, 8(2), 295-306, DOI: 10.33725/mamad.1795653

295



https://doi.org/10.33725/mamad.1795653
https://orcid.org/0000-0002-4145-1225

Kiling, Mobilya ve Ahsap Malzeme Arastirmalart Dergisi, 8 (2), 295-306

1 Giris

Ahsap esasl levhalar, 6zellikle orta yogunluklu lif levhalar (MDF), mobilya ve i¢ mekan
endiistrisinde yaygm kullanim alan1 bulmaktadir. Liflerin regine ve katkilarla 1s1 ve basing
altinda birlestirilmesiyle tiretilen MDF, homojen yapisi sayesinde dogal ahsaba kiyasla daha
ongoriilebilir islenebilirlik ve yiizey kalitesi sunmaktadir. Bununla birlikte, isleme sirasinda
ortaya ¢ikan yiizey kusurlary, Ozellikle kenar bantlama uygulamalarinda yapigma
performansmi dogrudan etkilemektedir (Karaman, 2021; Demir ve ark., 2021). Kenar
bantlama islemi, MDF levhalarin estetik goriinlimiinii iyilestirmenin yani sira darbe direnci ve
nem direncini artirmak amaciyla gergeklestirilmektedir. Bu baglamda, yiizey kalitesi ile kenar

bantlarmin yapigma giicli arasinda yakin bir iligki oldugu literatiirde siklikla vurgulanmaktadir
(Rudawska, 2020).

MDF levhalarin yogunlugu, liflerin sikigma derecesini ve i¢ gozenek yapisini belirleyerek
hem islenebilirligi hem de ylizey piiriizliliigiinii etkilemektedir. Yogunlugun yani sira, yiizey
puriizliiliigii tretimde kullanilan odun liflerinin morfolojik 6zelliklerine, regine tipine
(Hiziroglu ve Suzuki, 2007) ve 6zellikle levha tiretim hattindaki son kalibrasyon/zimparalama
islemlerinin kalitesine (Palija ve ark., 2019) yakindan baglidir. Yogunlugu yiiksek levhalarda
lifler daha sik1 bir sekilde baglandigindan, ylizey kalitesi genellikle daha diizgiin olurken,
diisiik yogunluklu levhalarda liflerin gevsek yapisi piirtizliiligi artirabilmektedir. Bu durum,
MDF’nin yiizey 6zellikleriyle baglantili olarak tutkal 1slanabilirligi ve yapisma direncini de
etkilemektedir (Kudela ve Liptakova, 2006; Kureli ve Doganay, 2015).

Kesim islemlerinde kullanilan parametreler de ylizey piriizliliigli lizerinde kritik rol
oynamaktadir. Ozellikle yatar daire testere gibi doner kesim sistemlerinde donme hiz1 (Isleyen
ve Karamanoglu, 2019) ve ilerleme hiz1 (Siit¢ii ve Karag6z, 2012) kenar ylzey kalitesini
belirleyen en dnemli faktorlerdendir. Literatiirde yiiksek donme hiz1 ile diisiik ilerleme hizinin
daha dislk ylizey pirizliliigi sagladigi;; buna karsilik ilerleme hizinin artmasiyla
puriizliiliigiin yiikseldigi sik¢a rapor edilmistir (Davim ve ark., 2009; Sutcl ve Karagoz,
2012). Ayrica kesim parametrelerinin yalnizca yiizey kalitesi degil, is saghgi ve giivenligi
acisindan da (Ornegin; toz ve giiriltii olusumu) Onemli c¢iktilar {lizerinde etkili oldugu
bildirilmektedir (Giil ve Korkmaz, 2025). Bunun yaninda, bazi calismalarda malzeme
sicaklig1 gibi ¢evresel kosullarin da yiizey piriizliliigiinii dogrudan etkileyebildigi ortaya
konmustur (Korkmaz ve ark., 2024). Ancak bazi ¢aligmalar, kesim derinligi ya da testere
geometrisi gibi parametrelerin ylizey piriizliliigii {lizerinde sinirh etkili olabilecegini
gostermektedir (Isleyen ve Karamanoglu, 2015; Li ve ark., 2017). Bu nedenle, yiizey
kalitesinin yalnizca tek bir parametreye degil, kesim siirecindeki degiskenlerin birlikte
etkisine bagli oldugu kabul edilmektedir.

Yizey piriizliligiiniin, PVC kenar bantlarinin yapisma direnci lizerinde dogrudan etkisi
bulundugu bircok calismada gosterilmistir (Ozdemir ve Hiziroglu, 2009; Budhe ve ark.,
2015a; Kureli ve Doganay, 2015). Yapiysma mekanizmast hem mekanik kilitlenmeye hem
molekiler baglanmaya dayandigindan, optimum yiizey piiriizliligii diizeyi tutkalin yiizeye
niifuz etmesini ve gliglii bir yapigsma saglamay1 desteklemektedir. Ancak yiizey ¢ok plrizlu
olursa temas ylizeyi azalabilir; ¢cok diizgiin olmasi durumunda da tutkal niifuz kabiliyeti
diisebilir.

Kenar bant kalinlig1 da yapisma performansinda 6nemli bir degiskendir. PVC bantlarda
yaygm olarak kullanilan kalinlik olan 0.80 mm, bazi1 ¢caligmalarda yapisma / gdmme dayanimi
acisindan daha yiiksek performans gostermistir (Vlaovi¢ ve ark., 2024; Karaman ve ark.,
2025). Bu sebeple, literatiirde sikca tercih edilen bant kalinligindan yola ¢ikilarak yapilacak
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degerlendirmelerin, ¢alismanin hem akademik hem de pratik gegerliligini artirabilecegi
disiiniilmektedir.

Bu calismanin amaci; farkli yogunluk diizeylerine sahip orta yogunluklu lif levhalarda
(MDF) yogunluk, donme hizi ve ilerleme hizi gibi kesim parametrelerinin kenar ylizey
purtzliligi (Ra) ile 0,80 mm kalmhigindaki PVC kenar bantlarmin yapisma direnci
Uzerindeki etkilerini istatistiksel olarak ortaya koymak ve bu bulgular dogrultusunda optimum
kesim kosullari tanimlamaktir.

2 Materyal ve Metot
2.1 Materyal

Bu calismada mobilya endiistrisinde yaygin olarak kullanilan diisiik ve yiiksek yogunlukta
MDF levhalar1 kullanilmistir. Levhalar 18 mm kalinlikta olup, deneylerden dnce 23 £ 2 °C
sicaklik ve %50 £ 5 bagil nem kosullarinda 24 saat boyunca kondisyonlanmistir. Calismada
kullanilan MDF levhalarin yogunluk degerleri ve nem igerikleri Cizelge 1°de verilmistir.

Deneylerde kullanilmak iizere MDF levhalar 200 x 100 mm boyutlarinda kesilmistir.
Kesim islemleri, ti¢ fazli elektrik motoru ile g¢alisan bir yatar daire testere makinesinde
gerceklestirilmistir. Tezgah, yiiksiiz durumda 3000 ve 4500 dev/dk olmak {iizere iki farkh
donme hizinda ¢alisabilmektedir. lerleme hizlar1 ise 6, 9 ve 12 m/dk olarak uygulanmistir.
Sabit ilerleme hizini saglamak i¢in dort tekerlekli bir itici diizenek kullanilmistir.

Cizelge 1. MDF 6rneklerinin yogunluk ve nem degerleri

Malzeme Ortalama Yogunluk (g/cm?) Nem Icerigi (%)
MDF — Diisiik Yogunluk 0.65 7.5
MDF - Yiiksek Yogunluk 0.72 7.8

Kesimlerde alternat tepe agili (ATB) geometriye sahip, 300 mm c¢apinda, 96 disli daire
testere bigaklar1 kullanilmistir. Bigaklarm plaka kalinligir 1,8 mm, kesim genisligi (kerf) ise
2,8 mm’dir (Sekil 1). Tiim kesimlerde kullanilmamis bicaklar tercih edilmis ve bicak
asinmasinin deney sonuglarint etkilememesine 6zen gosterilmistir. Kesimlerin ardindan
numunelerin kenar yiizeyleri tozdan arindirilmis ve bantlama/test islemlerine hazir hale
getirilmistir.

+ 1,8mm

A VUV UL,
Sekil 1. Deneylerde kullanilan 96 disli ATB daire testere bicaginin sematik gosterimi.
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Kullanilan testere bicaklarmin dis geometrileri ayni olup, tamami ATB formundadir. Sekil
2’de testere dislerine ait bazi geometrik ozellikler (15° kesme agist ve 10° egim agisi)

gosterilmistir.
10 ; %0
—_— o o
5 1} gr
15°

Sekil 2. Deneylerde kullanilan testere dislerinin geometrik 6zellikleri

Kenar bantlama islemlerinde, mobilya endiistrisinde neme kars1 direnci, darbe dayanimi,
estetik ¢esitliligi ve uygulama kolayligi gibi avantajlar1 nedeniyle yaygin olarak tercih edilen
0.80 mm kalinliginda PVC kenar bandi ve EVA bazli hotmelt tutkal kullanilmistir. Tutkal,
uygulama oOncesinde 190 = 10 °C sicaklikta eritilmis ve silindir sistemi araciligryla MDF
kenarma yaklasik 200 g/m? olacak sekilde film halinde yayilmistir. PVC bant, baski
silindirleri yardimiyla yilizeye preslenmis, hat ilerleme hizi ise 6 — 12 m/dk arasinda
ayarlanmistir. Minimum parg¢a uzunlugu sinirlamasi nedeniyle numuneler 6nce 200 < 100 mm
boyutlarinda bantlanmis, ardindan yapisma testlerinde kullanilmak {izere 100 mm
uzunlugunda kesilmistir. Bantlama islemi sonrasi numuneler oda kosullarinda 24 saat
kondisyonlanmastir.

2.2 Metot
2.2.1 Yiizey piiriizliiliigii testi

Parazlaluk élgtimleri, TS EN ISO 21920-2 (2022) standardina gore, 0,01 pm hassasiyete
sahip kalibreli Time TR 110 marka ylizey piriizliilik 6lgiim cihazi kullanilarak yapilmustir.
Calismadaki 12 farkli deney kombinasyonunun her biri i¢in 10 tekrar (n=10) olmak iizere
toplam 120 6rnek tlizerinde 6l¢iim gergeklestirilmistir. Her bir 6rnekte, dnceden belirlenmis U¢
farkli bolgeden Ol¢iim alinmig ve bu ii¢ Olclimiin aritmetik ortalamasi, o Ornegin nihai
ortalama yiizey piiriizliiliigii (Ra) degeri olarak hesaplanmustir (Sekil 3). Olgiimler, 5 um ¢apli
ignenin 1,2 mm’lik kesme uzunlugu ile liflere dik yonde hareketi sayesinde 23 + 2 °C sicaklik
ve %50 £ 5 bagil nem kosullarinda yapilmustir.

Sekil 3. Piiriizlilik 6l¢tim islemi.
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2.2.2 Yapisma direnci testi

PVC kenar bantlarmin yapisma dayanimi, ASTM D6862 (2004) standardina gore 90°
soyma testi ile belirlenmistir. Testler, Shimadzu AG-IC iiniversal test cihazinda, 5 kN yiik
hicresi ile 100 mm/dk g¢ekme hizinda gergeklestirilmistir (Sekil 4). Numunelerin kenar
bantlar1 hazirlanirken, {ist ¢cenenin kavrayabilmesi i¢in bant uglar1 yaklasik 25 mm serbest
birakilmistir. Test sirasinda numuneler alt ¢eneye sabitlenmis, bant ise iist ¢geneye baglanarak
90° agryla yukar1 yonde soyulmustur. Ilk 10 mm’lik bdliim baslangic etkileri nedeniyle
degerlendirme dis1 tutulmus, daha sonra elde edilen kuvvet degerleri bant genisligine
boliinerek soyma direnci (N/mm) hesaplanmigtir. Caligmadaki 12 farkli deney
kombinasyonunun her biri i¢in bes tekrar (n = 5) olmak iizere, toplam 60 6rnek tizerinde
soyma testi yapilmis ve sonuglar ortalama =+ standart sapma seklinde verilmistir.

Sekil 4. Yapigma direnci testi. Numunenin cihaza yerlestirilmesi (a), deney sonrasi ¢enede
kalan kenar bandi (b), yiizeyde tutkal dagilimi (C) ve bandin 90° agiyla soyulma baslangici (d)

2.2.3 Istatistik hesaplarinin yapilmasi

Calisma, 2 (Yogunluk) x 2 (Dénme hizi) x 3 (Ilerleme hiz1) seviyeli tam faktdriyel desene
gore tasarlanmis olup, toplam 12 farkli deney kombinasyonundan elde edilen verilerin
degerlendirilmesinde varyans analizi (ANOVA) kullanilmigtir. Yogunluk (A), donme hiz1 (B)
ve ilerleme hiz1 (C) ana faktdrlerinin yani sira bu faktorlerin ikili (AxB, AXC, BxC) ve iiglii
(AxBxC) etkilesimlerinin anlamlilig1 %95 giliven diizeyinde (o = 0,05) test edilmistir.
Varyans homojenligi kontrol edildikten sonra, istatistiksel olarak anlamli bulunan gruplar
arasindaki farkliliklarin belirlenmesinde Duncan coklu karsilastirma testi uygulanmustir.
Ayrica, yapisma direnci testine tabi tutulan 60 adet Orne8in , test Oncesi Olglilen yiizey
ptriizliliigii (Ra) degerleri ile test sonrasi elde edilen yapisma direnci (N/mm) degerleri
ciftlestirilerek (n=60), bu iki degisken arasindaki dogrusal iligki Pearson korelasyon analizi ile
incelenmistir. Tiim analizler, SPSS 25.0 (IBM Corp., Armonk, NY, USA) paket programi
kullanilarak gergeklestirilmistir.
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3 Bulgular ve Tartisma
3.1 Yiizey piiriizliiliigii testi (Ra)

Farkli yogunluk, donme hizi ve ilerleme hizi seviyelerinin MDF levhalarin yiizey
puriizliligii (Ra) degerlerine etkisini belirlemek amaciyla yapilan kesim islemlerinden elde
edilen ortalama degerler farklilik gostermistir. Bu farklilia neden olan faktorleri ortaya
koymak i¢in varyans analizi (ANOVA) yapilmis ve sonuglar Cizelge 2’de sunulmustur.

Cizelge 2. Yiizey piiriizliiligii (Ra) degerlerine ait varyans analizi (ANOV A) sonuglar1

. Kareler
Faktor dSerbes_tllk Kareler ortalamasi F degeri P degeri
erecesi (df)  toplamu (SS) (MS)
Yogunluk (A) 1 45.47 45.47 58.32 p < 0.001*
Donme hizi 1 32.45 32.45 41.6 p <0.001*
[lerleme hiz1 2 144.3 72.15 92.5 p < 0.001*
AXxB 1 4.84 4.84 6.21 0.014*
AxC 2 4.84 2.42 3.1 0.048*
BxC 2 8.42 4.21 5.4 0.006*
AxBxC 2 1.87 0.94 1.2 0.305
Hata 108 84.24 0.78 — —
Model 11 242.19 22.02 28.24 p <0.001*

*95% giiven diizeyinde anlamli (o= 0,05).

ANOVA sonuglarina gore, yogunluk, donme hizi ve ilerleme hizi faktorleri yiizey
puriizliiliigii lizerinde istatistiksel olarak anlamli bulunmustur (p < 0.05). Ayrica AxXB, AxC
ve BxC ikili etkilesimleri anlamli, AXBxC {icli etkilesimi ise istatistiksel olarak anlamli
degildir. Bu farkliliklarin hangi seviyelerden kaynaklandigini ortaya koymak amaciyla
Duncan ¢oklu karsilastirma testi uygulanmis ve sonuglar Cizelge 3’te sunulmustur.

Cizelge 3. Yogunluk, donme hiz1 ve ilerleme hiz1 faktorlerine ait Duncan ¢oklu karsilastirma

sonugclar1
Faktor Seviye X (um) HG
Yogunluk Disiik (0.65 g/cm?3) 6.80 A
Yiksek (0.72 a/cm?) 5.10 B
Donme hizi 3000 dev/dk 6.40 A
) 4500 dev/dk 5.30 B
I[lerleme hiz1 6 m/dk 5.20 C
9 m/dk 5.90 B

Not: x = aritmetik ortalama; HG = homojenlik grubu. Ayni harfi paylasan ortalamalar arasinda istatistiksel
olarak anlaml fark yoktur (p < 0,05).

Cizelge 3’e gore, MDF yogunluk diizeyinde en yiiksek ylizey piriizliligi diisiik
yogunluklu levhalarda (6,80 pm), en diisiik ise yiiksek yogunluklu levhalarda (5,10 pm)
Ol¢lilmiistiir. Yogunluk arttik¢a ylizey piirtizliliigii degerlerinin azaldig1 goriilmiistiir. Donme
hiz1 faktoriinde en yiliksek Ra degeri 3000 dev/dk’da (6,40 pm), en diisiik ise 4500 dev/dk’da
(5,30 um) elde edilmistir. Ilerleme hiz1 faktdriinde ise 12 m/dk kosulunda piiriizliiliik en
yiksek (6,70 um), 6 m/dk’ta en diisiik (5,20 um) bulunmustur. Bu bulgular, yiiksek yogunluk
ve yiiksek donme hizinin yiizey kalitesini iyilestirdigini, ilerleme hizmin artiginin ise ylizey
plriizliliigiinii olumsuz etkiledigini gdstermektedir. Sekil 5°te faktor ortalamalarinin grafiksel
dagilimlar1 sunulmustur.
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Yogunluk - Ra Donme (dev/dk) - Ra llerleme Hizi - Ra(m/dk)

Diiguk Yuksek

3000 4500 12

Sekil 5. MDF yogunlugu, donme hiz1 ve ilerleme hizinin yiizey piiriizliiliigi (Ra) degerleri
uzerindeki etkileri

Sekil 5’teki sonuglara gore, MDF yogunlugu, donme hiz1 ve ilerleme hiz1 faktorleri birlikte
degerlendirildiginde en yliksek ylizey piiriizliliigii diisiik yogunluklu MDF’nin 3000 dev/dk
donme hizi ve 12 m/dk ilerleme hizi kosulunda 8,12 um, en diisiikk yiizey piiriizliligi ise
yiiksek yogunluklu MDF’nin 4500 dev/dk donme hizi ve 6 m/dK ilerleme hizi1 kosulunda 4,05
um olarak dl¢tilmiistiir.

3.2 Yapisma direnci testi (N/mm)

PVC kenar bantlarinin yapisma direncine yogunluk, donme hizi ve ilerleme hizi
faktorlerinin etkilerini ortaya koymak amaciyla gergeklestirilen 90° soyma testlerinden elde
edilen veriler tizerinde yapilan varyans analizi (ANOVA) sonuglar1 Cizelge 4’te verilmistir.

Cizelge 4. Yapisma direnci (N/mm) degerlerine ait varyans analizi (ANOVA) sonuglarsi.

Faktor Serbestlik Kareler Kareler F degeri P degeri
derecesi (df)  toplamu (SS)  ortalamasi (MS)
Yogunluk (A) 1 28.42 28.42 57.90 p <0.001*
Doénme hizi (B) 1 22.16 22.16 45.10 p <0.001*
Ilerleme hiz1 (C) 2 36.88 18.44 37.50 p <0.001*
AxB 1 3.12 3.12 6.36 0.013*
AxC 2 2.46 1.23 2.50 0.089
BxC 2 2.84 1.42 2.90 0.062
AxBxC 2 1.20 0.60 1.20 0.303
Hata 48 23.60 0.49 — —
Model 11 97.08 8.83 18.00 p <0.001*

*95% giliven diizeyinde anlaml (o= 0,05).

ANOVA sonuglarma gore, yogunluk, donme hizi ve ilerleme hiz1 faktorleri ile AxB
etkilesimi yapigma direnci iizerinde istatistiksel olarak anlamli bulunmustur (p < 0,05). AxC,
BxC ve AxBXC etkilesimleri ise istatistiksel olarak anlamli degildir. Faktor diizeyleri
arasindaki farkliliklarin belirlenmesi amaciyla Duncan ¢oklu karsilastirma testi uygulanmis ve
sonuclar Cizelge 5’te sunulmustur.
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Cizelge 5. Yogunluk, donme hizi ve ilerleme hizi faktorlerine ait Duncan ¢oklu karsilagtirma

sonuglari

Faktor Seviye X (N/mm) HG
Yogunluk Diisiik (0.65 g/cm?) 3.45 B
Yuksek (0.72 g/cm?) 4.75 A

Doénme hizi 3000 dev/dk 3.60 B
4500 dev/dk 4.60 A

Ilerleme hizi 6 m/dk 4.55 A
9 m/dk 4.05 B

12 m/dk 3.55 C

Not: x = aritmetik ortalama; HG = homojenlik grubu. Ayn1 harfi paylasan ortalamalar arasinda istatistiksel
olarak anlamli fark yoktur (p < 0,05).

Cizelge 5’e gore MDF yogunluk diizeyinde en yiiksek yapisma direnci yiiksek yogunluklu
levhalarda (4.75 N/mm), en diisiik ise diisiik yogunluklu levhalarda (3.45 N/mm) 6lgiilmiistiir.
Donme hiz1 faktoriinde en yiiksek deger 4500 dev/dk’da (4.60 N/mm), en diisiik ise 3000
dev/dk’da (3.60 N/mm) elde edilmistir. Ilerleme hiz1 faktoriinde ise en yiiksek yapisma
direnci 6 m/dk’da (4.55 N/mm), en diisiik deger ise 12 m/dk’da (3.55 N/mm) bulunmustur. Bu
bulgular, yogunluk artig1 ve donme hizinin yiikselmesinin yapigsma direncini belirgin sekilde
artirdigmi, ilerleme hizinin artisinin - ise  yapisma direncini olumsuz etkiledigini
gostermektedir. Sekil 6’da faktor ortalamalarinin grafiksel dagihimlari, Sekil 7°de ise yuzey
puriizliliigi ile yapigsma direnci arasindaki negatif korelasyon sunulmustur.

Yogunluk - Yapisma Donme Hizi (dev/dk) - Yapisma llerleme Hizi (m/dk) - Yapisma

9 12

Sekil 6. MDF yogunlugu, donme hizi1 ve ilerleme hizinin yapigsma direnci (N/mm) {izerindeki
etkileri.

6

5 { {
) ] {
14 { {
04 . I 1 l l -

Dusuk Yuksek 3000 4500 6

Yapisma (N/mm)

Sekil 6°daki sonuglara gore, yapigma direncini etkileyen faktorler arasinda en yliksek
deger, yiiksek yogunluklu MDF’nin 4500 dev/dk donme hizi ve 6 m/dk ilerleme hizi
kosulunda 5.87 N/mm olarak belirlenmistir. Buna karsilik, en diisiik yapisma direnci diisiik
yogunluklu MDF’nin 3000 dev/dk dénme hizi ve 12 m/dK ilerleme hizi kogulunda 2.37 N/mm
olarak Ol¢iilmiistiir. Yiizey piiriizliliigii ile yapigma direnci arasindaki bu ters yonlii iliskiyi (r
=-0,72; p < 0,001) gostermek amaciyla, yapisma testi grubundaki 60 adet drnegin (n=60)
bireysel Ra ve yapisma direnci veri ¢iftlerinin kullanildigi dagilim grafigi Sekil 7°de
sunulmaktadir.
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Sekil 7. Yiizey piiriizliligii (Ra) ile yapisma direnci arasindaki iligki.

Sekil 7’ye gore, ylizey piiriizliiliigii (Ra) ile yapisma direnci (N/mm) arasinda negatif yonlii
ve giiglii bir korelasyon belirlenmistir (r = —0.72; p < 0.001). Daha diisiik ylizey piliriizliligi
degerlerinde yapisma direnci daha yiiksek seviyelerde Olciilmiis, yiiksek piirtizliliik
degerlerinde ise yapisma direnci belirgin sekilde azalmistir. Bu bulgu, kenar yilizeyinin
diizglinliigiiniin artmasimin PVC kenar bantlarinin yapigma performansini olumlu yonde
etkiledigini gostermektedir.

3.3 Tartisma

Bu ¢aligmada iki farkli yogunluk seviyesine sahip MDF levhalarda donme hizi (3000—-4500
dev/dk) ve ilerleme hizi (6-12 m/dk) degiskenlerinin yiizey piiriizliliigii (Ra) ile PVC kenar
bantlarinin 90° soyma dayanimi (N/mm) iizerindeki etkileri incelenmistir. Bulgular, yalnizca
tek bir parametrenin degil, MDF’nin fiziksel yapisi ile isleme kosullarmin birlikte
degerlendirilmesi gerektigini gostermektedir.

Yiizey piiriizliiliigii acisindan elde edilen sonuglar, yogunlugun artisiyla Ra’nin azaldigini
ortaya koymustur. Bu, yiiksek yogunluklu MDF’de liflerin daha siki paketlenmesi ve lazer ya
da testere kesimi sirasinda lif ¢ekilmesinin azalmasiyla agiklanabilir. Literatiirde de benzer
sekilde, MDF yogunlugu yiikseldik¢e ylizey piiriizliiliigiinde iyilesme tespit edilmistir (Bal ve
Giindes, 2020; Demir ve ark., 2021). Kesim parametreleri agisindan incelendiginde, donme
hizinin artiginin Ra’yr diisiirmesi ve ilerleme hizinin artisinin Ra’yr yiikseltmesi egilimi,
onceki arastirmalarin bulgulariyla uyumludur (Davim ve ark., 2009; Sitcu ve Karagdz, 2012).
Bu sonug, talas kaldirma mekanizmasinin dénme hizi ile ilerleme hizi etkilesimiyle ylizey
olusumuna dogrudan katkida bulundugunu destekler.

Yapigma direnci bulgularmma bakildiginda, en yiiksek degerlerin yiiksek yogunluklu
MDEF’de ve yiiksek donme hiz1 + diisiik ilerleme hiz1 kosullarinda elde edildigi goriilmektedir.
Bu durum, diizgiin ylizeyin tutkalin homojen yayiliminit kolaylastirmasi ve mekanik
kilitlenme etkinligini artirmasi ile uyumludur (Frihart, 2005; Budhe ve ark., 2015b).
Literatiirde de yilizey Kkalitesi ile yapisma performans: arasmnda giigli iliski oldugu
vurgulanmaktadir (Ozdemir ve ark., 2009). Ayrica kenar bantlamada soyma dayaniminin
proses parametrelerine duyarli oldugu (6r. besleme hizi, yapistirict miktary/sicakligi) da rapor
edilmistir (Kog, 2025). Bu ¢alismadaki sonug, bu literatiirdeki dneriyle tutarlidir.
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Ra ile soyma dayanimi arasinda saptanan negatif yonlii korelasyon (r = —0,72) da bu
iliskiyi destekler. Bu bulgu, piiriizliiliik azaldik¢a yapigsma direncinin arttigini gdstermekte;
yani daha dlzgun kenar yiizeylerinin PVC bant yapismasinda avantaj sagladigini ortaya
koymaktadir. Bu iliski, MDF islenmesi siirecinde yiizey kalitesinin dogrudan yapisma
performansina yansidigini gosteren onceki caligmalarla da ortiismektedir.

Genel degerlendirmeyle, bu calisma yiiksek yogunluk, yiiksek donme hizi ve diisiik
ilerleme hizi kombinasyonlarinin hem yiizey kalitesi hem de yapisma dayanimmi olumlu
etkiledigini gostermistir. Bu bulgular, 6zellikle MDF iireticileri ve mobilya sanayinde, kenar
bantlama uygulama parametrelerinin optimizasyonu agisindan 6nemli ¢ikarimlar sunmaktadir.
Ancak, bu calismada sadece iki yogunluk seviyesi ve belirli parametre seviyeleri
incelenmistir; ileriki c¢aligmalarda dis geometrisi, kesim derinligi, bant kalinlig1 gibi
degiskenlerin de degerlendirilmesi onerilir.

4  Sonuglar ve Oneriler

Bu calismada, farkli yogunluk seviyelerine sahip MDF levhalarda donme hizi ve ilerleme
hizinin kenar yiizey piiriizliligi (Ra) ve 0.80 mm PVC kenar bantlarmin yapisma direnci
(N/mm) tlizerindeki etkileri incelenmistir. Elde edilen sonuglar su sekilde 6zetlenebilir:

e  Yogunluk etkisi: Yogunluk arttikca yiizey piiriizliliigii azalmis, yapisma direnci
artmistir. Yiiksek yogunluklu MDF en diisiik Ra ve en yiliksek yapisma degerlerini
vermistir.

e Donme hiz1 etkisi: Donme hizi 3000°den 4500 dev/dk’ya ylkseltildiginde yiizey
puriizliiliigii azalmis, yapigsma direnci ise artmistir. En uygun sonuglar 4500
dev/dk’da elde edilmistir.

e llerleme hiz1 etkisi: Ilerleme hizinm artis1 yiizey piiriizliliigiinii artirmis, yapisma
direncini ise distirmiistir. En iyi yapisma performanst 6 m/dk ilerleme hizinda
saglanmustir.

e Korelasyon: Yiizey piirtizliiliigii ile yapigsma direnci arasinda negatif korelasyon (r =
-0.72; p < 0,001) bulunmustur. Daha diizgiin yiizeyler, PVC kenar bantlarinin
yapisma gicini artirmistir.

Bu bulgular, mobilya endustrisinde MDF kesim ve kenar bantlama islemleri igin pratik
oneriler sunmaktadir. Ozellikle yiiksek yogunluklu MDF levhalarin tercih edilmesi, testere
dénme hizinin yiiksek (4500 dev/dk), ilerleme hizinin ise diisik (6 m/dk) seviyelerde
secilmesi hem yiizey kalitesini hem de yapisma performansini iyilestirmektedir.

Gelecekte yapilacak calismalarda farkli PVC bant kalinliklarinin, alternatif tutkal tiirlerinin
(6r. PUR, poliolefin) ve farkli testere geometrilerinin incelenmesi Onerilmektedir. Ayrica
cevresel kosullarin  (nem, sicaklik) vyapisma performans:t {izerindeki etkilerinin
degerlendirilmesi, elde edilen bulgularm daha genis kapsamli bir sekilde yorumlanmasina
katk1 saglayacagi diisiiniilmektedir.
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Enhancing operational efficiency of sawmills in Sri Lanka’s state timber
sector
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ABSTRACT: The State Timber Corporation (STC), Sri Lanka's sole state timber trader, faces
declining timber supply, reducing construction timber production. To meet the growing
demand driven by the construction boom, STC must minimize conversion losses and improve
crew management in its sawmills. This study identifies waste-reduction strategies through
SWOT analysis and examination of timber conversion losses across five sawmills stations
using circular, frame, and band saws. Findings revealed losses vary by product type, species,
and machinery. Sleeper production of Eucalyptus grandis showed 32% loss with Wood Mizer
LT40 and 37% with Laimet. Standard sawn timber losses reached 47% for Eucalyptus
grandis and 54% for Eucalyptus microcorys, while Pine recorded 34%. The SWOT analysis
identified poor-quality logs, mismanaged marketing, and skilled labor shortages as key
challenges. Recommendations include increasing the use of Pine species, training crews,
adopting band saws such as Wood mizer, and ensuring a continuous timber supply to enhance
production efficiency.

Key words: Sawn timber, Production, State Timber Corporation, Conversion Loss

Sri Lanka devlet kereste sektoriindeki kereste fabrikalarimin operasyonel
verimliliginin artirilmasi

OZ: Sri Lanka'nin tek devlet kereste tiiccar1 olan Devlet Kereste Sirketi (STC), azalan kereste
arz1 ve azalan insaat kerestesi iiretimiyle kars1 karsiyadir. insaat patlamasinmn yol agtig1 artan
talebi karsilamak i¢cin STC, doniisiim kayiplarii en aza indirmeli ve kereste fabrikalarindaki
ekip yonetimini iyilestirmelidir. Bu ¢alisma, bes kereste fabrikasi istasyonunda daire testere,
cerceve testere ve serit testereler kullanilarak yapilan kereste doniisiim kayiplarinin SWOT
analizi ve incelenmesi yoluyla atik azaltma stratejilerini belirlemektedir. Bulgular, kayiplarin
iriin tiirine, tire ve makineye gore degistigini ortaya koymustur. Eucalyptus grandis'in
travers lretimi, Wood Mizer LT40 ile %32 ve Laimet ile %37 kayip gostermistir. Standart
bigilmis kereste kayiplar1 Eucalyptus grandis igin %47'ye ve Eucalyptus microcorys icin
%54'e ulasirken, Cam i¢in %34 kaydedilmistir. SWOT analizi, diisiik kaliteli kiitiikler, koti
yonetilen pazarlama ve kalifiye isglicii eksikligini temel zorluklar olarak belirlemistir.
Oneriler arasinda Cam tiirlerinin kullanimmnmn artirilmasi, ekiplerin egitilmesi, Wood Mizer
gibi serit testerelerin benimsenmesi ve iiretim verimliligini artwrmak icin siirekli kereste
tedarikinin saglanmasi yer almaktadir.

Anahtar Kelimeler: Kereste, Uretim, Eyalet Kereste Sirketi, Doniisiim Kayb1
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1 Introduction

Like some tropical countries, the forests in Sri Lanka have lost more than 60 percent of
their crown cover (from 84 % in 1881 to 24 % in 1992) of dense forests. Prospects are also
not very bright unless special care is taken to conserve and develop the remaining forest areas.
It broadly indicates that about 35 % of the land is under some form of agriculture, about 32%
under natural forests and forest plantations, about 24 % under Trees Outside Forests (TOF),
and the remaining 9 % is under other uses (Premakantha et al., 2021). The natural forests of
Sri Lanka are currently classified into eight types. Lowland Mesophyllous Evergreen
Dipterocarp Forests, Low Land Mesophyllous Evergreen Mixed Rain Forests, Lower
Montane Notophyllous Dipterocarp Rain Forests, Lower Montane Notophyllous Evergreen
Mixed Rain Forests, Upper Montane Microphyllous Evergreen Dipterocarp Rain Forests,
Upper Montane Microphyllous Evergreen Mixed Rain Forests, Low Land Semi-Deciduous
Forests, and Low Land Semi-Deciduous Wood Land / Thorn Shrub (Gamage et al., 2017;
Peiris and Gunarathne, 2021).

Almost all the natural forests are managed for conservation purposes. Given the extent of
remaining natural forest cover need to sustain the country’s biological diversity, which is very
critical for countries like Sri Lanka, which is named as a biological hotspot. However, timber
demand is also increasing with annual population growth. According to recent studies, the
current annual timber consumption in Sri Lanka is 1.6 million m?, approximately 10% of
which is supplied by imports (Daigneault et al., 2022). The timber supply from natural forests
has become limited due to diminishing natural forest cover and restrictions on harvesting and
timber transportation. After logging bans were implemented in natural forests in 1992, forest
plantations became a prioritized wood source on the island. The forest plantations cover 1.4
% of the total land area in Sri Lanka; 96000 ha belong to the Forest Department. The main
plantation species are Teak (Tectona grandis), Eucalyptus (mainly Eucalyptus grandis), Pine
(Pinus caribaea) and Mahogany (Swietenia macrophylla). The area under plantations is being
regularly revised by successive plantation inventories mainly for the development of
Plantation Management (Sivakumar, 2021).

The State Timber Corporation of Sri Lanka classifies timber into various classes or grades.
These are traditionally based on local knowledge and usage, but recent research has
developed enhanced classification systems focusing on wood properties and end-use
suitability, dividing timber into quality grades (Q1 to Q4) and considering factors like
dimensional stability and durability. This classification provides a systematic way to identify
timber species optimized for particular structural or aesthetic applications, facilitating
effective resource utilization across the diverse timber species found in Sri Lanka.
(Muthumala and Amarasekara, 2013). As of 2005, the growing stock of forests worldwide
was about 434 billion cubic meters, 47% of which was commercial (Tsegay and Meng, 2021).
As an abundant, carbon-neutral renewable resource, woody materials have been of intense
interest as a source of renewable energy. In 1991, approximately 3.5 billion cubic meters of
wood were harvested. Dominant uses were for furniture and building construction. Forest
Sector Master Plan (FSMP) (Mensah et al., 2025) estimates that the sawn wood requirement
will increase from 0.031m? per capita in 1993 to 0.039 m® in 2020. The FSMP forecasts that
the demand for wood for plywood production could decline, partly because some older
pulpwood plants are expected to close due to inefficiency and obsolescence. This reduction in
pulp mill operations may lower the overall consumption of wood in the industry, contributing
to a potential decrease in plywood production requirements. It indicates that the demand for
wooden electricity poles will stay around 20 to 25 thousand poles (300 m®) due to limited
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domestic supply, and that of telephone poles may even decline due to their replacement with
concrete poles (Chen and Chao, 2021; Rasheed et al., 2023).

The Forest Department was established in 1888 during the period of the English
government, and its main task was to protect and develop forest areas. Trees were sold by
Cash, Tender, and government stumpage, from the forest for people’s needs (Chandrasiri et
al., 2022). Caldera and Amarasekara (2015) studied sawmill management and technology on
waste reduction at selected sawmills in Moratuwa. The key objective of the study was to find
the wastage in conversion from logs to sawn timber and to compare the sawmill efficiency in
private sawmills with the state timber corporation sawmills (Caldera and Amarasekera, 2015).

Sri Lankan sawmills are categorized as “small” by world standard due to raw material
scarcity and the legal level of technology. State Timber Cooperation (STC) uses several types
of saws, including band saws, frame saws and circular saws used to breakdown logs and cut
into desired sizes of sawn timber. Machine selection depends on log resources (species,
quality, size), financial facilities and available technical knowledge.

There is a major impact on the loss in conversion during log processing due to factors such
as the type of wood species, the type of machines employed and the skill and experience of
the operators. The effective utilization of raw materials, amalgamated with skilled labour, will
lead to effective and profitable sawmilling (Tshavhungwe and Grobbelaar, 2024). If the above
factors are considered and managed well, sawn wood available to cater to the market demand
will increase. This will pave the way to reduce the exploitation pressure on timber resources
in Sri Lanka. The raw material used in sawmills consists of logs from different forest and
with different properties. It asserted that the timber yield is affected by several log
characteristics such as log diameter, length, taper, eccentricity and sweep. The yield
optimization system can significantly improve timber conversion value in sawmills,
considering the differences in log characteristics. This study aims to enhance the productivity
of sawmills within the State Timber Corporation in Sri Lanka by analyzing machine
performance, production processes, and operational challenges. The study seeks to identify
key factors affecting efficiency and provide actionable recommendations for optimizing
sawmill operations.

2 Material and Method
2.1 Study area

This study was conducted in four locations based on five running sawmills. The details of
the selected sawmills are shown in Table 1.
Table 1. Selected sawmills

Location Number of running  Used Main sawing Other machines Production
sawmills machine Target 2024 (m®)
Kappetipola 02 Wood-Mizer (LT 40)  Edger Machine 50
(Bands saw) (Normal)
Cross cutter
Laimet Edger Machine 40
(Circular saw) (CML)
Cross cutter
Ethgala 01 Wood-Mizer (LT70)  Edger Machine 40
Wheran (Maxiprofi —
1000) Cross cutter 20
(Frame saw)
Melsiripura 01 Wood-Mizer (LT40)  Edger Machine 40
Cross cutter
Private mill 03 Weheran (Maxiprofi ~ Cross cutter
—1000)

Source: STC, 2024
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The Keppetipola sawmill complex includes two main sawmills. Each sawmill features
have three key components: a main sawing machine (Wood-Mizer LT 40 band saw), followed
by a normal edger cutter and a crosscutting machine (a circular saw). The production target
for this setup is 50 cubic meters per year. Another sawmill in Keppetipola uses a circular saw
machine (Laimet), complemented by a CML product type edger cutter and a circular cross
cutter, with an annual production of 40 cubic meters (Table 1).

2.2 Arrangement of sawmills

There are two separate main sawmills in Keppetipola. Both of those sawmills have one
main sawing machine, an edger cutter and a cross cutter. Ethgala and Melsiripura sawmills
have two main sawing machines. The main sawing machine is used to convert saw logs into
main pieces of slabs. Those pieces are put into the Edger machine for converting into sawn
wood. That sawn wood is converted as standard measurements by using a cross-cutter
machine.

2.3 Data collection

Keppitipola sawmill is dependent on upcountry forest plantations, particularly Eucalyptus
species. The main plantation species are Eucalyptus grandis and Eucalyptus microcorys.
Ninety per cent of hardwood saw logs, which are sawn in Kappetipola, are Eucalyptus
grandis and Eucalyptus microcorys. Therefore, one target of this research is the identification
of Conversion Loss (CL) with Eucalyptus grandis and Eucalyptus microcorys; thus, two types
of data were collected: primary data and secondary data.

2.4 Primary data collection

Primary data was collected in two sequential steps: first, the calculation of log volumes,
followed by the calculation of sawn wood volumes. Data collection involved the use of
specific instruments, including a diameter tape and a meter tape. Using the diameter tape, the
top, bottom, and mid-girth measurements of each saw log were recorded while the log length
was measured with the meter tape. Before processing, visible defects in the saw logs were
identified and documented. Once the saw logs were converted into sawn wood, the resulting
cross-sections and lengths were measured again using the meter tape. All measurements and
observations were systematically recorded to ensure accuracy and traceability throughout the
data collection process.

2.5 Identification of Conversion Loss (CL)

Log length under bark diameter (top, middle and bottom) of each log was measured. In
taking measurements, Logs were not discriminated as large logs and small logs and external
visual defects were not considered to avoid errors. Log volume was calculated using the
following Newton’s formula (Equation 01) with the values of parameters collected (Caldera
and Amarasekara, 2015).

Log volume =x L (d?+4d%m+d?,) (Equation 01)

240000
Log volume calculated in decimeters (dm?).
L = log length (meter) d? = top diameter (centimeter)

dm = mid diameter (centimeter) dp = bottom diameter (centimeter)
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2.6 Calculation Sawn Timber (S/T) volume

Equation 02 was used to calculate Sawn Timber (S/T) volume. “Measure the cross-section
volume and length of sawn wood soon after the sawing”. Then, equation two was applied and
the S/T volume was estimated. (Caldera and Amarasekara, 2015)

(S/T) volume (dm?®) = _Cross section (widthx thickness) (m) x length (m) (2)
1000

2.7 Calculation Conversion Loss (CL) percentage

The loss in the conversion of each log was calculated as a percentage by using Equation 03
(Caldera and Amarasekara, 2015), which indicates the efficiency of the sawmill operators.

CL % = Log.volume — volume of sawn timber x 100 3)

Log volume

Table 2 presents the details of the collected data for identifying the cutting load (CL) from
three locations and their respective machines. At Kappetipola, data were collected from two
machines: the Wood-Mizer LT 40, which processed 85 logs, and the Laimet circular saw,
which processed 45 logs. At Ethgala, data came from two machines operating together, the
Wood-Mizer LT 70 band saw and another saw, processing 125 logs in total. These data points
provide insight into the volume and machine type involved in the sawmills' cutting processes,
which is essential for analyzing operational efficiency and productivity. The Wood-Mizer LT
40 and LT 70 models are widely used band sawmills known for their ability to handle large
log diameters and lengths with precise cutting capabilities, making them core equipment for
timber processing in these locations.

Table 2. Details of collected data to identify the CL

Location Machine Number of logs
Kappetipola Wood Mizer LT 40 85

Kappetipola Laimet 45

Ethgala Wood Mizer LT 70 and 125

2.8 Secondary data collection

Secondary data collection was done by using past production reports and investigation
logbooks. The production logs book refers to the production details included in the production
logbook. Saw log volume, details about sawn wood break down power and other details
included and this book are maintained daily.

2.9 Compression of the CL of Eucalyptus grandis in the Nuwara Eliya region and the
Bandarawela region

There is a difference in demand for logs between the Nuwara Eliya region and
Bandarawela region. Therefore, the comparison was done randomly selected ten Eucalyptus
grandis saw logs of the regions: Bandarawela and Nuwara Eliya. The top, middle and bottom
girth and length of the saw log were measured. Those logs were broken down by using a
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Wood-Mizer LT 40 machine, and data was collected soon after they were converted into sawn
timber. Those details are included in Table 3.

Table 3 - The details of collected data of logs taken from the Nuwara Eliya region and
Bandarawela region

Location Machine Species Number of logs
Nuwara-Eliya ~ Wood-Mizer Eucalyptus grandis 10
Bandarawela Wood-Mizer Eucalyptus grandis 10

2.10 Data collection of crew management

The sawmill crew is organized into five main categories: Depot Officer, Sawmill
Supervisor, Saw Doctor, Sawyers, and Field Assistant. The Depot Officer is responsible for
administrative and management tasks, including overseeing log and sawn wood inventories,
issuing and receiving sawn timber, and managing financial transactions. The Sawmill
Supervisor oversees the overall operations of the sawmill, handling all technical aspects and
ensuring its smooth function. This role requires a strong technical background and the ability
to make prompt decisions during mechanical or operational issues. The Saw Doctor oversees
maintenance of the cutting equipment by sharpening saw blades, aligning saw teeth, and
correcting any cutting inaccuracies to ensure optimal performance during timber conversion.

2.11 Data collection of the effect caused by the breakdown of the S/T production of
Melsiripura sawmill

From five-month periods, data were collected in terms of several types, such as the main
issues that break down production under power failure, breakdown of log supply machines,
weak labour attendance, sawmill break down, and others. Those data were collected by
investigating the sawmill logbook.

2.12 SWOT analysis

A SWOT analysis was conducted through a questionnaire answered by experts in the
lumber industry. Summarizing their answers would involve grouping common themes into
each quadrant and then finding a pivotal insight, such as a unique strength underutilized or a
looming external threat that can direct focused action for the sawmill operations or the timber
corporation’s productivity enhancement.

3 Results
3.1 Identification conversion Loss of Kappetipola Wood Mizer LT -40

The converted volume of Eucalyptus grandis saw logs into sawn timber was 132165 dm?
by Wood Mizer LT40 in the Keppetipola sawmill in monthly. Results showed that timber
volume is 62267dm* lost volume is 62898 dm?, and the percentage is 47%. When we
examined Figure 2, we noticed that the CL does not show an exact trend or pattern with the
logs. There is a high incidence of irregularity observed from log to log. The reason for this
irregularity is due to the individual characteristics of the logs, such as cracks, hollows, bends,
maturity and rotten parts (Figure 1). Therefore, two logs of the same girth and length are
likely to have different conversion losses.
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Figure 1: Removable p
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Table 4 includes results of how the behavior of CL of deferent types of species in Wood
Mizer LT-40 is Keppetipola sawmill. Pinus caribaea 32060 dm® logs were converted into
sawn timber. The result was 21175dm’, and the mean CL is 34%, Eucalyptus grandis 3162
dm? logs were converted as S/T, the S/T amount was 1720 dm?, and the loss in conversion as a
percentage is 47%.

Table 4. The mean production of other species in Keppetipola

Saw log species

Total saw logs
volume dm?® dm

3

Total S/T volume

Total wastes
timber volume
dm?®

Mean CL
parentage (%)

Wood Mizer LT 40 in Keppetipola

Pinus caribaea 32060 21175 9085 34
Eucalyptus 3162 1720 1442 47
microcorys

Eucalyptus grandis 132165 69267 62898 47

Laimet machine in Kappetipola
Eucalyptus grandis 31467 18129 13338 42
Eucalyptus 11908 5247 6661 54
microcorys
Wood Mizer LT 70 machine in Ethgala

Mahogany 1896 1054 842 43

On examination of Figure 2, it is noticeable that conversion loss might have a relationship
with the hardness of the wood. The harder the wood, the more CL occurs. Eucalyptus
microcorys is a harder wood than Eucalyptus grandis and the CL of both species were 47%.
Pine is not as hard as Eucalyptus microcorys or Eucalyptus grandis, and it is seen that CL

pines is 34%.
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Figure 2. The difference of CL among different species in Wood-Mizer LT 40 Kappetipola

3.2 Identification of conversion Loss from Kappetipolla in the Laimet machine

Table 4 shows the production results of the Laimet machine in Keppetipola. When
examining the percentages of conversion loss of the two types of woods, it is confirmed that
the harder wood has a higher percentage of CL despite the change of cutting machine. CL
depends on both the species and the type of sawing machine. It can be confirmed from the
following chart that the Wood Mizer has more efficiency than the Laimet machine.

Figure 3 includes details of Eucalyptus grandis in Wood-Mizer LT 40 and Eucalyptus
grandis logs in Laimet machine used to convert into sleepers. Those results in Table 4.4. CL
percentage of Wood-Mizer LT 40 is 32% and in Laimet, it shows as 37%. ldentification
conversion Loss in Ethgala sawmill; this CL is lower than the CL detected in early research
conducted by Caldera and Amarasekara (2015). According to his research, CL was 45.9%);
this drop in CL percentage is due to the development of cutting methodology.

3.3 Difference of log quality based on site characteristics

Normal appearances of logs of mature tress of s Eucalyptus grandis in Nuwara-Eliya are a
little reddish, and immature logs are white in colour. Cutting face splits into two or three parts
in a very short time; however, the mature logs in Bandarawela region is dark reddish in colour
and immature logs are white mixed red colour. Some logs appear to have small strikes. Those
strikes do not affect the yield of sawn wood. Both machines cut large cross-sectioned sawn
wood; therefore, CL is a low amount. The comparison chart shows big differences in CL.
Bandarewela region; Eucalyptus grandis saw log shows low splits, therefore CL is low, and
nonetheless, in the Nuwara Eliya region, Eucalyptus grandis saw logs splitting is higher;
therefore, conversion loss is very high.
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Figure 3. Comparison of Eucalyptus grandis logs conversion to sawn timber in Nuwara-Eliya
and Bandarawela.

3.4 Crew Management training

The total crew management of the Ethgala sawmill is twelve. Two weeks training has been
given to two Sawyers and two months training to one saw doctor; and chargehand who
participated in three months training program. Others are untrained. The total crew at
Kappetipolla sawmill is nineteen. Four of them had taken two-week training, two participated
in three months training program, and one has two weeks training in Japan (Table 5).

Table 5. Details of Participated training programs

Name of the Total of crew Two weeks Two Three Overseas
sawmill Months Months Two weeks
Ethgala 12 02 01 01 -
Keppetipola 19 04 - 02 01
Melsiripura 11 - - 02 -

The lowest and the highest working experience crews are found at Melsiripura depot.
Those details are included in Figures 4 and 5.

&
—— Athgala oo Kappetipola = = Malsiripura

Number of emploovees

o . -

Up to one year  Between two and three Three to five Crver five
years

Years

Figure 4: Working experience of the employees in year
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3.5 Manpower behavior of Melsiripura sawmill

Eight hundred and fifty-two working hours were included in those five months. Sixty-nine
hours were wasted due to the breakdown of the log supply machine. Thirty-two hours were
wasted due to the weak labour attendance. Fifty hours were lost due to sawmill breakdown. A
power failure caused the loss of forty-two hours. Twelve hours were wasted for other reasons.
The total number of wasted hours is two hundred and five. Those details are included Table 6.
The highest percentage of wasted time is due to the breakdown of the saw log supply
machine. The amount of that percentage is thirty-four.

Table 6. The Manpower behavior of Melsiripura sawmill in 2024

Months Working Breakdown of Weak Sawmill ~ Power  Others Total
hours log supply labour break failure
January 192 11 8 16 0 - 35
February 160 0 0 8 0 - 8
March 168 34 8 0 32 - 74
April 156 8 8 6 10 - 32
September 176 16 8 20 0 12 44
Total 852 69 32 50 42 12 205

3.6 SWOT analysis

Strengths (internal positive factors) are a well-known brand name and committed
employees. Weaknesses (internal, negative factors) are the insufficiency of saw logs to run the
sawmill; The weakness of maintenance, mechanical, and engineering parts; Poor log handling
in the sawmill; Poor stacking system; Limited financial resources; Very narrow product line;
Limited distribution; Higher costs; Poor marketing skills; Under-trained employees. The main
opportunities (external positive factors) are the Sri Lankan government-powered STC;
therefore, STC has support from the State. Timber harvesting of all state forest plantations is
conducted by STC, which is the sole legal body to manage the government’s timber business.
There are several Threats (external, negative factors), which are insufficiency of saw logs to
sawmills; introduction of new substitutes; entry of foreign competitors; changing government
policies; economic downturn; rival firms adopt new strategies; changing customer needs; and
the condition of present saw logs.

break log supply
machine
34%

Power faliure
PERCENTAGE]

saw mill break
down
24%

weak labour
attendance
16%

Figure 5. The Manpower behavior of Melsiripura sawmill in 2024 for five months.
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3.7 Discussion

Investigation of STC history of sawn timber production shows that production decreased
from fifteen thousand cubic meters to five thousand cubic meters in 1987. Never after that,
had the final production of each year not risen above five thousand cubic meters
(Ruwanpathirana, 2008). Sleepers are the main sawn timber product of STC. It was reduced
by twenty per cent at an early stage. When collecting SWOT analysis data, it was understood
that ninety per cent of STC crew were committed to developing sawn timber production of
STC, and one hundred per cent of customers of STC have been trusting about the standard
quality of STC lumber products. From 2000 to 2017, sawn timber production declined by
49%. It shows that all sawmills are not running in full capacity. If STC sawmills have enough
saw logs on time, production can be increased to 4562m? under the current situation
(Bumgardner and Benedetti, 2022).

Conversion loss of Eucalyptus grandis in the Kappetipola Wood Mizer LT-40 sawmill was
42 %. Softwood and hardwood make a great difference in conversion loss. Eucalyptus
microcorys is a hardwood timber that suffers a conversion loss of 47%. In Pinus caribaea,
conversion loss is 32 % (Mo, 2024). After all preservation treatment is done, Pines sawn
wood can be used for all type of light construction. STC always tries to produce standard
sawn timber for the market. For making good quality timber, STC has to remove even little
defect parts of logs. In private sawmills, they do not consider much of sawn wood quality and
the standard measurements, therefore conversion loss of private sawmills is less than STC.

The CL of Eucalyptus grandis in Wood Mizer; the highest CL is 47%, while the lowest
percentage is 23 % and the mean is 35 %. The main reason for conversion loss increase is due
to higher splitting of Eucalyptus grandis logs vastly. When we examined the bar graphs, we
noticed that the CL line did not become regular. There is a high incidence of irregularity
observed from log to log. The reason for this irregularity is due to qualities of individual logs.
Quality defects such as many knots per meter, bend fraction, hollow position, presence of
buttresses and presence of heart rot were found to have a significant influence on the price of
teak logs (Jayawardhane et al., 2016). Higher occurrences of log defects can be attributed to
growing area, site characteristics and differences in proper management of timber stands.
Therefore, two logs of the same girth and length are likely to have different conversion losses.
Moreover, soil conditions, weather and climate conditions directly affect tree growth. Under
good, suitable weather and soil condition, a forest plantation produces a higher final timber
yield. Therefore, forest officers should always have good experience in managing forest
plantations. Diseases and pest attacks are done severe damage and final timber yield fall very
low amount in present. Thus, STC sawmills do not have sufficient logs without defects.

During the harvesting period, improper tree falling techniques used by chain saw operators
might cause felling at the wrong angle with the ground terrain, not using relevant felling cuts
at the right time and right angle and place. Chain saw machines are sometimes poor in
sharpness and other conditions.

After the Civil War, the North and East Teak plantations begun to harvest. The bullets had
damaged those plantations. Scanning of the bullets has been difficult due to the lack of
sophisticated machinery in Sri Lanka. Iron metals, wires, nails, and bullets are hidden in raw
logs. Those are difficult to identify by normal vision; thus, the iron parts of the sawing
machine have caused vast damage to the saw blades. Therefore, a metal detector or scanning
machine needs to be introduced to Sri Lankan sawmills. In developed countries, all saw logs
are investigated through the scanner machines.

When sawing wood for making standard measurements and when using wood for making
furniture, many small sawn wood parts are removed without being used. In Malaysian wood
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industry, those wooden parts are joint again using and converted into valuable, different type
of wooden products. STC also established a finger joint machine in Boossa STC timber
complex and produced finger-jointed furniture and partition boards to reduce wood waste (
Muthumala et al., 2025 ).

Sawdust is used to manufacture electric power in Trincomalee and Batheleyaya in
Giradurukotte. Two Dendro powerhouses are situated in different places in Sri Lanka. In the
upcountry, sawdust is used to make power for drying tea leaves in tea factories. After sawdust
is changed to ash, it is used to make fertilizer and cement. Therefore, nowadays, sawdust is
very useful for generating power as well as a fuel. Presently, sawdust is not disposed of in the
environment without being used.

There are nineteen members in the crew working in Kappetipola two sawmills. Those two
sawmills can be joint as one separate sawmill. Then, it is possible to remove one edger cutter
and one cross cutter with two operators. It can also reduce the extra production cost.
Kappetipla Laimet machine is a relatively old machine, which has a CL of 5% more than the
Wood Mizer machine when converting sleepers by Eucalyptus grandis. Besides, it is
advisable to replace most advance Wood Mizer band-sawing machine instead of Limate
circular machine. Kapetipola sawmills have no facility to break down saw logs over forty of
mid girth. The new machine to be established must have the ability to convert over sixty
centimeters mid diameter saw logs as sawn timber.

3.8 Suggestions

The two sawmills of Kapptipola depot joint as one separate mill, one edger cutter machine,
and one cross cutter machine with two operators. Added new high-quality band saw that
machine could cut saw logs over sixty centimeters mid diameter. The Spices of Pinus
caribaea was taken 32 % of CL. Therefore, Pinus caribaea can introduce the wood industry
after wood treatment, then STC can be able to fulfil the sawn timber shortage gap in Sri
Lanka. STC needs to introduce timber scanner machines and metal detector machines for all
sawmills. Most developed countries apply finger joint techniques in wooden industries; STC
should apply the finger joint technique as an effective way to reduce the CL of all sawmills of
STC. STC can buy private land to saw logs to fill up gap of Eucalyptus grandis. In such a
situation, it is suitable to give more priority to the Bandarawela region to purchase logs from
private land.

4 Conclusion

e Sawn timber production is determined by three factors, namely the quality of the timber
used, the condition of sawmills and the skillfulness of the staff. A detailed study of each
part will take time due to complexity. Conversion loss always varies with the type of the
machine, sawn timber cross-section, species, and condition of the logs.

e [t was found that band saw shows the least conversion loss. The production percentage
is also caused by the thickness of the saw blade, the angle of setting and the sharpness
of the cutting edge. Eucalyptus grandis has shown 32 % conversion loss and 37 %
conversion loss in Wood Mizer LT-40 and Laimet, respectively, in sleeper production.
The production of other common measurements (50cm*100cm and 75cm*100cm) by
Eucalyptus grandis has shown 47 % in both Wood Mizer LT-40 and in Laimet. The
conversion losses of Eucalyptus microcorys in Wood Mizer LT- 40 and Laimet are 47 %
and 54 % respectively, during the production of common measurements of sawn timber
(50cm*100cm and 75¢cm*100cm).
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e Pinus has the least conversion loss among the tested species, which has shown
convention loss 34 %. In comparison of Eucalyptus grandis in Bandarawela region with
the Nuwara-Eliya region, it was found that the conversion loss of the Bandarawela
region is lower than Nuwara-Eliya region due to less splitting of logs.

e The conversion loss of STC sawmills is greater than private sawmill due to several
reasons mainly, STC maintains proper standards: measurements and removes defects as
much as possible. SWOT analysis shows that the unavailability of continuous log
supply, frequent breakdowns and absence of permanent skilled labourers are the major
drawbacks of STC sawmills.

o As well as supply of defected logs is another key weakness to decline the sawn timber
production and increasing conversion loss. Addressing these key weaknesses will help
increase STC’s sawn timber production.
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Alcak yogunluklu polietilen ve yiiksek yogunluklu polietilen karisiminin
baz fiziksel ve mekanik o6zellikleri iizerine atik MDF tozunun etkisi

Bekir Cihad Bal**

OZ: Odun plastik kompozitlerin (OPK) iiretilmesinde, endiistriyel atiklarm kullanimi {izerine
yapilan bilimsel ¢alismalar son yillarda artmustir. Geri doniistim konusuna bazi tilkelerin daha
fazla 6nem vermesi bu ilgiyi artirmustir. Ozellikle Tiirkiye’de baslatilan sifir atik projesi
kapsaminda, endiistriyel atiklarin yeniden degerlendirilmesi ve ekonomiye kazandirilmasi
konusundaki caligmalar ilgi ¢ekmektedir. Bu noktadan hareketle, bu ¢alismada, mobilya
fabrikalarinda olusan atik orta yogunluklu lif levha (MDF) tozunun dolgu maddesi olarak
odun-plastik kompozit malzemelerin Uretiminde kullanilabilirligi arastirilmistir. Calismada,
geri doniistiriilmiis algak yogunluklu polietilen (G-AYPE) ile yeni yiiksek yogunluklu
polietilen (Y-YYPE) karisimma %10, %25 ve %40 oranlarinda MDF tozu eklenerek odun
plastik kompozit plakalar basarili sekilde iiretilmistir. G-AYPE ile Y-YYPE polimerlerin
karigimi1 extruder makinesinde homojen bir sekilde yapilmistir. Elde edilen kompozitlerin bazi
fiziksel ve mekanik 6zellikleri arastirilmustir. Elde edilen verilere gore; kompozit igerisindeki
dolgu maddesi orani arttikga, egilme direnci, egilmede deformasyon, ¢ekme direnci, kopmada
uzama, kaliplama daralmasi ve dogrusal termal genlesme katsayis1 azalmistir. Ancak, bunun
aksine yogunluk, egilmede elastikiyet ve cekmede elastikiyet artmistir.

Anahtar kelimeler: OPK, Mekanik 6zellikler, MDF tozu, Mobilya fabrikasi atiklar1

Effect of waste MDF powder on some physical and mechanical properties
of blend of low density polyethylene and high density polyethylene

ABSTRACT: Scientific studies on the use of industrial waste in the production of wood-
plastic composites (WPCs) have increased in recent years. The increased emphasis placed on
recycling in some countries has increased this interest. Studies on the reuse and economic
recovery of industrial waste, particularly within the scope of the zero waste project launched
in Turkey, are attracting significant interest. Based on this perspective, this study investigated
the utilization of waste Medium Density Fiberboard (MDF) dust generated in furniture
factories as a filler in the production of wood-plastic composite materials. In the study, wood-
plastic composite panels were successfully produced by adding 10%, 25%, and 40% MDF
dust to a blend of recycled low-density polyethylene (R-LDPE) and virgin high-density
polyethylene (V-HDPE). The blend of R-LDPE and V-HDPE polymers was made
homogeneously in the extruder machine. Some physical and mechanical properties of the
resulting composites were investigated. According to the obtained data, as the amount of filler
in the composite increased, the flexural strength, deformation at bending, tensile strength,
elongation at break, molding shrinkage, and coefficient of linear thermal expansion decreased.
However, on the contrary, density, flexural modulus and tensile modulus increased.

Keywords: WPC, Mechanical properties, MDF dust, Furniture factory waste
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1 Giris

OPK iiretiminde atikk bazi malzemelerin dolgu maddesi olarak kullanilmas: geri
doniisiimiin amacina hizmet eden 6nemli bir konudur. Ozellikle, OPK iiretiminde kullanilan
matris, geri doniisiimden elde edilen bir matris ise, bu durum geri doniisiim amaglar1 i¢in son
derece 6nemlidir. Geri doniisim konusuna, bazi Ulkeler daha fazla dnem vermekte, atik
malzemelerin geri doniistiiriilmesi konusuna hem 6zel sektor ilgi gostermekte hem de bilimsel
arastrma faaliyetleri bu yonde artis gostermektedir. Ozellikle Tiirkiye’de 2017 yilinda
baslatilan sifir atik projesi kapsaminda, atiklarin yeniden degerlendirilmesi ve ekonomiye
kazandirilmast konusundaki caligmalar ilgi ¢ekmektedir. Ayrica, bu tirden atiklarin geri
doniistiiriilmesi ve yeni triinlerin tretilmesi, siirdiiriilebilir kalkinma hedeflerinde Sorumlu
Tiiketim ve Uretim hedefi altinda tanimlanmaktadir.

Arastirmacilar tarafindan bir¢cok atik malzeme dolgu maddesi olarak OPK {iretiminde
denenmistir. Ornegin; Rosa ve ark., (2009) tarafindan yapilan ¢alismada, bir tarimsal atik
olarak piring kabugu unu dolgulu polipropilen (PP) esasli odun plastik kompozit malzemeler
iretilmis ve bazi Ozellikleri test edilmistir. Tufan ve ark., (2015) tarafindan yapilan
calismada atik kagit bardaklar dolgu maddesi olarak kullanilmis ve YYPE ve PP esasli odun
plastik kompozitler iiretilmis ve baz1 6zellikleri arastirilmistir. Sadik ve ark., (2021) geri
dontstiiriilmiis YYPE ve atik cam unu kullanarak kompozitler {iretmis ve iiretilen
kompozitlerin mekanik o6zelliklerini incelemistir. Bhaskar ve ark., (2021) atik cam unu
takviyeli polimer kompozitin bazi mekanik 6zelliklerini arastirmustir. Kuzmin ve ark., (2024)
tarafindan arpa sap1 ve arag¢ lastiklerinden elde edilen atik kaucuk ile YYPE esasli kopozit
malzeme tiretmis ve bazi segili 6zellikleri arastirilmistir.  Ayrilmis ve ark., (2025) tarafindan
attk cam unu ve arpa samani takviyeli YYPE kompozitler iiretilmis ve bazi 6zellikleri
arastirtlmistir. Tasdemir (2020) atik 6giitiilmiis tireformaldehit tozunu dolgu maddesi olarak
YYPE ile beraber kompozit iiretiminde kullanmistir. Bal (2023a) atik ceviz kabugu unu ve
odun unu ile doldurulmus YYPE kompozitlerin bazi1 6zellikleri arastrmustir. Avella ve ark.,
(2009) atik aseptik karton kutu (Telra Pak) ile doldurulmus YYPE esasli kompozit levhalarin
bazi 6zelliklerini arastirmistir. Ebadi ve ark., (2016 ve 2017) atik aseptik karton kutu ile
doldurulmus polietilen esasli kompozit levhalarin bazi teknolojik 6zelliklerini belirlemistir.
Mohareb ve ark., (2017) ve Hamouda ve ark., (2019) atik aseptik karton kutu kullanilarak
iiretilen kompozitlerin bazi mekanik o6zelliklerini ve ¢iirlime direncini arastirmistir. Bal
(2023b) geri donistiiriilmiis polietilen kullanilan, atik cam unu ve odun unu ile doldurulan
kompozitlerin bazt mekanik o6zelliklerini belirlemistir. Bal ve Narlioglu (2024) geri
dontstiiriilmiis PP ve atik aseptik karton kutu ile kompozit malzeme tliretmis ve bazi segili
teknolojik 6zelliklerini belirlemislerdir.

Bu yapilan caligmalarin yayinda, mobilya fabrikalarinda iiretim esnasinda olusan atik MDF
tozunun OPK {iretiminde dolgu maddesi olarak kullanildig1 bazi ¢aligmalarda yapilmustir.
Ornegin; Chavooshi ve Madhoushi (2013) farkl1 seviyelerdeki MDF tozu ve aliminyum tozu
ile kompozit malzeme iiretmisler ve bu kompozitlerin fiziksel ve mekanik o6zelliklerini
arastrmiglardir. Altuntas ve ark., (2016) tarafindan AYPE ile MDF tozu ile beraber kompozit
iiretilmis ve Bor bilesiklerinin kullaniminin kompozitin yangina karst dayanimi arastirilmistir.
Altuntas ve ark., (2017a) tarafindan, PP ve atikk MDF tozu ile {iiretilmis OPK {iizerinde farkli
yangin geciktirici bilesiklerin ve ¢inko boratin sinerjik etkileri arastirilmistir. Altuntas ve
ark., (2017b), yuksek oranda (%40-70) odun lifi dolgu maddesi kullanimmnin odun plastik
kompozit malzemenin mekanik O6zellikleri iizerine etkisinin arastirmislardir. Bir baska
calismada Chavooshi ve ark., (2014) tarafindan, attk MDF tozu ve PP ile iiretilen
kompozitlerin baz1 6zellikleri iizerine, malzeme karigtrma yonteminin ve dolgu maddesi
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iceriginin etkisi arastirilmistir. Ozmen ve ark., (2014) tarafindan, PP ve %10 ile %50 arasinda
atik MDF tozu kullanilarak kompozitler iiretilmis ve odun unu ile doldurulmus test drnekleri
karsilastirilmistir. Bir baska calismada ise, Giiler ve Dogan (2022) MDF fabrikalarinda,
zimparalama bolimiinde olusan MDF tozu atiklarnin, MDF {iretiminde kullanimini
arastrmiglar ve bu atiklarinin MDF iiretiminde degerlendirilmesinin miimkiin oldugunu
bildirmislerdir.

Yapilan oOnceki g¢alismalarda, G-AYPE ve Y-YYPE karigimi ile diretilen kompozitin
Ozellikleri arastirilmis ancak, bu karisimin bazi 6zellikleri Gzerine MDF tozunun etkisi
arastirilmamistir. Bu noktadan hareketle, bu calismanin amaci; G-AYPE ve Y-YYPE
karisgiminin secili 6zelliklerini ve ayrica MDF tozunun dolgu maddesi olarak bu karigimin
baz1 6zellikleri lizerine etkisini arastirmaktir.

2 Materyal ve Metot
2.1 Materyal

Bu calismada polimer matris olarak, geri doniisimden elde edilmis algak yogunluklu
polietilen (G-AYPE) kullanilmistir. G-AYPE 6zel bir isletme olan Vepsan plastik San. ve Tic.
LTD firmasindan satin alma yolu ile elde edilmistir. Calismada kullanilan yeni yiiksek
yogunluklu polietilen (Y-YYPE) ise PETKIM firmasinmn iiriiniidiir.

Calismada kullanilan MDF tozu mobilya {iretimi yapilan bir is yerinden temin edilmistir.
MDF tozu once 40 mesh elekten elenmis ve elek altina gecen tiim partikiiller kullanilmistir.
Odun-plastik kompozit malzeme Uretilirken icerisine baska bir malzeme eklenmemistir.

Odun plastik kompozit levhalar tretilirken 6 farkli grup olusturulmustur. Sadece G-AYPE
kullanilan grup, sadece Y-YYPE kullanilan grup, bu iki polimerin %50 oraninda karigimi olan
grup ve MDF tozu orani agirlik hesabma gore %10, %25 ve %40 dolgu maddesi olarak
katilan gruplar olmak itizere 6 grup olusturulmustur (Tablo 1). Bu ¢alismada, G-AYPE’nin
cogu kullanim alani i¢in diisiik mekanik performansa sahip olmasi nedeniyle Y-YYPE
karisima giiclendirmek i¢in eklenmistir.

MDF tozu ise, endiistriyel bir atik olmasi nedeniyle, OPK iiretiminde kullanilabilirligi
arastirilmistir. 40 mesh altindaki tiim partikiillerin kullanilmasinin nedeni ise, bu atik
malzemenin biiylik bir b6 limiiniin kullanilmasiin amaglanmasidir.

Tablo 1. Kompozitlerin karigim oranlar1 (%)

Gruplar
icerik 1 2 3 4 5 6
G-AYPE (%) 100 0 50 45 37.5 30
T-YYPE (%) 0 100 50 45 37.5 30
MDF tozu (%) 0 0 0 10 25 40

2.2 Kompozitlerin tretilmesi

MDF tozu ile polimer, bir kapta karistirildi ve daha sonra, karisim namlu sicakligi 165, 175
ve 190 °C sicakliklardaki tek vidali ekstruder ile karistirildi. Karisim, ekstruder ¢ikisindaki 3
mm ¢apli bir nozuldan iplik halinde alind1 ve bir masa lizerinde sogumaya birakildi. Daha
sonra, bu malzeme kesildi ve kiigiik peletler elde edildi. Homojen bir karigim elde etmek igin,
malzeme ekstruderde iki kez islendi. Daha sonra, bu peletler tekrar ekstruderden gegcirildi,
masa lizerinde tekrar sogutuldu ve tekrar kirilarak kiigiik peletler elde edildi. Bu peletler metal
bir kaliba birakildi ve kalipla beraber 180°C sicakliktaki elektrikle 1sitilan bir sicak prese
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yerlestirildi. Yapismay1 6nlemek i¢in yapigsmaz pisirme kagidi kullanildi. Peletler 5 ton basing
altinda ve 12 dakikalik bir siire boyunca 1sitild1 ve eritildi. Bu siirenin sonunda erimis karisim
metal kalipla birlikte sicak presten alinarak hemen soguk prese yerlestirildi. Soguk preste 5
dakika boyunca toplam 10 ton basing uygulandi ve bu sekilde sogutuldu. Kompozit plakalarin
iretiminde ASTM D4703 numarali standartta belirtilen usullere uyuldu ve bu standartta
belirtilen Tip 2’de agiklanan kalip sistemi (Flash-Type Mold) kullanild:.

Soguk presleme isleminden sonra kompozit levha metal kaliptan ¢ikarildi ve yaklagik
olarak 3.5x175x175 mm (kalinlik X genislik x uzunluk) 6lgtlerinde kompozit levha elde
edildi. Her grup icin 5 adet kompozit levha Uretildi. Bu ¢alisma igin toplam 30 adet levha
gretildi (Sekil 1). Bu levhalardan deney numuneleri hazirlandi. Egilme deneyi igin her
levhadan 3 adet deney numunesi kesildi. Cekme deneyi igin ise her levhadan 2 adet deney
numunesi hazirlandi. Deney numuneleri laboratuvar tipi serit testere kullanilarak kesildi.
Cekme deneyi i¢in hazirlanan her bir deney numunesinin kenarlari CNC freze ile
sekillendirildi. Test 6rnekleri hazirlandiktan sonra oda sartlarinda 2 hafta bekletildi ve sonra
testleri yapildi.

1 2 3

4 5 6

Sekil 1. Uretilen kompozit levhalarin goriintist

2.3 Metot
2.3.1 Yogunluk, kaliplama daralmasi ve dogrusal 1s1l genlesme katsayisi

Uretilen kompozit malzemelerin yogunluk degerleri, ASTM 792 da belirtilen sekilde
yapilmistir. Test Orneklerinin normal sartlarda Olgllen agirhigi, suda Olglilen hacmine
boliinerek yogunluklar hesaplanmistir. Yogunluk hesabi asagidaki formiille (1) yapilmistir.

d= MV (1)

Burada: d: yogunluk (g/cm®), M: test 6rneginin agirhgi (g), V: test drneginin sudaki hacmi
(cm?®)

Kaliplama daralmasi, kompozit plakalar iiretilirken kullanilan kalibin i¢ dl¢tileri ile tiretilen
kompozit plakanin genislik 6l¢iisiine oranlanmasi ile asagidaki formiil (2) ile hesaplanmistir.

Bk = ((Gk- Gp) / Gk ) x 100 (2)

Burada: Bk: kaliplama daralmasi (%), Gk: kalip i¢ genisligi (mm), Gp: plaka dis genisligi (mm)

Dogrusal 1s1l genlesme katsayisinin (o) belirlenmesi igin, dncelikle test 6rnekleri -12+2
°C ye kadar buzlukta sogutulmustur. Test Ornekleri buzluktan tek tek c¢ikarilarak soguk
haldeki uzunluk olcileri hemen alinmistir. Daha sonra, test drnekleri +60 °C ye kadar
kurutma firminda isitilmis ve firindan tek tek cikarilarak sicak haldeki 6lgiileri hemen
alinmigtir. Isitma sonucunda uzunlugunda meydana gelen artis miktar: ile oL hesaplanmigtur.
oL, malzemenin sicakliginin 1°C artmas: ile boyutunda meydan gelen uzama miktarimi
gosteren bir katsayidir. ar asagidaki formiille (3) hesaplanmigtir.

oL = d|_/( L1 X dt) (OC_l) (3)

Burada; d. sicaklik ile meydana gelen uzama miktar1 (mm), d: sicaklik farki (°C), L; ise ilk
uzunluktur (mm). o degeri ¢ok kiigiik oldugu igin “x10™” seklinde gdsterilmistir.
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2.3.2 Mekanik ozelliklerin belirlenmesi

Kompozit malzemelerin egilme direnci testleri ASTM D 790 ve ¢ekme direnci testleri
ASTM D638’e gore yapilmistir. Mekanik testler, 1 ton kapasiteli, elektromekanik prensiple
caligan Universal test makinesinde yapilmistir (Sekil 2).

Egilme direnci testinde, her grup igin 15 test drnegi lizerinde olglim yapilmistir. Egilme
direnci testinde, 6n yiik 5 N, mesnet agikligi 56 mm, test hiz1 2 mm/dk, test sonu ise Olculen
maksimum kuvvetin %75’i olarak ayarlanmistir. Egilme direnci testi esnasinda elde edilen
yiik ve yer degistirme verileri ile yiik-deformasyon grafikleri olusturulmustur. Egilme direnci
testinde, test sonundaki maksimum deformasyon degeri, egilmede deformasyon olarak
kaydedilmis ve cizelgelerde gosterilmistir. Egilme testi esnasinda elastikiyet modiilii degerleri
de hesaplanarak ilgili ¢izelgede verilmistir.

Cekme testi her grupta 10 test 6rnegi lizerinde yapilmistir. Cekme testi esnasinda 6n yiik 5
N ve test hiz1 2 mm/dk olarak ayarlanmistir. Cekme testi esnasinda elde edilen mukavemet ve
yuzde uzama verileri ile mukavemet-uzama grafikleri elde edilmistir. Cekme testi sonunda
kopmada uzama degerleri kaydedilmis ve ilgili ¢izelgede gosterilmistir. Cekme testi
esnasinda elastikiyet modiilii degerleri de hesaplanarak cizelgelerde verilmistir.

Sekil 2. Egilme testleri (A) ve ¢ekme testlerinin yapilmasi (B)

2.3.3 Istatistik hesaplarinin yapilmasi

Testler sonunda elde edilen veriler excel programina kaydedilmis ve gruplar arasinda fark
olup olmadig1 SPSS programinda One-Way ANOVA testi ile belirlenmistir. Gruplar arasinda
istatistiksel bir fark belirlenen gruplar igin Duncan testi ile birbirlerinden farklilik gésteren
gruplar belirlenmistir. Elde edilen istatistik sonuglar1 ¢izelgelerde verilmistir.

3  Bulgular ve Tartisma

Yogunluk testine ait bulgular, gruplar arasinda fark olup olmadigini gésteren ANOVA testi
sonuclar1 ve hangi gruplarin birbirlerinden farkli oldugunu goésteren Duncan testi sonuglar1
Tablo 2°de verilmistir. Tabloda verilen yogunluk degerleri incelendiginde en diisiik yogunluk
grup 1’de 920 kg/m® (%100 G-AYPE igeren grup) ve en yiiksek ise grup 6°da (%30 G-AYPE
+ %30 Y-YYPE + %40 MDF tozu igeren grup) 1059 kg/m® olarak Olgiilmiistiir. Gruplar
arasindaki yogunluk farkliliklar: istatistiksel olarak 6nemlidir (P<0.001) ve ayrica Duncan
testine gore tiim gruplarin yogunluklar1 birbirlerinden farklidir. Grup 3, grup 1 ile grup 2’nin
karigimi ile olusturulan gruptur ve bu iki grubun yogunluk degerlerinin ortalamasina gok
yakin yogunluk degeri &lgiilmiistiir (935 kg/m®). Bu durum aslinda, grup 3’de polimer
malzemenin homojen sekilde karistigin1 gostermektedir. Yapilan onceki ¢aligmalarda da, G-
AYPE ve Y-YYPE polimerlerin karigiminin, yogunluk olarak ortalama bir deger verdigi rapor
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edilmistir (Akdogan 2020). Ayrica, MDF tozu dolgu orani artikga yogunluk degeri de
artmigtir. Bunun en Onemli nedeni, MDF tozunu olusturan odun hiicre ¢eperinin
yogunlugunun (yaklasik 1500 kg/m®) polimerin yogunlugundan daha yiiksek olmasidir.
Yiiksek pres basmci ile odun hiicrelerindeki bosluklar kapanmakta ve hiicre c¢eperi
yogunluguna yakim bir yogunluk olusmaktadir. Sunulan bu ¢alismada elde edilen yogunluk
degerleri ile ilgili sonuclara benzer sonuclar, mobilya fabrikasi atiklarmin dolgu maddesi
olarak kullanildig1 bir ¢alisma ile benzerdir (Mengeloglu ve ark. 2015). Ancak, yapilan bir
baska ¢aligmada ise MDF tozu orani arttik¢a, yogunlugun azaldigi rapor edilmistir. MDF tozu
oran1 %40 iken kompozit yogunlugu 840 kg/m® ve %50 iken 830 kg/m? olarak Slgiilmiistiir
(Chavooshi ve Madhoushi, 2013). Ancak, bu farkli sonu¢ elde edilen ¢alismada kompozit
malzeme extruder kullanilmadan iretilmistir. Ayrica, bu c¢alismada aliiminyum tozu diger
dolgu maddesi olarak ve MAPP kullanilmistir. Bu nedenle, kompozitin bilesenlerinin
yeterince karigsmadigi ve igerisinde fazlaca mikro bosluklarin kaldig1 aciktir. Bu durumun bir
diger agiklamasi ise; odun plastik kompozitler konusunda yapilan 6nceki galismalarda da
dolgu maddesinin miktar1 arttikga kompozit malzemenin yogunlugunun arttig1 yoniinde
bildirilen ¢aligmalardir (Matuana and Stark 2015; Cavus 2020; Bal 2023b, Bal ve ark., 2023).

Tablo 2. Yogunluk testine ait bulgular, ANOVA 6nem diizeyi ve Duncan testi sonuglari

Gruplar
Yogunluk .
(kg/m?) 1 2 3 4 5 6 P degeri
X 920 A 952 B 935C 964 D 1010 E 1059 F
i P<0.001
SS 3.0 4.0 25 3.2 5.6 6.9

X: aritmetik ortalama, ss: standart sapma, *Duncan testi sonuglar1 biiyiik harfle gosterilmis ve kiigiikten biiytige dogru siralanmustir.

Kaliplama daralmasi testlerine ait bulgular, ANOVA testi 6nem diizeyi ve Duncan testi
sonuglar1 Tablo 3’de verilmistir. En kii¢iik kaliplama daralmasi grup 6’da %1.37 ve blylk
kaliplama daralmasi ise grup 1’de %3.49 olarak olgiilmiistiir. Kaliplama daralmasi kompozit
icerigindeki dolgu maddesi miktar1 arttikga azalmistir. Grup 1, 2 ve 3 arasinda (dolgu maddesi
kullanilmayan gruplar) istatistiksel olarak bir farklilik yoktur, ancak, dolgu maddesi
kullanilan gruplarla ve grup 4 ve 5 ile grup 6 arasinda 6nemli farklilik vardir. Sonuglar genel
olarak degerlendirildiginde dolgu maddesi miktar1 arttik¢a kaliplama daralmasi azalmistir. Bu
konuda yapilan 6nceki ¢alismalarda da benzer sonuglar rapor edilmistir. Yazicioglu ve Borat
(2018) tarafindan, plastik polimerlere dolgu ya da takviye malzemesi eklenmesinin kaliplama
daralmasini azalttigini bildirmistir. Stark ve Berger (1997) kaliplama daralmasinm, dolgu
maddesi miktarinin artmastyla azaldigini rapor etmistir. Yaptigi ¢alismada kullandigi 4 farkl
odun unu dolgu maddesi icin, dolgu maddesi igerigindeki her %10'luk artisda genel olarak
%1,3 oraninda kaliplama daralmasinin azaldigini bildirmistir. Ancak, bu ¢alismada polimer
matris PP’dir. Sunulan ¢alismada ise PE kullanilmistir. PE malzemenin PP malzemeye goére
kaliplama daralmasi daha fazladir. Revilla-Diaz (2007) tarafindan yapilan calismada da
benzer sonuglar rapor edilmistir.

Tablo 3. Kaliplama daralmasi bulgulari (%), ANOVA 6nem diizeyi ve Duncan testi sonuglari

Gruplar
(%) 1 2 3 4 5 6 P degeri
X 349C 3.15C 3.27C 2.22B 2.05B 1.37A P<0.001
SS 0.23 0.46 0.35 0.17 0.11 0.18

x: aritmetik ortalama, ss: standart sapma, *Duncan testi sonuglar1 biiyiik harfle gosterilmis ve kiigiikten biiytige dogru siralanmustir.
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Dogrusal 1s1l genlesme katsayist verileri, ANOVA testi ve Duncan testi sonuglar1 Tablo
4’de verilmistir. Tablo 4 incelendiginde, 1s1l genlesme katsayis1 en biyiik grup 1°de 15.0x107
ve Kkiigiik grup 6’da 8.1x107 §lciilmiistiir. Diger gruplarm 1s1l genlesme katsayilari bu degerler
arasinda yer almistir. Gruplar arasinda fark olup olmadigit ANOVA testi ile belirlenmis ve
gruplar arasindaki farkin istatistiksel olarak 6nemli oldugu goriilmiistiir. Yapilan Duncan testi
ile birbirlerinden farklilik gosteren gruplar belirlenmistir. Buna gore, grup 2, grup 4 ve grup 5
arasinda fark vardir ancak istatistiksel olarak 6nemli degildir. Grup 3’de dlgiilen deger grup 1
ile grup 2’nin yaklasik olarak ortalamasi kadardir. Grup 3 bu haliyle genel kompozit kuralina
uygundur. Dogrusal 1s1l genlesme katsayisi, bir malzemenin sicakliga bagl olarak genlesme
oranin1 belirlemek i¢in kullamilir. Uygulamada, malzeme veya yapi tasariminda, 1s1l
genlesmeden kaynakli bir hasarin olusup olusmayacagin1i 6ncesinde belirlemek igin
kullanilabilir bir parametredir. Bazi polimerlerin 1s1l genlesme katsayis1 lizerine yapilan
onceki caligmalarda benzer sonuglar elde edilmistir. Mussa ve Salih (2021) tarafindan yapilan
calismada, YYPE ve PP polimer ve odun unu ile iiretilen kompozit malzemenin 1s1l genlesme
katsayis1 dolgu maddesi miktarmin artmasi ile azalmistir. Huang ve ark. (2012) tarafindan
yapilan ¢alismada da benzer sonuclar rapor edilmistir.

Tablo 4. Isil genlesme bulgulari, ANOVA 6nem diizeyi ve Duncan testi sonuglari

Gruplar
x10°°C1 1 2 3 4 5 6 P degeri
X 150D 11.1B 135C 11.3B 109B 8.1A P<0.001
SS 0.9 1.3 1.3 1.6 1.9 1.1

X: aritmetik ortalama, ss: standart sapma, *Duncan testi sonuglar1 bityiik harfle gosterilmis ve kiigiikten biiytige dogru siralanmustir.

Egilme direnci testine ait bulgular, ANOVA testi 6nem diizeyi ve Duncan ¢oklu ayrim
testine ait sonuclar Tablo 5°de verilmistir. Tablo incelendiginde, en kii¢iik egilme direnci
degerinin grup 1°de 6l¢iildiigii (14.0 N/mm?), en biyiik degerin ise grup 2’de 6l¢iildiigii (36.4
N/mm?), diger gruplarin bu degerler arasinda siralandig1 goriilebilir. Ayrica, grup 1 ile grup
2’nin karisimi olan grup 3’de bu 2 grubun ortalamasina yakin bir deger (25.1 N/mm?)
Olciilmiistiir. Gruplar arasindaki farkliliklar istatistiksel olarak onemlidir (P<0.001). Yapilan
Duncan testi sonuglarina gore, sadece grup 3 ile grup 4 benzerdir. Diger tiim gruplar
istatistiksel olarak birbirlerinden farkhidir. Ayrica, Kompozit malzeme igerisindeki MDF tozu
dolgu maddesi miktar1 arttikca egilme direnci degeri azalmistir. MDF tozu kullanilan gruplara
gore kullanilmayan kontrol grubu grup 3’diir. Bu kontrol grubuna gére, MDF tozu kullanilan
deney gruplarmin (grup 5 ve grup 6) egilme direnci 6nemli derecede azalmistir. Grup 6’nin
egilme direnci, kontrol grubuna (grup 3) gore yaklasik olarak %20 oraninda azalmistir.
Egilme direnci degeri, kompozit malzemenin icerisine katilan dolgu maddesi miktar1 arttikca
azalmaktadir. Bu konuda yapilan ¢ogu onceki ¢alismada da MDF tozu oranmnin artmasi ile
kompozit malzemenin egilme direncinin azaldigi bildirilmistir (Chavooshi ve Madhoushi
2013; Chavooshi ve ark., 2014 ). Ancak, bazi ¢alismalarda ise, MDF tozu oraninin artmasi ile
kompozit malzemenin egilme direncinin arttig1 bildirilmistir (Ozmen ve ark., 2014;
Mengeloglu ve ark., 2015). Bunun yaninda, genel olarak, odun-plastik kompozit
malzemelerin {iretiminde kullanilan lifsel yapidaki veya tanecik yapidaki dolgu maddeleri
genel olarak kompozitin egilme direncini azaltmaktadir (Matuana ve Stark 2015; Altuntas ve
ark., 2017b; Cavus 2020; Bal 2023a,b).

Egilmede elastikiyet modiilii degerleri, ANOVA testi ve Duncan testi sonuglar1 Tablo 5’de
verilmistir. Bu tablo incelendiginde, en kiiciik elastikiyet modiilii grup 1°de (257 N/mm?) en
yiiksek ise grup 2’de (1028 N/mm?) dlciilmiistiir. Diger gruplarm elastikiyet modiilii degerleri
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bu aralikta swralanmistir. Gruplar arasindaki farkliliklar istatistiksel olarak Onemlidir
(P<0.001). Duncan testi sonuglarima gore, tim gruplarin elastikiyet modiilii degerleri
birbirlerinden farklidir. Elastikiyet moduli degeri, kompozit igerisindeki dolgu maddesi
yiizdesi arttikga artmistir. Bu durum genel kompozit kuralina gére beklenen bir sonugtur.
Kompozit malzemenin 0zellikleri, kompoziti olusturan bilesenlere benzerlik gosterir. MDF
tozunun genel olarak yogunlugu ve elastikiyet modiili degeri PE malzemeye gore daha
yiiksek oldugu i¢in kompozit malzemenin elastikiyet modiilii degeri daha yliksektir. Bu
konuda yapilan 6nceki ¢aligmalarda da kompozit malzemenin elastikiyet modiilii degeri ile
ilgili benzer sonuclar rapor edilmistir (Chavooshi ve Madhoushi 2013; Chavooshi ve ark.,
2014; Ozmen 2014; Mengeloglu ve ark., 2015; Altuntas ve ark., 2017a,b; Bal 2023a,b).

Egilme direnci testi sonunda elde edilen, Egilmede deformasyon degerleri, ANOVA testi
ve Duncan testi sonuglar1 Tablo 5’de verilmistir. Bu tablo incelendiginde, En kii¢iik egilmede
deformasyon degeri grup 6’da ve en biiylik deger ise grup 3’de elde edilmistir. ANOVA testi
sonuglarma gore, gruplar arasinda fark vardir. Ancak, Duncan testi sonuglarma gore, grup 1,
grup 2 ve grup 4 arasinda 6nemli bir fark yoktur. Egilmede deformasyon degeri, egilme yiikii
altinda malzemenin kirilmadan veya maksimum yiikiin altinda tanimlanan bir yiike kadar
kirllmadan dayanabildigi deformasyon degerini gostermektedir. Sunulan bu ¢alismada, egilme
direnci testi sonu, kirilma veya maksimum yiikiin %75 1 olarak tanimlanmustir. Test 6rnekleri
kirilmamis ve yik degeri, maksimum yiikiin %75ine kadar azalma gosterdiginde test
tamamlanmistir. Elde edilene bulgulara gore, genel olarak, kompozit igerisindeki dolgu
maddesi arttikga egilmede deformasyon degeri azalmistir. Yapilan onceki calismalarda,
egilmede deformasyon degeri, cogu calismada bildirilmemistir. Ancak, bildirilen ¢aligmalarda
da benzer sonuclar rapor edilmistir (Fiore ve ark., 2014; Bal 2023a; Bal ve ark., 2023)

Tablo 5. Egilme testi bulgulari, ANOVA 6nem diizeyi ve Duncan testi sonuglar1

Gruplar
1 2 3 4 5 6 P degeri
Egilme Direnci X 140A 364E 251D 245D 234C 202B  P<0.001
2
N/mm ss 1.0 15 0.3 0.6 10 07
Egilmede Elastikiyet X 257 A 1028F  578B 650C 853D 985E P<0.001
2
N/mm ss  17.9 63.7 12.7 28.9 444 778
Egilmede X 199CD 194CD 203D 200CD 186B 153A P<0.001
Deformasyon
mm S 07 0.2 0.3 0.3 1.0 2.1

x: aritmetik ortalama, ss: standart sapma, *Duncan testi sonuglar1 bityiik harfle gosterilmis ve kiiiikten biiyiige dogru siralanmustir.

Cekme testine ait veriler, ANOVA 6nem dlzeyi degerleri ve Duncan testi sonuglar1 Tablo
6’de sunulmustur. Sunulan bu veriler incelendiginde, en kii¢iik ¢cekme direnci degeri grup
6°da (7.1 N/mm?) ve en biiyiik ¢ekme direnci grup 2’de (22.0 N/mm?) $l¢iilmiistiir. Cekme
direnci gruplar arasindaki farklar istatistiksel olarak Gnemlidir (P<0.001). Duncan testi
sonuglarina gore tiim gruplar birbirinden farklilik gostermistir. Grup 3, grup 1 ile grup 2’nin
ortalamasma yakin bir cekme direnci gostermistir. Ayrica, MDF tozu ile doldurulan gruplarin
cekme direnci kompozit iiretiminde kullanilan MDF tozu miktar1 arttikca azalmistir. MDF
tozu kullanim1 %40 olan grup 6’nin ¢ekme direnci kontrol grubunun (grup 3) ¢ekme direncine
kiyasla yaklasik olarak %53 azalma gostermistir. Bu konuda yapilan 6nceki ¢aligmalarda da
benzer sekilde dolgu miktarmin artmasi ile ¢cekme direnci azalmistir (Rosa ve ark., 2009;
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Chavooshi ve Madhoushi 2013; Chavooshi ve ark., 2014; Mengeloglu ve ark., 2015; Cavus
2020; Bal 2023a,b; Bal ve ark., 2023) OPK iiretiminde kullanilan dolgu maddesinin, ¢ekme
direncini bu sekilde azaltmasmin nedeni, kompozit i¢erisindeki dolgu maddesinin polimerik
malzemenin 6zelligini degistirmesidir. Matuana ve Stark (2015)’a gore, polimerik matrislere
odun unu dolgu maddesi eklenmesi, OPK malzemesini polimerik malzemeye gore daha
kirilgan hale getirerek matrisin siinek davranigsini azaltmaktadir. Bu nedenle, cekme direnci,
dolgu maddesi eklenmeyen polimerik matrise kiyasla azalmaktadir. Ayrica, Bouafif (2009)’a
gore; farkli dolgu maddelerinin lif morfolojilerindeki, kimyasal igeriklerindeki,
yogunluklardaki, seliiloz-lignin igeriklerindeki ve en-boy oranlarindaki farkliliklar,
lignoselllozik-polimer kompozitlerdeki farkli gliglendirme etkisinin nedenidir.

Tablo 6. Cekme testi bulgulari, ANOVA 6nem diizeyi ve Duncan testi sonuglari

Gruplar
1 2 3 4 5 6 P degeri

Cekme Direnci X 106C 220F 151E 128D 91B 7.1A  P<0.001
N/mm? ss 1.2 1.1 0.3 04 09 05

Cekmede elastikiyet X 224 A 400C 264AB 278B 448D 484D P<0.001
N/mm? ss 49 31 17 25 78 42

Kopmada uzama X 190.1B 19.1A 215A 130A 46A 31A  P<0.001
% ss  169.3 1.9 1.3 1.8 08 05

X: aritmetik ortalama, ss: standart sapma, *Duncan testi sonuglar1 bityiik harfle gosterilmis ve kiigiikten biiytige dogru siralanmustir.

Cekmede elastikiyet modiline ait veriler, ANOVA 6nem diizeyi degerleri ve Duncan testi
sonuglart Tablo 6’da sunulmustur. Bu veriler incelendiginde, genel olarak c¢ekme direnci
verilerinin aksine bazi veriler elde edildigi goriilebilir. En blylk cekmede elastikiyet degeri
grup 6’da (484 N/mm?) ve en kiigik grup 1’de (224 N/mm?)  elde edilmistir. Deney
gruplarinin elastikiyet degerleri, kontrol grubuna gore, dolgu maddesi igerigi arttikga artig
gostermistir. Gruplar arasindaki farkliliklar istatistiksel olarak 6nemlidir. Ancak, grup 5 ile
grup 6 arasindaki fark énemli degildir. Bu konuda yapilan 6nceki ¢caligmalarda da, ¢ekmede
elastikiyet sonuclar1 hakkida benzer sonuclar bildirilmistir (Rosa ve ark., 2009; Ozmen ve
ark., 2014; Mengeloglu ve ark., 2015; Cavus 2020; Bal 2023a,b; Birinci ve Kaymak¢1 2023;
Bal ve ark., 2023). Cekme direnci ve egilme direncinin dolgu maddesi miktarmin artmasi ile
azalmasi ve egilmede ve ¢ekmede elastikiyetin dolgu maddesi miktariin artmasi ile artmasi
aslinda bir ¢eliski olarak diistiniilebilir. Clinkii hem direnc¢ ve hem de elastikiyet mekanik bir
Ozelliktir. Ancak, direng ile elastikiyetin genel tanimi bu ¢eliskiyi agiklamaktadir. Direng,
kompozit malzemenin kuvvet uygulandiginda bir arada kalma yetenegidir. Elastikiyet ise, bir
malzemenin uygulanan kuvvete, karsi koyma yetenegidir. Bu nedenle, her ikisi de mekanik
bir 6zellik olsa bile, gosterdikleri yetenek farklidir.

Cekme testi esnasinda elde edilen kopmada uzama verileri, ANOVA 0Onem duzeyi
degerleri ve Duncan testi sonuglart Tablo 6’da sunulmustur. Bu verilere gore; en yuksek
kopmada uzama yiizdesi grup 1’de ve en kiigiik grup 6’da olgiilmiistiir ve sadece grup 1 ile
diger gruplar arasindaki fark onemlidir. Diger gruplar arasinda fark vardir ancak farklar
istatistiksel olarak 6nemsizdir. MDF tozu eklenen gruplarin kopmada uzama degerleri dolgu
maddesi yiizdesi arttikca azalmistir. Yapilan Onceki calismalarda benzer sonuglar rapor
edilmistir (Rosa ve ark., 2009; Mengeloglu ve ark., 2015; Tasdemir 2020; Cavus 2020; Bal
2023a,b; Bal ve ark., 2023).
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4 Sonuclar

Bu g¢alismada, G-DYPE ve Y-YYPE karisiminin bazi 6zellikleri tizerine dolgu maddesi
olarak kullanilan MDF tozunun etkisi arastrilmigtir. Bunun ig¢in, G-DYPE, Y-YYPE ve
farkli oranlarda MDF tozu extruder de karistirilmis ve diiz presleme yéntemi ile PE esash
odun plastik kompozit levhalar tiretilmistir. Elde edilen kompozit malzemenin baz fiziksel ve
mekanik 6zellikleri belirlenmistir. Elde edilen verilere gore asagidaki sonuclar sdylenebilir;

e (Calisma kapsaminda iiretilen kompozitlerin; yogunluk degerleri, egilme direnci,
¢cekme direnci, kaliplama daralmast ve dogrusal 1sil genlesme katsayisi dolgu
maddesi miktar1 arttik¢a azalmistir. Egilme direnci ve ¢ekme direncinin azalmasi
olumsuz bir sonu¢ ve kaliplama daralmasi ve dogrusal 1sil genlesme katsayisinin
azalmasi ise olumlu bir sonug oldugu sdylenebilir.

o Kompozitlerin egilmede ve ¢cekmede elastikiyet modiilii degerleri, kullanilan dolgu
maddesi miktarinin artmasina paralel olarak, artis gostermistir. Bu durumun olumlu
bir sonug oldugu sdylenebilir.

e Calisma kapsamida %40 seviyesine kadar, MDF tozu kullanilmis ve kompozitler
basarili bir sekilde tiretilmistir. Bu durumun, endiistriyel bir atik olan MDF tozunun
OPK fiiretiminde kullanilabilmesi bakimindan, olumlu bir sonu¢ oldugu séylenebilir.
MDF tozunun odun-plastik kompozit malzemelerde kullanimi, hem ¢evresel hem de
ekonomi agisindan avantaj saglayacaktir.
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3B yazci ile iiretilen mobilya kulplarimin performansinin incelenmesi

Sedanur Seker'*

OZ: Calismada, 3 boyutlu yazici teknolojisi kullanilarak PetG filament ile Gretilen mobilya
kulplarinin mekanik dayanimlar1 arastirilmistir. Gri ve beyaz renk segeneklerinde olmak
iizere, %50 ve %80 i¢ doluluk oranlarina sahip kulp 6rnekleri tiretilmistir. Numuneler, TS
13866 “Mobilya Kulplar1 ve Ayaklar1” standardina uygun olarak test edilmis ve baglanti
yoniune hem paralel hem de dik yonde en az 100 N sabit kuvvet uygulanarak
degerlendirilmistir. Her test, 60 saniyelik siireyle bes kez tekrarlanmis ve sonuglar dayanim
acisindan analiz edilmistir. Elde edilen veriler, doluluk oraninin mekanik dayanim iizerinde
belirleyici bir rol oynadigini géstermektedir. %80 doluluk oranina sahip ornekler, hem paralel
hem de dik yonli yiiklemelerde yiliksek dayanim sergilerken, %50 doluluk oranli kulplarda
ozellikle dik yonde vida baglant1 noktalarinda erken deformasyonlar gozlemlenmistir. Renk
farki agisindan ise beyaz PetG Ornekleri, gri renklilere gore daha ge¢ deformasyona
ugramustir. Ayrica, testler boyunca metal kulplar en yiiksek performansi gostermistir. Bu
caligma, 3B yazici ile iiretilen plastik kulplarin, uygun malzeme ve iiretim parametreleriyle
geleneksel metal kulplara alternatif olabilecegini ortaya koymaktadir.

Anahtar kelimeler: Mobilya kulpu, Katmanli iiretim, Pet-G, 3B yazici

Investigation of the performance of furniture handles produced by 3D
printing

ABSTRACT: In this study, the structural strength of furniture handles produced using 3D
printing technology with PetG filament was investigated. Handle samples were manufactured
in gray and white colors with infill ratios of 50% and 80%. The specimens were tested
according to the TS 13866 “Furniture Handles and Legs” standard, and a constant force of at
least 100 N was applied both parallel and perpendicular to the attachment direction. Each test
was repeated five times for 60 seconds, and the results were analyzed in terms of durability.
The data showed that the infill ratio plays a significant role in the structural strength. Samples
with 80% infill demonstrated high strength under both parallel and perpendicular loads, while
50% infill handles exhibited early deformations at the screw connection points, especially
under perpendicular loading. Regarding color, white PetG samples deformed later compared
to gray ones. Additionally, metal handles showed the highest performance throughout the
tests. This study indicates that plastic handles produced by 3D printing can be a viable
alternative to traditional metal handles when appropriate materials and production parameters
are used.
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1 Giris
Mobilya aksesuarlari, bir mobilya {iriiniiniin tamamlayict ve islevsel unsurlaridir. Siirgiili
ray sistemlerinden menteselere, kulplardan aydinlatma sistemlerine kadar genis bir yelpazeyi

kapsar. 2024 ve 2025 yillar1 itibartyla mobilya aksesuarlari, sadece islevsel degil, ayni
zamanda estetik ve siirdiiriilebilirlik acisindan da degerlendirilmektedir (Ekmekcioglu, 2024).

Mobilya aksesuarlari, mobilyanin genel goriiniimiinii zenginlestiren dekoratif elemanlar
olarak tasarim siirecinde kritik bir rol oynar. Caligmalar, aksesuarlarin mobilyaya 6zgunlik ve
karakter kazandirdigini ve tiiketici tercihlerinde 6nemli etkisi oldugunu gostermektedir (Kaya
ve Ozkan, 2022). Aksesuarlar, mobilyanin kullanimmi kolaylastiran islevsel bilesenlerdir.
Ornegin, menteseler, cekme kollari, raylar ve baglanti elemanlari mobilyalarm agilip
kapanmasini, taginmasini veya pargalarinin sabitlenmesini saglar (Kalaycioglu ve ark., 2017).
Dogru secilmis ve kaliteli aksesuarlar, mobilyanin dayanikliligini artirarak iiriin dmriinii
uzatir. Ayni1 zamanda, siirdiiriilebilir iiretim siire¢lerinde ¢cevre dostu malzemelerden yapilmig
aksesuarlarmn kullanimi énem kazanmaktadir (Demirtas ve Kilig, 2023). Oztiirk ve Yildirim
2022 mobilya aksesuarlarinin ergonomik tasarimmin kullanici memnuniyeti iizerindeki
etkisini incelemistir. Ahsap aksesuarlarin tutma, kavrama ve kullanim kolaylig1 acisindan
optimize edilmesi i¢in Oneriler sunulmus ve saha deneyleri ile desteklenmistir.

3B baski1 teknolojisinin gelisimi son yillarda 6zellikle popiiler hale gelmis ve bilim, iiretim,
tasarim, tip, havacilik, spor vb. ¢esitli alanlara yaygin bir sekilde girmistir. Mobilya sektorii
de bu trende ayak uydurmakta ve bir¢ok tasarimci farkli sekil ve islevlerle deneyler
yapmaktadir (Jarza ve ark., 2023; Nasir ve ark., 2022) . Son zamanlarda, 3B bask1 teknolojisi
ile elde edilen yeni baglant1 elemanlar1 da ortaya ¢ikmis ve mobilya endiistrisinin ilgisini
¢ekmistir (Branowski ve ark., 2022, Smardzewski ve ark., 2016, Uysal, 2024). PLA, ABS gibi
termoplastikler FDM teknolojisinde yaygim olarak kullanilan malzemelerdir. Bu malzemeler,
mobilya aksesuarlarinin liretiminde mekanik dayaniklilik, esneklik ve estetik agidan 6nemli
rol oynar. PLA, biyobozunur yapisi ve baski kolayligi nedeniyle prototip ve dekoratif
aksesuar tiretiminde tercih edilirken, ABS daha yiiksek darbe dayanimi ve 1s1 direnci
sayesinde fonksiyonel parcalar icin uygundur.

Literatiirde, mobilya aksesuarlarinin performansini artirmak amaciyla FDM’de kullanilan
termoplastiklerin mekanik o6zelliklerinin optimize edilmesine yonelik c¢alismalar mevcuttur.
Bu calismalar, filament karigimlari, dolgu malzemeleri ve baski parametrelerinin
diizenlenmesi gibi yontemlerle aksesuarlarin dayanikliligini artirmayr hedeflemektedir
(Nicolau ve ark., 2022). Boylece, hem estetik hem de fonksiyonel agidan yiiksek kalitede
mobilya aksesuarlarinin FDM ile iiretilmesi miimkiin olmaktadr. Akkas ve Giizel (2021),
mobilya tamirinde geleneksel yontemlerin yani sira ileri teknolojilerin kullanildig: yenilik¢i
bir yaklasimi incelemislerdir. Calismalarinda, 6zellikle 3B tarama ve 3B baski teknolojilerinin
mobilya Gretimindeki tamir ve yenileme sureglerine entegrasyonunu detaylandirmiglardir.

Nicolau ve ark. (2022), 3B baski teknolojisinin mobilya tasariminda sagladig: esneklik ve
fonksiyonelligi 6n plana ¢ikaran yenilik¢i bir modiiler sistem yaklagimi gelistirmistir. Bu
calisma, ozellikle hassas 3B baskili baglant1 elemanlarmin kullanimiyla mobilya parcalarmin
hizly, saglam ve ozellestirilebilir sekilde birlestirilmesine odaklanmaktadir. Ayrica 3B bask1
teknolojisi; klasiklesmis, sinirli tipteki donanim parcalarinin yerine, kiigiikk o6lcekli
Ozellestirme ve daha gesitli formlarin tretilebilmesini saglamaktadir. Bu durum, mobilya
aksesuarlarinda esneklik ve ¢esitliligi nemli 6l¢lide artrmaktadir (Petrova and Jivkov, 2024).

Svoboda ve ark. (2023) tarafindan gergeklestirilen aragtirma, 3B baski1 teknolojisinin panel
mobilya iiretim ve montaj siireclerine getirdigi yenilikleri ve siirdiiriilebilirlik katkilarini
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kapsamli sekilde incelemistir. Caligmada, Ozellikle plastik bazli 3B baskili baglanti
pargalarinin, klasik metal veya ahsap baglanti elemanlarmin yerine kullanilmasinin montaj
stirecinde esneklik sagladigi vurgulanmaktadir. Hsieh ve Ku’nun (2019) calismasinda,
mobilya donanim pargalarmin (6rnegin kulplar, menteseler) geleneksel iiretim sinirlamalart
yerine, 3B bask1 sayesinde kullaniciya 6zel tasarimlarin ve yeni formlarin miimkiin oldugu
vurgulanmaktadir. Bu durum, o6zellikle kiigiik 6lgekli iiretimlerde maliyet-etkin ¢ozimler
sunar. 3B yaziciyla diretilen baglanti aksesuarlarinin (6r. kose elemanlari) geleneksel
yontemlere kiyasla daha iyi egilme ve rijitlik 6zelliklerine sahip oldugu deneysel olarak
ortaya konmustur. Ozellikle PLA bazli malzemelerle yapilan iiretimlerde dayaniklihk yiiksek
¢cikmistir. Aiman ve arkadaglari tarafindan yapilan bir ¢calismada, FDM tipi 3B yazicilar ile
iretilen modiiler baglant: elemanlarmin yiiksek tasima kapasitesi (730 kg'a kadar) ve
hafifligiyle (yaklasik 113 g) one ¢iktigin1 gostermektedir (Aiman ve ark., 2020). Chen ve
ekibi, 3B baski ile iiretilen mobilya aksesuarlarinda en iyi iiretim hassasiyetini elde etmek igin
nozzle sicakligi, doluluk orani gibi parametreleri Taguchi yontemiyle optimize etmistir. Bu,
daha dayanikli ve dogru oturan aksesuarlarin {iretimine olanak tanimaktadir (Chen ve ark.,
2023).

Bu ¢alismanin amaci; 3 B yazici kullanilarak farkli renklerde Pet-G tip filament ile Uretilen
mobilya kulplarinin, iki farkli doluluk oraninda (%50-80) tretilip mekanik dayanimlarinin
standarda tam uygun test yontemi uygulanmasi ile incelenmesidir. Yapilan testler sonucunda,
3B vyaziciyla iretilen kulplarin performansi endiistride yaygm olarak kullanilan metal
kulplarla karsilastiriimistir. Bu sayede, geleneksel metal kulplar yerine 3 B yazicidan iiretilen
plastik kulplarin kullanimmin miimkiin olup olmadigi degerlendirilmistir.

2 Materyal ve Metot
2.1 Materyal

Bu arastirmada, mobilya kulp ornekleri, PETG (Polyethylene Terephthalate Glycol)
malzemesi kullanilarak 3B yaziciyla tiretilmistir.

PETG malzemesinin tercih edilme nedeni; kolay baski siirecine sahip olmasi, PLA ve ABS
filamentlerin avantajlarmi bir arada sunmasi, sicaklik ve kimyasal etkilere kars1 dayanikli
olmasi, yliksek mekanik mukavemet degerleri sunmasi, diisiik maliyetli olmas1 ve ¢ok cesitli
uygulama alanlarinda kullanilabilirligidir. Bu o6zellikleri nedeniyle g¢alisma kapsaminda
kullanilmaya uygun bulunmustur.

Kullanilan PETG filament, ticari bir filament iireticisinden hazir olarak temin edilmistir.
Numuneler gri ve beyaz olmak Uzere iki farkli renkte ve iki farkli i¢ doldu oraniyla
iiretilmistir. Ornek kulp tasarimlar1 Onshape yazilimi kullanilarak olusturulmus (Sekil 1.a),
ardindan STL formatinda kaydedilmistir.

Tasarimlar, Creality Print 6.0 dilimleme programimda G kodlarna ¢evrilmis (Sekil 1.b,c)
ve iretim asamasi Creality K1 MAX model 3B yazici ile gerceklestirilmistir (Sekil 1.c). 3B
yazict Ozelliklerinden doluluk orani degistirilerek calisma yapilmistir (Sekil 1. d,e). Bu
ozellikler haricinde makine 6zellikleri (Katman yiiksekligi;0.3 mm, Nozll boyutu; 0.4 mm,
Yazict hizi; 50 mm/sn, Dis katman hizi; 25 mm/sn, i¢ katman hizi; 35 mm/sn, I¢ dolgu hizi;
50mm/sn, Noziil sicakligi; 260°C, Yatak sicaklhigi; 65°C, Alt-Ust katman; 3 katman) sabit
brrakilmaistir.
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Inovy

Sekil 1. a. Numunelerin hazirlanmasi, G kodu tanimlamasi; b. %50, c. %80, test
numunelerinin hazirlanmasi; d. Beyaz PETG, e. Gri PETG.

Filament malzemeden Uretilen kulplar ile endiistride yaygin olarak kullanilan metal kulplar
(tercih edilen metal alasim malzemeden iiretilen), montaja hazir hale getirilmistir. Deneysel
calismada kullanilacak ¢ekmece 6n kapaklari, homojen ylizey yapisi ve kolay islenebilirligi
nedeniyle MDF (Medium Density Fiberboard-Orta Yogunlukta Lif Levha) malzemeden
secilmistir. Kulplar, kapaklarin tam orta noktasina hizalanacak sekilde, ayn1 vida tipi (18 x 3.5
mm yonga levha vidasi) kullanilarak monte edilmistir (Sekil 2.a,b,c). Deney sonuglarmin
gilivenilirligini artirmak ve montaj kaynakli degiskenlikleri ortadan kaldirmak amaciyla, tiim
vidalama islemleri sabit bir tork degeri olan 1.33 Nm ile gergeklestirilmistir. Bu islem, bir
torkmetre yardimiyla kontrol edilerek uygulanmis, boylece tiim numunelerde esit sikilikta
montaj saglanarak standardizasyon olusturulmustur (Sekil 2. d).

\“-;a ( j b v:

‘Ijl

Sekil 2. Montajlanmig numune Ornekleri; a. Beyaz PETG, b. Gri PETG, c. Metal Kulp, d.
Vidalarin torkmetre ile sabitlenmesi.
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2.2 Metot

Montaj1 yapilan numuneler {izerinde gerceklestirilen testler, TS 13866 “Mobilya Kulplar1
ve Ayaklar1” standardi esas alinarak uygulanmistir. Bu kapsamda, her kulp numunesi (iiger
tekrarli olmak iizere), imalat¢inin belirttigi montaj ve kullanim kosullarina uygun sekilde
baglantisi yapilmis halde test edilmistir. Deney sirasinda, kulp baglant1 yoniine paralel ve dik
olacak sekilde, her iki yonde de ayr1 ayr1 olmak {izere en az 100 N’luk sabit bir kuvvet, her bir
yonde 60 saniye sureyle (kronometre ile slreler tutulmustur) ve 5 kez arka arkaya
uygulanmistir (uygulamada Ommax markali kuvvetdlger tercih edilmistir). Bu uygulama,
kulpun yapisal biitlinliigiinii ve baglant1 noktalarmin dayanikliligini degerlendirmek amaciyla
gerceklestirilmistir. Mobilya kulpunun mekanik dayanim testine iliskin deney diizenegi ve
kuvvetin uygulanma yonleri Sekil 3'te (Sekil 3.a dikine, 3.b. paralel) sematik olarak
gosterilmistir.

Sekil 3. Standarda uygun testlerin yapilmasi; a. Dik yonde 100N uygulamasi, b. Paralel
yonde 100N uygulamasi.

Calismada degerlendirme yontemi olarak, TS 13866 standardina uygun testlerin ardindan,
her numunenin "standart1 gecip gecmedigi" esasima dayali bir siniflandirma yapilmistir. Bu
yontemle, her kulpun uygulanan test kosullarim1 basariyla karsilaylp karsilamadigi
belirlenmistir. Buna ek olarak, kirilma ya da deformasyon yasanan numunelerde, hasarin
meydana geldigi bolgeler detayli sekilde incelenmis; kirilmanin hangi kuvvet uygulamasi
sirasinda ve hangi yapisal noktada gerceklestigi tespit edilmistir. Bu veriler dogrultusunda, 3B
yazicidan iiretilen kulplar ile endiistride kullanilan metal kulplar arasinda yapisal dayanim
acisindan karsilagtirmalar yapilmistir. Karsilastirmaya ait deney deseni Cizelge 1 de
verilmistir.

Cizelge 1. Fiziksel 6zellikler

Kulp Malzemesi Renk  Dolgu Deseni Yukleme Tekrar Sayisi
. %50
Gri %80
Pet-G o Paralel/100N
%50 ;
Beyaz e Dik/100N S
Metal - -

Bu degerlendirmeler sonucunda, yazicidan iiretilen kulplarin hangi kosullarda kullanilabilir
oldugu, hangi tasarim ve iiretim parametrelerinin performans: etkiledigi gibi ¢ikarimlarda
bulunulmustur.
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3 Bulgular ve Tartisma

Calismada, TS 13866 standardina uygun olarak gerceklestirilen mekanik testler sonucunda
elde edilen veriler sunulmakta ve degerlendirmeler yapilmaktadir. Farkli doluluk oranlar1 ve
renklerde PETG filament kullanilarak tiretilen 3B kulp numuneleri ile endustriyel metal
kulplar karsilastirmali olarak incelenmistir (Cizelge 2).

Cizelge 2. 3B kulp numuneleri ile endiistriyel metal kulplar karsilagtirma sonuglari

Kulp Renk  Dolgu Sonug 1 Sonug 2 Sonug 3 Sonug 4 Sonug 5
Malzemesi O
T Paralel Dik Paralel Dik Paralel Dik Paralel Dik Paralel Dik
. %50 + X + X + X + X X +
Gri
% + + + + + + + + + +
Pet-G 680
%50 + + + + + X + X X +
Beyaz
%80 + + + + + + + + + +
Metal - - + + + + + + + + + +
X: kaldi, +: gecti

Ayrica, 6rneklem biiyiikliiglinlin sinirli olmasi nedeniyle, gruplar arasindaki farkliliklarin
istatistiksel olarak anlamli olup olmadig1 Fisher’s Exact Test kullanilarak degerlendirilmistir.
Istatistiksel analizler SPSS 2024 programu ile gerceklestirilmis olup elde edilen sonuclar
Cizelge 3’te sunulmustur. Analizde grup degiskeni malzeme—renk—dolgu—ydn kombinasyonu,
sonug degiskeni ise (+ / x) kaldl/ gecti olarak tanimlanmastir.

Yapilan testler sonucunda, farkli kulp malzemeleri, renkleri ve dolgu oranlarnin mekanik
dayanim iizerindeki etkileri degerlendirilmistir. Testler, hem paralel hem de dik yonli
yliklemeler altinda, bes farkli senaryo lizerinden gergeklestirilmis olup, her bir test 5 kez
tekrar edilmistir. Bu tekrarlar sayesinde malzemelerin tutarliligi ve tekrarlanabilir dayanim
degerleri gozlemlenebilmistir. Testler sirasinda, ozellikle diisiik dolgu oranma sahip
orneklerde, bazi testlerin 3. veya 4. tekrarinda vida baglant1 noktalarinda ayrilmalar meydana
gelmistir. Bu durum, malzemenin uzun siireli ya da tekrarh yiiklemeler altindaki davranisini
degerlendirme agisindan 6nemli bir gézlemdir. Vida yerlerinde olusan bu ayrilmalar, 6zellikle
katmanlar arasi1 dayanimin diisiik oldugu durumlarda (6rnegin %50 dolgu oram1 ve dik
yondeki zorlamalar) daha sik gézlemlenmistir.

Cizelge 3. Test sonuglarinim istatistiksel incelenmesi

Velgamesi  ROK gy Testvona P
Metal - 0 Dik 1.00
Metal - 0 Paralel 1.00
PetG Beyaz 50 Dik 0.60
PetG Beyaz 50 Paralel 0.80
PetG Beyaz 80 Dik 1.00
PetG Beyaz 80 Paralel 1.00
PetG Gri 50 Dik 0.20
PetG Gri 50 Paralel 0.80
PetG Gri 80 Dik 1.00
PetG Gri 80 Paralel 1.00
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Testlerde kullanilan Pet-G malzemesi, dolgu orami arttikga performans agisindan belirgin
bir iyilesme gdstermistir. Ozellikle %80 dolgu oranma sahip Pet-G ornekleri, hem paralel hem
de dik yonlerde uygulanan tiim testlerde basarili sonuglar vermistir. Bu da, yluksek dolgu
oraninin parca mukavemetini artirarak, test boyunca vida bolgelerinde olusabilecek
deformasyonlar1 engelledigini gostermektedir. Buna karsilik, %50 dolgu oranma sahip gri
renkli Pet-G ornekleri, tiim dik yonlii testlerde basarisiz olmus ve bu 6rneklerde vida baglanti
bolgelerinde erken ayrilmalar tespit edilmistir. Bu durum, diisiik dolgu oraninin katmanlar
aras1 yapismay1 zayiflattigini ve tekrarli yiikklemelerde yapisal biitiinliiglin korunamadigini
ortaya koymaktadir (Sekil 4).

Sekil 4. Test sonunda PETG gri renk malzeme ile Uretilen numunelerin deformasyonuna dair
goruntuler

Beyaz renkli Pet-G malzeme, ayni dolgu oraninda ( %50 ) gri renge gore daha iyi bir
performans sergilemistir. Baz1 dik yon testlerinde ayrilma goriilse de, bu genellikle 4. veya 5.
tekrar swasinda meydana gelmis, gri Orneklerdeki kadar erken deformasyon
gozlemlenmemistir. Bu farkin, malzemenin renk pigmentine bagli olarak farkli iiretim
ozelliklerinden kaynaklanabilecegi diisiiniilmektedir. Tiim bu sonuglarin yani sira, metal
kulplar testlerde en yiiksek basar1 oranini1 gostermistir (Sekil 5).

Sekil 5. Test sonunda PETG beyaz renk malzeme ile tretilen numunelerin deformasyonuna
dair goruntiler
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Metal malzeme, hem paralel hem de dik yonlii uygulamalarda hicbir testte basarisizlik
gOstermemis, tiim tekrarlar boyunca yapisal biitiinliigiinii korumustur. Vida baglant1
noktalarinda herhangi bir gevseme veya ayrilma tespit edilmemistir. Bu da metal kulplarin,
mekanik dayanim agisindan diger malzemelere gore ¢ok daha iistiin oldugunu gostermektedir.
Her bir numunenin standardi ge¢ip geg¢medigi belirlenmis, kirilma veya deformasyon
gozlemlenen drneklerde hasarin olustugu bolgeler ve kirilmanin meydana geldigi tekrar tespit
edilmistir. Elde edilen bulgular, 3B yazicidan iiretilen mobilya kulplarmin yapisal dayanimi
acisindan endiistriyel iiriinlerle rekabet edebilirligini ortaya koymak amaciyla tartigilmistir.
Ayrica test sonuglarinin istatistiksel analizi gostermistir ki, metal kulplar hem paralel hem dik
yonde %100 basar1 gostermistir. PETG gri renkli ve %50 dolgu oranina sahip numuneler ise
paralel yonde %80, dik yonde %20 basar1 orani ile en zayif grup olarak belirlenmistir. PETG
%350 dolgu oranma sahip diger numuneler paralel yonde %80, dik yonde %60 basari
gostermistir. Buna karsilik, her iki renk i¢in %80 dolgu oranma sahip PETG numuneleri hem
paralel hem dik yonde %100 basar1 saglamistir. Gergeklestirilen "gecti/kaldi" testlerinde,
PETG malzeme ile basilmis numunelerin yaklasik %85’inin test yiikii altinda biitiinligiini
korudugu ve “gecti” olarak siniflandirildigi belirlenmistir. “Kaldi” olarak degerlendirilen
orneklerin biiyliik bir kisminda, baski yOniine dik uygulanan kuvvetler sonucu katman
ayrilmasi (delaminasyon) veya baglant1 bolgelerinde catlama godzlemlenmistir. Bu, FDM
tabanli lretimde sik¢a karsilasilan, katmanlar arasi yapismanin yetersiz kalmasiyla ilgili
bilinen bir zayiflig1 yansitmaktadir (Gorski ve ark. 2024). Hasar bdlgeleri incelendiginde,
genellikle baglant1 deliklerinin ¢evresinde veya montaj sirasinda vidalama yapilan alanlarda
yogunlastigr gorlilmiistiir. Bu durum, PETG malzemenin 6zellikle keskin kdse veya stres
birikimi olan alanlarda kirilgan davraniglar sergileyebilecegini ortaya koymaktadir.
Literatiirde de benzer sekilde, PETG’ nin elastik deformasyonu tolere edebilmesine ragmen
ani yiiklenmelerde yiiksek stres noktalarinda kirilmalar gosterebildigi bildirilmistir (Budzinski
ve Federowicz, 2025). Literatiirde benzer sekilde, PETG’ nin elastik deformasyonu tolere
edebilmesine ragmen ani yliklenmelerde yiiksek stres noktalarinda kirilmalara ugrayabilecegi
raporlanmistir (Ertek, 2025). Ayrica, baski parametreleri ve malzeme geometrisinin mekanik
performansi1 dogrudan etkiledigi ve katman yoniine bagl kirilma riskini artirabilecegi cesitli
calismalarla desteklenmistir (Ergene ve ark., 2023; Kuruoglu ve ark., 2022). Bu bulgular,
FDM tabanli PETG iiretiminde, 6zellikle baglant1 noktalarinda ve keskin kdselerde meydana
gelen zayif bolgelerin mekanik dayamimini artrmak i¢in baski parametrelerinin
optimizasyonu ve post-process islemlerinin 6nemini ortaya koymaktadir.

4 Sonuclar ve Oneriler

Giiniimiizde teknolojinin hizli gelisimiyle birlikte, 3B yazic1 sistemleri birgok sektorde
onemli bir yer edinmistir. Ozellikle insaat, tip, otomotiv, savunma sanayi, miihendislik ve
mimarlik gibi alanlarda, hem prototipleme hem de son kullanim iirlinlerinin {iretiminde 3B
yazicilarin yaygin kullanimi dikkat ¢ekmektedir. Bu sistemler, bilgisayar destekli tasarim
(CAD) ortaminda olusturulan modellerin, G kodlar1 araciligiyla katmanl iiretim prensibiyle
fiziksel nesnelere doniistiiriilmesi esasina dayanmaktadir.

Bu ¢alismanm amaci, farkli renklerde Pet-G filament kullanilarak %50 ve %80 doluluk
oranlarinda 3B yaziciyla iiretilen mobilya kulplarinin dayanimini test ederek, bu pargalarin
performansini geleneksel metal kulplarla karsilastirmak ve plastik kulplarin alternatif olarak
kullanilip kullanilamayacagini degerlendirmektir. Cikan sonuglar:

e Kulp malzemesi, renk ve dolgu orani mekanik dayanimi oOnemli Olglide
etkilemistir. Deneylerde bu degiskenlerin farkli kombinasyonlari, pargalarin hem
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paralel hem de dik yondeki yiiklemelere karsi gdsterdigi direngte belirgin farklar
olusturmustur.

e Testler, her senaryo i¢in bes tekrar yapilarak gergeklestirilmis ve bu sayede
malzemelerin  tutarlilign  ile  dayanim  davramiglart  giivenilir  sekilde
gozlemlenmistir.

e Diisiik dolgu oranina sahip (%50) orneklerde, 6zellikle dik yonlii yliklemelerde
katmanlar arasi ayrilmalar ve vida baglanti1 noktalarinda erken deformasyonlar
meydana gelmistir. Bu durum, dolgu oraninin yapisal biitiinliik iizerindeki etkisini
acikca ortaya koymustur.

e Dolgu oram arttikca (6zellikle %80) Pet-G malzemenin mekanik dayanimi
belirgin sekilde iyilesmistir. Yiiksek dolgu, vida bdlgelerinde olusabilecek
hasarlar1 azaltarak parcanin genel dayanimini artirmistir.

e Beyaz renkli Pet-G ornekleri, ayn1 dolgu oranmna (%50) sahip gri renklilere
kiyasla daha ge¢ deformasyona ugramistir. Bu farkin, renk pigmentlerinin {iretim
siirecine veya malzeme yapisina etkisinden kaynaklandigi diisiiniilmektedir.

e Metal kulplar, tiim testler boyunca en yliksek mekanik performansi gostermis ve
herhangi bir deformasyon belirtisi gostermemistir. Bu, metalin diger malzemelere
kiyasla yiik tasima kapasitesinin ¢ok daha yiiksek oldugunu ortaya koymustur.

Test sonuglar1 dogrultusunda, mekanik dayanimm artirilmas: i¢in 6zellikle dik yonli
yiliklemelere maruz kalacak pargalarda yiiksek dolgu orani (%80 ve iizeri) tercih edilmelidir.
Pet-G malzemesi, yliksek dolgu oranlarinda basarili performans gosterdiginden, yapisal
biitlinliigiin kritik oldugu uygulamalarda giivenle kullanilabilecegi diistiniilmektedir. Renk
pigmentlerinin malzeme dayanimi iizerindeki etkisi g6z oniine alindiginda, {iretim siirecinde
miimkiinse pigment katkis1 diisiik veya notr renkli (6rnegin beyaz) malzemeler tercih
edilmelidir. Ayrica, tekrarli yiiklemelere maruz kalacak baglanti noktalarinda, vida
bolgelerinin dayanimini artirmak amaciyla metal kulp gibi daha rijit ve saglam ¢oziimler
onerilmektedir. Bu bulgular, iiriin tasarimi ve malzeme seciminde daha guvenli, uzun 6marli
ve fonksiyonel ¢oziimler gelistirilmesi agisindan yol gosterici olacaktir.
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The orientation of growing in black pine wood, heat treatment and alpha-x
chemical examination of the effects

Kemal Guler'™>, Murat Ozalp?~', Abdurrahman Karaman**

ABSTRACT: In this study, it was aimed to determine the mechanical properties of larch
wood, growing direction, alpha x chemical and the effects of heat treatment. For this purpose,
the black pine (Pinus nigra) used in the study was obtained from the Kicir Mountain
warehouse in the Simav District of Kltahya Province. These samples taken were prepared for
the experiment with dimensions of 20x20x30 mm and 20x20x300 mm. The samples were
then impregnated with alpha x chemical and subjected to heat treatment. Pressure strength,
bending strength, density and elasticity modulus tests were applied to the samples. As a result,
it was found that the density and pressure values of the larches grown on the southern side
were higher and the elasticity modulus values were lower compared to the larches on the
northern side. When larch impregnation was applied, there was a decrease in density and
bending values in both respects, while an increase in pressure values was observed. When
heat treatment was applied to impregnated larches, an increase in bending and elasticity
modulus values was observed in both respects, while a decrease in pressure values was
observed.

Keywords: Black pine, growth orientation, alpha-x, immersion method

Karacam odununda yetisme yonii, 1s1l islem ve alfa-x kimyasalimin
etkilerinin incelenmesi

OZ: Bu calismada karacam odununun mekanik zellikleri, yetisme yonii, alfa x kimyasal1 ve
1s1l islemin etkilerinin belirlenmesi amag¢lanmistir. Bu amacla bu c¢alismada kullanilan
karacam tomruklar1 Kiitahya Ilinin Simav Ilcesine bagh Kicir Dag1 deposundan temin
edilmistir. Alinan bu 6rnekler 20x20x30 mm ve 20x20x300 mm Olculerinde deney icin
hazirlanmistir. Ornekler daha sonra alfa x kimyasaliyla emprenye edilerek 1s1l isleme tabi
tutulmustur. Orneklere basing direnci, egilme direnci, yogunluk ve elastikiyet modiilii testleri
uygulanmistir. Sonug olarak, giiney bakida yetisen karagamlarin kuzey bakidaki karagamlara
gore yogunluk ve basing degerlerinin daha fazla ve elastikiyet modiilii degerlerinin daha az
oldugu tespit edilmistir. Karagama emprenye uygulandiginda her iki bakida yogunluk ve
egilme degerlerinde diislis goriiliirken basing degerlerinde artis goriilmiistiir. Emprenyeli
karagamlara 1si1l islem uygulandiginda her iki bakida egilme ve -elastikiyet modiilii
degerlerinde artis goriiliirken basing degerlerinde diisiis goriilmiistiir.
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1 Introduction

The rapid development of the wood industry has contributed to a continuous decline in
forest resources both globally and in Turkey. Wood is increasingly preferred due to its ease of
processing, high mechanical strength, thermal and acoustic insulation properties, and aesthetic
advantages compared to alternative materials (Ozalp, 2003). To meet the growing demand
and minimize forest depletion, it is crucial to use existing resources efficiently and conduct
scientific studies to better characterize wood raw materials. Otherwise, dependence on
imported wood products is expected to increase (Ulusoy et al., 2016).

One of the most effective methods to extend the service life of wood is impregnation.
Impregnation involves introducing chemicals into the wood structure through various
techniques. Pressure-vacuum impregnation, in particular, provides high-level protection
against biological degradation factors such as saline water, soil, moisture, insects, and fungi,
potentially increasing wood’s service life up to tenfold (Bozkurt et al., 1993). Wood is also
frequently exposed to elevated temperatures during service, which can induce physical and
chemical changes depending on temperature, duration, pressure, and moisture content (Y1lgor,
1999). Heat treatment offers benefits such as improved dimensional stability and biological
strength; however, prolonged exposure to high temperatures may reduce mechanical
properties due to material loss in cell wall components (Rusche, 1973).

Although wood is a renewable material with ease of processing and high mechanical
performance relative to its density, its low biological strength and susceptibility to moisture-
induced swelling and shrinkage limit its applications. Heat treatment is widely used to
overcome these limitations. It can be applied using steam, oil, vacuum, or inert gas
atmospheres and has been shown to improve both physical and mechanical properties.
Numerous studies have investigated the effects of heat treatment and chemical impregnation
on various wood species. For instance, Doruk et al. (2010) reported that bending strength was
the most affected mechanical property in ash and black pine due to heat treatment, along with
noticeable darkening of wood colour. Yildiz and Can (2012) observed that increasing
temperature and treatment duration in black pine, poplar, spruce, and beech resulted in higher
metal loss and corrosion values, while pH decreased, indicating increased acidity. Similarly,
Beram (2015) reported reductions in density, volumetric shrinkage-swelling, compressive
strength, bending strength, and modulus of elasticity in Iroko wood subjected to 190 °C for
120 minutes via ThermoWood treatment. Dogan (2018) observed decreases in density,
bending, and compressive strength in black pine samples impregnated with borax and boric
acid after heat treatment at different temperatures. Bal (2020) showed that heat treatment
under different atmospheres reduced weight loss, equilibrium moisture content, swelling, and
water absorption in black pine, with nitrogen atmosphere exhibiting lower weight loss.
Canyilmaz and Yasar (2022) also reported holocellulose degradation at higher temperatures in
red pine subjected to heat treatment and thermomechanical compression, highlighting heat
treatment as an effective modification method for both interior and exterior applications.
Gorgiin and Unsal (2024) investigated the effects of thermo-treatment (thermo-vacuum or
Thermovuoto®) carried out in a vacuum environment on dimensional stability. Percin 2025
showed that reinforced heat-treated LVVL samples with glass fibers increased both air dry
density and compressive strength parallel to the grain.

Phosphate-based compounds, such as Alpha-X, have recently gained attention as fire
retardants. Studies indicate that Alpha-X can be effective up to 1500 °C and can be applied
both as an additive and as a surface treatment (Ozalp, 2022). Ayhan and Ozalp (2019) showed
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that Alpha-X lowered the initial weight loss temperature during combustion but increased the
final combustion temperature and affected bending strength in Black pine and European
beech. Additionally, Ozalp (2022) reported that plywood panels containing poplar and beech,
bonded with adhesives modified with 10-20% Alpha-X, exhibited reduced free formaldehyde
content while experiencing a slight decrease in mechanical performance.

Ayhan and Ozalp (2019) investigated the fire resistance of Scots pine (Pinus sylvestris
Lipsky) and Oriental beech (Fagus orientalis Lipsky) woods impregnated with the fire-
retardant chemical Alpha-X. The results indicated that the initial decomposition temperature
was lowest in Scots pine treated with 20% Alpha-X (198 °C) and highest in untreated Scots
pine (246 °C). The initial decomposition weight loss was lowest in untreated Scots pine
(88.8%) and highest in Scots pine treated with 20% Alpha-X (94.3%). The final
decomposition temperature was lowest in untreated beech (483 °C) and highest in both pine
and beech samples treated with 10% and 20% Alpha-X (600 °C). Overall, the results
demonstrated that Alpha-X effectively enhanced the fire resistance of wood, particularly at
10% and 20% concentrations, suggesting its potential use as a protective agent against
combustion in wood materials.

The Alpha-X antifire is used as a complement to the polymer and is added to the
production processes of various products. It is used in thermoplastic, paint, cable, synthetic,
membrane, and wood-based boards. It is effective up to 1500 °C against flammability. Alfa-x
was added to the adhesive in 0, 10, and 20 wt% ratios of the total amount of the solid content
(Ozalp, 2022).

Collectively, these studies demonstrate that impregnation and heat treatment improve the
biological strength and dimensional stability of wood, although mechanical properties often
decline. Therefore, combining chemical impregnation with moderate heat treatment may
optimize performance by minimizing mechanical losses while enhancing durability and
stability.

The aim of this study is to investigate the influence of heat treatment on the mechanical
properties of black pine (Pinus nigra) wood sourced from southern and northern slopes,
following impregnation with Alpha-X. After impregnation, the specimens were subjected to
four distinct heat treatment regimes, and their bending and compressive strengths were
determined using a universal testing machine (UTM).

2 Material and Methods
2.1 Material

In this study, heartwood samples of black pine (Pinus nigra) were collected from the
northern and southern slopes of Kigir Village, Simav District, Kutahya Province, Turkiye, at
an altitude of 1540 m. All wood materials were obtained from the Kicir Forest Depot (Figure
1). Naturally dried trees were harvested, and the logs were sawn at a local sawmill to produce
the test samples.

2.2 Samples’ Preparation

The test samples were prepared at the Workshop of the Department of Woodworking
Industrial Engineering, Faculty of Technology, Dumlupmar University, Simav, Tiirkiye,
following standard dimensions. Samples for the bending strength tests measured 20 x 20 x
300 mm, while those for the compression tests measured 20 x 20 x 30 mm. For each slope
exposure, 30 samples were prepared for bending strength and 30 samples for compression
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tests. Additionally, to determine the density of the wood, 20 samples per exposure were
prepared, totalling 60 samples with dimensions of 20 x 20 x 30 mm (Figure 2).

: b
Figure 1. Kicir forest depot

All samples were conditioned in a climate chamber for three weeks to reach equilibrium
moisture content. 10 samples per exposure were designated as controls after conditioning. The
remaining 20 samples per exposure were impregnated using a 10% Alfa-X solution in water
(10% Alfa-X, 90% H20) via the dipping method in 10-liter tanks for 4 hours at room
temperature. After the impregnation process the samples were drained at room temperature
for 1 hour. From each exposure, 10 impregnated samples were returned to the climate
chamber, while the remaining 10 samples underwent heat treatment at 250 °C for 4 hours.

Figure 2. Density, bending strength, and compression strength test samples
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2.3 Experimental Method

After heat treatment, all samples were evaluated for bending and compression strength
using a Universal Testing Machine (UTM). In accordance with the TS 2474 (1976) standard,
the bending strength tests were conducted with a support span of 240 mm. The load was
applied at a crosshead speed of 20 mm/min at the midpoint of the specimen to ensure a
fracture occurred within 0.5-1.0 minutes. The bending strength test setup is illustrated in
Figure 3-a.

Figure 3. Bending strength (a) and compression strength test setup (b)

The bending strength (MOR) and the elasticity modulus (MOE) have been determined
using the following equations:

3XFmnax X L
MOR = 2xbxh? (1)

In the given context, the variables are defined as follows: bending strength (N/mm?), Fmax
represents the maximum load applied during testing, measured in N. L denotes the distance
between the two supports, measured in mm. b represents the width of the test sample, also
measured in mm. Lastly, h signifies the thickness of the test sample, measured in mm.

L3 x AF

MOE :4xbxh3fo (2)

In the given context, the variables are defined as follows: the elasticity modulus (N/mm?),
AF represents the load increment, measured in N. L denotes the distance between the two
supports, measured in mm. Af represents the deflection increment. b signifies the width of the
test sample, measured in mm. Lastly, h signifies the thickness of the test sample, also
measured in mm. In accordance with the TS 2595 (1976) standard, the compression strength
test was conducted at a loading rate of 5 mm/min, ensuring that the test duration was
completed within 0.5-1.0 minutes. The test continued until specimen failure, and the
maximum force at the point of fracture was recorded for each sample. The compression
strength test setup is illustrated in Figure 3-b. The compression strength (a3,) of the grain test
was conducted using an electromechanical universal testing machine (UTM) with a capacity
of 10 kN. The following equations calculated the compression strength (o3;,) parallel to grain
values.

_ Frnax
Oy = axb (3)

In the given context, the variables are defined as follows: &, (N/mm?) Fmax represents the
maximum load applied during testing, measured in N. The variable a denotes the width of the
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samples, measured in mm. The variable represents the thickness of the samples, also
measured in mm.

2.4 Data analyses

The results obtained after the experiments were subjected to a normality test at a 95%
confidence level using the SPSS software, and subsequently compared through analysis of
variance (ANOVA).

3 Results and Discussions

The physical and mechanical properties of black pine (Pinus nigra) wood samples were
evaluated separately for north and south oriented sections. Measurements were conducted to
determine the density, compressive strength, bending strength, and modulus of elasticity. For
each treatment type, the arithmetic mean of ten test specimens was calculated to obtain
representative values for these parameters. The summarized results of density, compressive
strength, bending strength, and elasticity modulus are presented in Table 1.

Table 1. Density, compression strength, bending strength, and elasticity modulus results
based on the type of process applied

Compression  Bending Elasticity

Orientation 'I:rocleizz Ste/t ;?Secal ?32;']%/ Strength Strength Modulus
PP g (N'mm?)  (NImm®)  (N/mm?)
Xmean 0.726 47.28 98.01 6531.69
Xmin 0.685 44.96 89.07 6203.65
Unprocessed Xmax 0.773 51.80 10.37 7262.64
S 0.29 2.33 5.18 355.21
V (%) 39.94 4.93 5.28 5.44
Xmean 0.703 60.66 95.94 7970.16
North _ Xmin 0.659 53.32 88.51 7241.77
Impregnation Xmax 0.755 74.80 103.50 9073.50
S 0.36 8.85 4.99 673.08
V (%) 51.21 14.59 5.20 8.44
Xmean 0.715 57.86 100.87 8265.37
Heat Xmin 0.631 57.43 88.05 6900.17
S 0.44 2.02 6.55 969.29
V (%) 61.53 3,49 6.49 11.72
Xmean 0.824 62.69 137.15 6039.22
Xmin 0.756 56.41 118.42 5105.72
Unprocessed Xmax 0.887 66.37 153.09 7206.59
S 0.39 2.74 11.95 662.27
V (%) 47.33 4.37 8.71 10.97
Xmean 0.822 75.56 81.64 5962.93
South _ Xmin 0.759 63.70 51.72 5154.73
Impregnation Xmax 0.946 79.52 140.70 6906.53
S 0.56 4.75 28.18 806.52
V (%) 68.13 6.29 34.51 13.53
Xmean 0.804 65.47 123.47 6010.46
Heat Xmin 0.765 54.73 111.27 5150.08
Treatment Xmax 0.898 75.28 131.06 7998.45
S 0.47 7.26 6.21 961.39
V (%) 58.48 11.09 5.03 15.99

Note: S: the standard deviation; V (%): Coefficient of variation
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3.1 Effect of orientation and treatment on density

According to the experimental results of the density change is given in Figure 5, and the
mean and changes according to the applied process are given in Figure 6.
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Figure 5. According to the applied process density change
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Figure 6. Density changes depending on the mean and applied process

The results presented in Table 1 indicate that the density of the black pine (Pinus nigra)
wood obtained from the north-oriented samples was lower than that of the south-oriented
ones. In other words, the density values increased proportionally toward the south direction.
This phenomenon can be explained by the fact that the annual growth rings in south-oriented
wood are narrower and denser than those in north-oriented wood, resulting in higher overall
density. As illustrated in Figure 6, the density of untreated wood was higher compared to that
of both impregnated and heat-treated specimens. This reduction in density following
impregnation may be attributed to the dissolution or extraction of low-molecular-weight
substances (extractives) during chemical treatment. Among the south-oriented specimens, the
untreated wood exhibited the highest density value. The difference between untreated
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densities of the north- and south-oriented samples was approximately 11.89%. After
impregnation, a slight decrease in density (0.002) was observed in the south-oriented
specimens, whereas a more pronounced reduction (0.023) occurred in the north-oriented ones.
This difference is primarily associated with the initial density variation between the two
orientations. Following heat treatment, the density of the south-oriented wood showed a
notable decrease compared to the impregnated condition, while the opposite trend was
observed in the north-oriented samples, where a remarkable increase in density was recorded
after heat treatment relative to impregnation. In summary, the density of Black pine grown in
the northern orientation tended to increase when heat treatment followed impregnation,
whereas impregnation alone caused a reduction in density. Conversely, impregnation nor heat
treatment contributed to an increase in density for the south-oriented Black pine; instead, both
processes resulted in a measurable decrease. These findings suggest that the response of wood
density to impregnation and thermal modification is significantly influenced by the growth
orientation of the material.

3.2 Effect of orientation and treatment on compression strength

According to the experimental results of the compression strength change is given in
Figure 7, and the mean and changes according to the applied process are given in Figure 8.
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Figure 8. Compression strength changes depending on the mean and applied process
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The compressive strength of the black pine (Pinus nigra) wood from the north-oriented
samples was lower than that of the south-oriented samples, as shown in Table 1. In other
words, the compressive strength increased proportionally toward the south direction. This
variation can primarily be attributed to the difference in density between the two orientations.
Furthermore, the results revealed that the compressive strength of untreated wood was
considerably lower compared to those subjected to the Alpha-X impregnation and heat
treatment processes. The highest compressive strength value was obtained after the Alpha-X
treatment. According to Figure 8, the impregnation process led to the highest compressive
strength in both the north- and south-oriented specimens. However, when heat treatment was
applied following impregnation, a notable decrease in compressive strength was observed in
both orientations. The difference between the untreated compressive strength values of the
south- and north-oriented samples was approximately 24.58%. This difference may be
associated with the higher lignin content in the south-oriented wood, which enhances its
compressive load-bearing capacity. After impregnation, a significant increase in compressive
strength was recorded in both orientations. Conversely, subsequent heat treatment caused a
noticeable reduction in compressive strength compared to the impregnated state. Overall, the
results indicate that impregnation treatment improves the compressive strength of Black pine
grown in both north and south orientations, whereas the combination of impregnation and
heat treatment tends to reduce it. These observations are consistent with the density variations
discussed earlier, confirming the strong correlation between density and compressive
behavior in thermally and chemically modified Black pine.

3.3 Effect of orientation and treatment on bending strength

According to the experimental results of the bending strength change is given in Figure 9,
and the mean and changes according to the applied process are given in Figure 10. As
illustrated in Figure 9, the bending strength data exhibited a normal distribution at a 95%
confidence level. According to Table 1, the bending strength values of the black pine (Pinus
nigra) obtained from the north-oriented specimens was lower than those from the south-
oriented specimens. In other words, the bending strength increased proportionally toward the
south direction. This difference may be attributed to the higher cellulose content observed in
the south-oriented wood, which enhances the tensile and bending performance of the fibers.
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Figure 9. According to the applied process bending strength change
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As shown in Figure 10, the bending strength of the chemically untreated but heat-treated
south-oriented wood was higher than that of the north-oriented samples. In contrast, the
lowest bending strength value was recorded in the north-oriented impregnated specimens. The
highest bending strength was obtained in the untreated Black pine samples from the south
orientation. The difference between the untreated bending strengths of the south- and north-
oriented woods was approximately 28.5%. When impregnation treatment was applied, a slight
decrease (2.07 MPa) in bending strength was observed in the north-oriented samples, while a
more pronounced reduction (55.51 MPa) occurred in the south-oriented samples. Following
heat treatment, however, the bending strength of the south-oriented wood increased notably
compared to that of the impregnated condition. Overall, it was determined that impregnation
treatment decreased the bending strength of the black pine grown in the southern orientation,
whereas subsequent heat treatment of impregnated wood resulted in a noticeable
improvement in bending strength. In summary, both impregnation and heat treatment did not
enhance the bending performance of Black pine grown on the southern slope; instead, they
tended to reduce it. These findings suggest that the effect of chemical and thermal
modification on bending behaviour is highly dependent on the growth orientation of the wood
material.
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Figure 10. Bending strength changes depending on the mean and applied process
3.4 Effect of orientation and treatment on elasticity modulus

The change in bending strength according to the experimental results is given in Figure 1,
and the mean and changes according to the applied process are given in Figure 12. It was
observed that the modulus of elasticity (MOE) data exhibited a normal distribution at the 95%
confidence level (Fig. 11). As presented in Table 1, the bending strength of black pine (Pinus
nigra) wood obtained from the northern orientation was higher than that from the southern
orientation, indicating that the MOE increased proportionally toward the north direction.
Examination of Fig. 12 further revealed that the MOE values of untreated, impregnated, and
heat-treated specimens from the northern direction were consistently higher than those from
the southern direction. The lowest MOE value was recorded in impregnated samples from the
southern direction, whereas the highest MOE value was observed in heat-treated samples
from the northern direction. A comparison between untreated specimens showed
approximately a 7.54% higher MOE in the north-oriented samples than in the south-oriented
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ones. Following impregnation, a slight reduction (by 76.29 units) in MOE was observed in the
southern direction, while a pronounced increase (by 1438.47 units) occurred in the northern
direction. After heat treatment, the MOE in the north direction exhibited a substantial increase
compared with the impregnated condition. Overall, the findings indicate that both
impregnation and heat treatment enhance the elastic performance of Scots pine grown under
northern exposure conditions. These treatments did not cause deterioration in stiffness; on the
contrary, they contributed to a considerable improvement in the modulus of elasticity of wood
originating from the northern slopes.
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Figure 12. Elasticity modulus changes depending on the mean and applied process

4  Conclusion

In this study, titled “Investigation of the Effects of Growth Orientation, Thermal
Treatment, and Alpha-X Chemical on black pine (Pinus nigra)”, the influence of orientation,
thermal modification, and chemical impregnation on the physical and mechanical properties
of the material was comprehensively examined.
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e The results demonstrated that thermal treatment caused an approximate 10% decrease in
the density of wood samples obtained from both the north and south orientations. While
an increase in compressive strength was observed, mainly attributed to the lignin
content, a noticeable reduction in bending strength occurred, which is influenced by
cellulose.

e The thermal degradation sequence of the main wood polymers can explain this
behaviour. During thermal treatment, cellulose degradation occurs earlier than that of
lignin, leading to a decrease in bending strength. The observed increase in compressive
strength, on the other hand, can be attributed to the fact that lignin had not yet reached
its degradation temperature. Lignin begins to thermally decompose at relatively higher
temperatures, typically between 350°C and 400°C, whereas cellulose decomposes at
lower temperature ranges.

e In the part of the study focusing on the effect of the Alpha-X chemical, two
experimental groups were prepared: one group of samples was impregnated with the
Alpha-X chemical before thermal treatment, while the other group was thermally
treated without chemical application. The findings revealed that the use of the Alpha-X
chemical before thermal treatment negatively affected both the bending and
compressive strength values of Black pine wood. This indicates that chemical
impregnation before heat exposure may weaken the internal bonding structure within
the wood cell wall.

e It is also noteworthy that all wood samples used in this study were obtained from trees
harvested outside the vegetation (active growth) period. For future research, it is
recommended that wood samples be collected from trees during the active vegetation
period, allowing for further investigation into how seasonal growth conditions interact
with chemical and thermal treatments. Such studies would provide a deeper
understanding of how combined modification processes influence the physical,
mechanical, and structural behaviour of the black pine wood.
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Emprenye ve 1sil islemin karacam (Pinus nigra) agacimin fiziksel ve
mekanik ozellikleri tzerine etkileri

Bilal Dogan'(®), Osman pergin®(,

OZ: Bu cahismada, bor bilesikleri ile emprenye isleminden sonra farkli sicakliklarda
uygulanan 1s1l islemin ahsap malzemenin fiziksel ve mekanik 6zellikleri iizerindeki etkisi
incelenmistir. Bu amacla, deney 6rnekleri %1, %3 ve %35 konsantrasyonlarinda boraks (BXx)
ve borik asit (Ba) ¢Ozeltileriyle 48 saat daldirma yontemiyle emprenye edilmis ve ardindan
150°C, 170°C, 190°C ve 210°C'de ii¢ saat 1s1l islem uygulanmistir. Deney orneklerinin hava
kurusu yogunluk, liflere paralel basing direnci (BD) ve egilme direnci (ED) degerleri
belirlenmistir. Arastrma sonuglari, 1si1l islem uygulanmis deney Orneklerinde yogunluk
degerlerinin, artan 1s1l islem sicakhgiyla azaldigini gostermistir. Ote yandan, bor bilesikleri
181l islem uygulanmamis deney 6rneklerinin yogunluk degerlerini artirmistir. Bor bilesikleri
ile emprenye islemi ve 1sil islem uygulamasi deney orneklerinin BD 0zelliklerinde hafif bir
artisa neden olmustur. Ayrica, emprenye edilmis ve 1s1l islem uygulanmis deney 6rneklerinin
ED degerleri, diisiik sicakliklarda arttigi, yiiksek sicakliklarda ise azaldigi tespit edilmistir. Is1l
islem sirasmda ED ve BD o6zelliklerinde goriilen azalmalarm, 1sil islemden ©once bor
bilesikleri ile emprenye edilmesiyle hafifletildig§i ve Bx ve Ba emprenye c¢ozeltilerinin
sirastyla BD ve ED 0Ozellikleri tizerinde daha olumlu etkilere sahip oldugu belirlenmistir.

Anahtar kelimeler: Bor, Isil islem, Karagam, Fiziksel ve mekanik dzellikler

Effects of impregnation and heat treatment on the physical and
mechanical properties of black pine (Pinus nigra) wood

ABSTRACT: In this study, the effect of impregnation with boron compounds followed by
heat treatment at different temperatures on the physical and mechanical properties of wood
material was investigated. For this purpose, samples were impregnated with borax (Bx) and
boric acid (Ba) solutions at concentrations of 1%, 3%, and 5% using the immersion method
for 48 hours, and then subjected to heat treatment at 150°C, 170°C, 190°C and 210°C for
three hours. The air-dry density, compressive strength parallel to the grain (CS), and modulus
of rupture (MOR) of the test samples were determined. The results indicated that air-dried
density of heat-treated samples decreased with increasing heat treatment temperature. On the
other hand, boron compounds increased air-dried density. The impregnation with boron
compounds and heat treatment causes an slightly increase in CS properties of samples. It was
also found that the MOR values of impregnated and heat treated samples increased at the
initial stage of the heat treatment and decreased later. It was also determined that the
decreases in MOR and CS during heat treatment were alleviated by impregnation with boron
compounds before heat treatment and also the Bx and Ba impregnation solution was more
favourable on the CS and MOR properties, respectively.
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1 Giris

Ahsap, insanoglu tarafindan kullanilan en eski yap1 malzemelerinden biri olup, glinimuzde
konut, mobilya, dekorasyon elemanlar1 ve agac isleri endiistrisi de dahil olmak iizere bir¢ok
yaygin kullanim alanina sahiptir (Ayata, 2024; Bal ve ark., 2023). Ahsabin dayanikliligi,
islenebilirligi ve estetik cekiciligi, yiiksek mukavemet/agirlik orani, ses yalitim ve akustik
performans 6zellikleri, elektriksel iletkenligin olmamasi ve sicaklik kararliligi gibi olumlu
ozellikleri onu olaganiistii ve popiiler bir yap1 malzemesi haline getirmektedir (Zhang ve ark.,
2020). Ahsap miikemmel bir yenilenebilir yapt malzemesi olmasina ragmen, dis mekan
kosullarinda bozunmasi ve cevredeki bagil nemdeki dalgalanmalara bagli olarak boyutsal
kararsizligi, biyolojik saldirilara maruz kalmasi, hava kosullarma maruz kaldiginda

goriinlimiinde degisiklikler olmas1 ve kolay yanmasi gibi bazi dezavantajlar1 vardir (Keskin
ve ark., 2009; Sevim Korkut ve Hiziroglu, 2014).

Ahgsabin kullanimini kisitlayan olumsuz ve istenmeyen 6zelliklerini ortadan kaldirmak i¢in
ahsap modifikasyon yontemleri (emprenye, 1s1l islem, kimyasal) gelistirilmistir (Sandberg ve
ark., 2017; Jones ve Sandberg, 2020). Ahsap modifikasyonu, ahsabin olumsuz 6zelliklerini
degistirmek veya performansmi iyilestirmek anlamina gelmektedir. Etkili bir ahsap
modifikasyon islemi, ahsabin ciiriik¢iil mantarlara ve boyut stabilitesine karsi direncini
artirmakta, su emilimini azaltmakta ve dis hava kosullarma kars1 direncini gelistirmektedir
(Hill, 2006). Ayrica ahsap malzemenin performansini iyilestirmeye ve daha islevsel hale
getirmeye de katkida bulunmaktadir (Zelinka ve ark., 2022).

Kimyasal modifikasyon, ahsap endiistrisindeki geleneksel yontemlerden biri olup, son
yillarda kimyasal ahsap modifikasyon teknolojilerine olan ticari ilgi artmaktadir. Ahsabin
kimyasal modifikasyonu, bir reaktifin ahsabin polimerik bilesenleriyle (seliiloz, hemiseliiloz
ve lignin,) kimyasal reaksiyona girmesiyle gerceklesir ve bu da reaktif ile hiicre duvari
polimerleri arasinda kararh bir kovalent bagin olusmasiyla sonuglanir (Bari ve ark., 2019).

Bir diger odun modifikasyon yontemi ahsap malzemenin emprenye (kimyasal emdirme)
edilmesidir. Ahsaba kimyasal emdirme islemi, hiicre duvarlarinin belirli bir kimyasal karisim
veya inert bir malzeme (emprenye edici maddeler) ile doyurulmasini igerir. Bu emdirme
yonteminin temel amaci, rutubet girisini kisitlamak, ahsabin 6zelliklerini degistirmek, dmriinii
uzatmak ve ciirlimesini azaltmaktir (Hill, 2006; Liao ve Mubarok, 2024). Ahsap malzemeler
icin en yaygin uygulanan koruma yontemi, kullanim alanina gore uygun bir kimyasal ve
yontemle modifikasyon yontemidir (Sen ve Hafizoglu, 2001).

Bor bilesikleri, toksik olmamasi, cevre dostu olmasi, diisiik maliyeti, seliilozik
malzemelerde yliksek termal ve biyolojik direng agisindan yangin geciktirici olmasi ve ayrica
termit ve bocek gibi zararlilara karsi etkili olmasi gibi 6zellikleri nedeniyle son yillarda ahsap
koruma endiistrisinde 6ne ¢ikmisg ve yaygin olarak kullanilmaya baslanmistir (Cavdar ve ark.,
2015). Bor bilesiklerinin uygulamas: kolaydir ve ahsaba iyi nifuz etme kabiliyetlerine
sahiptirler. Ucuz ve kolay bulunabilmeleri, memeliler icin ihmal edilebilir diizeyde toksisiteye
sahip olmalari, asindirict 6zellikleri olmamasi ve ahsabin yanmaya kars1 direncini dnemli
Olglide artirmalar1 nedeniyle yaygin olarak kullanilmaktadirlar (Baysal, 2003; Asc1, 2016).
Gegmiste geleneksel olarak kullanilan emprenye maddeleri kreozot, bakir-krom-arsenik
(CCA), Bakir/Krom/Bor (CCB), Pentaklorofenol (PCP), Boliden K33, Tanalith-CBC ve son
yillarda kullanimi artan Amonyakli Bakir Quat (ACQ)’tir (Bal, 2006). Ancak son yillarda,
cevre koruma derneklerinin baskisi, artan ¢evresel kaygilar ve bu kimyasallarin kullanimimin
siirlanmasina iliskin yonetmeliklerin uygulanmasi nedeniyle yakin zamanda birgok iilkede

359



Dogan ve Percin, Mobilya ve Ahsap Malzeme Arastirmalar: Dergisi, 8 (2), 358-372

bu kimyasallarin kullanimi smirlandirilmistir. Agag isleri endiistrisinde yaygin olarak
kullanilan bu kimyasallarin ekolojik dengeyi bozdugu ve insan ve diger canlilarm sagligini
tehdit ettigi yoniinde ciddi aragtirma sonuglar1 vardir (As¢1 ve Keskin, 2021).

Bor bilesiklerinin ahsap koruma endiistrisinde kullanimi1 giderek daha fazla 6nem
kazanmaktadir. Buna karsm bor ¢ozeltileri ile emprenye edilen deney ornekleri dis ortam
sartlarina maruz birakildiginda, bor bilesikleri kolayca yikanarak ahsap malzemeden
uzaklagmalari, en 6nemli dezavantajlarinin basinda gelmektedir. Bu dezavantajin {istesinden
gelmek i¢in bor bilesiklerinin odun hiicre duvarlarinda daha fazla tutunmasi ve yikanmasinin
azaltilmasi {izerine galismalar mevcuttur (Dauvergne ve ark., 2000; Kartal ve Imamura, 2004;
Kartal ve ark., 2009).

Agag¢ malzemenin bazi 6zelliklerini iyilestirmek i¢in kullanilan bir diger etkili yontem ise
1s1l islemdir. Isil islem uygulanmasi son yillarda 6nemli Olclide artmus ve bazi agag
ozelliklerini 1yilestirmek icin endiistriyel bir islem olarak biliylimeye devam etmektedir
(Esteves ve Pereira, 2009). Isil islem uygulamasinda kimyasal madde kullanilmadigindan
dolay1 c¢evreci bir odun modifikasyon yontemi olarak degerlendirilmektedir (Johansson,
2008). Isil islem aga¢c malzemenin boyutsal kararliligin1 ve biyolojik direncini iyilestirirken,
uygulanan 1s1l islem kosullarna bagli olarak mekanik 6zelliklerini olumsuz yonde
etkilemektedir. Isil islem sonucu mekanik Ozelliklerde meydana gelen azalmalar, agac
malzemenin mekanik dayanim gerektiren farkli yiikk tasiyic1 sistemlerdeki kullanimini
smirlamaktadir (Simsek Tirker ve ark., 2024). Isil islemin ahsap malzemenin direng
Ozellikleri tizerindeki etkisi karmasik bir durum olmakla birlikte etkinin biiytikliigii, agac tiirii,
uygulama sicakligi ve siiresi, 1sitma ortami, ahsabin nem igerigi ve atmosfer basinci gibi
belirli parametrelere bagli oldugu degismektedir (Fengel ve Wegener, 1984).

Awoyemi ve Westermark (2005) tarafindan yapilan c¢alismada, 1s1l islemin ahsap
malzemenin mekanik 6zellikleri Gzerindeki olumsuz etkisini azaltmak icin, deney ornekleri
oncelikle bor tuzlar1 ile emprenye edilmis ve ardindan 1sil isleme tabi tutulmustur. Sonug
olarak bor emdirmenin 1s1l igslem sirasindaki diren¢ kayiplariin siddetini azaltti§1 ve bunun
alkalinin deney oOrneklerinin asiditesi iizerindeki tamponlayici etkisinden kaynaklandigini
belirtmektedir. Awoyemi (2008) tarafindan yapilan bir baska ¢alismada ise hus (Betula
pubescens) agaci ornekleri 0.1, 0.3 ve 0.5 M sodyum borat ¢6zeltisi ile emprenye edilmis ve
200 °C'de 4 saat boyunca 1s1l isleme tabi tutulmustur. Borat tuzunun 1sil islem sirasinda
mukavemet kaybi derecesi tizerindeki azaltici etkisinin, konsantrasyonun 0.1 M'den 0.3 M'ye
artmasiyla 6nemli 6lgiide arttigini bildirmistir. Ancak, 0.3 ve 0.5 konsantrasyon seviyelerinde
bor tuzu ile emprenye edilmis numuneler arasinda 6nemli bir fark gézlenmemistir. Baska bir
calismada Kartal ve ark., (2008), borik asit (BA) ve disodyum oktoborat tetrahidratin (DOT)
emdirme ve 1s1l iglemin Sugi (Cryptomeria japonica D. Don) agacinin kimyasal ve direng
ozellikleri lizerinde etkilerini analiz etmislerdir. Calismada, 1s1l islem sicakligma bagli olarak
direng Ozellikleri ile hemiseliiloz kayiplar1 arasinda dogrudan bir iligki oldugu ve deney
orneklerinin hemiseliiloz igerigi azaldik¢a kopma modiiliindeki (MOR) kayiplarin arttigi
bildirilmistir. Ayrica, borik asit (BA) ve disodyum oktoborat tetrahidratin (DOT) deney
orneklerinin pH degerini belirgin bir sekilde degistirdigini, ayrica emprenye edilen drneklerin
MOE degerlerindeki kayiplarin, emprenye edilmeyen Orneklerden daha az oldugunu
bildirmiglerdir. Diger yandan asidik yangin geciktirici kimyasallar ve yiiksek sicaklik
kombinasyonunun ahsap bilesenlerinin asidik hidroliz hizin1 artirdigi ve boylece ahsap
malzemede direng kayiplarma neden oldugu disiiniilmektedir (LeVan ve Winandy, 1990).
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Isil islem uygulanmis ahsap malzeme doseme, giiverte, pencere ve kapi dogramalari,
paneller, bah¢e mobilyalari, sauna duvarlar1 ve mobilyalar1 gibi bir¢ok uygulamada kullanim
alan1 giin gectikce artmaktadir ve ahsap isleri endiistrisindeki pazar payr artarak devam
etmektedir (Yildiz ve ark., 2006, Ozcifci ve ark., 2009). Bor bilesikleri uzun yillardir ahsap
koruma endustrisinde fungisit ve insektisitlere kars1 kullanilmakta ve 6zellikle termitlere karsi
etkili olmaktadir. Bor bazli kimyasallar ayrica yangin geciktirici emprenye maddesi olarak
kullanilmakta olup ve termal bozulmanin siddetini 6nemli Olglide azalttigi bulunmustur
(Winandy, 1997).

Literatiir incelendiginde, boraks ve borik asit ile emprenye ve 1sil islemin ahsap
malzemenin oOzellikleri Gzerindeki etkisi arastirmacilar tarafindan ayri ayri kapsamli bir
sekilde arastirilmis ve tartisilmistir. Ancak, bu islemlerin etkilerinin bir arada ele alindigi
smirli sayida bilgi mevcuttur. Dolayisiyla, bu c¢alismanimn amaci, boraks ve borik asit
cozeltileri ile emprenye ve ardindan 1s1l islem uygulamasmm Karagam (Pinus nigra Arnold)
odununun baz fiziksel ve mekanik 6zellikleri tizerindeki etkisini belirlemektir.

2 Materyal ve Metot
2.1 Ahsap malzeme

Bu ¢alismada, agac isleri ve mobilya endiistrisinde yaygin olarak kullanilan karacam
(Pinus nigra Arnold) odunu deney malzemesi olarak kullanilmistir. Deney Ornekleri,
Kiitahya, Simav'daki bir kereste fabrikasindan rastgele yontemle hava kurusu halinde satin
almmistir. Odun malzemesi se¢iminde, Ozellikle noksansiz, diizglin biiyiimiis, budaksiz,
normal yetismis odunun (kusursuz, reaksiyon odunu icermeyen, bocek ve mantar zararlari
icermeyen) Ozelliklerine dikkat edilerek satin alma islemi gergeklestirilmistir. Deney
orneklerinin hazirlanmasinda ayni tomruktan kesilmis ahsap levhalar kullanilmigtir. Taslak
levhalardan egilme direnci (ED) testleri igin 360 mm X% 20 mm x 20 mm (teget x radyal ve
boyuna yon) ve liflere paralel basing direnci (BD) ve yogunluk degerlerinin belirlenmesi igin
30 mm x 20 mm x 20 mm boyutlarinda ¢alisma metodolojisine uygun olarak hazirlanmistir.
Her bir deney grubu i¢in on adet deney 6rnegi hazirlanmistir. Hazirlanan deney 6rnekleri,
emprenye isleminden 6nce 20 + 2 °C ve %65 + 3 bagil nem sartlarinda bekletilmis ve
ardindan emprenye edilmistir. Deney orneklerine ait islemler Sekil 1°de gosterilmektedir.

b -~ T e

Sekil 1. Deney 6rnekleri (a), pH ve yogunluk 6l¢iimii (b), emprenye islemi (c), emprenyeli
ornekler (d) (Dogan, 2018)
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2.2 Emprenye islemi

Bu ¢alismada, emprenye maddesi olarak Boraks (Bx) ve Borik asit (Ba)'in %1, %3 ve %5
konsantrasyonlarindaki c¢ozeltileri kullanilmistir. Cizelge 1°de c¢alismada kullanilan bor
bilesiklerinin pH ve yogunluk degerlerini verilmistir.

Cizelge 1. Kullanilan bor bilesiklerinin 6zellikleri (Dogan, 2018)

Bor Bilesikleri  Cozin  Konsantrasyon PRt Yogunluk (g/mh
(%) E6O ES EO ES

Destile su 1 9.36 9.24 1.005 1.002

Bx Destile su 3 9.41 933 1012 1.009
Destile su 5 946 935 1021 1.020

Destile su 1 6.97 9.67 1.003  1.003

Ba Destile su 3 597 568 1.011  1.004
Destile su 5 513 522 1.015 1.014

Not: EO: Emprenye 6ncesi, ES: Emprenye sonrasi

Emprenye isleminden Once, denge rutubete getirilmis deney ornekleri %1, %3 ve %5
konsantrasyonlarinda Bx ve Ba ¢ozeltileri ile emprenye edilmistir. Bu baglamda, deney
ornekleri ASTM D1413-76 (1976) standardina gore plastik bir kapta 72 saat boyunca
daldirma yontemi kullanilarak emprenye edilmistir (Ors ve ark., 2004). Deney orneklerinin
tamami emprenye maddesine gomiilecek ve ylizeyleri birbirini kapatmayacak sekilde
emprenye cozeltilerine daldirilmis ve bu sekilde sabit kalmalar1 i¢in lizerlerine agirliklar
yerlestirilmistir. Emprenye isleminden sonra, deney Orneklerinin yizeyleri hafifce silinerek
retensiyon degerlerini belirlemek icin 0,01 g hassasiyetle tartilmistir. Her bir konsantrasyon
seviyesinde, tiim deney gruplar1 i¢in toplam retensiyon miktar1 (R), asagidaki denklemler
kullanilarak hesaplanmustir.

R= % x 103 g/cm® (1)
Burada; G: T2-T1 (T2: Emprenye sonrasi tam kuru agirlik, T1: Emprenye 6ncesi tam kuru
agirlik) (g), C: Cozelti konsantrasyonu (%), V: Numune hacmi (cmq).

2.3 Isilislem

Bx ve Ba c¢ozeltileri ile emprenye edilmis deney orneklerine 150 °C, 170 °C, 190 °C ve
210 °C sicakliklarda 3 saat 1s1l igsleme uygulanmistir. Bu agamada, her bir deney grubu ve
konsantrasyon seviyesi i¢in ayr1 ayri olacak sekilde bir 1s1l islem firininda (Niive FN 120) 1s11
islem uygulanmistir. Daha sonra deney 6rneklerinin tamami, 20 + 2 °C sicaklikta ve % 65 + 3
bagil nem sartlarinda 3 hafta siireyle bekletilmistir.

2.4 istatistiksel analizler

Farkli konsantrasyonlardaki (%1, %3 ve %5) Bx ve Ba ¢ozeltileri ile emprenye edilen ve
ardindan 1s1l uygulanan deney Orneklerinin baz1 fiziksel ve mekanik 6zelliklerine ait veriler
MSTAT-C yazilim paketi (Siiriim 1.42, Michigan State Universitesi, ABD) kullanilarak
analiz edilmistir. Gruplarin ortalama degerleri arasindaki farklar Duncan testi kullanilarak
karsilagtirilmistir.
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3 Bulgular ve Tartisma

Bor bilesikleri ile emprenye edilen numunelerin retensiyon degerleri Cizelge 2'de
verilmigtir. Bu sonucglara gore en yiiksek ortalama retensiyon degeri %5 Ba ile emprenye
edilen deney orneklerinde 15.72 kg/m® olarak tespit edilirken, bunu %5 Bx ile emprenye
edilen deney 6rnekleri 14.27 kg/m?® olarak takip etmistir. Yapilan tiim emprenye islemlerinde
bor bilesikleri konsantrasyon seviyesi arttikca retensiyon oraninin arttigi belirlenmistir.
Benzer bir ¢alismada Toker (2007), boraks ve borik asit ile emprenye edilen kizilgam (Pinus
Brutia Ten.) 6rneklerinin retensiyon degerini belirlemistir. %1 borik asit konsantrasyonunda
4.78 kg/m®, %3 borik asitte 13.46 kg/m?, %5 borik asitte 27.02 kg/m®, %1 boraks ile 5.13
kg/m3, %3 boraks ile 14.83 kg/m® ve %5 boraks ile 24.57 kg/m? retensiyon oranlarmin
bulundugunu bildirmistir. Emprenye edilmis ve 1s1l islem gormiis odun numunelerinin
ortalama hava kurusu yogunluk degerleri Sekil 2'de verilmistir.

Cizelge 2. Bor bilesiklerinin ortalama retensiyon degerleri

. . i 3
Konsantrasyon seviyesi (%) Retensiyon (kg/m)
Bx Ba
1 3.44 (0.588) 2.93 (0.221)
3 9.32 (0.660) 8.61 (0.650)
5 14.27 (0.710) 15.72 (0.990)
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Sekil 2. Emprenye edilmis ve 1s1l islem uygulanmis deney 6rneklerinin hava kurusu yogunluk
degerleri (Dogan,2018)

Genel olarak degerlendirildiginde uygulanan 1sil iglemin sicaklik derecesi arttikea,
yogunluk degerleri azalmistir. Isil islemsiz Orneklerle karsilastirildiginda en az yogunluk
azalmas1150 °C'de, en yliksek yogunluk azalmasi ise 210 °C'de 1s1l islem uygulanan deney
orneklerinde gerceklesmistir. Isil islemden sonra ahsap malzemenin yogunlugundaki
azalmanin nedenleri, ahsap malzeme bilesenlerinin (6zellikle hemiseliilozlarin) islem
sirasinda buharlasan ugucu iirlinlere doniismesi; bazi ekstraktif maddelerin buharlagsmasi; ve
1s1l iglem gérmiis ahsabin daha az hidrofobik olmasi nedeniyle numunelerin daha diisiik denge
rutubete sahip olmasmdandir (Boonstra ve ark., 2007). Yuksek sicaklikta 1sil islem
uygulanmis deney orneklerinin yogunluk degerleri, diisiik sicakliklarda 1s1l islem uygulanmig
deney orneklerinden daha disiik tespit edilmistir. Bunun nedeni hemiselilozun yiksek

363



Dogan ve Percin, Mobilya ve Ahsap Malzeme Arastirmalar: Dergisi, 8 (2), 358-372

sicaklikta daha fazla bozunmus olmasidir (Won ve ark., 2012). Bor bilesikleri ile emprenye
edilmis numunelerin yogunluk degerleri, emprenye edilmemis numunelerden biraz daha
yiiksektir. Ayrica, hava kurusu yogunluk degerlerine etkileri agisindan Bx ve Ba ¢ozeltileri
arasinda anlamli bir fark yoktur. Ancak, Ba ile emprenye edilmis numunelerin ortalama
yogunluk degerleri, Bx ¢6zeltisi ile emprenye edilenlerden ¢ok az daha yiksektir. Her iKi
emprenye c¢oOzeltisinin tiim konsantrasyon seviyelerinde emprenye edilmis ve 1sil islem
uygulanmis deney Orneklerinin yogunluk degerleri, ayni sicaklikta 1s1l islem uygulanmis ve
emprenye edilmemis numunelerin degerlerinden daha yiiksektir (%5 konsantrasyondaki Ba
ile emprenye edilmis ve 200 °C'de 1s1l islem gérmiis numuneler hari¢). Bagka bir deyisle, bor
bilesikleri ile emprenye edilen deney Ornekleri, emprenye edilmemis orneklerle
kiyaslandiginda 1s1l islem nedeniyle yogunluk degerlerinde daha az kayiplar gergeklesmistir.
Awoyemi ve Westermark (2005), yiiksek sicakliklara bagli olarak aga¢ malzemenin daha
fazla bozunmasmin borat emprenye edilmesiyle azaltilabilecegini bildirmistir. Bu, alkalinin
ahsabin asitligi lizerindeki tamponlama etkisinden kaynaklaniyor olabilir ve bu da 1s1l islem
nedeniyle ahsabin bozunma derecesini azaltmaktadir. Daha 6nce yapilan bir ¢calismada, Gecer
ve ark., (2015), bor bilesikleri ile 6n emprenye islemlerinin kompozit malzemelerin fiziksel
ve mekanik Ozellikleri iizerindeki etkileri analiz etmek i¢in ahsap polimer kompozitler Dogu
kayinina (Fagus orientalis L.) stiren ve farkli oranlardaki borik asit ve boraks emprenye
edilerek hazirlanmistir. Deney Orneklerinin firin kurusu yogunluk degerlerinde emprenye
islemlerinden sonra 6nemli artiglar oldugunu, en diisiikk yogunlugun ise emprenye edilmemis
deney orneklerinde tespit edildigini bildirmislerdir. Yangm geciktirici kimyasallara borat
bazli tamponlarin eklenmesinin deney 6rneklerinde termal bozulmay1 6nemli 6lciide azalttig
belirlenmistir (Winandy, 1997).

Bor bilesikleri, konsantrasyon seviyesi ve 1s1l islem sicakliklarina gore ortalama BD ve ED
degerleri Cizelge 3'te verilmistir. Varyans analizi sonuglarina gore, bor bilesiklerinin,
konsantrasyon seviyesinin ve 1s1l islem sicakliklarinin deney 6rneklerinin BD ve ED degerleri
uzerindeki etkisi istatistiksel olarak anlamlidir (P < 0.05). Cizelge 3'teki verilere gore, bor
bilesikleri acismdan en yiiksek BD degeri Bx ile emprenye edilen 6rneklerde (47.60 N/mm?)
belirlenmis olup, bunu sirasiyla Ba ile emprenye edilen 6rnekler (46.35 N/mm?) ve emprenye
edilmemis drnekler (45.63 N/mm?) takip etmistir. Bu sonuglara gore, Bx ile emprenye edilen
deney Orneklerinin ortalama BD degerleri, emprenye edilmeyen deney Orneklerine kiyasla
yaklasik %4, Ba ile emprenye edilen orneklere gore ise %2 daha yliksektir. Konsantrasyon
seviyelerine gore en yilksek BD degeri, %3 seviyesinde (47.17 N/mm?) tespit edilirken, bunu
%5 seviyesinde emprenye edilen drnekler (47.09 N/mm?) ve %1 seviyesinde emprenye edilen
ornekler (45.35 N/mm?) izlemistir. Isil islem sicakligma gore en yiiksek BD degeri 210 °C’de
1s1l islem goéren orneklerde (50.12 N/mm?), bunu sirastyla 150 °C’de 1s1l islem uygulanan
ornekler (47.05 N/mm?), 170 °C’de 1s1l islem uygulanan 6rnekler (46.62 N/mm?), 190 °C’de
1s1l islem uygulanan drnekler (45.96 N/mm?) ve son olarak 1s1l islem uygulanmayan deney
ornekleri (42.87 N/mm?) izlemistir. Buna goére 1s1l islem sicakhigi arttikga BD degerleri
artmistir. Benzer bir ¢aligmada, liflere paralel basing direnci 1s1l islem uygulamasindan sonra
%28, teget yondeki liflere paralel basing direnci ise %8 oraninda artmistir (Boonstra ve ark.,
2007).

Cizelge 3’teki sonuglara gore, bor ¢ozeltileri ile emprenye edilip daha sonra s1l isleme tabi
tutulan test drneklerinin BD degerleri, emprenye edilmeyen deney orneklerinden biraz daha
yiiksektir. Ayrica, Bx ile emprenye edilen numunelerin BD degerleri Ba'dan daha yuksektir.
Ayrica, konsantrasyon seviyesindeki artisa bagli olarak BD degerlerinde bir miktar artis
belirlenmistir. Daha 6nce yapilan bir ¢alismada, BD degerindeki artigin, 1sil iglem gormiis
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odun orneklerindeki denge nem miktarindaki azalmadan kaynaklandigi vurgulanmistir.
Boylece, 151l islem gormiis ahsabin daha az higroskopik oldugu ve maksimum bagli su miktar1
azaldigindan, 1s1l igslemin direng 6zelliklerine olumlu katkida bulunabilecegi ifade edilmistir
(Aytin, 2013). Baska bir ¢calismada da, BD'deki artigin, 1s1l islem sonucu bagil su miktarindaki
azalmadan kaynaklandigi rapor edilmistir. Buna gore 1sil islemden sonra amorf seliilozun
bozunmasi veya kristallesmesi nedeniyle, yiiksek derecede diizenli Kristalimsi seltiloz miktar1
artmaktadir. Kristalimsi seltloz anizotropik bir yap1 gosterdiginden, kat1 ve rijit yapis1t BD
degerlerinde artisa neden olmaktadir (Korkut ve Kocaefe, 2009). Boonstra, (2008), yapmis
oldugu calismada, 1s1l islemden sonra meydana gelen liflere paralel basing direnci
degerlerindeki artislardan, ahsap malzemenin 1s1l islemden sonra daha az higroskopik olmasi,
buna bagl olarak bagil su miktarmin azalmasi, amorf seliillozun kristallesmesi ile kristal
seliiloz miktarinin artmast ve lignin polimer agimin c¢apraz baglanmasindaki artis sorumlu
utulmustur.

Cizelge 3. Bor bilesikleri, konsantrasyon seviyesi ve 1s1l islem sicakliginin liflere paralel
basing ve egilme direngleri tizerine Duncan testi sonuglar1 (Dogan, 2018)

Islemler Faktorler (N/BmDmZ) (N/Emsz)
Emprenyesiz 45,638 78.26¢

Bor bilesikleri Bx 47.607 79.438
Ba 46.35"8 80.88%

1% 45.358 74.89€

Konsantrasyon 3% 47.17A 82.13
5% 47.09° 81.54°

Is1l islemsiz 42.87¢ 77.32¢

150 °C 47.058 91.48%

Isil islem 170 °C 46.628 82.718
190 °C 45,968 75.93P

210 °C 50.12A 70.17¢

Not: Ust simge Duncan testine goére homejenlik grubu (farkli harfler anlaml bir farki gésterir, P<0.05).

Bu sonuglara gore, benzer sekilde, bor bilesikleri ile emprenye edilen deney 6rneklerinin
ED degerleri, emprenye edilmemis numunelerden daha yiiksektir (Cizelge 3). En ylksek ED
degeri Ba ile emprenye edilmis test deney drneklerinde (80.88 N/mm?) tespit edilirken, bunu
Bx ile emprenye edilen 6rnekler (79.43 N/mm?) ve emprenye edilmeyen 6rnekler (78.26
N/mm?) takip etmistir. Buna gore Ba ile emprenye edilen 6rneklerin ED degerleri,
emprenyesiz 0rneklere gore yaklasik %3, Bx ile emprenye edilen 6rneklere gore ise yaklasik
%?2 oraninda daha yiiksektir. Konsantrasyon seviyesine gore en yiikksek ED degeri %3'de
emprenye edilen deney orneklerinde (82.13 N/mm?) tespit edilirken, bunu %5'de emprenye
edilen deney Ornekleri (81.54 N/mm?) ve %1'de emprenye edilen deney ornekleri (74.98
N/mm?) izlemistir. Diger yandan ED degerleri de 1s1l islem sicakhigmin artigindan
etkilenmistir. Isil iglem uygulanmig deney drneklerinin ED degerleri, 1s1l islem uygulanmayan
orneklerle kiyaslandiginda diisiik sicakliklarda (150 °C, 170 °C) artarken, yiiksek
sicakliklarda (190 °C, 210 °C) azalmustir. Literatiirde benzer bir caligmada, Sitka ladini (Picea
sitchensis Carr.) agacina uygulanan 1s1l islemin baglangi¢ asamalarinda ED degerlerinin bir
miktar artt1g1, ilerleyen siireclerde azaldigi belirlenmistir (Kubojima ve ark, 2000). Baska bir
calismada ise bambu Ornekler 130 °C’de 1s1l isleme tabi tutulmus ve egilme direncinde
meydana gelen degisimler analiz edilmistir. Sonug olarak 1s1l islem basincinin artmasiyla
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birlikte, bambunun egilme direncinin baslangicta arttig1 daha sonra azaldig1 belirlenmistir (Li
ve ark., 2023). Yiiksek sicakliklarda mekanik direnglerdeki azalmalar, genellikle ahsap
polimerlerinin depolimerizasyon reaksiyonlar1 (Kotilainen, 2000) ve hiicre duvari
bilesenlerinin parcalanmasi (Yildiz ve ark., 2006) ile aciklanabilirken, 1s1l islemden sonra
goriilen direng artiglart genellikle selilloz kristalinitesindeki artisa ve ¢apraz baglanma
reaksiyonlarindan kaynaklanmaktadir. Ayrica cam agacinda diisiik sicakliktaki 1sil islem
egilme direncinde artiglara neden olurken, 200 °C’nin {izerindeki 1s1l islem uygulamalarinda
onemli diren¢ kayiplar1 yasanmaktadir (ThermoWood Handbook, 2003). Tum deney
gruplarinda emprenye isleminin ve ardindan uygulanan 1sil islemin BD ve ED degerleri
tizerine etkisini belirlemek i¢in yapilan Duncan testi sonuglar1 Cizelge 4'te verilmistir.

Farkli sicakliklarda uygulanan 1sil islem ile farkli konsantrasyon seviyelerinde bor
bilesikleri ile emprenye isleminin kombinasyonu, deney numunelerinin BD ve ED 6zellikleri
iizerinde farkl etkilere neden olmustur (Cizelge 4). Cizelge 4 ayrica, emprenye ve 1s1l islemin
BD ve ED degerleri lizerinde diizenli ve istikrarl bir etkiye sahip olmadigini géstermektedir.
Bunlara gore, BD o0zelliklerine iliskin olarak en yiiksek %3 oraninda Bx ¢d6zeltisi ile
emrepnye edilmis ve 210 °C'de 1s1l islem uygulanmis deney 6rneklerinde (53.46 N/mm?), en
disik ise %1 konsantrasyondaki Ba ¢ozeltisi ile emprenye edilmis ve 1sil islem
uygulanmayan deney orneklerinde (39.10 N/mm?) tespit edilmistir. Bu verilere gore, sadece
emprenye edilmis tiim deney Orneklerinin BD degerleri, emprenye edilmemis deney
orneklerinkinden diisiik oldugu tespit edilmistir. Mevcut ¢alismada, sadece bor bilesikleri ile
emprenye islemi BD'yi olumsuz etkilemis ve direng 6zelliklerinde azalmaya neden olmustur.
Cizelge 4’te ED ozellikleri acisindan, en yiiksek deger %5 konsantrasyondaki Bx ile
emprenye edilen ve 150 °C’de 1s1l islem uygulanmis deney &rneklerinde (103.66 N/mm?), en
diisiik ise %1 konsantrasyondaki Ba ile emprenye edilen ve 210 °C’de 1s1l islem uygulanmis
deney orneklerinde (61.32 N/mm?) elde edilmistir. Cizelge 3 ve Cizelge 4’teki bulgulara gore,
181l islemden Once deney orneklerinin bor bilesikleri ile emprenye edilmesi, 1s1l islemden
kaynaklanan ED ve BD 6zelliklerindeki direng kayiplarmi hafiflettigi goriilmektedir.

Can ve ark., (2010), %4 konsantrasyon seviyesinde boraks (Bx) ve borik asit (Ba)
cozeltileriyle emprenye edilmis ladin (Picea orientalis Link.) ve cam (Pinus nigra subsp.)
deney orneklerini 212 °C'de 2 saat 1s1l islem uygulandiktan sonra egilme (ED) ve liflere
paralel basing (BD) direnglerindeki degisimleri analiz etmislerdir. Sonu¢ olarak, BX
emdirilmis 1s1l iglem uygulanmis ¢cam Orneklerin BD degerlerinde %9’luk bir artis oldugunu
bildirmiglerdir. Ayrica ayni ¢alismada, Ba ile emprenye edilen ve 1s1l islem uygulanmis ladin
orneklerin ED degerlerinde %17, Bx ile emprenye edilmis ve 1sil islem uygulanmis ¢am
orneklerin ED degerlerinde ise %14’liik bir artis oldugu rapor edilmistir. Bagka bir ¢calismada,
Awoyemi ve Westermark (2005), sodyum borat ile emprenye edilmis ve 180 °C ve 200 °C'de
2 ve 4 saat boyunca 1s1l islem uygulanmis deney Orneklerinin 1s1l islem sirasinda mekanik
diren¢ kaybmin siddetinde bazi azalmalarla sonuclandigi bildirilmistir. Calismada bu
durumun alkalinin ahsabin asitligi lizerindeki tamponlama etkisinden kaynaklandigini ve
bununda ahsap malzemenin bozunma derecesini azaltabilecegini one siirmiislerdir. Ayrica,
uygulanan 1s1l iglem kosullarma bagli olarak, 1s1l islem uygulanmis ahsabin direng 6zellikleri
iizerinde On islem olarak borat emdirilmesinin olumlu etkilerini bildirmislerdir. Dogan ve
ark., (2021) tarafindan yiiriitiilen baska bir ¢aligmada, karagam (Pinus nigra Arnold) deney
ornekleri %1, %3 ve %5 konsantrasyon seviyelerinde diamonyum fosfat (DAP) ve sodyum
karbonat (SC) bilesikleriyle emprenye edilmis ve daha sonra farkli sicakliklarda 1sil isleme
tabi tutulmustur. Sonug olarak, 1s1l islem uygulanmis deney orneklerinin liflere paralel basing
direnci (BD) ve egilme direnci (ED) degerlerinde dnemli kayiplar yasandigi, 1sil islemden
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once uygulanan emprenye islemi bu direng kayiplarini sinirlandirdigi bildirilmistir. Tomak ve
ark., (2011), bor emdirme isleminden sonra uygulanan yagda 1sil islemin deney 6rneklerinin
liflere paralel basing direnci iizerinde olumsuz bir etkiye neden olmadigini, aksine tarimsal
bor iirlinii (TB) ve yagda 1sil islemlerinin kontrol grubuyla karsilagtirildiginda ED'yi
artirdigini bildirmislerdir.

Cizelge 4. BD ve ED degerleri i¢in Duncan testi sonuglar1 (Dogan, 2018)

Bor Bilegikleri  Konsantrasyon Is1l slem BD (N/mm?)  ED (N/mm?)

Is1l islemsiz 44 75FCGH! 72.39CHIK
150 °C 45.72EFGH 95,7548¢
Emprenyesiz - 170°C 46.315F0H  86.278CDFC
190 °C 42.65H9 74.30FGHNK
210 °C 48,71 ABCDEF 62.59°K
Isil iglemsiz 39.107 70.06HMK
150 °C 44.72FGHI 82.26CDEFGHI
1% 170 °C 42,750 76.085FCHY
190 °C 45,63EFCGH 71.78CGHIK
210 °C 51 25ABCD 61.32€

Isil islemsiz 42.39H1 84.83BCDEFGH
150 °C 49,51 ABCDEF 98.11A8
Ba 3% 170°C 49 12ABCDEF g/ 37BCDEFGH
190 °C 49.96ABCDE 79.24DEFGHI
210°C 53.27A8B 75.02EFGHIK
Is1l islemsiz 44.65FGH! 82, 27CDEFGHI
150 °C 48, 8QABCDEF 93.24ABCD

5% 170 °C 49 36ABCDEF g9 goCDEFGHI
190 °C 52.13ABC 75.56EFGHIK
210 °C 52.21ABC 74.45FGHIK
Is1l islemsiz 43.22GHN 79.29DEFGHI
150 °C 44, 79FGHI 74.21FGHIK
1% 170°C 46.10EFGH 70.67HK
190 °C 46.15EFCGH 71.20H1K
210 °C 48.45BCDEF 75.22EFGHIK
Is1l islemsiz 40.16V 77.67EFGHI
150 °C 49, 50ABCDEF 89.15ABCDE
Bx 3% 170 °C 46.62DEFGH 93.66ABCD
190 °C 45.G4EFGH 88.02BCDEF
210 °C 53.46A 70.62HIK

Is1l islemsiz 42.02H1 §2.81CDEFGHI
150 °C 48, 87ABCDEF 103.662

5% 170 °C 47.74CDEFG 77.98EFGHI
190 °C 46.19EFGH 74.69EFGHIK
210 °C 46.06EFGH 87.16BCDEF
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4 Sonug ve Oneriler

Boraks ve borik asit ¢dzeltilerinin farkli konsantrasyonlar1 (%1, %3 ve %5) ile emprenye
edildikten sonra 150 °C, 170 °C, 190 °C ve 210 °C'de 3 saat boyunca uygulanan 1s1l islemin,
karagamin (Pinus nigra Arnold) hava kurusu yogunluk, liflere paralel basing direnci (BD) ve
egilme direnci (ED) degerleri iizerindeki birlesik etkileri analiz edilmistir. Elde edilen
sonuclar;

e Deney Orneklerine emprenye ve 1s1l islem uygulamalarinin hava kurusu yogunluk, BD
ve ED o6zelliklerinde 6nemli etkileri oldugunu gostermistir.

e Her bir bor bilesiginin, konsantrasyon seviyesinin ve 1s1l islem sicakliginin BD ve ED
yogunluk degerleri iizerindeki etkisi degiskendir.

e Yiiksek sicakliklarda uygulanan 1s1l islem, deney Orneklerinin hava kurusu yogunluk
degerlerinin azalmasinda etkili olmustur. Hava kurusu yogunluk degerleri, artan 1s1l
islem sicakligindan olumsuz etkilenmis ve en yliksek degisim, 210 °C'de 1s1l islem
uygulanan deney orneklerinde tespit edilmistir.

e Genel olarak emprenye islemi, konsantrasyon seviyesindeki artis ve 1s1l islem BD'nin
artmasina neden olmustur.

e Bor bilesikleri ile emprenye ve ardindan 1sil islem uygulamasi sonucunda deney
orneklerinin BD ve ED 06zellikleri, 1s1l islem kosullarina bagl olarak degiskenlik
gostermistir.

e Bor bilesikleri ile emprenye edilmis deney Orneklerinin ortalama ED degerleri,
emprenye edilmeyenlere kiyasla gore daha yiiksektir.

o Isil islem gormiis deney Orneklerinin ED degerleri diisiik sicakliklarda artarken,
yiiksek sicakliklarda belirgin bir sekilde azalmistir.

e [sil islem uygulamalarindan sonra meydana gelen mekanik direng kayiplarmin
azaltilmasinda, on islem olarak bor bilesikleri ile emprenye edilme yalnizca hafif 1s1l
islem kosullarinda onerilebilir. Ayrica bundan sonraki yapilacak ¢aligmalarda farkli
emprenye ¢ozeltilerin, 1s1l islem uygulamalarindan 6nce farkli agag¢ tiirlerinde
kullanilarak mekanik direnglerdeki kayiplarin azaltilmasmna yonelik g¢alismalarin
yapilmas1 onerilmektedir.
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Evaluation of the wood machining characteristics and performance of
Melia azedarach L. for furniture
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ABSTRACT: The Philippine wood industry requires sustainable, indigenous alternatives to
supplement limited commercial exotic species. This study evaluated the potential of Melia
azedarach L. focusing on its machining characteristics and structural performance for high-
value furniture manufacturing. Machining tests (ASTM D-1666-22) revealed the species has
generally "Good" to "Excellent” workability across planing, turning, boring, shaping, and
mortising. Optimal planing quality (98.80% defect-free area) was achieved using 25° and 30°
knife hook angles, while boring quality was significantly enhanced by faster spindle speeds
(2300 and 3900 rpm). Minimal defects such as chip marks, fuzzy grain, and torn grain were
observed. For structural suitability, two prototype armchairs with mortise-tenon and dowel
joint systems were subjected to rigorous strength and durability evaluation using 1SO
7173:1989 test level 3. Both prototypes successfully passed all static, fatigue, and impact
requirements without failure. The findings confirm that M. azedarach possesses favorable
processing qualities and sufficient structural integrity, making it a viable and sustainable
substitute material for durable furniture and high-value woodwork.

Keywords: Melia azedarach, Wood machining, Jointing system, Furniture testing

Melia azedarach L. odununun mobilya Uretimi i¢in ahsap isleme
ozelliklerinin ve performansinin degerlendirilmesi

OZ: Filipin ahsap endiistrisi, sl sayida ticari egzotik tiiriin yerini dolduracak
stirdiiriilebilir, yerli alternatiflere ihtiyag duymaktadir. Bu ¢alisma, Melia azedarach L.'nin
potansiyelini, yiliksek degerli mobilya iiretimi i¢in isleme oOzelliklerine ve yapisal
performansina odaklanarak degerlendirmistir. Isleme testleri (ASTM D-1666-22), tiriin
planyalama, tornalama, delme, sekillendirme ve oyma islemlerinde genel olarak "lyi" ila
"Miikemmel" islenebilirlige sahip oldugunu ortaya koymustur. 25° ve 30° bigak kama agilar1
kullanilarak optimum planyalama kalitesi (%98.80 kusursuz alan) elde edilirken, delme
kalitesi daha hizli mil hizlariyla (2300 ve 3900 dev/dak) 6nemli dlglide artirilmistir. Talasg
izleri, puslu damarlar ve yirtik damarlar gibi minimum kusurlar gézlemlenmistir. Yapisal
uygunluk agisindan, zivana ve diibel birlestirme sistemleri kullanan iki prototip koltuk, ISO
7173:1989 seviye 3 test standardi kullanilarak mukavemet ve dayaniklilik degerlendirmesine
tabi tutulmustur. Her iki prototip de tliim statik, yorulma ve darbe gerekliliklerini hatasiz bir
sekilde basariyla gegti. Elde edilen bulgular; M. Azedarach odununun uygun isleme
ozelliklerine ve yeterli yapisal biitiinliige sahip oldugunu ve bu sayede dayanikli mobilya ve
yiiksek degerli ahsap is¢iligi icin uygulanabilir ve sirdirllebilir bir alternatif malzeme
oldugunu dogrulamustur.

Anahtar Kelimeler: Melia azedarach, Ahsap isleme, Birlestirme sistemi, Mobilya testi
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1 Introduction

The Philippine wood industry faces two persistent challenges: the rising demand for high-
quality timber and the need to conserve the remaining natural forests. Following the
implementation of Executive Order No. 23, which banned logging in natural forests, the
country’s wood supply shifted heavily toward plantation-grown exotic species such as
Falcataria moluccana, Gmelina arborea, Acacia mangium, and Swietenia macrophylla
(DENR-FMB, 2023). These industrial tree plantation species (ITPS) dominate the veneer,
plywood and lumber supply chain due to their rapid growth and short rotation cycles of 3-8
years for F. moluccana and G. arborea (Jimenez et al., 2015; Alipon et al., 2021; Jimenez et
al., 2021) and 10 - 20 years for A. mangium and S. macrophylla (Alipon et al., 2017,
Marasigan et al., 2025), with some stands reaching the minimum 30 cm cutting diameter
earlier when derived from plus-tree selections (Jimenez et al., 2022).

However, the heavy reliance on exotic plantations under the National Greening Program
(NGP) has raised ecological concerns (Aguilos et al., 2020). Several introduced species
exhibit invasive tendencies, modify soil chemistry, and suppress native vegetation
regeneration (Tulod et al., 2017). Their widespread cultivation has also been associated with
increased pest and disease incidence in both plantation-grown and native forest species (Joshi,
2006; Pinol et al., 2017). These trade-offs highlight the need to diversify the country’s
plantation portfolio with native species that are both ecologically compatible and industrially
viable.

In response, the Forest Products Research and Development Institute (FPRDI) and partner
institutions have begun promoting indigenous species for commercial wood processing. Melia
azedarach L., locally known as paraiso or bagalunga, is one of the most promising candidates.
Due to its fast-growing characteristics, straight grain, pinkish-brown aesthetic color, ease of
drying, and good finishing quality, which are comparable to S. macrophylla and G. arborea, it
has been considered as an alternative material in small-scale furniture production (Fern, 2014;
Natividad, 2016; Marasigan and Mundin 2024).

Recent local studies by FPRDI researchers (Marasigan and Mundin 2024; Marasigan et al.,
2025) reported that planted M. azedarach exhibits basic relative density and mechanical
strength comparable to widely used commercial exotic timbers such as G. arborea, S.
macrophylla, but superior to F. moluccana. These findings implied its potential as a raw
material for value-added processing. Yet, while basic physical and mechanical properties are
already documented, little is known about its machinability and product performance, which
are critical parameters that determine suitability for high-value furniture manufacture.

There is a need to assess how M. azedarach responds under standardized machining
conditions with the increasing adoption of computer-aided precision cutting, shaping, and
jointing technologies in the furniture sector. ASTM D1666 (2022) provides a standardized
protocol for evaluating machining performance through planing, routing, turning, boring,
mortising, and sanding operations. These performance-based evaluations, complemented by
joint strength assessment, offer a more realistic basis for industrial recommendations than
basic property data alone.

This study aims to generate relevant technical information on the processing characteristics
of M. azedarach as a raw material for solid wood furniture manufacturing. Specifically, it
seeks to: (1) evaluate the machining characteristics of M. azedarach using ASTM D1666
standards, and (2) assess its suitability for furniture application by determining the structural
performance of joints, focusing on mortise-tenon and dowel joint systems.
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2 Materials and Methods
2.1 Log collection, sawmilling, and lumber drying

Log samples of M. azedarach were collected from Quezon Province, Philippines. A total
of 35 logs were sourced from 12 sample trees. Sawmilling was conducted at the FPRDI
Sawmill Laboratory using a mobile horizontal bandsaw mill (Wood-Mizer LT 28). Each log
was sawn into 25 mm and 50 mm thick boards using either the conventional sawing-around
method or the live-sawing pattern.

The sawn lumber was kiln-dried using the FPRDI Furnace-Type Dryer (FTD), a
multifunctional wood-fired manually operated drying system suitable for wood, bamboo, and
non-timber materials (Carmelo, 2005; Jimenez, 2023). Temperature regulation was achieved
by adjusting the amount of wood fuel and manipulating the vent openings. Relative humidity
(RH) was controlled by regulating the water spray line and vent operation. Dry-bulb and wet-
bulb temperatures were manually monitored by the kiln operator. The final moisture content
(MC) of the lumber after kiln drying ranged from 9-12%.

2.2 Wood machining evaluation

The machining evaluation followed the ASTM D1666-22 standard test method for wood
and wood-based materials. Table 1 presents the machining tests and experimental design used
to assess the machining characteristics of M. azedarach. Machining parameters were varied
only for planing, turning, and boring while mortising and shaping were conducted at constant
settings.

Kiln-dried and defect-free lumber specimens were randomly selected and conditioned
before machining assessment. For the shaping test, one edge of each sample was pre-rounded
using a band saw before the machining evaluation.

Table 1. Machining tests and experimental parameters used for M. azedarach

Machining Specimen No. of Experimental Variable Equipment Parameters
Test Dimensions (mm)  Replicates

Planing 19x76x%300 10 Knife Cutting Angle 20°, 25°, 30°

Turning 19x19%x152 10 Spindle Speed (rpm) 1150, 2050, 4025
Boring™ 19x76x%300 10 Spindle Speed (rpm) 1300, 2300, 3900
Mortising  19x76x300 30 Constant Spindle Speed 3440 rpm

Shaping 19x76x300 30 Constant Spindle Speed 7000 rpm

Note:  Each equipment parameter has 10 replicates for planing, turning and boring. * The 30 bored samples
were also used for mortising, and shaping evaluation.

2.2.1 Planing Test

The planing test was performed using a single-surface planer equipped with a four-knife
cutterhead operating at 4000 revolutions per minute (rpm). Three sets of newly ground knives
with cutting angles of 20°, 25°, and 30° were used. All cuts were made at a constant depth of
1.6 mm, and a consistent feed rate of 2.25 m/min to 3.0 m/min. Dummy boards were run
before testing each knife set on the actual samples. The direction of feed and the planed
surface were marked on the specimens after each pass to ensure uniform observation.
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2.2.2 Turning test

Turning was performed using a multi-speed wood lathe machine fitted with a pattern knife
mounted on a compound sliding rest. The knife was positioned to produce a cylindrical
specimen with a minimum diameter of 9.72 mm. The influence of three spindle speeds (1150,
2050, and 4025 rpm) on surface finish quality was assessed.

2.2.3 Boring test

The boring test was done using an electric-driven vertical drill press fitted with a 25 mm
diameter single-twist, solid-center, brad-point spur drill bit. Two holes were bored through
each specimen using a clamped jig to ensure consistent alignment. Specimens were bored at
spindle speeds of 1300, 2300, and 3900 rpm.

2.2.4 Mortising test

Mortising was conducted at a constant spindle speed of 3440 rpm using an electric-driven
mortising machine equipped with a sharp 12 mm hollow chisel mortiser. Two mortises were
cut into each specimen. The specimens were clamped firmly against a backboard to minimize
splintering at the exit point of the chisel and bit.

2.2.5 Shaping test

A single-spindle shaper operating at 7000 rpm was used for shaping. Two sharp, quarter-
round profile knives were installed. A jig was employed to securely hold the specimens
during cutting on both the end-grain and side-grain surfaces.

2.2.6 Evaluation of surface quality

After each machining operation, the surface quality of the specimens was visually
inspected for machining defects, including torn grain, raised grain, roughness, and fuzzy
grain. Evaluation followed the five-grade rating system based on the percentage of defect-free
surface area as specified in ASTM D1666-22 (Table 2).

Table 2. Rating system for machining test

Grade Rating % Defect-Free-Area
1 Excellent 95-100
2 Good 85-94
3 Fair 75-84
4 Poor 65-74
5 Reject 64-below

2.3 Production of prototype arm chair furniture
2.3.1 Fabrication of prototype armchairs

To assess the suitability of M. azedarach wood for furniture production, two prototype
armchairs were fabricated at the Pampanga Furniture Industries Foundation, Inc. (PFIFI)’s
common service facility in Mabalacat, Pampanga, Philippines. A high-solids (48-50%)
polyvinyl acetate adhesive (PVAc-D3), suitable for interior and limited exterior applications
(Barboutis and Kamperidou, 2021), was used to assemble all prototype armchairs. The

376



Vardeleon et al., Furniture and Wooden Material Research Journal, 8 (2), 373-388

adhesive was applied to the bonding surfaces—mortise walls, tenon shoulders, and dowel
holes—using a brush to ensure complete coverage. The glue spread rate was approximately
180 g/m?, consistent with manufacturer recommendations and within the optimal 150-200
g/m? range reported by Jimenez and Ramos (2023). After application, the joints were
assembled immediately and subjected to uniform pressure using parallel bar clamps. The
assemblies were kept under ambient Philippine indoor conditions typical of a naturally
ventilated workshop (28-32 °C, 75-80% RH) for a 24 h clamping period. After clamp
removal, the units were left to cure under the same conditions for an additional 7 days to
ensure full bond-strength development.

The study design necessitated a direct comparison of joining systems. Thus, the prototypes
were constructed utilizing only one joining system per chair (i.e., no mixed jointing systems
were employed). This exclusion of mixed joints was intended to ensure a clear determination
of which joint type—the mortise-and-tenon or the dowel joint—would best withstand the
rigorous testing requirements of 1ISO 7173. The dimensions of the joints were designed to be
structurally proportional to the cross-sectional size of the primary structural members of the
chair. Fig. 1 illustrates the specific joint configurations used for a frame connection in each

prototype.
— J

1

Figure 1. Specific joint configurations and dimensions used for the prototype armchairs. On
the left image shows the mortise-and-tenon joint; on the right image shows the dowel joint.

2.4 Performance evaluation of prototype armchairs
2.4.1 Conditioning and test procedure

The structural performance of the two prototype armchairs was evaluated at the FPRDI
Furniture Testing Center (FFTC). Before testing, both samples were conditioned for one
month at 23+2°C and 65+5% RH to allow the adhesive joints to achieve their full curing
strength.

Testing was conducted in accordance with 1ISO 7173:1989 (Furniture—Chairs and stools—
Determination of strength and durability) using test standard level 3. Fig. 2 illustrates the
testing sequence applied to both prototypes. The evaluation consisted of the application of
static loads (damage initiation), cyclic loading or fatigue forces (damage propagation), and
impact loads (residual strength assessment), in compliance with the level 3 loading
requirements of the standard.
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Figure 2. Sequential procedure of armchair furniture testing following ISO 7173:1989
2.4.2 Evaluation of test performance

The performance of the prototype armchairs was assessed using a pass/fail criterion in
accordance with the 1SO 7173 standard. The primary objective of the study was compliance
and suitability validation, rather than comparative statistical analysis of strength values. This
approach is consistent with international furniture testing standards, including 1SO 7173:1989
and related BS EN standards, which specify that the test specimen is a single, finished,
production-representative prototype.
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A prototype is considered compliant if it withstands the prescribed loads and cycles at the
selected test level (Level 3) without exhibiting any of the failure modes defined in Clause 8 of
the standard. In commercial and engineering practice, furniture testing is an exhaustive and
sequential validation process; testing a single chair typically requires approximately two
weeks, and any failure necessitates design modification, not replication or statistical retesting.

This procedure reflects standard practice for third-party qualitative furniture testing in the
Philippines, where factories often conduct internal preliminary load tests before submitting a
single prototype to an external accredited testing laboratory.

2.5 Statistical Analysis

The effects of the experimental variables on wood machining tests, specifically knife
cutting angles for planing and spindle speeds for turning and boring, on surface quality ratings
were analyzed using the Kruskal-Wallis H test. This non-parametric method was selected due
to the ordinal nature of the surface quality grading data. Where a significant difference among
treatments was detected, post-hoc mean comparisons were subsequently conducted to identify
differences between specific experimental groups.

3 Results and discussion
3.1 Wood machining characteristics of M. azedarach

The machining characteristics of M. azedarach lumber were evaluated using the ASTM D-
1666-22 surface quality rating system. Results of the five machining operations (planing,
turning, boring, shaping, and mortising) are presented in Table 3, with representative
machined surfaces shown in Fig. 3.

Table 3. Result of machining test conducted on Melia azedarach wood samples

Knife Angle (°)/

T S Chsae e e S
20°/ 4000 93.80 B Good
Planing 25°/ 4000 105209  <0.0001%* 98.40 A Excellent
30"/ 4000 98.80 A Excellent
1150 220 A Good
Turning 2050 0.5800 0.7483 ns 2.30A Good
4025 2.40 A Good
1300 1.400 A Excellent
Boring 2300 6.1219 0.0468* 1.150 AB Excellent
3900 1.100B Excellent
Shaping 7000 - - 1.50 Excellent
Mortising 3440 - - 1.40 Excellent

Note: a: Kruskal-Wallis test was used to determine the significance of the difference between treatment groups (Knife Angle
or Spindle Speed). ** Significant at P < 0.001. * Significant at P < 0.05. ns Not significant. b: Average Grade / % Defect-
Free: For Planing, the value represents the percentage of defect-free area (1 = 95%-100 %, ..., 5 = 64% below). For Turning,
Boring, Shaping, and Mortising, the value represents the average surface quality grade based on the 5-grade visual scale
(Grade 1 = Excellent, Grade 5 = Reject). Statistical Grouping Letters (A, AB, B): Means followed by the same letter within a
column for each test are not significantly different at the a= 0.05 significance level, as determined by a post-hoc mean
comparison test.
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Figure 3. Representative samples of M. azedarach wood machined by planing (A),
turning (B), boring, mortising, and shaping (C)

3.1.1 Planing

The planing test showed a highly significant influence of hook angle on surface quality (p
< 0.0001). The 30° hook angle resulted in an "Excellent” rating (98.80%), followed closely
by the 25° (98.40%). In contrast, the 20° hook angle resulted in a lower defect-free area
percentage at 93.80%, which was rated "Good." Statistical grouping confirmed that 25° and
30° were similar in performance, and both outperformed the 20°. This indicates that higher
hook angles are more suitable for planing M. azedarach.

This improvement at 25-30° is linked to the transition from an aggressive cutting-
dominant action at 20° to a more controlled shearing/scraping action at higher cutting angles.
This behavior is consistent with machining responses observed in most medium-density
hardwoods written in the works of Davis (1942) and Csanady and Magoss (2013). Belleville
et al. (2016) similarly reported reduced torn grain incidence in plantation eucalypts when
knife blade angles are operated within this range.

The machining characteristics are strongly tied to the ring-porous anatomy of M.
azedarach (Figs. 4A and 4B). The image in Fig. 4-B clearly shows a high structural
heterogeneity of large earlywood vessels at the beginning of the growth ring, transitioning
abruptly to smaller scattered vessels within the denser latewood fibers. Ring-porous
topography of wood exhibits a higher tendency for surface tearing and surface roughness,
especially on the larger and lower-density vessels (Davis, 1942; Hoadley, 2000; Thoma et al.,
2015; Laina et al., 2017; Jankowska, 2020, Kang et al., 2023). At 20°, machining defects like
fiber lifting, chip marks, and fuzzy grain were frequently observed, indicating unstable cutting
mechanics. The higher angles (25-30°) facilitated a more gradual cutting action, reducing
fiber pull-out between earlywood and latewood cells. Thus, for commercial planing of M.
azedarach, hook angles between 25° and 30° are recommended to minimize defect expression
and achieve a smooth surface finish.
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Figure 4. A: Transverse (cross-sectional) view of a Melia azedarach log, displaying distinct
annual growth rings. B: Microscopic magnification of the wood's transverse section (indicated
by the red box in A), illustrating the characteristic ring-porous vessel arrangement.

3.1.2 Turning

Turning results showed no significant effect of spindle speed on surface quality (p =
0.7483). All tested speeds (1150, 2050, and 4025 rpm) consistently resulted in "Good" rating
from 2.20 to 2.40.

Rather than machine cutting speed, the consistent presence of torn and fuzzy grain suggests
that intrinsic anatomical heterogeneity is the dominant factor limiting surface quality. The
large earlywood vessels of ring-porous species provide weak support during lateral cutting,
promoting fiber tear-out and unsheared patches (Davis, 1942; Wengert, 1998). Crucially, the
abrupt transition zone between the low-density earlywood and the high-density latewood acts
as a pre-determined mechanical weak boundary layer. This structural discontinuity
concentrates stress during the machining compression phase. Studies using finite element
modeling (FEM) have confirmed that mechanical machining operations (like planing, which
shares cutting physics with turning) generate microscopic tip-cracks in this transition zone
and within the weaker earlywood region (Stehr and Ostlund, 2005). Thus, the macroscopic
defects of torn and fuzzy grain in M. azedarach represent the initiation and propagation of
these structural fractures, which are inherently promoted by the wood's ring-porous anatomy.

Additionally, sample burning observed at all speeds indicates excessive friction, likely
caused by either limited clearance angle or inadequate tool sharpness (Csanady and Magoss,
2013). Since speed was statistically irrelevant, optimizing tool geometry and maintaining
sharp cutting edges are more critical than increasing spindle speed to achieve higher-quality
turning of this species.

3.1.3 Boring

All three boring spindle speeds (1300, 2300, 3900 rpm) achieved an overall "Excellent”
rating, but the Kruskal-Wallis test showed a significant difference among them (p = 0.0468).
The higher speeds were statistically superior to the lowest speed (Table 3).

The generally excellent response can be attributed to M. azedarach’s relatively straight
grain, which reduces the likelihood of fiber tear-out damage at the hole periphery.
Nevertheless, the superiority of the higher speeds is scientifically meaningful: a faster spindle
increases the number of cutting engagements per unit fiber length, thereby reducing the
window for fiber deformation before fracture, and encouraging cleaner severance. This is
consistent with machining theory for heterogeneous woods (Wengert, 1998; Csanady and
Magoss, 2013) and with recent findings that increasing spindle speed tends to improve surface
integrity in high-speed wood cutting (Aras and Sofuoglu, 2021; Yaghoubi and Rabiei, 2025).
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3.1.4 Mortising

The hollow-chisel mortising test yielded an average grade of 1.40, again rated "Excellent.”
This high quality is expected as the mortising process inherently combines a boring bit that
severs fibers perpendicular to the grain, followed by a chisel that shears the waste, minimizing
fiber pull-out.

The observed minor defects, such as fiber tearing, chip marks, and burnt areas, are likely
due to operational rather than fundamental anatomical causes. Side pressure from the chisel,
tool eccentricity, or dull edges can introduce tearing or smearing. Friction and heat buildup
are the usual causes of burn marks. This is often because the bit—chisel clearance is
suboptimal or the feed rate is too low, resulting in high dwell time (Davis, 1942; Wengert
1998; Csanady and Magoss, 2013). However, more recently, Hu et al. (2024) studied
mortise/tenon surface roughness and emphasized that machining precision and measurement
position affect derived roughness values.

Wood machinists should follow several best practices to achieve near-flawless mortising
quality in M. azedarach. These include maintaining a concentric and sharp bit—chisel
assembly, ensuring accurate clearance, and calibrating feed to avoid excessive dwell near
surfaces.

3.1.5 Shaping

In the shaping test, the speed of 7000 rpm resulted in a mean surface grade of 1.50, which
corresponds to an "Excellent” rating. The high-quality mark is largely due to the cutter
operating mostly parallel to the grain along straight sections of the board.

However, localized defects such as chip marks, rough grain, and torn fibers were observed,
especially on curved edges where the cutter intersects the grain. In ring-porous wood like M.
azedarach, the transition from earlywood to latewood within a cut favors fiber lifting where
support is weak on earlywood and tearing where density is high on latewood. These kinds of
challenges in machining coarse-textured hardwoods have been well documented since Davis
(1942) and remain relevant in modern studies of wood surface quality.

Recent research also suggests that tool cutting geometry and sharpness, as well as the
engagement strategy, become especially critical in such mixed-anatomy zones. For instance,
the review on tool wear and surface quality states that the final surface quality in machining is
strongly dependent on tool geometry, the processed material properties, and operational
parameters (Sergeevichev et al., 2022). In a study by Yaghoubi and Rabiei (2025), they
demonstrated that adopting different machining strategies, like a raster technique, can
significantly reduce surface imperfections.

Thus, while shaping M. azedarach is quite feasible, achieving flawless surfaces along
curved features may require using finishing passes, minimizing cutter cross-grain
engagement, or optimizing tool path strategies to reduce abrupt transitions.

3.2 Performance evaluation of prototype armchair furniture

Two prototype armchairs were assessed for structural performance. The first armchair was
built using mortise and tenon (MT) joints, and the second used dowel joints. The assessment
followed 1SO 7173:1989 Test Level 3, which is designed for severe domestic and contract use
conditions. Static, fatigue, and impact tests were conducted according to the standard, and the
results are summarized in Table 4. Both prototypes passed all test categories and met the
qualitative inspection criteria specified in Clause 8 of the 1SO standard (Table 5), with no

382



Vardeleon et al., Furniture and Wooden Material Research Journal, 8 (2), 373-388

fractures, permanent loosening, functional impairment, or audible failure detected during or
after loading.

All static load tests (seat, back, arm, and leg loading) returned a PASS for both joint
systems under the prescribed repetitions and force levels. Similarly, the seat and back fatigue
tests (50,000 cycles at 950 N seat load and 330 N back load) and the multiple-drop impact
tests resulted in no structural failures. Post-test dimensional checks and manual inspections
confirmed no permanent deformation, no detectable joint creep under hand pressure, and no
visible cracking through the full thickness of any member, corroborating the qualitative pass
ratings in Table 5.

Accordingly, the use of one prototype chair specimen per joint-system configuration
(Mortise-and-Tenon vs. Dowel Joint) in this study is consistent with established practice for
destructive, time-intensive validation testing. Structural failures, joint loosening, deformation,
and excessive deflection were recorded when observed. When failures occurred, the
corresponding failure modes were analyzed, and recommendations for design refinement or
material enhancement were formulated. Conversely, when a prototype exhibited no failure,
the design was considered suitable for subsequent replication in production.

Table 4. Summary of performance test results of the prototype armchair using test level 3 of
ISO 7173:1989

Test Loading Test  Armchair Joint Design
Level 3 Dowel Mortise
and Tenon

Seat static load force (N), 10 times 1300 Passed Passed

Back static loading force (N), 10 times 560 Passed Passed

Balancing load force (N) 1300

Arm sideways static load force (N), 10 times 400 Passed Passed

Arm downwards static load force (N), 10 times 800 Passed Passed

Seat fatigue test cycles, seat load 950 N 50 000 Passed Passed

Back fatigue test cycles, back load 330 N 50 000 Passed Passed

Balancing load seat load 950 N

Leg forward static load force (N), 10 times 500 Passed Passed

Balancing load seat load (N) 1000

Leg sideways static load force (N), 10 times 390 Passed Passed

Balancing load seat load (N) 1000

Seat impact test drop height (mm), 10 times 180 Passed Passed

Back impact test height (mm), 10 times 210 Passed Passed

Arm impact test angle (degrees), 10 times 38 Passed Passed

Drop test drop height (mm) 100 Passed Passed

10 times at 10° angle

Mechanically, this outcome demonstrates two key points. First, M. azedarach possesses
the necessary stiffness, compressive resistance, and bending capacity at critical members and
joints to withstand Level 3 loading without localized crushing or fiber failure. This
observation supports findings from earlier studies showing that properly conditioned and
machined plantation-grown hardwoods can meet the structural and fatigue performance
requirements for furniture applications when processed under controlled manufacturing
conditions (Lim et al,. 2002, Tsai, 2023). Plantation hardwoods such as rubberwood and
acacia have similarly been shown to provide adequate mechanical reliability when machined
precisely with an appropriate moisture content for furniture joinery (Lim et al., 2002).
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Table 5. Clause 8. Inspection and assessment of qualitative test based on 1ISO 7173:1989

Inspection and Assessment Results Observations
Any fracture of any member, joint or component, including seat suspension and castors none
Any fracture or cracking through the full thickness of any part of a structural shell none
Any loosening, shown to be permanent by hand pressure applied to suitable members, none

or joints intended to be rigid
Any loosening, relative to the shell surface of the under frame or base inserts moulded none

into a structural shells, shown to be permanent by means of hand pressure applied to
the under frame or base
Any free movement in the back, arms, legs or other components of the article greater

than the noted in the initial inspection none
Any deformation or any cracks that will adversely affect the appearance or strength of none
any part of the sample

Any impairment of the operation of any mechanical part none
The development of any clearly audible noise as a result of testing none

Second, despite the common perception that MT joints inherently provide superior strength
for structural assemblies (Erdil et al., 2005; Tankut and Tankut 2005; Derikvand and
Ebrahimi, 2014; Uysal and Haviarova, 2021), the dowel-joined prototype in this study
performed equivalently to the MT-joined unit in all static and fatigue categories. This result is
consistent with recent analytical and experimental works that dowel joint efficiency is highly
sensitive to assembly parameters such as hole alignment, dowel diameter, embedment length,
and adhesive penetration. When optimized, dowel joints can closely approach or even match
the moment capacity and diagonal stiffness of traditional MT joints in frame constructions
(Hao et al., 2020; Kuskun et al., 2021; Janikova et al., 2025).

Overall, the results indicate that M. azedarach, a locally available and fast-growing
species, can reliably serve as a structural material for both traditional joinery systems and
modern dowel-based mass-production applications. This supports the localization of the
furniture value chain and the substitution of imported or exotic hardwoods with sustainable,
domestically sourced species. The findings are consistent with the earlier study of Marasigan
et al. (2025), which reported that M. azedarach possesses mechanical properties suitable for
furniture manufacture—specifically a modulus of rupture (MOR) of 65.4 MPa and a modulus
of elasticity (MOE) of 7.3 GPa—values comparable to those of widely used exotic species
such as Gmelina arborea (MOR = 64.7 MPa; MOE = 7.0 GPa) and Swietenia macrophylla
(MOR = 66.9 MPa; MOE = 7.1 GPa). Furthermore, the present findings reinforce broader
conclusions from recent multi-criteria analyses that the mechanical reliability of furniture
frames is governed more by joint geometry, machining precision, and adhesive bond quality
than by the intrinsic ranking of wood species alone (Klos et al., 2018; Vlaovi¢ et al., 2024).

4  Conclusions

Based on the evaluation of the machining characteristics and structural performance of
prototype furniture, the following can be concluded from this study:

M. azedarach exhibits "Good" to "Excellent" overall machining characteristics.

e Planing: Optimal surface quality ("Excellent") is achieved at higher knife hook
angles (25° and 30°).

e Boring: The quality is “Excellent” and significantly improves with faster spindle
speeds (2300 rpm and 3900 rpm),

e Turning, shaping, and mortising: All operations demonstrated favorable workability
from "Good" to "Excellent” surface quality. The observed minor defects, such as
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chip marks, fuzzy grain, and torn grain, were minimal, indicating that these can be
easily managed by standard finishing techniques such as sanding.
M. azedarach is highly suitable for furniture manufacture as demonstrated by its
successful compliance with the 1ISO 7173:1989 Level 3 requirements.
e Mortise and tenon and dowel jointing systems used in the prototypes successfully
passed all strength and durability tests at Level 3 of the ISO 7173:1989 standard.
e This wood species possesses the structural integrity and joint strength required for
durable furniture manufacture.
M. azedarach is therefore recommended as a viable, indigenous, and sustainable
substitute for traditional and commercial plantation species in the production of
furniture and other builder's woodworks owing to its favorable machining properties
and proven structural performance. The use of sharp cutters, well-maintained
machinery, and light cutting depths is recommended for optimal machining outcomes.
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A perceptual impact model of material, quality, and identity in wood
furniture consumers’ value associations

Andrea Reményit”

ABSTRACT: Wood functions simultaneously as a material and as a symbolic, aesthetic, and
identity-shaping medium in the context of furniture products. This study investigates how
perceptual and emotional factors influence material-related value formation and purchase
intention within the wood-based furniture segment. Based on neuroaesthetics and identity
psychology, a novel Perceptual Impact Model was developed and tested using nine
psychometric indices, including the Emotional Sensory Load Index (ESLI), Perceived Craft
Distinctiveness Index (PCDI), Aesthetic Cognitive Activation Index (ACAI), and Identity
Resonance Quotient (IRQ). Data were collected from 145 participants selected according to
criteria ensuring thematic and psychographic alignment with the aims of the study. Statistical
analyses confirmed the significant influence of aesthetic coherence and symbolic
identification on consumer engagement (e.g., IRQ 141% in the high-sensitivity group, p <
0.01). The findings highlight key drivers such as multisensory engagement, craftsmanship
perception, and the alignment between self-image and material aesthetics. By translating
subjective experience into quantifiable metrics, the model strengthens strategic design and
branding decisions, supporting sustainable innovation across the wood-based value chain.

Keywords: Wood-Based Product Strategy, Value Integration, Decision Support

Ahsap mobilya tiiketicilerinin deger iliskilerinde malzeme, kalite ve
kimligin algisal etki modeli

OZ: Ahsap, mobilya iiriinleri baglaminda hem bir malzeme hem de sembolik, estetik ve
kimlik sekillendirici bir ortam olarak aymi anda iglev gérmektedir. Bu calisma, algisal ve
duygusal faktorlerin, ahsap bazli mobilya segmentinde malzeme ile ilgili deger olusumunu ve
satin alma niyetini nasil etkiledigini incelemektedir. Noroestetik ve kimlik psikolojisi temelli
olarak, Dokunsal Etki Modeli (Perceptual Impact Model) gelistirilmis ve Duygusal Duyusal
Yiik Indeksi (ESLI), Algilanan Zanaatkarhik Ayirt Ediciligi Indeksi (PCDI), Estetik Bilissel
Aktivasyon Indeksi (ACAI) ve Kimlik Rezonans Katsayis1 (IRQ) dahil olmak iizere dokuz
psikometrik gdstergeyle test edilmistir. Veriler, c¢aliymanin tematik ve psikografik
hedefleriyle uyumu saglayacak kriterlere gore segilen 145 katilimcidan toplanmistir.
Istatistiksel analizler, estetik tutarhligim ve sembolik 6zdeslesmenin tiiketici baglilig
tizerindeki 6nemli etkisini dogrulamistir (6rnegin, yiiksek hassasiyet grubunda IRQ %41 arts,
p < 0,01). Bulgular, ¢ok duyulu etkilesim, zanaatkarlik algis1 ve 6z imge ile malzeme estetigi
arasindaki uyum gibi temel itici faktorleri vurgulamaktadir. Model, 6znel deneyimleri nicel
gostergelere doniistiirerek stratejik tasarim ve marka kararlarmi saglamlastirmakta, ahsap
bazli deger zinciri genelinde siirdiiriilebilir yeniligi desteklemektedir.
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1 Introduction

As a natural and renewable raw material, wood has regained strategic relevance in
contemporary furniture design, particularly within the premium segment (Hosey, 2012;
Dharsono, 2025). Shifting global consumer trends increasingly favour organic, sustainable,
and emotionally rich materials that merge ecological awareness with aesthetic sophistication
and serve identity-shaping purposes (Manna, 2025; Al Darwish, 2023). This emerging
perspective also activates complex psychological, cultural, and neurological processes
(Thakral et al., 2012).

In premium furniture, wood’s role goes far beyond functionality — it embodies affective
and cognitive dimensions, serving as a medium for emotional, ethical, and identity-related
meanings. Consumers in this segment often base their decisions on material-related value
associations. While many studies have examined wood’s biological or physical properties,
few have explored the systemic relationship between perceived material quality, consumer
identity, and product choice in the context of wood-based furniture. Recent research has also
highlighted material perception as a key mediator of sustainable consumer behaviour and
design aesthetics (Karana et al., 2015; Pedgley et al., 2020).

At the same time, integrated frameworks from perceptual psychology offer new tools for
analysing internal representations, emotional responses, and motivational patterns related to
material selection (Earnshaw, 2017). These approaches allow the perceived meanings of wood
products to be translated into measurable and comparable indices. This study introduces a
novel perceptual framework integrating material quality perception and identity-related value
associations, which has not been systematically modelled in previous wood design research.

The aim of this study is to determine how perceptual and affective factors, measured
through nine psychometric indices, shape material-related value formation and decision-
making among premium wood-based furniture consumers. The research applies an
empirically validated model to identify the underlying emotional, aesthetic, and symbolic
mechanisms through which wood contributes to value perception and purchase intent. This
approach enables the translation of subjective user experiences into quantifiable data,
supporting design, branding, and communication strategies within the premium segment. The
findings offer not only theoretical contributions but also practical insights into how wood may
be more effectively positioned, not merely as a raw material, but as a multisensory,
emotionally resonant concept that strengthens the cultural and competitive relevance of
sustainable design innovation (Manu et al., 2022).

2 Material and Method
2.1 Research context

The study was conducted within a clearly defined perceptual-experiential domain,
interpreted through the representation of a target group that consumes and interprets premium
wood-based furniture. In this sense, the research field focused on globally emerging wood
perception patterns within a socially and culturally embedded, intellectual context, using an
online research environment. Respondents predominantly comprised highly educated, urban
individuals who actively engage in cultural consumption and show openness towards
premium product categories. Participants typically demonstrated aesthetic sensitivity and
receptiveness to themes associated with natural materials, sustainability, and value-based
choices, making them particularly suited to the study of neuroaesthetic and identity-related
wood perception. This perceptual "research zone" was delineated through participants’
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material preferences, decision-making mechanisms, and psychological response patterns to
wood. Mapping this interpretive domain was essential for developing and validating the
eleven distinct indices measuring various dimensions of wood perception, from sensory
detection and moral value to purchase intent.

2.2 Data collection

Data were gathered via a quantitative online questionnaire, completed by a sample of 145
participants, as part of a doctoral research project. Respondents were selected from an
international professional network of approximately 5,566 individuals, built through my
academic and research collaborations. While randomly accessed within the network, the
sample was specifically segmented at entry level to target individuals who owned wooden
furniture, ensuring high thematic relevance.

Participants were classified as consumers of premium furniture and selected through
targeted sampling based on income level, design affinity, and sustainability orientation. As an
inclusion criterion, respondents were required to own at least one high-value solid wood
furniture item purchased within the last five years. Their responses enabled the statistical
construction and empirical validation of eleven psychometric indices measuring multisensory
engagement, craftsmanship perception, aesthetic coherence, material attachment,
sustainability-value alignment, and symbolic self-identification, among others. The dataset
provided sufficient statistical power (n = 145, o = 0.05, CI 95%) for the reliable interpretation
of affective, cognitive, and identity-related material perceptions. This granular approach
allowed the model to capture subtle patterns of emotional resonance and decision-making
within the premium consumption context.

The questionnaire was distributed via an online platform (Google Forms), allowing for
efficient international reach. Responses were recorded using a five-point Likert scale (1 = not
at all characteristic, 5 = fully characteristic), with whole-number responses only. Each item
was aligned with dimensions introduced by the model, such as sensory perception, identity
resonance, durability perception, moral satisfaction, aesthetic experience, and purchase
intensity. The data collection aimed to generate responses with broad dispersion and
interpretable trends, enabling statistical validation of the neuroperceptual model. Participant
anonymity was ensured, and data handling complied fully with ethical research standards.

2.3 The applied model

This study introduces the Perceptual Impact Model (Figure 1) to investigate the process
leading to purchase intention, with particular emphasis on the interplay between
neuroaesthetics, multisensory perception, and identity-based evaluation. Structured in
chronological phases, the model demonstrates how perceptions of a product’s origin, quality,
and sensory characteristics influence emotional engagement and purchasing desire. Six core
values, sustainability, material and quality, durability, craftsmanship, art and design, and
heritage, act as multidimensional perceptual fields that catalyse identity formation and
affective experience. A summary of these stages, their perceptual components, and key
diagnostic questions is presented in Table 1. These values are processed cognitively via
sensory input, where affective responses (e.g. scent, texture, visual rhythm of wood) merge
with memory and cultural representations (Bond et al., 2024). Multisensory stimuli such as
tactile texture and visual cues have been shown to strongly influence perceived material
quality and brand perception (Danielsson, 2025; Wang et al., 2025). The second level
introduces perceived quality, shaped by the interaction between communicated promises and
actual experiences. This aligns with predictive coding theory, where expectations shape
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sensory interpretation; discrepancies affect perceived authenticity (Ji and Lin, 2022). At the
third level, product identification occurs: the premium wooden object becomes integrated into
the consumer’s self-image, reflecting personal values, aesthetic sensibility, and social status
(Kim and Heo, 2021). Wood’s naturalness and visual uniqueness enable self-extension,
echoing psychodynamic models of emotional attachment. The subsequent phase is emotional
engagement, triggered by repeated positive experiences, especially when enhanced by
craftsmanship, multisensory stimuli, and authentic storytelling. These activate neural reward
systems (Ko, 2017; Spence, 2020) and are often reinforced by implicit memories of material
durability and tactile familiarity (Harju and L&htinen, 2021).

In this context, emotional loyalty extends beyond brand allegiance to encompass deeper,
identity-driven commitment, particularly among consumers aligned with slow design and
sustainable lifestyles (Al Darwish, 2023). The model culminates in purchase desire, a
cumulative outcome of the previous stages. Decision intensity increases when resonance
between consumer and product occurs on aesthetic, ethical, and sensory levels (Kim and Heo,
2021). Thus, purchasing transcends economics, becoming an act of aesthetic self-expression,
cultural identification, and multisensory investment.

Purchase Desire

Engagement

Product Identity—
Identification

Perceived Quality
(Communicated and Experiential)

il

Sensory Experience

s

Sustainability Values, Material and Quality

Durability, Craftsmanship
Art and Design Heritage

Figure 1. The perceptual impact model
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Table 1. Perceptual impact model — overview table

Components . ]
Significance Source Key guestions
and layers g ya
The symbolic meanings of wood Bond et Through whlch_neurosoma_l mechan_lsms
: : : does wood trigger associations with
Heritage tied to collective cultural memory al.

evoke identity-level evaluations. (2024) cal#teu(;a: Or::ggz?ri’ 3231 Q%Vgrgggg ;2 ',)5

The aesthetic symmetry of design To what extent do texture and formal
. T ; Spence
Art and design elicits visual dopamine responses

(2020) proportions of wooden furniture
and aids memory encoding. influence aesthetic experience?

Enhances the sense of authenti- Ko What role do traces of manual work
Craftsmanship city, strengthening affective play in forming emotional bonds and
attachment to the object. (2017) sensory evaluations?
Durability perception relies on Harju - How do tactile and visual impressions
Durability implicit memory of prior material ~ L&htinen influence perceptions of material
experiences. (2021) durability?
Material and W.OOd s texture aid CO]OW activate DEfEl- How rapidly is wood’s perceived quality
. instant quality expectations via son ) .
quality multisensory input (2025) detected in a multisensory context?
- The material conveys ethical and Al How are sustainability associations
Sustainability . | val h ish . i hani f |
values environmental values that Darwis integrated into mechanisms of mora
contribute to identity formation. (2023) judgement?
Touch, sight, and smell generate  Wang et  How do wood’s sensory stimuli affect
Sensory g . -¢ .
expearience affective responses and al. perceptions of authenticity and aesthetic
P preferences. (2025) character?
Perceived Tlh? allgngnentl betweﬁn marketing Ji & Lin How is the communicated quality
uality clalms and real use Shapes percep- (2022)  integrated with the experienced quality?
g tions of quality authenticity. '
The furniture item, as self- Kim & S
o exenon beomes araecionof  Heo oY Mass e ooty
self-image and aesthetic values. (2021) P '
Engagement Repeated positive experiences Ko How does emotional attachment affect
929 foster loyalty and reinforcement. (2017) memory traces related to wood?
Emerges through cumulative Kim & What factors trigger motivational
Purchase desire perceptual effects when product Heo response patterns leading to purchase

values resonate with the individual. (2021) decisions?
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2.4 Statistical methods and applied indices

The aim of the statistical procedures applied in this research was to map the psychological
and emotional structures related to wood-based furniture products through complex response
patterns. To achieve this, nine quantitative indices were developed, uniquely combining
perceptual, affective, identity-based, and motivational responses. The calculation of the
indices is based on simplified, transparent formulas, enabling both academic and industry use.
These indices and their respective formulas are summarised in Table 2, along with their

theoretical background and operational definitions.

Table 2. Perceptual indicators — detailed table

Indicator Calculation Explanation Description Source
name formula
Material P:: proportion of alignment Degree of alignment Kim &
Identity MIAI = with personal values; A;: between natural material Heo
Alignment ->'(P; - In(A))  identity relevance of the and individual value 2021
Index given material systems (2021)
Perceived Craft PCDI = ni: number perceiving Detectability and gzir:viz-
Distinctive-ness  Yni(n; - 1) / N(N  craft details; distinctiveness of visible bauer
Index -1) N: total respondents craftsmanship elements
(2013)
Emotional s: number of perceived Intensity of emotional
Sensory  Load ESLI = sensory attributes; reaction>; elicited b Wang et
y (s-1)/In(E) E: variance of emotional red by al. (2025)
Index sensory experiences
responses
Sustainability- _ Si: sustainability factor
SVII = ) . R Al
Value value; Integration of sustainability .
- >(Si - In(S)) / . : Darwish
Integration T: number of value into personal value systems
In(T) (2023)
Index preferences
: . ; Spence
Aesth_e_tlc ACAI = p:: frequency of _des.|gn Aesthetic perception and (2020,
Cognitive element perception; .
Vati >i-In())/ : cognitive engagement De Luca &
Activation n: number of design . : L
In(n) triggered by design Termini
Index elements
(1972)
Perceptual . . Discrepancy between
Integrity PISI = Cl,J.aTﬁn?munlcated communicated and Ji & Lin
Synchronisatio Y(Ci-T)?/n g ) Yi . experienced product (2022)
Ti: experienced quality .
n Index quality
Identity IRQ = ;/Cié)r'g:_m'ty dimension Resonance between Kim &
Resonance S(Vi-In(Vy)/ ) ' — product identity and Heo
. s: number of identity
Quotient In(s) P consumer self-concept (2021)
actors
Material MAS] = A¢: current attachment; Temporal stability of
Attachment (A T) - 1;1 ®) T.: time-based stability; material attachment and Ko (2017)
Stability Index v R: brand recognition brand loyalty
Volitional Combined weight of Kim & Heo
VPII = Pi: perceptual factor; M;:  perceptual and affective (2021),
Purchase A . . )
. >(P; - My) motivational weight components in purchase Gibson
Intensity Index S 1979
decision (1979)
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The eleven thematic questions and the nine developed perceptual indices are clearly
interrelated, both in terms of content and methodology. Each question is underpinned by a
specific psychological or neuroaesthetic dimension, which the respective index is designed to
capture formulaically. Table 3 presents the most logically fitting pairings and briefly explains
why each index is the most appropriate match.

Table 3. Thematic questions and assigned indices — summary table

Thematic . e -
Question Assigned Index Justification
. . Measures identity resonance and material
1. Heritage L. MIAI = ML [oleris; associations based on alignment with
Alignment Index
personal values.
9 Art and 5. ACAI — Aesthetic Captures neuroaesthetic activation through
' design Cognitive Activation Index  design using Shannon entropy weighting.
3 Craftsman- 2. PCDI — Perceived Craft  Quantifies detectability and distinctiveness of
' ship Distinctiveness Index hand-crafted details (Simpson-based).
4 Durabilit 9. MASI — Material Reflects long-term material attachment and
' y Attachment Stability Index  perceived durability via time-based ratios.
. 7. PISI — Perceptual Models coherence between communicated
Material and . L . N L
5. uality Integrity Synchronisation and experienced quality via predictive
d Index coding.
5 Sustainability 4. SVII — Sustainability- Measures how sustainability integrates into
' values Value Integration Index personal values (entropy ratio).
7 Sensory 3. ESLI — Emotional Captures intensity of emotional responses to
' experience  Sensory Load Index multisensory stimuli (Margalef-based).
Perceived 7 PIS.I o Perceptua_l . Again applies to match between perceived
8. . Integrity Synchronisation . .
quality Index and communicated product quality.
Product . - .
S 8. IRQ — Identity Quantifies self-representation through
9. identity . . . -
. Resonance Quotient naturalness and identity weighting.
alignment
10, Commitment 9. MASI — Material Reflects long-term emotional and tactile
' Attachment Stability Index  attachment to wood.
Purchase 10. VPII — Volitional Measures how perceptual and affective
11. . : . o
desire Purchase Intensity Index elements convert into purchase motivation.
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3 Results and Discussion

Understanding wood’s collective heritage meaning requires an interdisciplinary
neurosocial approach. On a sensory level, wood’s texture, scent, and colour create a multi-
channel experience that elicits emotional and memory-based responses. Culturally, wood is
often associated with tradition and craft heritage — particularly among premium product
consumers, where material choice holds symbolic value (cf. Bourdieu’s habitus (1984)).
(Note: premium products are purchased across all social strata.) To quantify this, the classic
MIAI index (combining value alignment (P) and identity relevance (A)) may be extended by a
third heritage dimension (H), producing the following modified formula: MIAI=—[0.6-Pnorm
+0.4-Hnorm]- In(Anorm). The specific questionnaire items used to operationalize this extended
index are listed in Table 4.

Table 4. Measurement of heritage-related perceptions

Purpose Question Measurement
Value alignment  “To what extent does wood align with your personal values?” P
Naturalness / “To what extent do you feel that wood retains its original, A
authenticity natural quality even after processing?”’

cllliz i “To what extent does wood remind you of home or cultural

memory / heritage?” i
Tradition £e

Purchase “Is it important to you that products carry a sense of heritage?” Control
Justification P y P Y ge:

Perceived “To what extent do you consider wood a lasting and enduring Supple-
Timelessness value?” mentary

Based on Likert-scale responses from 145 premium consumers, the calculated average
value of the extended MIAI, index is approximately =~ 0.17, which corresponds to an
identification level of 1 — 0.17 = 83%, indicating positive attachment to wood as a material.
This high identification rate confirms that wood is an affective and symbolic material. This
aligns with prior findings suggesting that material choices often serve identity expression
(Grayson and Martinec, 2004; Miller, 2010). Wood’s multisensory appeal and cultural
embeddedness reinforce this bond (Plassmann et al., 2012), with premium consumers
particularly sensitive to symbolic heritage as part of their self-image and social representation
(Bourdieu, 1984). Brands and producers are encouraged to integrate authentic heritage
storytelling to enhance emotional engagement and perceived product value.

The visual features of wood-based furniture — such as proportion, symmetry, and texture —
have been proven to activate the brain’s reward centres responsible for aesthetic evaluation
(Sztuka et al., 2025). This cognitive activation generates emotional responses on one hand,
and fundamentally influences material preference and attitudes towards design on the other.
To quantify this phenomenon, the Aesthetic Cognitive Activation Index (ACAI) was
developed, which is an information-theoretic, entropy-type indicator: ACAI = Y pi-In(pi) /
In(5) where p, represents the relative frequency of each response point, and n = 5 denotes the
number of scale points. The index measures the homogeneity, intensity, and mental
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consistency of aesthetic response — the more responses are concentrated on a specific value
(e.g. 4 or 5), the closer the ACAI moves towards 1.0. This index draws on Shannon Entropy
principles to measure perceptual consistency and mental engagement. As entropy-based
metrics have proven valuable in quantifying uncertainty and variability in cognitive and social
domains (Krippendorff, 2019; De Luca and Termini, 1972), their application here offers a
robust means of translating subjective aesthetic responses into analytically tractable data.
Based on four Likert-scale questions (proportion, symmetry, texture experience, general
aesthetic impression) posed to the participants, the aggregated ACAI score was —0.7921,
indicating a high level of cognitive-aesthetic identification, indicates high aesthetic coherence
and affective engagement, supporting theories that visual aesthetics activate the dopaminergic
reward system (Chatterjee and Vartanian, 2016). This underscores the value of purposeful
visual design in enhancing product appeal and influencing decision-making. Emphasising
these features in brand communication may reinforce long-term material preference. Wood as
a material can evoke cultural, sensory, and emotional depth. In the third phase of the research,
the perception of craftsmanship and its relationship to object intimacy is presented using the
Perceived Craft Distinctiveness Index (PCDI). The four questions used in the study are shown
in the Table 5.

Table 5. Perceived craft distinctiveness: item-level breakdown

Dimension Question PCDI Score
Ql_ — Perceived To_what extent does the given wood-based object appear 0.7742 (<T7%)
uniqueness unique or unrepeatable to you?

Q2 — Valuing
imperfection and
naturalness

How valuable do you find small flaws or irregularities

that indicate the natural quality of handcrafting? 0.7842 (~78%)

Q3 — Visibility of To what extent are signs of handwork (e.g. carving,
craftsmanship joints, surface irregularities) noticeable to you on the 0.8792 (~87%)
traces object?

To what extent does the handcrafted nature of the wood-
based object create a sense of personal connection or 0.8646 (~86%)
intimacy?

Q4 — Felt intimacy
with the object

PCDI findings reveal that handcrafted features play a vital role in emotional attachment.
Consumers readily recognise uniqueness, natural imperfections, and traces of manual
labour—elements that foster a sense of intimacy and enhance perceived authenticity. These
outcomes mirror prior research on the emotional and symbolic value of craft (Dormer, 1997;
Csikszentmihalyi and Rochberg-Halton, 1981; Pine and Gilmore, 2007). In both design and
marketing, making visible such features, rather than hiding them, can enhance product
loyalty. Communicating the maker’s role and the object’s uniqueness supports emotional
value creation.

Emotional attachment to natural materials, especially wood, and perceived durability are
key decision-making factors. Step 4 examined this via the Material Attachment Stability
Index (MASI), a three-dimensional metric capturing attachment based on current emotional
bond (A,), temporal stability (T:), and brand recognition or trust (R). A; and T, were measured
on 1-5 scales; R was log-transformed (R > 1; R = 1 adjusted to 1.1). For the 145 respondents,
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mean values were: A; = 4.103; T, = 4.268; R = 3.754, resulting in an average MASI score of
1.273—indicating stable, moderately strong attachment and high perceived durability. These
findings confirm that attachment to wood is grounded in durability and emotional reliability,
shaped by prior experiences and cultural-sensory attributes. They align with long-term
consumer-brand relationship models, where material attachment drives loyalty and ecological
responsibility (Schifferstein and Zwartkruis-Pelgrim, 2008). Messaging that highlights
longevity, reliability, and intergenerational use may deepen consumer trust and identification.
The fifth phase introduced the Perceptual Integrity Synchronisation Index (PISI), assessing
alignment between communicated (C;) and experienced (T;) quality. It identifies sensory or
perceptual dissonance (neuroperceptual conflict) when visually conveyed cues (e.g., in
advertising or store displays) differ from tactile, olfactory, or auditory experiences. PISI uses
squared deviation to quantify consistency; lower values indicate higher perceptual integrity,
i.e., when experience meets expectations. While the index could be decomposed further, the
present study focused on the basic model, as shown in the Table 6.

Table 6. PISI — Input dimensions and variables

Dimension Variable Question Note

"To what extent does the wood-based furniture

Communicated . X . Visual and
: Ci appear to convey premium quality at first .
quality " expected quality
glance?
. "To what extent did you experience premium Actual
Experienced . . . ! .
; Ti quality when physically engaging with the multisensory
quality . A ;
wooden furniture over time? experience

The average PISI value measured in the sample was 0.2897, indicating strong, though not
complete, synchrony between visually conveyed and actually experienced quality. Some
minor dissonance remains, which is particularly relevant in the premium segment, where
expectations are strongly shaped by visual cues. If the sensory reality (e.g., overly uniform or
processed wood) fails to meet these expectations, brand credibility suffers. As predictive
coding theory suggests (Clark, 2013), unmet expectations may trigger cognitive dissonance
and reduce preference. Hence, aligning visual and tactile qualities is a key strategic priority.
Step six investigates the embeddedness of sustainability values and moral decision-making.
The Sustainability-Value Integration Index (SVII) assesses how participants perceive wood’s
sustainability, and the extent to which they internalise it as a core moral value—specifically,
how closely sustainability experience aligns with personal value preferences. The seventh
table outlines the corresponding research questions.

The more values respondents associate with wood, the higher the level of sustainability-
value integration. The SVII (Sustainability-Value Integration Index) captures four key
dimensions: subjective perception of wood’s sustainability (S:), ethical judgement (S:), moral
satisfaction (Ss), and adherence to social norms (S4). It also includes variable T, denoting the
number of values linked to wood. A higher T lowers the divisor, raising the index. In this
study, the mean SVII was 18.3776, indicating a high degree of internalised moral-
sustainability alignment among premium consumers. Wood is seen not just as eco-friendly,
but ethically significant. Storytelling around origin, regeneration, and transparent life-cycle
practices may enhance moral satisfaction and reinforce normative motivations.
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Table 7. SVII: measurement of sustainability-value integration index

Dimension Variable Question
Sustainability "To what extent do you consider wood capable of balancing human
s S1 . . .. -~
Sensitivity needs with environmental limits compared to other materials?
Ethical "Do you consider it important to choose environmentally friendly
- S2 : . . . o
conviction materials from an ethical point of view?
Satisfaction with $3 "Is it important to you to select materials during purchase whose
moral choice production does not require excessive environmental intervention?"
Group norm s4 "To what extent do you perceive that environmental considerations play
Compliance a real role in material choices within your social environment?"
_Value_ Variable Question
Dimension
Number of value T "Which values do you feel are strongly connected to wood as a base
preferences material?"

The seventh phase focused on the sensory experience of wood—scent, texture, grain—
shaping emotional identification and perceived quality. The ESLI (Emotional Sensory Load
Index) measures both the number of sensory dimensions perceived and emotional coherence.
A greater number of sensory inputs, coupled with low variance in emotional response, yields
a lower (negative) ESLI score. The average ESLI of —5.9196 suggests high multisensory
emotional synchronisation with wood. Participants consistently reported positive emotional
associations across touch, scent, and visual stimuli. Low emotional variance indicates
authenticity and alignment—critical in premium experiences. Natural textures and minor
irregularities should be embraced as intentional emotional cues, not flaws.

In the eighth stage, the PISI (Perceptual Integrity Synchronisation Index) assessed the
match between communicated and experienced quality. Predictive coding theory posits the
brain compares sensory input with expectations. A low PISI signals harmony. The mean PISI
here was 0.3103, reflecting moderate synchrony but room for improvement. Marketing
visuals promised high-quality material, yet sensory experience occasionally fell short, causing
minor perceptual dissonance. These findings underscore the importance of aligning visual,
tactile, and narrative brand elements across channels (Clark, 2013).

The ninth phase analysed the alignment between personal identity and perceived
naturalness of wood using the IRQ (ldentity Resonance Quotient). Grounded in identity
resonance and self-representation theories, this metric evaluates self-identification,
uniqueness, aesthetic sensitivity, and identity coherence. With an average IRQ of 16.9913,
results indicate that wood serves not only functional but symbolic, identity-relevant roles.
According to resonance theory (Kirmani, 2009), people gravitate toward objects that affirm
self-concept. Material choices become expressions of personal style, values, and social roles.
Emphasising authenticity and uniqueness enhances emotional connection—especially in
creative sectors where individuality drives preference.

The tenth stage used MASI (Material Attachment Stability Index) to assess material
attachment and brand loyalty. MASI comprises three components: current emotional
attachment (A;), temporal consistency (T¢), and brand reliability (R). In this study, mean
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values were A; = 4.103, T; = 4.268, R = 3.754, resulting in a MASI score of 1.6168. This
suggests strong, stable consumer loyalty tied to positive sensory and emotional experiences.
Early impressions—particularly tactile and visual—contribute to emotional learning and long-
term brand preference. Strategic communication can reinforce this by recalling positive
material memories.

The final phase integrated these insights using the VPII (Volitional Purchase Intensity
Index), which weighs aesthetic and moral motivations. The strongest drivers were initial
aesthetic impression (P:) and perceived naturalness (P2), which built credibility and trust.
Ethical commitment (M), especially sustainability, deepened engagement, while self-
relevance (Mz) supported emotional alignment. With a calculated VPII of 33.6812, findings
confirm that purchase intent in the premium wood segment stems not from impulsive factors
but from an integration of aesthetic, ethical, and identity dimensions. Multi-layered
communication strategies that align these layers can enhance consumer engagement and
strengthen market positioning.

4. Conclusion

This study examined how perceptual and affective factors shape value formation and
decision-making in the context of premium wood-based furniture. Through the development
and application of the Perceptual Impact Model and nine psychometric indices, the research
revealed a structured process by which sensory, emotional, and identity-related components
influence consumer motivations. The model traces how sequential stages, from perception to
commitment, are shaped, reinforced, and integrated into purchase intention.

e Consumer attachment to wood is not the result of isolated impressions but of a
cohesive interplay between sensory coherence, emotional resonance, cultural
symbolism, and identity alignment. The findings show that wood is perceived not
merely as a functional or sustainable material, but as a symbolic medium that evokes
craftsmanship, aesthetic meaning, and heritage. This multidimensional engagement
fosters emotional bonding and strengthens long-term commitment. Beyond
validating the model, the sample also revealed meaningful intra-segment variations
within the premium consumer group. Most notably, participants with elevated
aesthetic sensitivity demonstrated a significantly higher Identity Resonance Quotient
(IRQ = +41%, p < 0.01), indicating that aesthetic perception not only shapes surface-
level preferences but actively mediates the alignment between material attributes and
self-concept. This underscores the strategic relevance of aesthetic coherence in
premium design: when visual proportion and texture achieve cognitive resonance,
they amplify the symbolic function of wood, deepening both personal meaning and
brand attachment. Additionally, participants with professional design backgrounds (n
= 41) showed a markedly higher average IRQ score (21.44 vs. 14.76; p < 0.05),
suggesting a stronger symbolic identification with the material. These findings
indicate that this segment is far from monolithic; rather, it is differentiated into
value-driven micro-groups. Recognising these perceptual subtypes offers new
opportunities for more targeted design strategies and refined brand positioning.

e The model thus proves valuable both as a diagnostic tool and as a conceptual
framework, fulfilling the research aim by identifying and quantifying the drivers of
material attachment in wood-related consumption. Within the broader doctoral
project, these findings contribute significantly to understanding hybrid identity-
building, quality communication, and sensory value positioning in design and
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branding. Translating material meaning into measurable insights through
interdisciplinary metrics, the study supports the dissertation’s goal of embedding
consumer perception into design-led value creation. It also affirms the central
hypothesis: that wood, as a multisensory and symbolic material, holds strategic
potential for emotional branding and differentiation in sustainable creative industries.

e The results yield several practical implications. In product development, deliberately
emphasising visual rhythm, tactile textures, and even natural "imperfections" can
enhance authenticity and emotional engagement. In branding, communicating
craftsmanship, sustainability, and heritage through narrative can strengthen identity-
driven motivation. In supply chains, local production and transparency support both
ecological and cultural value. At the policy level, the findings argue for clearer
labelling and procurement frameworks that reflect the emotional and symbolic
significance of natural materials like wood.

e Future research should explore several directions. Longitudinal studies may examine
how attachment and brand loyalty evolve over time, especially using MASI. A/B
testing in design contexts could determine causal links between features like
craftsmanship or texture and consumer preference (e.g., via PCDI and ACAI). Cross-
cultural comparisons may reveal perceptual asymmetries across markets.
Neurometric or physiological validation (e.g., ESLI, VPII) could further illuminate
affective mechanisms. Finally, perceived mismatches between expected and
experienced product quality, particularly in digital environments, merit closer study
in light of their growing relevance.

e By integrating cognitive, cultural, and emotional dimensions, the proposed model
offers a robust framework for understanding the role of wood in consumer decision-
making. It enables more systematic interpretation of material perception and supports
emotionally resonant, identity-aligned innovation in sustainable design.
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Hybrid making in furniture design education: bridging digital
fabrication and craft through experiential learning

Hande Atmaca”

ABSTRACT: This paper analyzes a hybrid furniture design studio through the lenses of
design pedagogy and experiential learning, investigating how hybrid making can integrate
digital fabrication with craft-based practices while supporting thinking through making.
Although digital fabrication has gained prominence in design education, empirical research on
how digital and craft-based practices can be integrated within a coherent pedagogical
framework for furniture design remains limited, indicating a clear research gap. To address
this, the study adopts a qualitative case-study methodology, combining studio observations,
students’ written and verbal feedback, process documentation, and photographic records. A
focused literature review on design education and hybrid making informed three guiding
themes: material engagement, critical thinking, and creative discovery. The study contributes
an empirically grounded pedagogical framework for hybrid furniture design education,
demonstrating how digital modelling and printing, laser cutting, ceramic slip casting, and
woodworking can support materially engaged experiential learning. Findings indicate that
hybrid workflows enhance creativity and critical thinking while deepening students’ material
literacy. Students directly encountered the physical properties of materials, production
constraints, and occasional unpredictability as part of an iterative, hands-on learning process
that bridges digital and craft-based methods.

Keywords: hybrid design, craft, digital fabrication, furniture design education

Mobilya tasarim egitiminde hibrit yapim: dijital iiretim ile zanaat arasinda
kopri kurmak

OZ: Bu makale, hibrit bir mobilya tasarim stiidyosunu tasarim pedagojisi ve deneyimsel
o0grenme acisindan inceleyerek hibrit iiretimin dijital fabrikasyon ile zanaat1 nasil bir araya
getirebilecegini ve “yaparak diisiinme” yaklagimini nasil destekledigini arastirmaktadir.
Dijital iiretim tasarim egitiminde dnem kazanmis olsa da, dijital ve zanaat temelli silireglerin
mobilya tasarimina yonelik tutarli bir pedagojik cercevede nasil biitlinlestirilebilecegine
iliskin ampirik caligmalar smirhdir ve bu durum belirgin bir arastrma bosluguna isaret
etmektedir. Bu boslugu ele almak amaciyla ¢alisma, stiidyo gozlemleri, 6grencilerin yazili ve
s0zli geri bildirimleri, siire¢c dokiimantasyonu ve fotograf kayitlarini bir araya getiren nitel bir
durum c¢aligmasi yontemi benimsemektedir. Tasarim egitimi ve hibrit iiretim literatiiriine
dayali odakli bir inceleme, ili¢ temel temay1 belirlemistir: malzeme ile etkilesim, elestirel
diistinme ve yaratic1 kesif. Calisma, dijital modelleme ve baski, lazer kesim, seramik dokiim
ve ahsap is¢iliginin malzemeyle etkilesime dayali deneyimsel Ogrenmeyi nasil
destekleyebilecegini gosteren ampirik temelli bir pedagojik cerceve sunmaktadir. Bulgular,
hibrit is akislarmin yaraticiligi ve elestirel diistinmeyi gelistirdigini, 6grencilerin malzeme
okuryazarligini derinlestirdigini ortaya koymaktadir.

Anahtar kelimeler: hibrit tasarim, zanaat, dijital fabrikasyon; mobilya tasarim egitimi
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1 Introduction

In recent decades, design education has been shaped largely by digital fabrication
technologies, which prioritise efficiency, perfection, and precision, supporting design’s
capacity for mass production. Without dismissing the ways these advances have expanded
studio teaching, they simultaneously raise critical pedagogical questions—when, how and
why such developments should be part of the curriculum, and the learning outcomes desired
with these technologies. Cheatham (2017) foresees the risk of falling into the trap of being
formalist, as without a concrete base of intellectual, societal and humane dimensions, holistic
understanding of a studio culture would be impossible to diffuse.

Critical debates advocate a shift from product-oriented to process-oriented teaching and
learning, centred on holistic approaches (Cheatham, 2017), experimentation and material
engagement with the hand as a core to design learning (Rowe, 2024). Design itself is iterative
and exploratory by nature, and, for this, pedagogical approaches should question complete
digitisation since it omits the natural loop of problem framing such as prototyping and testing;
which are crucial for students to engage fully with the material themselves (Soomro et al.,
2021). Design problems should be addressed by teaching a complete set of skills in education
that definitely benefits from technology (Kahraman et al, 2024, Nasir et al, 2022); yet, digital
modelling and fabrication can complement craft-based practices—not by erasing the tacit
knowledge of craft-based labour (Boza, 2016), but by expanding its expressive and
explanatory scope.

Hybrid making could be simplified as the embodiment of digital means with intuition
(Bernabei and Power, 2018)—tactile senses meeting precision, thus constituting a
‘pedagogical bridge’ where expansion with technology is possible without the exclusion of
the material senses and production skills. McCullough (2005) asserts that “digital fabrication
improves tangible speculation”, reaffirming making as both a reflective and cognitive process.
Similarly, Ingold states that the concept of material agency situates making as a “dialogue
with matter”, a space of exploration through engaging with the material, but not its simulation
(2012). As Leatherbarrow theorizes as the “skin of architecture”— surfaces act as boundaries
of the maker and the user, they are interfaces that carry irregularities and traces of this
dialogue and digital tools can act as reflective partners in making, enhancing rather than
diminishing material awareness (2009). Additionally, digital tools can be used to support
craft-based practices in the search for new and unexpected forms, as they are capable of
generating structures that extend beyond the capacities of the human hand (Zoran, 2013).

In this study, the term craft is understood not merely as traditional handwork but as a form
of embodied, material knowledge rooted in tacit skills, sensory engagement, and reflective
interaction with matter. This definition aligns with Ingold’s (2013) view of making as a
material dialogue and with McCullough’s (2005) framing of craft as a cognitive, exploratory
practice—an understanding that allows craft to interface productively with digital fabrication
within hybrid learning environments.

From a design education perspective, by asking the important questions of “how things are
produced” and “how materials behave”, students develop material and process literacy—that
cannot be experienced solely by technological means. On the other hand, such tactile dialogue
opens up possibilities, away from predetermined geometries, expanding creativity grounded
in reflective observation, trial, and analysis.

However, looking at the existing body of scholarly work, very limited studies have tackled
engagements of craft and digital fabrication (Ingold, 2013; McCullough, 2005; Zoran, 2013;
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Zoran and Buechley, 2013), and these do not provide roadmaps for design education.
Research on FabLabs and digital studios (Georgiev and Nanjappan, 2023; Soomro et al.,
2021) has examined sustainability and collaborative work, but has not articulated a
methodology that integrates digital and craft-based practices into a pedagogical framework
that could be beneficial for design education. The interpretation of key theoretical positions
and their translation into these three pedagogical dimensions are systematically outlined in
Table 1.

Table 1. Interpretation of the Literature Underpinning the Hybrid Making Framework

. Concepts Extracted Framework
Literature Focus Key References from the Literature Dimension
Material Frascara (2017); Material Material Engagement
Engagement & McCullough (1996); Engagement &
Thinking Through Ingold (2013) Enactive Making
Making

_ _ ~ Zoran (2013); Zoran
Hybrid Making & _Dlgltal & Buechley (2013);
Craft Integration McCullough (2005)

. » e Di
Hybrid craft; digital Creative Discovery

tools as mediators

Ceramic Processes Malafouris (2023); Unpredictability; Creative Discovery
and Material Pek et al. (2022) learning through
Uncertainty error and material
contingency
Experiential McCullough (2005); Iteration; reflection- Critical Thinking
Learning & lterative Rowe (2024); in-action; process-
Design Pedagogy Cheatham (2017) oriented learning

trajectories

Furthermore, there remains an insufficiency of knowledge specifically within furniture
design education for establishing a framework that encourages a multi-faceted design
approach. The majority of research in furniture design that deals with technology focuses on
the automation of CNC technologies or flat-pack production (Kilig, 2016; Mujir et al., 2018,
Yan et al.,, 2023). On the other hand, this study also underlines a new trajectory: the
integration of ceramics within furniture education. While 3D printing is an emerging field
(Zhang and Wei, 2024), research remains largely confined to small-scale or entirely digital
forms in ceramic production. Previous works of artists have made use of 3D printing in
ceramics for different surface finishes, and their claims also justify the aim of this work, as
their approach has consistently treated these technologies as intermediate tools rather than
final products (Zoran, 2013, p. 392). This perspective positions hybrid making as a productive
space in which digital processes and ceramic practices can be combined to expand material
engagement within furniture design education.

For this reason, this study focuses on a third-year elective furniture design studio with 18
students (Construction and Details in Furniture Design), centred on hybrid making that
explicitly questions the gap between digital fabrication and craft-based practices in furniture
design education. While previous research in furniture design has explored FabLabs and
CNC-based production, empirical accounts of studios that integrate digital fabrication and
woodworking practices together with a secondary material such as ceramics within a coherent
pedagogical framework remain limited and therefore represent a distinctive contribution.

406



Atmaca, Furniture and Wooden Material Research Journal, 8 (2), 404-419

The aim of the study is to offer a hybrid furniture design education framework that
specifically combines 3D modelling and printing, laser cutting, ceramic slip casting and
manual ceramic production with woodworking to support experiential “thinking through
making” (Ingold, 2012). To achieve this, a thorough literature review on design education,
ceramic fabrication and hybrid making was conducted to examine the contributions of hybrid
design methods, and from this review three key themes were identified that served as a
roadmap: material engagement (McCullough, 1996; Ingold, 2013), critical thinking
(McCullough, 2005; Cheatham, 2017; Rowe, 2024), and the encouragement of creative
discovery (Zoran, 2013; Malafouris, 2023).

2 Method
2.1 Research design and context

The research is based on a third-year elective furniture design studio (One semester-15
weeks) offered to students from the Departments of Interior Architecture and Environmental
Design and Industrial Design in the Faculty of Fine Arts and Design. The studio was
conducted in a Maker Lab environment that combines a Woodworking Workshop, a Ceramics
Workshop, and a Digital Fabrication Workshop. Students had been previously introduced to
these facilities in earlier years, which allowed the course to build on existing technical
familiarity and focus on deeper material and process-oriented learning.

The course was structured around three main standing points, to analyse and foster
material literacy, critical thinking, and creative discovery, in students and learning objectives
were also organized in a way to foster these three main themes derived from the literature
review. The first objective was to encourage students to explore the potential and limitations
of specific materials and construction techniques, by immersing them in a range of analogue
and digital tools. The course utilised prototyping as “interactive systems central to design
thinking” (Georgiev and Nanjappan, 2023), to highlight the integration of digital means as
critical mediators, bridging the gap between idea and product. This process-oriented structure
follows an iterative digital—craft learning cycle, illustrated schematically in Fig. 1.

Digital Modelling
v

3D Printing / Laser cutting

v
Ceramic Making (Slip casting / plate forming / chunking)
v
Woodworking (Joinery / adjustments)
v
Testing & Evaluation
v
Revision Decision
F—f Return to digital model » adjust geometry
[ Revise wooden structure
— Re-mould or re-cast ceramic part

L Integrate unexpected outcomes creatively

Figure 1. Iterative Digital-Craft Learning Cycle
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Secondly, students were encouraged not only to acquire technical competence, but also to
cultivate a deeper knowledge based on design and production in order to increase their
capacity for critical reflection. In line with this understanding, the course prioritised iterative
processes of starting over and discovery rather than a meticulous finished form. As shown in
Fig. 1, iteration was positioned as a core learning mechanism connecting digital modelling,
material experimentation, and revision. Accordingly, assessment in design education should
focus not solely on final products but also on the learning trajectory and the critical reflection
that accompanies it (Rowe, 2024), supporting students in becoming ‘self-learners’ of material
constraints and possibilities, structural requirements and solutions, and designerly ways of
problem-solving (Soomro et al., 2022).

Lastly, many scholarly works address how hybrid making can fortify new and previously
unexplored forms due to the nature of 3D printing (Zoran, 2013; Zoran and Buechley, 2013).
These forms can take shape in unprecedented ways that the human hand has never produced.
They may also lead to creative and unexpected discoveries when blended with different
materials; for example, ceramic slip casting over 3D-printed materials can introduce a new
trajectory for engaging with material behaviour. For this reason, it was also important to
analyze how students responded to such emerging possibilities and how they interpreted these
discoveries within the design process.

Additionally, ceramic artists and designers (Prof. Sevim Cizer and Ayda Eris) were
blended into the teaching process to fortify the hybrid nature of the course structure and to
expand students’ exposure to expert craft knowledge and situated forms of material practice.

Table 2 clarifies the relationship between the study’s research questions, qualitative data
sources, and analytical strategies, enhancing methodological transparency.

Table 2. Alignment of Research Questions and Methodological Tools

Research Question Relevant Data Source(s) Analytical Approach
How do students develop Observations, reflections, Thematic coding
material literacy? ceramic/wood prototypes (Material Engagement)
How does iterative making Verbal feedback, revision Iteration analysis
shape critical thinking? logs, process documentation (Trial-Error-Revision)
Photographs, design . .

How do st(Ldeents respgnd to revisi%nsp eritiqu gs Narrative reconstruction
unexpected outcomes: ’ (Creative Discovery)

i All data sources .
How does hybrid workflow Cross-case synthesis

affect design decisions?

2.2 Data collection and analysis

Methodologically, qualitative observations, documentation of the process, and analysis of
student reflections and work processes were utilized to understand how these three themes
manifested specifically within the context of a furniture design studio and to determine
students’ responses and pedagogical impact.

To capture the cognitive, affective, and material dimensions of students’ learning
experiences, multiple qualitative data sources were employed. Studio observations were
carried out throughout the semester, with the instructor documenting students’ decision-
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making processes, problem-solving strategies, and interactions with materials and tools.
Students’ verbal feedback was collected at key stages of the project to trace how their
understanding of material behaviour and hybrid workflows evolved over time. Process
documentation—including sketches, digital models, intermediate prototypes, and
photographic records of each stage—provided additional evidence of how ideas were
translated across digital and craft-based media. Photographs of the studio environment and
student work were used solely for research and documentation purposes, and all images were
anonymised in accordance with ethical principles. An overview of the qualitative data sources
and their respective roles within the methodological framework is provided in Table 3.

Table 3. Data Sources and Their Contribution to the Methodological Framework

Data Source Description Purpose in Study

Studio Observations Weekly observation notes of Track material engagement,
student activities decision-making, hybrid

workflow behaviour
Verbal Feedback In-studio critiques and discussions Capture spontaneous insights,
peer learning, and iterative
reasoning
Process Documentation Sketches, 3D models, prototypes, Trace evolution of ideas across
moulds, firing records digital—craft processes
Photographic Records Process and product visuals Provide visual evidence of
hybrid workflow

2.3 Materials, facilities and course task

Students were asked to design a small coffee table, measuring 50 x 50 x 50 cm in size
composed of a wooden structure in pine with a circular or rectangular top in ceramic. This
scale was chosen intentionally to encourage students to consider questions of joinery, stability
and the interplay of materials within the timeframe of a semester.

The course unfolded across three overlapping phases:

 Digital Fabrication — Conceptual design, 3D modelling and printing, and laser-cut
production

« Craft-based Fabrication (Ceramic and Wood): Mould-making, casting, firing, sanding
and surface finishing. Preparations of wooden parts, cutting and assembling, sanding and
surface finishing.

« Product Testing and Evaluation — Assessing stability, ceramic and wood profile
coherence.

The aforementioned stages were introduced to the students, who were then tasked with
choosing their own method in an iterative manner. The three main stages — drawing,
modelling and making — were created and employed in a cyclical loop. This iterative process
became an interplay between precision and the trial and error of material behaviour, fostering
the core learning outcomes.

Students discovered that, unlike wood, ceramics resist complete prediction: moulds
cracked, slip-cast pieces warped and fired dimensions diverged from digital models. Each
instance of error became an opportunity for critical reflection, resulting in design revisions

409



Atmaca, Furniture and Wooden Material Research Journal, 8 (2), 404-419

and re-evaluation of the structure, the way in which the wood meets the ceramic top and its
weight-bearing tolerance.

This structured yet flexible approach encouraged students to perceive digital tools as
instruments for exploration rather than as the final production endpoint. Failure and
adaptations/revisions were reframed as essential learning experiences, aligning with Ingold’s
(2013) notion of thinking through making. The project’s load-bearing requirements and cross-
material dependencies further deepened awareness of performance and craft precision.
Meanwhile, shrinkage and deformation imposed authentic constraints that demanded creative
adaptation.

2.4 Course Structure and Hybrid Workflow

The course employed a studio-based Maker Lab, composed of a Woodworking Workshop,
a Ceramics Workshop and a Digital Fabrication Workshop, where analogue and digital tools
were introduced to students before their third year. This previous knowledge of the tools in
the laboratory made the process smoother, and should be noted as a pedagogical method.
These spaces were intentionally interwoven to form a cohesive learning environment. The
selection of materials, digital tools and power machines was deliberately controlled to achieve
a harmonious end result, both physically possible to produce by hand and digitally crafted by
machines.

The effectiveness of this pedagogy was reinforced by the integration of Maker Labs and
workshop facilities, which functioned as a transformative learning environment (Ylioja et al.,
2019). As Soomro et al. (2022) note, makerspaces are dynamic, adaptable learning contexts
that foster creativity, exploration, and interdisciplinary collaboration. The course therefore
utilized a wide range of fabrication facilities: a 3D printing atelier for rapid prototyping and
additive experimentation; laser cutting machines for precision processing of geometric forms;
a woodworking workshop for traditional joinery and structural assembly; a ceramics atelier
with kilns for clay-based exploration; and a model-making studio dedicated to iterative
prototyping. These diverse facilities collectively supported a pedagogy of experimentation,
enabling students to move fluidly between two modes of making.

Primary materials utilized:

 Pine wood: Optimal since it is lightweight, machinable and low in cost. It allows,
hand carving/sanding/ joinery experimentation, or can be formed by power tools.
Dimensions were standardized (18-20 mm thickness, 20-25 mm circular profiles, and
up to 60 mm rectangular sections) to assure correlation across projects, also forcing
students to create structural integrity.

» Ceramic clay: Selected for its plasticity, versatility, and expressive surface qualities.
Students explored glazing, carving, and sanding techniques to discover material
behaviour. Dimensions were standardized, but students could produce hollow, solid, or
carved forms, could explore slip casting or coiling methods, encouraging direct
engagement with clay’s behaviour. Clay’s shrinkage ratios, drying process and
deformations in production or sanding, and surface response during firing were
selected as educational tools of craft-based production.

* PLA filament: Employed in 3D-printed models for mould production to produce
prototypes for the ceramic parts

*Plexiglass sheets: Selected for the laser-cut process to bring together 3D printed parts
of the top part.
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Plaster (gypsum): Utilised in producing gypsum moulds for slip casting and chunking
methods.

Three workshops are utilised for the course:

» Woodworking Lab — Power and hand tools, with supervisor assistance

» Ceramics Lab — Manufacturing, drying and firing equipment and kilns, production
surfaces, with supervisor assistance

* Digital Fabrication Lab — 3D printers, laser cutters, and modelling computers

The intended dialogue of these spaces and the method of interaction among them brought
about a continuous workflow between all mediums, whilst ensuring that students learn from
each of them. Students were left to take design decisions based on this experience to translate
their ideas into a research question, termed as “problem-based learning” by Frascara (2017) to
negotiate between prototype and final result. Imperfections or “happy accidents” led the way
to explorations, reinforcing critical thinking around physical constraints and inquiry based on
making.

2.5 Integration of crafts and digital pedagogy

This study employed a critical thinking-based reflective iteration model to encourage
problem solving and adaptation, which are generative and mind-opening rather than being
corrective. This approach started a dialogue between human action and material response,
which negates absolute precision, reaffirming the pedagogical importance of manipulating
physical matter. Within this framework, the subsections that follow tackle how modelling,
ceramic fabrication and woodworking techniques blended in the study.

2.6 3D modelling/printing/molding

Through a structured exercise, 3D modelling (Figure 2) and 3D printing were explained to
students, mostly to create basic awareness of limitations of digital fabrication, such as 3D
printer dimensions, 3D models’ form and surface quality, and mould compatibility of the
design outcome. Through this, they experienced first-hand that complex geometries may
require multi-part moulds, which increase fabrication complexity and demand careful
alignment. In order to accommodate the constraints of the 3D printer, the models were
divided symmetrically into four segments for later assembly, thus transforming the 3D
printing phase into a problem-solving exercise, rather than a reproduction exercise.

4
w

Figure 2. The visuals of the 3D initial model of a student project

A laser-cut plexiglass base was designed to facilitate mould formation (Fig. 3), while hot
silicone proved effective for assembly provided that the final surfaces were thoroughly
cleaned. The mould was formed by applying plaster directly over 3D-printed PLA. This
method revealed the fragility of the thin shells typical of slip casting, which frequently
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fractured during sanding due to the large size of the mould. However, students observed that
the same process offered new aesthetic possibilities, particularly when natural print textures
and layer patterns were intentionally preserved as design features.

Another important experience similar to 3D printing was the ceramic kiln. The kiln itself
introduced physical limits—size constraints, thermal deformation, and material shrinkage.
Students were therefore encouraged to design within these conditions, selecting either circular
or square ceramic top geometries depending on their design idea. At this stage, the design
process was simplified intentionally to enable iterative feedback and a smooth integration
with wooden structural components and the ceramic part.

Digitally printed 3D models were coated with a release agent and a mould was fabricated
by a quick-setting plaster mixture, which was allowed to dry for at least 72 hours until fully
dehydrated. A properly cured mould felt warm and dry to the touch, indicating the expulsion
of all residual moisture—a critical step in ensuring the integrity of subsequent slip casts.

Figure 3. The 3D printed model (left), shown both inside and outside the mould, illustrates its
role as an intermediary medium in the fabrication process rather than a finished tabletop.

These digital-material preparations set the stage for the ceramic phase, where variability
during forming and firing required calibrated tolerances and responsive decision-making.

2.7 Ceramic Production Phase

Students were introduced to one of three ceramic production techniques: slip casting, plate
forming, or chunking (press-filling the mould).

Slip casting involves pouring liquid clay (slip) into a mould to produce thin, shell-like,
hollow forms, used for achieving a lightweight, uniform body that can be easily reproduced.
The thin shell can trace the texture of the mold, making the exercise exciting, since several
textures can be tried digitally and transferred to the mold. Large moulds (50 x 50 cm or 50 cm
diameter) presented challenges in non-industrial environments, as emptying the mold and
drying without deformation is crucial and requires consistent testing to eliminate warping or
cracking.

Secondly, another traditional method that is widely utilised is plate forming. This
technique enables the creation of large sheets that can be used for trays/tiles. Control of
evenness and thickness of the material is crucial (Fig. 4).

Chunking (press-filling) is applied by pressing and filling small chunks of clay, preferably
into a mould. This technique is useful for sustainability as leftover material can be revitalised.
Aesthetically pleasing surfaces can be reached by manipulating the mould, and chunking
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allows organic textures by playing with these small clay pieces. Extensive time and labour are
required for this method, and pressing and kneading the clay are crucial for students to
exclude any air pockets that can cause cracks in the kiln.

Figure 4. Prof. Cizer explaning chunking method

Chunking (press-filling) is applied by pressing and filling small chunks of clay, preferably
into a mould. This technique is useful for sustainability, as leftover material can be revitalised
(Herndndez Garcia et al., 2024). Aesthetically pleasing surfaces can be reached by
manipulating the mould, and chunking allows organic textures by playing with these small
clay pieces. Extensive time and labour are required for this method, and pressing and
kneading the clay was crucial for students, in order to exclude any air pockets that can cause
cracks in the kiln.

In short, there is a growing need to enlarge training in ceramic within design education
and hybrid environments can link traditional craft expertise and newly developing digital
tools (Pek et al., 2022)

2.8 Woodworking phase

The woodworking phase included designing and building the base structure of the project
that will carry the ceramic component, focusing firstly on; structural and load-bearing quality,
coherence with the ceramic part and their unity. The material nature of wood was prefered as
it is suitable for interactive and experiential learning (Hantdk and Koncekova, 2023).
Students were lectured on proportion, joinery, and balance to grasp the idea of building a
structure—how wooden components are joined, to reach a steady load bearing top without
compromising aesthetic design considerations (Fig. 6).

Techniques of mortise-and-tenon, cross-lap, and dowel joints were introduced as lectures
to fortify the theoretical basis of the students. These techniques are not only for the sake of
structural integrity, but can also be starting points of a project that will lead the design idea.
Considering the ceramic parts as well, students were encouraged to experiment with the
traditional techniques by including ceramic parts. Through this exercise, they grasped how
assembly is crucial for structural quality and small deviations lead to unbalanced outcomes,
and may risk the ceramic top parts’ integration.

After the wooden structures were set, students went back to revising the 3D models, part of
the iterative work, to improve joinery methods and details, for more accuracy and strength.
This recursive process—digital-craft-revision-adaptation—or “test, simulate, revise/adapt”,
made their results based on not form, but material and production based as well. Dialogue
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between tangible woodwork and digital modelling underscored a central pedagogical insight:
digital tools become most effective when informed by hands-on understanding.

Ultimately, the woodworking phase cultivated spatial reasoning, material empathy, and
compositional judgment. Students understood that furniture is a structural system of forces
and tolerances, held together by aligning craft sensibility with digital precision (Fig. 5).

Figure 5. Wood workshop production phase for a working prototype
2.9 Production testing phase

The testing stage marked the end of this iterative workflow dialogue, setting the crucial
reflective component of the project. Once the ceramic and wooden parts had been formed,
physical embodiment required to go back and forth to digital modelling. Through iterative
testing and judgement processes, the students progressed to shape components for achieving
final structural coherence and aesthetic quality.

One of the most critical parts was the discrepancies between the fired ceramics and the
wooden structure, where students used their judgement either to adapt the wooden structure of
the ceramic part—or add new details to combine both parts, to achieve the intended
compositional value (Fig. 6). This negotiation was one of the crucial learning outcomes, to
foster creativity and critical thinking. Wood allowed sanding, carving and adjustments, while
ceramics were more fragile when requiring caution after firing. Other iterative solutions could
be changing the top part completely, 3D printing a different top part—moulding/producing
the top again/firing could be one of the many options to opt for (Fig. 7).

It is possible to state that the product testing stage enhances the capacity to assess joinery,
material limitations and evaluation of the process, rather than focusing on the end product.
The tactile qualities, refined surfaces and roughness of wood and ceramic are considered by
students with utmost care. This analytical approach of misalignments, cracks, mistakes and
opportunities bridges control and ambiguity, and overall creativity is achieved with
exploration (Fig. 8).
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Figure 6. The ceramic top and cross joinery display an intentional degree of imperfection,
in contrast to the precision typically achieved through 3D modelling.

/ Tes \

=

Figure 7. A student work before firing (on the left), which joins the top and the structure with
a smaller central cross as it could cause breakage otherwise (on the right)

Figure 8. Wood parts should be revised since the top is not perfect anymore
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3 Findings and Discussion

The analysis of the qualitative data revealed three interrelated themes that characterise
students’ learning experiences in the hybrid furniture studio: (1) developing material literacy,
(2) cultivating critical and reflective thinking through iterative workflows, and (3) engaging
with unexpected outcomes for creative discovery.

The themes can be summarised as follows:

* Material literacy: understanding material behaviour, production methods, and different
qualities, from structural integrity to tactile qualities.

* Critical thinking: cultivating experience in an iterative workflow between trial, error, and
revision to achieve the desired outcome.

« Creative discovery: negotiating perfection and approaching uncertainty as a tool for
creativity, opening new opportunities when precision is needed for structural or aesthetic
concerns.

According to the findings of the study, the area in which students provided the most
substantial feedback was material engagement. Learning about the material and its associated
production methods not only captured their interest but also increased their level of
knowledge. For example, students who became familiar with the shrinkage properties of
ceramic adapted their wooden structures accordingly, and later approached the revision of
broken ceramic pieces with this understanding in mind. As students developed a deeper
familiarity with materials, their engagement extended beyond the requirements of the
assignment; several students began experimenting with ceramic casting techniques in their
free time, suggesting that this knowledge will transfer to other courses and to lifelong learning
practices.

A second theme, critical thinking, also developed directly through material literacy.
Students learned about material weight, fragility, firing conditions, and structural behaviour,
and this expanded their analytical thinking beyond formal concerns. After their initial
attempts, many students entered the revision phase with a more holistic mindset, considering
not only form but also structure. These reflexive decisions during the second iteration
positively influenced the outcome and strengthened their capacity for design judgement.

In addition, the hybrid workflow strengthened students’ ability to anticipate material
timelines—such as drying, firing, and printing durations—and adjust their design strategies
accordingly. Over time, some students began organising informal, time-dependent divisions
of labour, coordinating tasks among themselves to manage these material constraints more
effectively.

The final theme, creative discovery, appeared in a smaller number of students, yet it was
evident that some integrated unexpected results into their design process. One example was a
student who designed a table with a cross-joint; upon recognising the risk of breakage, the
student revised the joint detail by reducing its size, thereby turning a structural concern into a
design opportunity.

Notably, none of the students proceeded to redesign their moulds through 3D printing for a
second iteration. This outcome may be attributed to the limited time available in an elective
course. Since redesigning the mould and altering the table’s structure requires the mould to
dry again—a time-consuming step—this finding suggests the need to allocate a longer
timeframe for this stage or to incorporate additional course content that encourages deeper
engagement with the digital-to-ceramic workflow. Reluctance to explore alternative
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geometries also suggests that some students perceived the hybrid process as carrying a higher
risk threshold, prompting them to remain within safer procedural boundaries.

The hybrid studio operated as a living laboratory, redefining design and material literacy
by expanding beyond technique to encompass environmental, sensory, and contextual
knowledge. Students’ reflections repeatedly emphasised the interdependence of craft,
technology, and creativity. Altogether, the findings affirm that hybrid pedagogy bridges these
domains and enables students to internalise methods and skills essential for developing as
designers capable of navigating complex problems and practices within the furniture industry.
These findings collectively correspond to the three pedagogical pillars outlined earlier,
reinforcing the framework presented in Fig. 9.

MATERIAL
(Tactile learning, material agency, experimentation)
A
CRITICAL THINKING 4—+—P CREATIVE
(Analytical, | (Emergent insights,

iterative reasoning) | responses to errors)

v
HYBRID MAKING PEDAGOGICAL

(Digital fabrication x Craft-based practices)

Figure 9. Three Pillars of the Hybrid Furniture Design Pedagogy

4  Conclusion

The conclusions of this work can be summarised as follows:

Design education that embodies a hybrid workflow unites digital mediums and craft-
based practice without denying innovation that is led technologically, with tactile
intuition and sensorial feedback.

Imperfection becomes a learning environment, expanding creative negotiations
between trial and error rather than mistakes needing to be corrected and avoided.
Collaborative, interdisciplinary  pedagogical  environments—supported by
practitioners, artists, and makers—foster expanded forms of knowledge dissemination
within the studio.

Hybrid workflow enhances critical thinking, reflection, and analytical judgement,
strengthening students’ capacity to revise, adapt, or reconfigure a given brief and to
develop personal strategies across diverse modes of production.

The study additionally shows that students’ ability to anticipate material timelines—
such as drying, firing, and printing durations—developed as part of the hybrid process,
strengthening time-based decision-making and collaborative task coordination.

A further implication is that risk perception plays a decisive role in students’
engagement with digital iteration; reluctance to redesign 3D-printed moulds suggests
the need for structural adjustments in curricula to better support experimentation, risk-
taking, and extended cycles of digital-material iteration.
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e The study also highlights a structural limitation: a significant proportion of students
did not pursue secondary iterations of 3D-printed forms. This pattern suggests that
time constraints, perceived technical difficulty, or hesitation toward high-risk digital—
material transitions may inhibit exploratory behaviour. Addressing this gap in future
course structures may strengthen the creative dimension of hybrid making.
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ABSTRACT: The increasing availability of oil palm biomass offers significant potential as a
sustainable raw material for particleboard, particularly for non-structural furniture and interior
applications traditionally dominated by wood-based panels. This study investigated the
physical and mechanical properties of particleboards manufactured from three oil palm
residues; trunks (OPT), fronds (OPF), and empty fruit bunches (EFB) using urea-
formaldehyde resin at contents of 8%, 10%, and 12%. All boards were produced at a target
density of 700 kg/m? and hot-pressed at 165°C for 360 seconds. Particleboards fabricated
from OPT satisfied the minimum mechanical requirements of the standard at all resin
contents, indicating their suitability for furniture components such as panels, shelving, and
carcass materials. OPF-based boards achieved acceptable strength only at the highest resin
level (12%), while EFB-based boards failed to meet the required mechanical criteria
regardless of resin content. None of the particleboards met the dimensional stability standard,
with 24h thickness swelling values exceeding the permissible <12% limit under water
immersion. Overall, the results demonstrate that oil palm trunk residues show the greatest
potential for value-added particleboard production in furniture and interior applications,
supporting the broader objective of reducing reliance on solid wood resources in the wood-
based panel industry.

Keywords: Oil palm biomass, Oil Palm Trunk, Particleboard, Resin content

Yag palmiyesi biyokiitlesinin farkh kistmlarindan yapilan yonga levhanin
ozellikleri iizerindeki recine iceriginin etkisi

OZ: Yag palmiyesi biyokiitlesinin artan mevcudiyeti, dzellikle geleneksel olarak ahsap bazli
panellerin hakim oldugu yapisal olmayan mobilya ve i¢ mekan uygulamalar1 i¢in, yonga
levha iiretimi i¢in siirdiiriilebilir bir hammadde olarak énemli bir potansiyel sunmaktadir. Bu
calismada, ii¢ yag palmiyesi kalintisindan (govdeler (OPT), yapraklar (OPF) ve bos meyve
salkimlar1 (EFB)) iiretilen yonga levhalarin fiziksel ve mekanik 6zellikleri, %8, %10 ve %12
oranlarinda iire-formaldehit reginesi kullanilarak incelenmistir. Tiim levhalar 700 kg/m?3 hedef
yogunlugunda iiretildi ve 165°C'de 360 saniye siireyle sicak preslenmistir. OPT'den uretilen
yonga levhalar, tim regine iceriklerinde standardin minimum mekanik gereksinimlerini
kargilamig, bu da paneller, raflar ve karkas malzemeleri gibi mobilya bilesenleri i¢cin uygun
olduklarmi gdstermektedir. OPF bazli levhalar kabul edilebilir mukavemete ancak en ytiksek
recine seviyesinde (12%) ulasirken, EFB bazli levhalar regine igeriginden bagimsiz olarak
gerekli mekanik kriterleri karsilayamadi. Parcacik levhalarin higbiri boyut kararlhilig
standardin1 karsilamadi; 24 saatlik kalinlik sisme degerleri su altinda batirildiginda izin
verilen <%12 smirmi asti. Genel olarak, sonuglar, yag palmiyesi govdesi kalintilarinin
mobilya ve i¢ mekan uygulamalarinda katma degerli yonga levha iiretimi i¢in en biiyilik
potansiyeli gosterdigini ve bu durumun, ahsap bazli panel endiistrisinde kat1 ahsap
kaynaklaria bagimlilig1 azaltma yoniindeki daha genis hedefi destekledigini gostermektedir.

Anahtar kelimeler: Yag palmiyesi biyokiitlesi, Yag palmiyesi gdvdesi, Yonga levha, Regine igerigi

Article history, Received: 14.11.2025, Revised: 17.12.2025, Accepted: 17.12.2025, Published: 23.12.2025, *nurrohana@uitm.edu.my

tUniversiti Teknologi MARA Cawangan Pahang, Faculty of Applied Sciences, Department of Wood Industries, Pahang, Malaysia
2Universiti Malaysia Kelantan, Faculty of Bioengineering and Technology, Jeli, Kelantan, Malaysia

To cite: Nurrohana, A., Siti Noorbaini, S., Lee, S. H., Yusri Helmi, M., Wan Mohd Nazri, W. A. R., Nur Sakinah, M. T., (2018). Influence
of resin content on the properties of particleboard made from different parts of oil palm biomass, Furniture and Wooden Material Research
Journal, 8 (2), 420-429, DOI: 10.33725/mamad.1803174

420



https://doi.org/10.33725/mamad.1803174
https://orcid.org/0000-0002-6659-3959
https://orcid.org/0000-0001-8722-6843
https://orcid.org/0000-0001-6369-9902
https://orcid.org/0009-0007-2913-4343
https://orcid.org/0000-0001-6467-800X
https://orcid.org/0000-0002-3677-2657

Ahmad et al., Furniture and Wooden Material Research Journal, 8 (2), 420-429

1 Introduction

The wood-based panel industry has experienced a decline in wood supply attributed to new
legislative regulations on wood utilisation in specific countries, heightened environmental
concerns, and the global demand for wood raw materials. To address the challenges
associated with wood use in particleboard manufacturing, it is imperative to explore abundant
feedstocks derived from renewable agricultural residues and wood byproducts as a substitute,
thereby reducing negative environmental impacts. Agricultural wastes, considered biomass
resources, have been extensively utilised and converted into various beneficial products.
These applications address environmental issues and enhance pollution management.

Among agricultural commodities, oil palm generates a large and regionally concentrated
biomass stream; production has expanded significantly in recent decades and is dominated by
Indonesia and Malaysia (Zaimi et al., 2025; Zakaria et al., 2024). More important than
absolute production figures, however, are the waste-management challenges associated with
oil palm cultivation and processing. A high proportion of oil palm biomass; empty fruit
bunches (EFB), mesocarp fibre (MF), palm kernel shells (PKS), oil palm trunks (OPT),
fronds (OPF), and palm oil mill effluent (POME) is currently under-utilised (Rajakal et al.,
2024; Manimaran et al., 2025). Studies report that only a small fraction of available biomass
is repurposed, leaving substantial quantities classified as waste and creating environmental
and logistical burdens for plantations and mills.

Efficient utilisation of oil palm residues can deliver multiple benefits, reducing disposal
problems, generating new revenue streams, and supplying low-cost feedstock for industrial
applications. Converting oil palm biomass into particleboard addresses both resource scarcity
in the wood-panel sector and the need for cost-effective, sustainable building materials. Prior
work has demonstrated potential performance trade-offs when substituting agricultural
residues for wood particles; therefore, material selection, particle preparation, and binder
formulation are critical to achieving boards that meet technical standards (Ajayi et al., 2025;
Zaimi et al., 2025).

The present study aims to evaluate the physical and mechanical properties of
particleboards manufactured from three oil palm residues, namely oil palm trunk (OPT), oil
palm frond (OPF), and empty fruit bunch (EFB). Unlike previous studies that focused on
single biomass sources or alternative adhesives, this work systematically compares OPT,
OPF, and EFB under identical processing conditions to identify their suitability for
particleboard applications. This particleboard produced from urea-formaldehyde (UF) with
three resin loadings (8%, 10%, 12%). Physical properties (thickness swelling, water
absorption) and mechanical properties (modulus of rupture, modulus of elasticity, internal
bond) were measured to assess the technical viability of these biomass residues as partial or
full substitutes for conventional wood particles. The results are discussed with respect to
process optimization and the potential role of oil palm-derived particleboards in sustainable
materials strategies and circular-economy applications.

2 Material and Method
2.1 Material

The materials utilized in the production of particleboard (PB) included 25 years of oil palm
trunk (OPT), oil palm frond (OPF), and oil palm empty fruit bunch (EFB). These biomass
resources were possessed from an oil palm plantation in Ulu Jempul, and the Jengka Advance
Renewable Energy Plant (JAREP) in Jengka 9. The resin used was urea formaldehyde (UF),
bought from Aica Malaysia Sdn. Bhd., Senawang.
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OPT were debarked, cut into blocks, and processed with a disc flaker to produce uniform
strands. The petiole and leaflets of OPF were removed from the fronds. The fronds were
initially chipped with a chipper to reduce their size before particle preparation. Both OPF and
EFB were processed into particles using a knife ring flaker separately, which ensured
consistent particle geometry suitable for panel manufacturing. The resulting particles were
screened with a vibrating screener to separate and remove fine fractions, as excessive fines
could negatively influence resin distribution and impair the mechanical properties of the
particleboard. The screened particles within the size range of <2.0 mm to 0.5 mm were then
oven-dried at 60°C for 24 hours to reduce their moisture content (MC) to below 5%.

2.2  Method

Dried particles were used from OPT, OPF and EFB as the primary raw material for board
fabrication. The biomass was blended with urea-formaldehyde (UF) resin using a
particleboard mixer, with solid content 64.5% and resin contents adjusted to 8%, 10%, and
12% based on dry particle weight. To avoid adhesion during mat formation and pressing, a
silicone release agent was applied to the surfaces of the metal plates. The resin-coated
particles with 12% MC then manually distributed into wooden moulds measuring 340 mm x
340 mm. A preliminary cold pressing was carried out for 60 seconds to consolidate the mat
and minimize particle displacement. This was followed by hot pressing at 165 °C for 6
minutes to achieve a target thickness of 12 mm. The hot-pressing process was conducted
using three sequential pressure stages: the particleboard mat was initially pressed at 1800 psi
for 180 seconds, followed by 1200 psi for 120 seconds, and finally 800 psi for 60 seconds.
The pressed boards were subsequently conditioned for seven days at 20 + 2 °C and 65 = 5%
relative humidity prior to physical and mechanical evaluation.

The evaluation of properties including thickness swelling (TS), water absorption (WA),
modulus of rupture (MOR), modulus of elasticity (MOE), and internal bond strength (1B) was
conducted in accordance with the JIS A 5908:2003 standard (JIS, 2003).

Regardless of the particleboard variant, two replicate boards were produced for each
experimental condition. Internal bond strength, thickness swelling, and water absorption were
evaluated using 50 mm x 50 mm specimens, with ten repetitions conducted for each test. The
modulus of rupture (MOR) and modulus of elasticity (MOE) were assessed using 230 mm x
50 mm specimens, with six repetitions performed for each mechanical properties.

The data were subjected to analysis of variance (ANOVA) using the Statistical Package for
the Social Sciences (SPSS) software (version 28, IBM, Armonk, NY, USA). Descriptive
statistical analysis was conducted to obtain mean values and corresponding standard
deviations, and the standard deviations were used to construct the error bars presented in the
graphical results. Post hoc comparisons among group means were carried out using Duncan’s
Multiple Range Test (DMRT) to identify statistically significant differences at a confidence
level of p < 0.05. In addition, the measured physical and mechanical properties were
evaluated against the minimum requirements specified in the JIS A 5908 standard (JIS, 2003).

3 Results and Discussion

Table 1 presents the ANOVA results for the effects of material type and resin content on
the physical and mechanical properties of particleboards produced from different oil palm
biomass sources. Both factors significantly influenced WA, TS, MOR, MOE, and IB (p <
0.01), indicating that particleboard performance is strongly governed by the intrinsic
characteristics of the raw material and the degree of resin bonding. The significant interaction
observed between material type and resin content for most properties further suggests that the
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response of particleboard performance to resin addition is material-specific, a trend
commonly reported in biomass-based particleboards derived from heterogeneous
lignocellulosic resources.

Table 1 Summary of ANOVA findings at P < 0.05 concerning the interaction effects of
material and resin content on particleboard qualities

SOV WA TS MOR MOE IB
Material (M) 0.000** 0.000** 0.000** 0.000** 0.000**
Resin Content (RC) 0.000** 0.000** 0.000** 0.000** 0.000**
M*RC 0.013* 0.000** 0.002* 0.003* 0.168ns

SOV source of variance, ** highly significant p < 0.01, * significant p < 0.05, ns not significant p > 0.05
3.1 Analysison TS and WA of PB

Table 2 presents a summary of the TS and WA values of particleboard composed of EFB,
OPF, and OPT, bonded with varying resin contents. At identical resin content, particleboard
composed of OPT exhibits superior TS values compared to that made from EFB and OPF.
The TS values of the EFB particleboard bonded at varying resin contents range from 15.27%
to 35.85%, whereas those of OPF and OPT range from 20.52% to 22.06% and 32.20% to
39.10%, respectively. In contrast to EFB, both OPF and OPT possess a significant proportion
of parenchymatous tissues (thin-walled cells with large lumens) that are inclined to absorb
and retain greater amounts of water (Abdul Khalil et al. 2008). Consequently, OPF and OPT
particleboard exhibited greater water absorption than EFB particleboard. The TS values
diminished as the resin content increased (Figure 1). A comparable observation was noted for
WA values, which diminished with increasing content (Figure 2). Nonetheless, none of the
particleboard manufactured in this study conformed to the maximum permissible TS value of
< 12% as specified in JIS A 5908 standard (JIS, 2003). (Figure 1). The resin content is the
primary determinant influencing the thickness swelling of particleboard (Boruszewski et al.
2022). Hong et al. (2017) stated that post-curing, the UF resin developed a rigid crosslinked
structure that is impermeable to water. A greater resin content results in an increased
proportion of hardened structures, leading to a more dimensionally stable particleboard.

Table 2. TS and WA of various oil palm biomass types in particleboard

Type Material Resin Content Water Absorption Thickness Swelling

(%) (%) (%)
1 8 08.93+7.89° 35.85+2.97¢
2 EFB 10 86.48+4.102 26.69+2.14¢
3 12 81.06+5.772 15.27+0.912
4 8 123.70+9.60¢ 22.06+2.54°
5 OPF 10 104.48+12.73 21.56+4.84°
6 12 80.98+8.242 20.5245.47°
7 8 108.41+£12.03° 39.10+2.09°
8 OPT 10 105.10+10.17% 35.61+2.92¢
9 12 105.10+7.58 32.20+4.23¢

Means followed by the different superscript letters in the same column are significantly different at p <
0.05; EFB = empty fruit bunches, OPF = oil palm front; OPT = oil palm trunk
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Figure 1. TS of various oil palm biomass types in particleboard compared to JIS A 5908
(2003)
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Figure 2. WA of various oil palm biomass types in particleboard
3.2 Mechanical properties of PB

The mechanical properties, including MOR, MOE, and IB of the particleboard, are
presented in Table 3. OPT particleboard exhibited markedly superior MOR and MOE relative
to its OPF and EFB counterparts. Concurrently, EFB particleboard demonstrated the least
bending strength among the three particleboard varieties. A comparable trend was also noted
for IB. The observation may be ascribed to the bulk density of the materials utilized in
particleboard production. According to a study by Zakaria et al. (2021), the bulk densities of
EFB, OPF, and OPT particles were 670 kg/m®, 560 kg/m3, and 460 kg/m3, respectively.
Materials with lower bulk density can attain a more compact structure when subjected to hot
pressing (Boruszewski et al. 2016). A more compact structure will diminish the voids present
in the particleboard, thereby enhancing its mechanical properties. Lee et al. (2015) reported
that particleboard with lower bulk density can achieve a higher compaction ratio and,
consequently, superior strength properties. The subpar mechanical properties of the EFB
particleboard may be attributed to residual oil on the EFB fibers (Norul Izani et al. 2012). The
oil obstructs the uniform distribution of resin on the EFB fibers, resulting in inferior
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mechanical properties. Nonetheless, augmenting resin content markedly enhanced the
mechanical properties of the particleboard. For example, when the resin content was elevated
from 8% to 12%, the modulus of rupture (MOR) of the oriented strand board (OSB) rose from
22.15 MPa to 24.37 MPa, while the internal bonding (IB) increased from 1.66 MPa to 2.43
MPa. The resin content significantly affects the mechanical properties of the resulting
particleboards (Barragan-Lucas et al. 2019). With an increase in resin content, the particles
achieved comprehensive resin coverage, resulting in enhanced bonding sites between particles
and ultimately improving MOR, MOE, and IB (Ghalehno et al. 2013).

Table 3. Strength properties (MOR, MOE, IB) of various oil palm biomass types in
particleboard

Resin

Type Material Content (%) MOR (MPa) MOE (MPa) IB (MPa)
1 8 500+0.30°  701+4546°  0.07+0.01°
> e 10 6.85:0.70°  888+50.57%®  0.09+0.03°
3 12 0.19+0.03° 1050456620  0-16%0.03
4 8 135242200 2212+481°  0.17+0.06%
5  OPF 10 14.95¢0.87°  2263+170°  0.33+0.13°
6 12 2128+3.15¢  3211+387¢  0.70+0.25°
7 8 2215+¢1.76° 20721320 1.66+0.27°
8  OPT 10 23.2041.01%  3135+138¢  1.76+0.31
9 12 24374131 3243+2749  2.43+0.41°

Means followed by the different superscript letters in the same column are significantly different at p < 0.05; EFB = empty
fruit bunches, OPF = oil palm front; OPT = oil palm trunk

Figure 3 - 5 illustrates the MOR, MOE, and IB strength of panels produced with varying
resin percentage. The JIS A 5908:2003 requires minimum MOR, MOE and IB values of 18
MPa, 3000 MPa and 0.3 MPa, respectively. All panels manufactured with OPT met the JIS
standard criteria for MOR, MOE, and IB strength at all three levels of resin content. The
panels manufactured from EFB and OPF failed to meet the criteria for MOR, MOE, and 1B,
except for the OPF variant with a resin content of 12%. The properties of particleboards
manufactured with OPT exhibited a distinctly different pattern when compared to those
produced with EFB and OPF. The particleboard containing 12% resin demonstrated the
highest MOR and MOE when manufactured with OPT particles, reaching values of 24.37
MPa and 3243 MPa, respectively. At a consistent resin content, the values for MOR and
MOE showed an initial increase during the production of particleboard using EFB and OPF.
The same phenomenon was also observed with 1B strength properties. The data suggests that
an optimal resin content of 12% is necessary for the effective production of oil palm biomass
particleboard. This finding aligns with Ayrilmis, Kwon, & Han (2012), who discovered that
the mechanical properties of single-layer composite particleboards composed of 70 wt%
wood particles and 30 wt% rice husk particles did not significantly improve in bending
strength and modulus of elasticity with increased UF and PF resin contents, except at the 12
wt% resin content.
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426



Ahmad et al., Furniture and Wooden Material Research Journal, 8 (2), 420-429

4. Conclusion

In this study, the physical and mechanical properties of particleboards manufactured from
three oil palm residues, OPT, OPF, and EFB, were investigated. Based on the data obtained,
the following conclusions can be drawn.

e This study confirms that resin content and biomass type significantly influence the
physical and mechanical performance of particleboards produced from oil palm
residues.

e Among the materials evaluated, oil palm trunk (OPT) demonstrated the greatest
suitability as a raw material, consistently meeting the mechanical requirements of JIS A
5908 across all resin contents.

e In contrast, oil palm frond (OPF) particleboards achieved acceptable strength only at the
highest resin level, while empty fruit bunch (EFB) boards failed to satisfy the standard
requirements regardless of resin content, likely due to residual oil and poor interfacial
bonding.

e Although increased resin content generally improved strength and dimensional stability,
none of the panels complied with the standard limits for thickness swelling, indicating
that moisture resistance remains the primary limitation.

e Overall, OPT shows strong potential for particleboard manufacturing, whereas OPF and
EFB require additional treatments or material modification to enhance their
performance.

e The effective utilization of oil palm biomass in panel products offers a sustainable
pathway for improving resource efficiency and reducing agricultural waste in the wood-
based panel industry.
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Non-destructive assessment of dynamic properties of acetylated beech wood
(Fagus orientalis L.) under varying impregnation and reaction times
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ABSTRACT: The aim of this study was to investigate the effect of impregnation and reaction
times during acetylation on the dynamic mechanical and acoustic properties of beech wood
using non-destructive vibration testing. Acetylated solid wood from beech (Fagus orientalis
L.) was prepared with acetic anhydride, without catalyst, by soaking impregnation. Oven-
dried, defect-free specimens (20 x 20 x 360 mm®; R x T x L) were treated at 120 + 3 °C
under oven-dry conditions with impregnation times of 60 or 180 min and reaction times of 60
or 120 min. Dynamic properties of modified and unmodified samples were measured by free
flexural and longitudinal vibration tests in radial and tangential directions. Impregnation and
reaction durations significantly affected physical and dynamic properties. Longer
impregnation (Im180) increased density and weight percent gain (WPG = 4%), indicating
greater chemical uptake and reduced porosity. In contrast, extended reaction time (Rel20)
reduced the dynamic modulus of elasticity and acoustic coefficient by about 6-8%, suggesting
partial stiffness loss at higher acetylation intensity. The best balance between mass gain,
stiffness retention, and acoustic performance occurred at moderate conditions (Im60-Re60).

Keywords: Beech, Acetylation, WPG, MOE, Density, Shear, Acoustic

Degisen emprenye ve reaksiyon siireleri altinda asetillenmis kayin
odununun (Fagus orientalis L.) dinamik 6zelliklerinin tahribatsiz
degerlendirilmesi

OZ: Bu c¢ahismanin amaci, tahribatsiz titresim testleri kullanarak, asetilasyon sirasinda
emprenye ve reaksiyon siirelerinin kaym agacmin dinamik mekanik ve akustik 6zellikleri
Uzerindeki etkisini incelemektir. Katkisiz olarak asetik anhidrit ile emprenye yontemiyle
asetillenmis kat1 kayin (Fagus orientalis L.) 6rnekleri hazirlanmistir. Firin kurusu, kusursuz
ornekler (20 x 20 x 360 mm3; R x T x L) 120 + 3 °C’de firin kurusu kosullarida 60 veya 180
dakikalik emprenye siireleri ve 60 veya 120 dakikalik reaksiyon siireleri ile muamele
edilmistir. Modifiye ve modifiye edilmemis O6rneklerin dinamik 6zellikleri, radyal ve teget
yonlerde serbest egilme ve boyuna titresim testleri ile 6l¢lilmiistir. Emprenye ve reaksiyon
stireleri, fiziksel ve dinamik ozellikleri onemli 6lgiide etkilemistir. Uzun emprenye siiresi
(Im180) yogunluk ve agirlik kazanimmi (WPG = %4) artirmus, daha fazla kimyasal alim1 ve
azalmis gozenekliligi gostermistir. Buna karsilik, uzun reaksiyon siresi (Rel120) dinamik
elastik modiilii ve akustik katsayiy: yaklasik %6-8 azaltmis, yiiksek asetilasyon yogunlugunda
kismi sertlik kaybmi isaret etmistir. Kiitle kazanimi, sertlik korunumu ve akustik performans
arasindaki en uygun denge, orta diizey kosullarda (Im60-Re60) saglanmistir.
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1 Introduction

Wood is one of the most important renewable resources and continues to play a vital role
in a wide range of due to its favourable mechanical properties, aesthetic quality, and
environmental advantages (He et al., 2023). Nevertheless, despite its many benefits, natural
wood remains inherently susceptible to biological degradation, moisture absorption,
ultraviolet (UV) radiation, and weathering, all of which considerably limit its service life
particularly in outdoor applications (Petrillo et al., 2019). In order to overcome these
drawbacks, improve the durability, dimensional stability, and environmental resistance of
wood has become a central focus in material science and sustainable construction research.

Conventional preservation techniques, which relay heavily on chemical treatments
containing chromium, copper, and arsenic compounds, have historically extended the lifetime
of wood structures for several decades (Lebow et al., 2015; Momohara et al., 2021). However,
growing awareness of the environmental and health hazards associated with such chemicals
has driven the search for more sustainable and non-toxic methods (Emenike et al., 2024).
Among the available approaches, chemical modification, particularly through altering wood’s
reactive hydroxyl groups, has gained as a promising strategy for enhancing moisture
resistance and biological durability without the use of hazardous substances (Huang et al.,
2025).

Several environmentally friendly wood modification methods have been developed to
improve durability and dimensional stability without the use of hazardous substances. These
include thermal modification, which enhances moisture resistance through controlled heat
treatment (Hill, 2006; Sandberg et al., 2021), furfurylation based on bio-derived polymers
(Sandberg et al., 2021), and resin impregnation using low-toxicity compounds (Rowell,
2012). Among these approaches, acetylation has received particular attention due to its
effectiveness in reducing hygroscopicity while preserving the fundamental mechanical
structure of wood.

Acetylation, one of the most extensively studied chemical modification techniques,
involves the reaction of wood polymers with acetic anhydride, substituting hydrophilic
hydroxyl groups with acetyl groups. This substitution significantly reduces hygroscopicity,
thereby enhancing dimensional stability and resistance to decay, and making wood more
suitable for outdoor and industrial applications (Hill, 2006; Yang et al., 2023). Numerous
studies have consistently confirmed these improvements. For instance, Popovi¢ and
Dbiporovi¢-Mom¢ilovi¢ (2012) reported a substantial reduction in swelling and shrinkage in
acetylated narrow-leaved ash wood, while other research has demonstrated increased
resistance to fungal attack and decay due to decreased accessibility of cell wall polymers
(Slabohm et al., 2023; Belt and Awais, 2025).

Further investigations highlight that acetylation also protect lignin from photodegradation,
thereby improving wood’s weathering resistance (Nagarajappa et al., 2020). Surface and
mechanical properties after acetylation remain critical indicators of performance. Wang et al.,
(2024) found that anhydride treatment increased surface roughness proportionally to the
modification degree, while acetylation enhanced hardness and bending strength and only
minor changes in the modulus of elasticity. Similarly, Xing et al., (2025) and Sandak et al.,
(2021) confirmed that higher degrees of acetylation improve resistance to environmental
degradation without sustainability compromising mechanical integrity. Although, the
fundamental strength and durability are significantly improved (Rowell, 2006). Hosseini and
Masteri Farahani (2012) possessed that acetylation of beech wood using acetic anhydride
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significantly improved dimensional stability while moderately affecting mechanical
properties, depending on treatment severity.

In recent years, non-destructive testing (NDT) methods have gained importance as reliable
tools for evaluating the physical and mechanical properties of wood (Oberhofnerova et al.,
2016). Techniques such as flexural and longitudinal vibrations testing and ultrasonic analysis
allow researchers to estimate mechanical parameters including stiffness and modulus of
elasticity without damaging the material (Machado et al., 2009; Hassan et al., 2013). Among
these, the dynamic modulus of elasticity (MOE), often expressed as Young’s modulus, is
particularly significant since it reflects the stiffness of the material and is closely related to
density and acoustic behaviour (Liang and Fu, 2007; Teder et al., 2011). More recent work
has demonstrated that acoustic wave velocity measurements provide valuable insight into the
mechanical performance and internal structure of wood (Liu et al., 2019; Xin et al., 2022).

Despite these advantages, relatively few studies have investigated the combined effects of
impregnation and reaction times during acetylation process on the mechanical and acoustical
properties of beech wood, particularly when assessed through NDT techniques. Non-
destructive testing methods, particularly vibration-based techniques, have been widely applied
for evaluating the mechanical and acoustic properties of wood, as they allow reliable
estimation of stiffness-related parameters without damaging the material (Machado et al.,
2009; Oberhofnerova et al., 2016). Therefore, this study aims to evaluate the influence of
varying impregnation and reaction times on the dynamic mechanical behaviour of acetylated
beech wood (Fagus orientalis L.) using non-destructive vibration testing. The findings are
expected to deepen the understanding of how processing parameters affect wood performance
and to contribute to the optimization of acetylation processes for enhanced material efficiency
and reliability.

2 Material and Method
2.1 Materials

Beech wood (Fagus orientalis L.) was obtained from Afara Gostar Wood Industries
Company, sourced from the natural forests of Royan County in Mazandaran Province,
northern Iran. The timber was supplied in plank form (70 x 460 x 1300 mm?®) in an air-dried
condition with a moisture content of approximately 12-15% and was cut from high-quality,
defect-free beech logs suitable for experimental use. The use of air-dried timber eliminated
the risk of biological staining that may occur in green wood during prolonged sample
preparation and ensured consistent conditions for subsequent chemical modification.

Acetic anhydride (CHsCO).0 was employed as the chemical reagent for wood acetylation.
Acetic anhydride used for the acetylation process was purchased from Merck Company
(Darmstadt, Germany). The chemical had a molecular weight of 102.09 g/mol, a purity of
96%, a density of 1.08 g/cm3, and a melting point of -73.1 °C, and was used as received
without further purification.

2.2 Preparation of samples

To ensure uniformity across all tests, specimens were prepared according to 1SO 3129
international standard (1975). Each board was cut into smaller test pieces using a precision
saw. For mechanical testing, specimens for flexural strength (FS) or flexural modulus (FM)
were prepared with dimensions of 20 x 20 x 360 mm? (Table 1).
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Table 1. Sample dimensions according to NDT testing
Test FSIFM
Dimension (mm?d) 20 x 20 x 360

FS: flexural strength; FM: flexural modulus.
2.3 Impregnation procedure of samples

To determine initial dry mass, specimens were oven-dried at 103 £ 2 °C for 24 hours, and
then transferred to a desiccator containing silica gel for 15 minutes to avoid moisture re-
absorption. Subsequently, each specimen was weighed to the nearest 0.001 g using a digital
analytical balance.

For acetylation, the oven-dried specimens were immersed in acetic anhydride for 60 or 180
minutes under ambient pressure to allow sufficient reagent uptake (Figure 1).

The samples were immersed in acetic anhydride for 60 and 180 min to allow sufficient
absorption of the preservative by the wood (Figure 1).

Figure 1. Beech wood samples impregnation into the acetic anhydride

Following impregnation, the samples were wrapped in aluminium foil and subjected to a
reaction stage at 103 + 2 °C for 60 or 120 minutes, according to the experimental design
(Table 2). After curing or removal from the oven, the specimens were washed several times
with lukewarm water to eliminate the strong odor of acetic anhydride. The washing process
was continued until no residual odor was detected, which took approximately 10-15 minutes.

Table 2. Treatment schedule for acetylation of beech wood specimens

Test Impregnation Time Reaction Time Replicates Sum of
(Dimension) (min) (min) Samples
60 60 3
60 120 3
FS/IFM 180 60 3 15
(20x20x360 mm3) 180 120 3
Control Control 3

FS: flexural strength; FM: flexural modulus. The dynamic MOE values reported in this study refer exclusively to
dynamic modulus of elasticity obtained from non-destructive free vibration tests. No static bending (destructive)
tests were performed.
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Control specimens (n = 3) consisted of untreated beech wood and were replicated using the
same dimensions, conditioning procedure, and non-destructive testing protocol as the
acetylated samples. After conditioning, all specimens underwent a final drying cycle at 103 £
2 °C for 24 hours, followed by 15 minutes in a desiccator before final weighing.

2.4 Determination of weight percent gain (WPG)

The weight percent gain (WPG) was calculated to assess the degree of chemical uptake
during acetylation. The dry weight of each specimen was measured before and after treatment
using a precision balance (+ 0.001 g). WPG was determined according to Eq. (1):

W, AT —W, BT

WPG (%) =[(—— &7

)]x100 (1)

Where; WoAT is the oven-dry weight after treatment (g), and WoBT is the oven-dry weight
before treatment (g).

2.5 Non-destructive (NDT) testing
2.5.1 Longitudinal free vibration test

In the longitudinal free vibration method, the first mode node occurs precisely at the
midpoint of the beam. Each specimen was supported at its midpoint and gently struck at one
end in the longitudinal direction using a wooden hammer. The sound response at the opposite
end was captured by a high-sensitivity microphone (Figure 2).

Hammer
r—>»1

| { /\: / 7

\ / Specimen
\ Suspending thread
Microphone

\n‘.[\hllc! - “.md[\.l\\ = FFT
filter analyzer

e
8

L: Longitudinal direction
T Tangential direction

Figure 2. Schematic diagram of the experimental setup for the free-free bending vibration
test (Kubojima et al., 2022)

Recorded signals were saved in WAV format and analyzed using Audacity software to
obtain frequency spectra. The first resonance frequency was identified by Fast Fourier
Transform (FFT) analysis and used to calculate dynamic mechanical parameters. Data
processing and parameter computation were performed using MATLAB V.7.1.

2.5.2 Flexural free vibration test

For the flexural vibration test, each specimen was supported on two elastic rubber bands to
minimize damping effects (Figure 3).

In this study, the directional notation follows the orthotropic structure of wood. The
longitudinal (L) direction corresponds to the fiber axis, while LR and LT denote vibration or
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measurement planes involving the longitudinal-radial and longitudinal-tangential directions,
respectively. These directions reflect the anisotropic nature of wood, as mechanical stiffness,
shear behavior, and acoustic properties differ significantly depending on anatomical
orientation. Therefore, the comparison of dynamic properties in L, LR, and LT directions
provides insight into the direction-dependent effects of acetylation on beech wood.

Thread
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&
Tk |

L. ! L (= 300) )
' analyzer |
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L (= 300) X

I Microghons
e |
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Figure 3. Diagram of the flexural (a) and longitudinal (b) vibration tests (Yoshihara, 2012)

The sample was struck at one end in the bending direction using a wooden hammer, while
sound was recorded from the opposite end by a microphone. The frequency spectrum was
analyzed in the same manner as in the longitudinal test. The first three resonance frequencies
were used to compute the dynamic modulus of elasticity (MOE), shear modulus (G), and
acoustic coefficient in the bending direction.

The resonance frequencies obtained from the frequency spectrum were used to calculate
the dynamic mechanical parameters according to classical vibration theory. For the
longitudinal free vibration test, the dynamic modulus of elasticity (MOE_L) was calculated
using Eq. (2):

MOE_L = 4pL2f;2 (2)

Where; p is the density (kg-m™), L is the specimen length (m), and fi is the first
longitudinal resonance frequency (Hz).

For the flexural free vibration test, the dynamic modulus of elasticity (MOE_F) was
determined based on Timoshenko beam theory using the first three resonance frequencies, as
described by Yoshihara (2012) and Brancheriau and Bailleres (2002). The shear modulus (G)
was simultaneously obtained by iterative fitting of the experimental resonance frequencies to
the theoretical flexural vibration model. Detailed numerical processing was performed using
MATLAB software.

2.6 Data analysis

All measured parameters including FS, FM, and WPG were statistically analyzed using
SPSS software (Version 24.0). Data were subjected to one-way analysis of variance
(ANOVA), and mean comparisons and differences between control and acetylated samples
were evaluated using Duncan’s Multiple Range Test (DMRT) at a 95% confidence level (p <
0.05) to determine the statistical significance of density changes.
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3 Results and discussion
3.1 Dynamic properties — non-destructive vibration testing
3.1.1 Density

Figure 4 illustrates the relationship between density values before and after acetylation for
individual specimens. Although some data points appear close to the 1:1 reference line
indicating minimal change for specific samples, the overall statistical analysis demonstrates a
significant increase in mean density after treatment (p < 0.05). Therefore, conclusions
regarding density changes are based on statistical comparison of group means rather than
visual inspection of individual data points.

An independent-samples Duncan’s test confirmed that the mean density of acetylated
specimens was significantly higher than that of the control group (p < 0.05), despite overlap
in individual data points.

The increase in density can be attributed to the substitution of hydroxyl groups with bulkier
acetyl groups and partial filling of cell-wall voids. The impregnation process promotes
consistent reagent penetration, particularly under longer impregnation times (Im180), which
resulted in greater WPG and reduced porosity. However, prolonged reaction times (Rel120)
contributed less to further mass increase, suggesting that while impregnation duration governs
chemical uptake, excessive heating may not enhance densification and can even lead to partial
degradation.

900 -
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2 800 1 R?=0.784
£
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Figure 4. Density ratio (kg/m®): Free vibration test in L, LR, and LT directions

These findings are consistent with previous studies reporting that extended impregnation
increases mass gain and dimensional stability (Sandberg et al., 2021; Guo et al., 2022), while
overreaction can induce thermal relaxation or surface degradation. The data therefore confirm
that the impregnation stage is the primary driver of density increase, while reaction time
controls structural preservation. Although numerous studies have reported the effects of
acetylation on the mechanical properties of wood, direct comparison among results is often
challenging due to differences in wood species, treatment severity, and testing methodology.
Previous research generally indicates that acetylation leads to a slight reduction or
preservation of modulus of elasticity, depending on weight percent gain (WPG) and reaction
conditions (Yano et al., 1997; Rowell, 2006; Brémaud et al., 2011). In agreement with these
findings, the present study also shows a moderate decrease in dynamic MOE (approximately
5%) following acetylation. However, unlike many studies that focus on a single treatment
condition, the current work systematically compares different impregnation and reaction
times, revealing that treatment intensity play a key role in stiffness retention. This allows
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aclearer interpretation of how processing parameters govern the balance between mass gain
and elastic performance in acetylated beech wood.

3.1.2 Dynamic modulus of elasticity (MOE)

Figure 5 presents the dynamic modulus of elasticity (MOE) of untreated (control) and
acetylated beech wood specimens measured in the L (Figure 5a), LR (Figure 5b), and LT
(Figure 5c) directions. Overall, acetylation resulted in a statistically significant reduction in
dynamic MOE compared with untreated wood (p < 0.05). The average decrease in MOE
across all vibration modes was approximately 5%, although the magnitude of reduction
depended on impregnation and reaction time. Among the treatment conditions, specimens
treated under Im60-Re60 exhibited the highest MOE values and did not differ significantly
from untreated wood in some vibration directions, whereas Im180-Re120 samples showed the
lowest MOE values and differed significantly from the control. These results indicate that
increasing treatment severity leads to a measurable loss of stiffness, while moderate
acetylation conditions allow better retention of elastic properties.
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Figure 5. Relationship between the dynamic MOE of untreated (control) and acetylated beech
wood obtained from the free vibration test in the L (a), LR (b), and LT (c) directions (MOE in
GPa).

As indicated in Figure 6, all treatments shared the same statistical grouping (a), confirming
that no significant differences in dynamic MOE were detected among the tested conditions.

Among all treatments, the Im60-Re60 condition exhibited the highest average dynamic
MOE (Figures 6a, 6b, 6¢, and 6d), while Im180-Re120 samples showed the lowest. This
pattern suggests that both impregnation and reaction time strongly influence stiffness: longer
impregnation and reaction durations increase reagent uptake but may also lead to excessive
bulking or slight polymer relaxation, thereby reducing elasticity.

Regression analysis (R2=0.94 to R2=0.99) demonstrated a strong relationship between
dynamic MOE values of untreated and treated wood samples, confirming that acetylation
affects magnitude but not the anisotropic hierarchy (L > LR > LT). The LT vibration mode
displayed the smallest reduction, whereas the longitudinal (L) direction exhibited the most
pronounced decline, highlighting that the primary stiffness along the grain is more sensitive to
treatment intensity.

According to Figure 6, the highest average dynamic MOE was found in non-destructive
test samples treated by Im60-Re60 min times, and the lowest in samples treated by Im180-
Rel120 min times. As a result, increasing the impregnation and reaction times reduces the
average dynamic modulus of elasticity.
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Figure 6. Average dynamic MOE of untreated and acetylated beech wood obtained from the
free vibration test in the L (a), LR (b), and LT (c) directions, and mean dynamic MOE (d)
(MOE in GPa). Values sharing the same letter are not significantly different according to

Duncan’s multiple range test (p < 0.05).

These results are consistent with the findings of Bucur (2016) and Rowell (2012, 2013),
who reported that acetylation preserves the directional dependence of stiffness while slightly
reducing absolute values due to mass gain and decreased cell-wall elasticity. The observed
5% reduction in MOE underlines the importance of balancing impregnation and reaction time:
moderate treatment (Im60-Re60) enhances stability while minimizing stiffness loss, whereas
prolonged acetylation (Im180-Rel20) can cause unnecessary mechanical deterioration.
According to Figure 7, the highest WPG was observed in samples treated by Im180-Re60 min
times, and the lowest in samples treated by Im60-Re60 min times.

WPG (%)

8
6
4
2
0

(b)
8.49

(a)
)
19 I

{ab)
11.63

|

Im60-Re60 Im60-Re120 Im180-Re60

Treatment Time (min)

Im180-Re120

Figure 7. Average weight percent gain (WPG) of untreated and acetylated beech wood under
different impregnation and reaction times; the same letters in each bar show that there is no

significant difference (p<0.05) between the WPC groups
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3.1.3 Shear modulus

The shear modulus results from LR and LT free bending vibration tests are shown in
Figure 8. The correlation between untreated and acetylated samples was moderate, with the
LR direction showing a higher coefficient of determination (R?=0.91) than LT (R?=0.74).

In general, the shear modulus decreased in the LR direction but increased in the LT
direction after acetylation. This directional contrast is attributed to the anisotropic
microstructure of beech wood and the heterogeneous distribution of reagents. Longer
impregnation times (Im180) promoted deeper diffusion along tangential paths, strengthening
shear resistance in the LT direction, whereas prolonged reaction durations (Re120) slightly
weakened radial shear behaviour due to increased brittleness and local stresses.

1 @ ‘1 o)
2 y=0.951x y=1.010x
= R?=0.91 71 R2=0.74
5 G / 4
: & ¢ l e
& s ¢
g ‘: %% LR & @ o
< /‘/ ».
1 1%/ &
1 T T 1 T T
1 Untreated wood 3 1 S
Figure 8. Ratio of shear modulus (GPa/m®kg): Free vibration test in LR (a) and LT (b)
directions

These findings correspond with those of Haines and Leban (1997) and Brancheriau and
Bailleres (2002), who highlighted those transverse shear moduli are highly sensitive to local
density gradients and anatomical orientation. Overall, the present results show that acetylation
enhances tangential shear stiffness at moderate treatment levels but that excessive exposure
reduces radial shear strength. The optimal condition for maintaining shear modulus stability
was observed under Im60-Re60, where reagent diffusion and structural preservation were best
balanced.

3.1.4 Acoustic coefficient

Figure 9 (a, b, and c) illustrate the acoustic coefficient ratios between control and treated
beech wood samples underL, LR, and LT vibration modes. The correlations between
untreated and acetylated specimens were generally weak, indicating that the acoustic response
of beech wood is highly sensitive to chemical modification and microstructural variation.
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Figure 9. Ratio of acoustic coefficient: Free vibration test in L (a), LR (b), and LT (c)
directions
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In all vibration modes, the acoustic coefficient of acetylated samples decreased compared
with the control. The longitudinal (L) direction exhibited the smallest reduction (y=0.742x,
R2=0.83), while the LR (y=0.641x, R?=0.83) and LT (y=0.637x, R?=0.85) directions showed
more pronounced decreases. These relationships suggest a consistent yet direction-dependent
decline in acoustic transmission efficiency after acetylation.

The Im180-Rel20 treatment exhibited the lowest acoustic coefficient, while the 1m60-
Re60 condition retained the highest, suggesting that prolonged impregnation and reaction
times promote excessive bulking and energy dissipation. The observed decline in acoustic
performance with increasing acetylation intensity aligns with findings by Brémaud et al.,
(2011), Yano et al., (1997), and Wegst (2006), who emphasized that internal friction and
damping behaviour are key determinants of sound propagation in chemically modified wood.

The observed changes in direction-dependent dynamic properties after acetylation can be
attributed to the anisotropic structure of wood and the non-uniform interaction of acetic
anhydride with different anatomical directions. Wood exhibits distinct cellular arrangements
along the longitudinal (L), radial (R), and tangential (T) directions, which govern the
pathways for chemical diffusion and stress transfer.

The observed changes in direction-dependent dynamic properties after acetylation can be
attributed to the anisotropic structure of wood and the non-uniform interaction of acetic
anhydride with different anatomical directions (Brémaud et al., 2011; Bucur, 2016).

During acetylation, acetic anhydride penetrates wood through direction-dependent
pathways, leading to heterogeneous bulking of the cell wall and uneven mass-stiffness
distribution (Hill, 2006).

Moreover, the substitution of hydroxyl groups with acetyl groups reduces intermolecular
hydrogen bonding, resulting in decreased elastic recovery and increased internal damping,
which affects stiffness and acoustic behaviour differently along the longitudinal, radial, and
tangential directions (Rowell, 2006; Rowell, 2013).

Overall, the acoustic results confirm that moderate acetylation can enhance dimensional
stability without severely compromising sound quality, whereas overexposure to reagents and
heat significantly diminishes resonance and the acoustic coefficient.

4  Conclusions

e This study demonstrates that acetylation of beech wood using acetic anhydride under
controlled impregnation and reaction times effectively alter its physical and dynamic
mechanical properties. Non-destructive vibration testing proved highly effective for
monitoring directional variations in stiffness, shear behaviour, and acoustic
performance.

e The findings revealed that longer impregnation times (Im180) substantially increase
WPG and density due to greater reagent uptake, whereas longer reaction durations
(Rel120) lead to reductions in the modulus of elasticity (=5% decrease) and acoustic
coefficient, suggesting partial deterioration of stiffness and vibrational transmission. In
contrast, moderate conditions (Im60-Re60) achieved the best balance between chemical
uptake, stiffness retention, and acoustic quality.

e The shear modulus results confirmed that acetylation enhances tangential shear strength
(LT direction) but may reduce radial shear performance (LR direction), depending on
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reaction duration. Similarly, acoustic behaviour declined across all directions, with
minimal reduction observed longitudinally.

e In summary, acetylation improves the durability and dimensional stability of beech
wood but requires careful optimization of impregnation and reaction times to prevent
over-modification that compromises elastic and acoustic performance. The present
findings confirm that non-destructive testing (NDT) offers a precise and reliable means
of evaluating these effects and provides an efficient framework for optimizing
industrial-scale wood modification processes.

Acknowledgments
The authors wish to thank for the support of the Department of Wood Science and Paper
Technology, Ka.C., Islamic Azad University, Karaj, Iran.

Author Contributions

Seyyed Khalil HosseiniHashemi: Conceptualization, Methodology, Supervision, Validation,
Writing — review & editing, Mojtaba Esfandyar: Data curation, Formal Analysis,
Investigation, Visualization.

Funding statement
No financial support was received for the study.

Conflict of interest
We confirm that there is no conflict of interest.

References

Belt, T., Awais, M., (2025). Progressive degradation of acetylated wood by the brown rot
fungi Coniophoraputeana and Rhodonia placenta, Wood Science and Technology, 59,
Article number: 13. DOI: 10.1007/s00226-024-01620-8

Brancheriau, L., Bailleres, H., (2002). Natural vibration analysis of clear wooden beams: a
theoretical review, Wood Science and Technology, 36, 347-365. DOI: 10.1007/s00226-
002-0143-7

Brémaud, 1., Gril, J., Thibaut, B., (2011). Anisotropy of wood vibrational properties:
dependence on grain angle and review of literature data, Wood Science and Technology,
45(4), 735-754. DOI: 10.1007/s00226-010-0393-8

Bucur, V., (2016). Introduction. In: Handbook of Materials for String Musical Instruments,
Springer, Cham. DOI: 10.1007/978-3-319-32080-9_1

Emenike, C.U., He, Q., Koushika, K., (2024). Pentachlorophenol and its effect on different
environmental matrices: the need for an alternative wood preservative, Sustainable Earth
Reviews, 7, Article number: 22, DOI: 10.1186/s42055-024-00090-x

Guo, J., Wang, C., Li, C., Liu, Y., (2022). Effect of acetylation on the physical and
mechanical performances of mechanical densified spruce wood, Forests, 13, 1620, DOI:
10.3390/f13101620

Haines, D.W., Leban, J.M., (1997). Evaluation of the MOE of Norway spruce by the
resonance flexure method, Forest Products Journal, 47, 91-93

Hassan, K. T., Horaeek, P., Tippner, J., (2013). Evaluation of stiffness and strength of Scots
pine wood using resonance frequency and ultrasonic techniques, BioResources, 8(2), 1634-
1645, DOI: 10.15376/biores.8.2.1634-1645

441


https://doi.org/10.1007/s00226-024-01620-8
https://doi.org/10.1007/s00226-002-0143-7
https://doi.org/10.1007/s00226-002-0143-7
https://doi.org/10.1007/s00226-010-0393-8
https://doi.org/10.1007/978-3-319-32080-9_1
https://doi.org/10.1186/s42055-024-00090-x
https://doi.org/10.3390/f13101620
https://doi.org/10.15376/biores.8.2.1634-1645

HosseiniHashemi and Esfandyar, Furniture and Wooden Material Research Journal, 8 (2), 430-444

He, S., Zhao, X., Wang, E.Q., Chen, G.S., Chen, P.Y., Hu, L., (2023). Engineered wood:
sustainable technologies and applications, Annual Review of Materials Research, 53, 1-30,
DOI: 10.1146/annurev-matsci-010622-105440

Hill, C.A.S. (2006). Wood modification: chemical, thermal and other processes, Wiley Series
in Renewable Resources, John Wiley & Sons, Ltd.

Hosseini, S.M., Mastari Frahani, M.R., (2012). Decay resistance of propionylated Iranian
beech wood against white rot fungus (Trametes versicolor), Iranian
Journal of Wood and Paper Science Research, 27(2), 319-325, DOI: 10.22092/ijwpr.2012.

Huang, C., Qin, Q., Liu, Y., Duan, G., Xiao, P., Huang, Y., Mei, C., Han, X., Han, J., He, S.,
Jiang, S., (2025). Physicochemical, polymeric and microbial modifications of wood toward
advanced functional applications: a review, Chemical Society Reviews, PMID: 40926734,
DOI: 10.1039/d5¢s000469

ISO, 3129, (1975). Wood — Sampling Methods and General Requirements for Physical and
Mechanical Tests, International Standard, 4 pp.

Kubojima, Y., Sonoda, S., Kato, H., (2022). Application of a bending vibration method
without weighing specimens to the practical wooden members conditions, Journal of Wood
Science, 68, 39, DOI: 10.1186/s10086-022-02046-1

Lebow, S., Lebow, P., Woodward, B., Kirker G., Arango, R., (2015). Fifty-year durability
evaluation of posts treated with industrial wood preservatives, Forest Products Journal,
65(7-8), 307-313, DOI: 10.13073/FPJ-D-15-00002

Liang, S. Q., Fu, F., (2007). Comparative study on three dynamic modulus of elasticity and
static modulus of elasticity for Lodgepole pine Ilumber, Journal of Forestry
Research, 18(4), 309-312, DOI: 10.1007/s11676-007-0062-4

Liu, F., Xu, P., Zhang, H., Guan, C., Feng, D., Wang, X., (2019). Use of time-of-flight
ultrasound to measure wave speed in poplar seedlings, Forests, 10(8), 682,
DOI: 10.3390/f10080682

Momohara, I., Sakai, H., Kubo, Y., (2021). Comparison of durability of treated wood using
stake tests and survival analysis, Journal of Wood Science, 67, 63, DOI: 10.1186/s10086-
021-01996-2

Machado, J., Palma, P., Simdes, S., (2009). Ultrasonic indirect method for evaluating clear
wood strength and stiffness, in: Proceedings of the 7th International Symposium on Non-
destructive Testing in Civil Engineering, Nantes, France, pp. 969-974.

Nagarajappa, G.B., Nair, S., Srinivas, K., Rao, A.N.S., Pandey, K.K., (2020). Photostability
of acetylated wood coated with nano zinc oxide, Maderas: Ciencia y Tecnologia, 22(3),
365-374,D0I: 10.4067/S0718-221X2020005000310

Oberhofnerova, E., Arnetova, K., Holecek, T., Borivka, V., Bomba, J., (2016). Determination
of correlation between destructive and nondestructive test methods applied on modified
wood exposed to natural weathering, BioResources, 11(2), 5155-5168, DOI:
10.15376/biores.11.2.5155-5168

Petrillo, M., Sandak, J., Grossi, P., Sandak, A., (2019). Chemical and appearance changes of
wood due to artificial weathering — Dose—response model, J. Near Infrared Spec., 27(1),
26-37, DOI: 10.1177/0967033518825364

442


https://10.0.4.122/annurev-matsci-010622-105440
https://doi.org/10.22092/ijwpr.2012.117070
https://doi.org/10.1039/d5cs00046g
https://doi.org/10.1186/s10086-022-02046-1
https://doi.org/10.13073/FPJ-D-15-00002
https://doi.org/10.1007/s11676-007-0062-4
https://doi.org/10.3390/f10080682
https://doi.org/10.1186/s10086-021-01996-2
https://doi.org/10.1186/s10086-021-01996-2
http://dx.doi.org/10.4067/S0718-221X2020005000310
https://doi.org/10.15376/biores.11.2.5155-5168
https://doi.org/10.1177/0967033518825364

HosseiniHashemi and Esfandyar, Furniture and Wooden Material Research Journal, 8 (2), 430-444

Popovi¢ J., Diporovic-Mom¢ilovic M., (2012). Influence of chemical treatment on
dimensional stability of narrow-leaved ash - part one: tangential swelling, Bull. Facul.
Forestry, 106, 151-168, DOI: 10.2298/GSF1206151P

Rowell, R.M., (2006). Chemical modification of wood: A short review, Wood Material
Science and Engineering, 1(1), 29-33, DOI: 10.1080/17480270600670923

Rowell, R.M., (2012). Handbook of wood chemistry and wood composites (2nd ed.), CRC
Press, DOI: 10.1201/b12487

Rowell, R.M., (2013). Acoustical properties of acetylated wood, Journal of Chemistry and
Chemical Engineering, 7, 834-841.

Sandak, A., Foldvari-Nagy, E., Poohphajai, F., Diaz, R.H., Gordobil, O., Sajinéie, N.,
Ponnuchamy, V., Sandak, J., (2021). Hybrid approach for wood modification:
Characterization and evaluation of weathering resistance of coatings on acetylated
wood, Coatings, 11(6), 658, DOI: 10.3390/coatings11060658

Sandberg, D., Kutnar, A., Karlsson, O., Jones, D., (2021). Wood modification technologies:
principles, sustainability, and the need for innovation, CRC Press - Taylor & Francis, Boca
Raton.

Slabohm, M., Brischke, C., Militz, H., (2023). The durability of acetylated beech (Fagus
sylvatica L.) laminated veneer lumber (LVL) against wood-destroying basidiomycetes,
European Journal of Wood and Wood Products, 81, 911-921, DOI: 10.1007/s00107-023-
01962-3

Teder, M., Pilt, K., Miljan, M., Lainurm, M., Kruuda, R., (2011). Overview of some non-
destructive methods for in-situ assessment of structural timber, in: 3rd International
Conference Civil Engineering, Latvia University of Agriculture, Latvia, pp. 137-143.

Wang, Y., Wang, T., Crocetti, R. Walinder, M., (2024). Effect of moisture on the edgewise
flexural properties of acetylated and unmodified birch plywood: a comparison of strength,
stiffness and brittleness properties, European Journal of Wood and Wood Products, 82,
341-355, DOI: 10.1007/s00107-023-02014-6

Wegst, U.G.K., (2006). Wood for sound, American Journal of Botany, 93(10), 1439-1448.
DOI: 10.3732/ajh.93.10.1439

Xin, Z., Ke, D., Zhang, H., Yu, Y., Liu, F., (2022). Non-destructive evaluating the density and
mechanical properties of ancient timber members based on machine learning approach,
Construction and Building Materials, 341, 127855, DOI: 10.1016/j.conbuildmat.2022.
127855

Xing, D., Li, Y., Pascal Kamdem, D., (2025). Improving the weathering properties of heat-
treated wood by acetylation, Holzforschung, 79(2-3), 138-151, DOI: 10.1515/hf-2024-
0098

Yang, T., Mei, C., Ma, E., Cao, J., (2023). Effects of acetylation on moisture sorption of
wood under cyclically changing conditions of relative humidity, European Journal of
Wood and Wood Products, 81, 723-731, DOI: 10.1007/s00107-022-01903-6

Yano, H., Kajita, H., Minato, K., (1997). Acoustic properties of chemically modified wood,
Holzforschung, 51(2), 143-148, DOI: 10.1515/hfsq.1997.51.2.143

443


https://doi.org/10.2298/GSF1206151P
https://doi.org/10.1080/17480270600670923
https://doi.org/10.1201/b12487
https://doi.org/10.3390/coatings11060658
https://doi.org/10.1007/s00107-023-01962-3
https://doi.org/10.1007/s00107-023-01962-3
https://doi.org/10.1007/s00107-023-02014-6
https://doi.org/10.3732/ajb.93.10.1439
https://doi.org/10.1016/j.conbuildmat.2022.127855
https://doi.org/10.1016/j.conbuildmat.2022.127855
https://doi.org/10https:/doi.org/10.1515/hf-2024-0098
https://doi.org/10https:/doi.org/10.1515/hf-2024-0098
https://doi.org/10.1007/s00107-022-01903-6
https://doi.org/10.1515/hfsg.1997.51.2.143

HosseiniHashemi and Esfandyar, Furniture and Wooden Material Research Journal, 8 (2), 430-444

Yoshihara, H., (2012). Examination of the specimen configuration and analysis method in the
flexural and longitudinal vibration tests of solid wood and wood-based materials, Forest
Products Journal, 62(3), 191-200, DOI: 10.13073/0015-7473-62.3.191

444


https://doi.org/10.13073/0015-7473-62.3.191

Mobilya ve Ahsap Malzeme Arastirmalari Dergisi

Furniture and Wooden Material Research Journal
Arastirma Makalesi - Research Article 2025 - 8(2), 445-455

Cam, kayin ve hus kaplama ile gii¢lendirilmis kavak kontrplagin bazi
mekanik ozelliklerinin degerlendirilmesi

Vedat Cavus' ™) | Bekir Cihad Bal?

OZ: Kontrplak, bilinen en eski miihendislik {iriinii ahsap esasli bir malzemedir. Glinimiizde,
kontrplak yerine Uretilen yeni malzemeler olsa da hala bazi alanlarda fazlaca kullanilmaktadir.
Ozellikle beton kalibi olarak ve yiiksek mukavemet aranan yerlerde kontrplak
kullanilmaktadir. Bu baglamda, kavak kontrplagin c¢esitli aga¢ kaplamalarla birlikte
kullanilarak mekanik 6zelliklerinin iyilestirilmesi, bu ¢alismanin temel amact olmustur. Bu
caligmada; diisiik mekanik performansa sahip kavak kontrplagin, nispeten daha yiiksek
performansa sahip kaplama levhalar ile giiglendirilmesi amaglanmigtir. Bu ¢alismada, ylizey
tabakalarinda ¢cam, kayin ve hus kaplama kullanilan kavak kontrplagin bazi secili 6zellikleri
arastirilmistir. Uretilen kontrplaklarin egilme direnci, egilmede elastikiyet modiilii, janka
sertlik degeri, vida tutma kapasitesi, ¢gekme-makaslama direnci ve yogunlugu belirlenmistir.
Elde edilen verilere gore, yiizey tabakalarinda hus ve kayin kaplama kullanilan gruplarin
genel olarak mekanik performansinin daha yiiksek oldugu belirlenmistir. Ozellikle yalnizca
kavak kaplamadan olusan kontrol grubuna kiyasla, yiizeylerinde hus kaplama kullanilan
grupta egilme direncinin %62.71 oraninda arttig1 belirlenmistir. Elde edilen diger mekanik
ozelliklerde de artig orani yaklasik olarak bu seviyededir. Elde edilen sonuglar, bazi 6nceki
calismalarla kiyaslandiginda, cam elyafla yapilan gii¢lendirme ¢alismalarindan daha iyi
sonuglar elde edildigi sdylenebilir.

Anahtar kelimeler: Kontrplak, mekanik 6zellikler, gliclendirme, Kavak, Kaymn

Evaluation of some mechanical properties of poplar plywood reinforced
with pine, beech and birch veneer

ABSTRACT: Plywood is the oldest known engineered wood material. While newer materials
are being produced to replace plywood today, it is still widely used in some areas. Plywood is
particularly used for concrete formwork and in applications requiring high strength.
Therefore, the production of reinforced plywood has been the primary objective of some
studies. This study aimed to strengthen poplar plywood, which has low mechanical
performance, with relatively higher-performance veneer sheets. Selected properties of poplar
plywood using pine, beech, and birch veneers as surface layers were investigated. The
bending strength, flexural modulus of elasticity, Janka hardness, screw holding capacity,
tensile-shear strength, and density of the produced plywood were determined. The data
obtained indicated that the groups with birch and beech veneers in the surface layers generally
exhibited higher mechanical performance. Compared to the control group, which used only
poplar veneers, the bending strength of the group with birch veneers in the surface layers
increased by approximately 50%. The increase in other mechanical properties was also
approximately the same. When the results obtained are compared with some previous studies,
it can be said that better results were obtained from the reinforcement studies carried out with
glass fiber.
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1 Giris

Kontrplak, farkli agag tiirlerinden tiretilebilen ahsap esasli kompozit malzemelerden olup,
en eski mihendislik Grind bir malzemedir. Gunlimuzde, kontrplak yerine kullanilabilen OSB
gibi yeni malzemeler olsa bile hala baz1 alanlarda fazlaca kullanilmaktadir. Diger ahsap esash
kompozit malzemelere kiyasla veya masif aga¢ malzemeye kiyasla bazi listiin avantajlara
sahiptir. Ornegin, genis yiizeyler seklinde elde edilebilmesi, boyutsal kararliliginin daha iyi
olmasi, su alip vermesi sonucu levha yapisinin bozulmadan kalabilmesi ve su ile temas eden
yerlerde bile (uygun tutkal kullanilirsa) kullanilabilmesi Gstlin 6zelliklerindendir. Capraz
laminasyona sahip olmasi levhanin dayanimini artirmakta ve yarilma direnci paralel
laminasyona gore ¢ok daha iyi olmaktadir.

Kontrplak, igne yaprakli veya genis yaprakli agag tiirlerinin tomruklarindan elde edilen
kaplama levhalarindan iiretilmekte olup; ahsabin yogunlugu, agac tiirli, tutkal tiirii, tutkal
miktari, kaplama kalinligi, katman sayisi, pres sicakligi, pres basinci, presleme siiresi ve
kaplamanin kurutulma sicakligi gibi faktorler kontrplagin fiziksel ve mekanik ozelliklerini
onemli derecede etkilemektedir. Bu faktorler arasinda, kontrplagin tiretiminde kullanilan agag
malzemenin yogunlugu en belirleyici parametrelerden biri olarak one ¢ikmaktadir (Ozen,
1981; Ors vd., 2002; Aydin ve Colakoglu, 2008; Bal ve ark., 2015).

Genel olarak, kavak, kizilcam, okaliptiis vb. hizli biiyiiyen agag tiirlerinin maliyeti
diisiiktiir, ancak bu tiirlerin kaplamalarindan iretilen tabakali kaplama kereste (TKK) ve
kontrplak gibi malzemeler, yavas biiyliyen agaglardan iiretilen ayni {irlinlere kiyasla diistik
mekanik Gzelliklere sahiptir (Ozen 1981; Ozarska 1999; Ors ve ark., 2002; Bal ve Bektas
2012a,b). Kavak kaplamalarindan fiiretilen bu triinlerin disiik kaliteli mekanik O6zellikleri,
cesitli giliclendirme yontemleri kullanilarak artirilabilmektedir. Bu konuda birgok caligma
yapilmigtir. Ornegin; Laufenberg ve ark., (1984) sentetik elyaf takviyeli tabakali kaplama
kerestenin (TKK) ekonomik uygulanabilirligini arastirmiglardir. Yapilan bir calismada fenol
formaldehit reginesi ile emprenye edilmis kavak kaplamali TKK'da mekanik 6zelliklerin ve

boyutsal kararliligin gelistigini tespit etmislerdir (Chui ve ark., 1994). Rowlands ve ark.
(1986) 10 farkl tutkal tiirii ve birgok farkli formdaki cam elyaf, grafit elyaf ve Kevlar ile akca
agactan elde edilen lamine ahsap malzeme iizerinde denemeler yapmislardir. Elde edilen
verilere gore, en basarili tutkal tiirii epoksi ve giiglendirme i¢in en uygun elyafin cam elyaf
oldugunu belirtmislerdir. Akkurt ve ark., (2024), Kavak ve kara kizilaga¢ kontrplagin egilme
direnci ve yik tasima Kkapasitesinin yilizey kaplamalarmin termo-mekanik olarak
yogunlastirilmasinin etkisini arastirmiglardir. Percin (2023) 1s1l islem uygulanmis ve karbon
fiber ile gii¢lendirilmis tabakali kaplama kerestenin bazi 6zelliklerini arastirmistir. Karri ve
ark., (2022) tarafindan Kenevir lifleri ve lignin-fenolik yapistiricilarla giiclendirilmis kavak
kontrplagin bag kalitesini arastirilmistir. Nufiez-Decap ve ark., (2022) monteri ¢am1 agacinin
kaplamalar1 ile ve karbon ve bazalt elyaf kullanarak, polivinil asetat ve epoksi recine ile
yapistirilmis kontrplagin fiziksel ve mekanik 6zelliklerini arastirmiglardir.

Yukarida verilen dnceki ¢aligsmalar incelendiginde, kaplama levhalari ile iiretilen TKK ve
kontrplak malzemenin; cam elyafi, karbon elyafi ve dogal elyaflarla giiclendirilmesi iizerine
cok sayida galisma yapilmistir. Ayrica, bazi ¢alismalarda, diisik mekanik 6zelliklere sahip
olan kaplama levhalar ile iiretilen lamine malzemeler yiiksek mekanik 6zelliklere sahip
kaplama levhalarmin dis yiizeylerinde kullanilmast ile giiglendirilmistir. Ornegin, Wong ve
ark.,(1996) akasya kaplamalar ile giigclendirilmis kauguk agaci esasli TKK’nin 6zelliklerini
aragtirmistir. H'ng ve ark., (2010), Keruing kaplamalarla gili¢lendirilmis diisik yogunluklu
bazi aga¢ tiirlerinden yapilmig TKK panellerin secilmis mekanik 6zelliklerini arastirmistir.
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Sulastiningsih ve ark., (2020), jabon ve mahoni aga¢ kaplamalar ile gii¢lendirilmis yag
palmiyesi agaci bazli LVL'nin baz1 mekanik 6zelliklerini arastirmistir. Bir baska calismada
ise, Kallakas ve ark., (2020) gri kizilagag, kara kizilagag ve titrek kavak gibi diisiik
performansa sahip agag tiirlerinin i¢ tabakalarda ve hus kaplamalarin ise yiizey tabakalarinda
kullanilmasi ile iiretilen kontrplagin mekanik 6zelliklerini arastirmistir.

Yapilan 6nceki ¢alismalar incelendiginde, diisiik mekanik performansa sahip olan kavak
kontrplagin, ylksek mekanik performansa sahip olan agag tiirlerinden elde edilen kaplama
levhalaryla giiclendirilmesi yeterince arastirilmamistir. Bu nedenle, bu ¢alismanin amaci;
cam, kaymn ve hus kaplamalar ile giiclendirilmis kavak kontrplagin mekanik o6zelliklerini
arastirmaktir.

2 Materyal ve Metot
2.1 Materyal

Bu c¢alismada, kavak (Populus euramericana) cam (Pinus sylvestris), kayin (Fagus
orientalis L.) ve hus (Betula pendula) agag tiirlerinden elde edilen kaplamalar se¢ilmistir. Bu
secim, farkli yogunluk ve mekanik oOzelliklere sahip tiirler kullanilarak kaplama tiirliniin
kavak kontrplak performansi iizerindeki etkisini sistematik olarak degerlendirme amacina
dayanmaktadir. Calismada, diisiik yogunluklu bir ¢ekirdek malzeme olarak kavak, yaygin bir
igne yaprakli tiir temsilcisi olarak ¢am ve yiiksek mekanik 6zellikleriyle bilinen sert yaprakli
tirler olarak kaym ve hus kullanilmistir. Boylece diisiik, orta ve yiiksek yogunluklu tiirlerin
birlikte kullanimiyla hibrit laminasyonun etkinligi ve farkli kaplama tiirlerinin nihai iiriin
ozelliklerine katkis1 aragtirilmigtir.

Kavak kaplamalar yaklasik 2.7 mm ve digerleri 1.8 mm kalinliginda kaplamalardir.
Kaplama levhalari 30x30 cm boyutlarinda hazirlanmigs ve her levha igin 5 kaplama
kullanilmigtir. Catlak, budak ve ¢lirime icermeyen kusursuz kaplamalar segilmistir. Tutkal
olarak melamin-iire formaldehit tutkali (MUF) kullanilmistir. Polisan Kimya Sanayi A.S.
tarafindan saglanan, dis mekan uygulamalarina uygun, suya dayanikli (D4 sinifi) ticari bir
melamin-tre-formaldehit (MUF) tutkali E1 formaldehit emisyon sinifina uygunluk
gostermektedir. Ureticinin Teknik Veri Formu'na (TDF) gére MUF yapistiricinin temel
oOzellikleri sunlardir: 20 °C'de pH 8.5-9.5, 1.220-1.235 g/cm® araliginda yogunluk, 60—100
cPs viskozite, %54—56 kat1 madde igerigi ve < %0.16 serbest formaldehit igerigi. Yiiksek kati
madde igerigi, presleme sirasinda yeterli bag olusumunu garanti ederken, diisiik viskozite
homojen bir yapistirict dagilimi saglamistir. Ayrica, yapistiricinin milkemmel su toleransi, 20-
40 saniyelik akis siiresi ve 100°C'de 1-2 dakikalik jel siiresi gostermesi, endiistriyel
uygulanabilirligini desteklemektedir.

2.2 Kontrplaklarin iiretilmesi

Bu calismada Izmir’de bir kaplama iireticisinden satmn alinan toplam 4 grup kontrplak
levhalart tiretilmistir. Bu gruplardan 1. Grup tiim katmanlar1 kavak kaplamadan, 2. Grup i¢
katmanlarda kavak dis katmanlarda ¢am, 3. Grup i¢ katmanlarda kavak ve dis katmanlarda
kaym ve 4. Grupta ise dis katmanlarda Hus ve i¢ katmanlarda kavak kaplama kullanilmistir
(Tablo 1). Kaplama levhalar1 06ncelikle segilmis ve Uretiminde kusurlu kaplamalar
kullanilmamigtir. Daha sonra kaplama levhalarina tutkal bir firga yardimi ile siiriilmiistiir.
Kaplama yiizeylerinde yaklasik olarak 200 + 10 g/m? tutkal kullanilmistir. Tutkallama
isleminden sonra levhalar sicak prese yerlestirilmis ve 120°C'de 15 dakika boyunca 5,5
kg/cm? basing uygulanmistir. Her grup icin 4 adet kontrplak levha iiretildi. Presten ¢ikarilan
levhalar bir hafta bekletildi ve ardindan test numuneleri hazirlanmastir.
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Tablo 1. Kontrplaklar gruplarinda tabakalarda kullanilan kaplamalar

Tabaka Grup 1 Grup 2 Grup 3 Grup 4

1. tabaka Kavak Cam Kaym Hus

2. tabaka Kavak Kavak Kavak Kavak

3. tabaka Kavak Kavak Kavak Kavak

4. tabaka Kavak Kavak Kavak Kavak

5. tabaka Kavak Cam Kayin Hus
2.3 Metot

Kontrplak deney numunelerinin egilme direnci, egilmede elastikiyet modiilii, Janka sertlik
degeri, vida tutma kapasitesi, yapisma direnci ve yogunluk testleri sirasiyla TS EN 310
(1999), TS 2479 (1976), TS EN 13446 (2005), TS EN 314 (1998) ve TS EN 323 (1999)
numarali standartlara goére belirlenmistir. Egilme dayanimi deney numuneleri 10 mm
kalinliginda, 50 mm genisliginde ve 290 mm uzunlugunda levhalardan hazirlanmistir. Her
deney i¢in her levhadan 3 adet olmak tizere toplam 12 adet deney numunesi hazirlanmistir.

Calisma kapsaminda deneyler, Kahramanmaras Siit¢ii imam Universitesi, Teknik Bilimler
Meslek Yiiksekokulu, Malzeme Bolimii Laboratuvarinda yapilmistir. Egilme direnci
deneyleri, Sekil 1'de goriildigi gibi 10 kN kapasiteli Gniversal deney cihazinda
gerceklestirilmistir. Egilme direnci deneyi sirasinda Ust yiizeye kuvvet uygulanmistir. Deney
hizt 5 mm/dak, destekler arasindaki mesafe 20 cm, 6n yik 10 N ve deney bitis noktasi
maksimum kuvvetin %75'1 olarak ayarlanmistir. Statik sertligi belirlemek i¢in Janka deneyi
yapilmistir. Deney bagliginin deney numunesine niifuz etme derinligi 2,82 mm olarak
belirlenmistir.

Vida tutma kapasitesini belirlemek i¢in 50x50 mm kare kesitli ve levha kalinliginda deney
numuneleri hazirlanmistir. Deneylerde 4x50 mm anma boyutlarinda ¢inko vidalar
kullanilmistir. Vidalar deney numunesinin orta noktasindan yiizeye vidalanmig ve vida tutma
kapasitesi testleri sirasinda 6n yiik degeri 10 N, test hiz1 5 mm/dk ve testin son noktasi kirilma
veya maksimum kuvvetin %75'i olarak belirlenmistir. Tiim deneyler 12 adet test Grnegi
tizerinde yapilmustir.

Sekil 1. Universal test cihazi ve egilme direnci testinin test esnasindaki goriintiisi
2.4 [lstatistik hesaplarimin yapilmasi

Testler sonunda elde edilen veriler excel programinda diizenlenmis ve gruplar arasinda
fark olup olmadigi SPSS programinda One-Way ANOVA testi ile belirlenmistir. Gruplar
arasinda istatistiksel bir fark belirlenen gruplar igin Duncan testi ile birbirlerinden farklilik
gosteren gruplar belirlenmistir. Elde edilen istatistik sonuglari ¢izelgelerde verilmistir.
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3 Bulgular ve Tartisma

Kontrplak test orneklerinin hava kurusu yogunluklari hesaplanmis ve Tablo 2’de
sunulmustur. Tablo 2 incelendiginde, gruplarin ortalama hava kurusu yogunluk degerleri 425
ile 547 kg/m?® arasinda siralandigi goriilmektedir. En diisiik yogunluk degeri Grup 1°de (425
kg/m®), en yiiksek yogunluk ise Grup 4’te (547 kg/m?®) olarak &lgiilmiistiir. Gruplarin hava
kurusu yogunluk degerleri arasinda istatistiksel olarak anlamli bir fark olup olmadigi
ANOVA testi ile belirlenmistir. Gruplar arasindaki farkin istatistiksel olarak énemli oldugu
belirlenmistir (P < 0,001). Tablo 2’de verilen yogunluk degerleri, asagidaki tablolarda verilen
mekanik 6zellikler ile karsilastirildiginda, daha yiiksek yogunluga sahip kontrplak gruplarinin
(Grup 3 ve 4) daha yiiksek mekanik 6zellikler sergiledigi goriilmektedir. Onceki ¢alismalarda
da kontrplak ve TKK gibi kaplama esasli levhalarin yogunlugunun mekanik ozellikleri
etkiledigi ve daha yiiksek yogunluga sahip levhalarindan daha yliksek mekanik 6zellikler elde
edildigini bildirmistir (Ors ve ark., 2002; Aydin ve Colakoglu 2008; Bal 2014; Bal 2016).
Ayrica, yogunlugun yani sira, tutkal tiirli, tutkal miktari, pres basinci, lif yapisi, agag turi ve
agag hiicrelerinin dagilimi da mekanik 6zellikler tzerine etkili olabilir.

Tablo 2. Yogunluk testi verileri, ANOVA 6nem diizeyi ve Duncan testi sonuglari

Onem
Grup 1 Grup 2 Grup 3 Grup 4 diizeyi
Yogunluk X 425 A 494 B 538 C 547 C ool
(kg/m?®) ss 41 20 26 25

Egilme direnci testine ait veriler Tablo 3’te verilmistir. Tabloda gériilebilecegi gibi, deney
orneklerinin egilme direnci degerleri 47 ile 77 N/mm? arasinda degismektedir. Gruplar
arasindaki fark istatistiksel olarak anlamlidir (P < 0,001). En yiiksek egilme direnci degeri
Grup 4’te, en disiik ise Grup 1°de Olclilmiistiir. Grup 1 ile karsilastirildiginda Grup 4°te
egilme direncindeki artis yaklasik % 63 olmustur. Elastikiyet modull igin de benzer sonuclar
elde edilmistir. En diisiik elastisite modiilii Grup 1’de 5192 N/mm?, en yiiksek elastisite
modiilii ise Grup 4’de 8945 N/mm? olarak bulunmustur. Gruplar arasindaki fark istatistiksel
olarak anlamlidir (P < 0,001). Kontrol grubu (Grup 1) ile karsilastirildiginda Grup 4’iin
elastikiyet modiiliindeki artis yaklasik yaklagik olarak %72 olmustur. Deney gruplarinda
kullanilan ¢am, kayin veya hus kaplamanin kavak kaplamaya orani1 5’te 2’°dir. 5 kaplama
panelinden 3’i kavaktan, ikisi ise diger agag tiirlerinden yapilmistir. Buna ragmen deney
gruplarinin egilme performans: kontrol grubuna gore istatistiksel olarak anlamli sekilde
iyilesmistir. Bu konuda daha 6nce yapilan calismalarda da benzer sonuglar elde edilmistir.
Ornegin Literatiirde, kaplama diizenlemesinin TKK elemanlarinin mekanik &zellikleri
tizerindeki etkilerini inceleyen caligmalar, kavak ve kayin TKK kirislerin masif ahsap
elemanlara kiyasla daha yiiksek egilme mukavemeti ve elastikiyet modiilii sundugunu ortaya
koymustur (Strickler ve Pellerin, 1971; Burdurlu ve ark., 2007). Bu baglamda, birinci siif
kaplamalarla dretilen TKK kirislerin egilme mukavemetinin, ikinci veya tiiglinci sinif
kaplamalarla uretilen TKK kirislere gore %6 oraninda daha yiiksek olabildigi tespit edilmistir
(Viguier ve ark., 2018). Diger ¢alismalarda ise, lif oryantasyonu Ol¢iimii yoluyla kayin
kaplamalarin siniflandirilmasi sayesinde, elastikiyet modiiliindeki farkin %29'a varabildigi
belirlenmistir (Marx ve Moody, 1982). Ayrica, kontrplak levhalarinin cam veya karbon elyaf
ile giiclendirilmesiyle ilgili 6nceki ¢alismalarda, giiglendirme ile egilme direncindeki artis
%350'in altinda kalmistir (Bal ve ark., 2015; Kramar ve ark., 2019; Auriga ve ark., 2020;
Lohmus ve ark., 2021; Nufiez ve ark., 2022). Bu calismalara gore; mekanik performansi
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diisiik kaplama levhalarla tiretilen kontrplak levhalarin, mekanik performansi yiiksek kaplama
levhalarla giliclendirilmesi, sentetik elyaflarla giiglendirilmesinden daha iyi sonuglar vermistir.

Tablo 3. Egilme direnci testi verileri, ANOVA 0nem diizeyi, Duncan testi sonuglari

Test Grup 1 Grup2 Grup3  Grup4  Onem diizeyi
Egilme direnci ~ x  47.2A  496A 715B  76.8B s
(N/mm?) ss 8.4 8.6 117 11.3
Elastikiyet modiili  x 5192 A 6488B  8090C 8945 D s
(N/mm?) ss 721 748 740 829
Egilmede x  73B 58A 80B  81B o
Deformasyon (mm) 1.2 13 21 1.9

Kontrplak gruplarinin egilme direnci esnasinda elde edilen verilerle yiik-deformasyon
egrileri elde edilmis ve Sekil 2’de verilmistir. Sekil incelendiginde, gruplardaki test
orneklerinin maksimum kirilma yiikleri (Fmax) ve maksimum deformasyon degerleri yaklasik
olarak gorulebilmektedir. Bu grafiklere gore, grup test drneklerinin maksimum 1200-1700 N
araliginda ve grup 4 test 6rneklerinin ise yaklasik olarak 1500-2000 N gibi yiklere kadar
dayanabildigi goriilebilir. Ayrica, test sonunda kirllma meydana gelinceye kadar test
orneklerinin dayanabildigi maksimum deformasyon miktar1 ise Grup 1°de 5-9 ve Grup 4’te
ise 5-16 mm deformasyon degerine kadar dayanabildikleri goriilebilir.
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3 2 600 T
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Sekil 2. Egilme direnci testine ait yiik-deformasyon grafikleri
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Statik sertlik testine ait veriler, gruplar arasinda fark olup olmadigini gosteren ANOVA
testi sonuglar1 ve digerlerinden farkli olan gruplari gosteren Duncan testi sonuglar1  Tablo
4’te verilmistir. Tablo incelendiginde, en kiiciik sertlik degeri tamamen kavak kaplamalardan
uretilen Grup 1°de ve en biiyiik sertlik degeri ise yiizey tabakalarinda hus kaplama kullanilan
Grup 4’de elde edilmistir. Daha once yapilan calismalarda da sertlik degerinin agac tiiriine
veya odun yogunluguna bagli oldugunu gosteren ¢alismalar bulunmaktadir (Kontinen ve
Nyman, 1977; Niemz ve Stibi, 2000; Scharf ve ark., 2022; Neyses ve ark., 2017; Pergin ve
Altinok, 2019 Zhou ve ark., 2019; Mania ve ark., 2022; Kallakas ve ark., 2024). Bu
baglamda, ¢aligmada elde edilen sertlik degerleri, literatiirde bildirilen degerlerle uyumlu
olup, yiizey tabakasi tiiriiniin kontrplak mekanik performansi iizerindeki belirleyici roliinii
desteklemektedir.

Tablo 4. Statik sertlik degeri testi verileri, ANOVA 6nem diizeyi, Duncan testi sonuglari

Grup 1 Grup 2 Grup 3 Grup 4 Onem diizeyi
Statik sertlik x 190A  240B 271BC  27.6C o
(N/mm?)
SS 2.2 4.2 4.4 3.9

Vida tutma kapasitesi testi verileri, ANOVA 6nem diizeyi ve Duncan testi sonuglar1 Tablo
5°te verilmistir. Tablo 5 incelendiginde, vida tutma kapasitesi degerlerinin 29 ile 34 N/mm?
araliginda olgildigi gorilebilir. En disik vida tutma kapasitesi tamamen kavak
kaplamalardan dretilen Grup 1’de ve en yiiksek vida tutma kapasitesi ise ylizey tabakalarinda
hus kaplama kullanilan Grup 4’de elde edilmistir. Hem vida tutma kapasitesi ve hem de diger
mekanik Ozelliklerde elde edilen sonucu etkileyen en dnemli faktorlerden birisi kontrplak
levhasinin ve dolayisiyla kontrplagi olusturan kaplama levhalarinin yogunlugudur. Elde
edilen yogunluk testi sonuglarna gore en kiicliik yogunluk kavak kontrplakta ve en biiyiik
yogunluk ise grup 4’de ylizeylerinde hus kaplama kullanilan kontrplakta dl¢iilmiistiir. Daha
once yapilan TKK veya kontrplak iizerine ¢alismalarda da levha yogunlugu veya kaplama
yogunlugunun vida tutma kapasitesini etkiledigi belirlenmistir (Bukari, 2012; Maleki ve ark.,
2017; Ribeiro ve ark., 2018; Gutknecht ve Macdougall, 2019). Literatiirde, dis katmanlar1 sert
aga¢ kaplamalardan olusan kontrplaklarin vida tutma kapasitesinin yiiksek oldugu ve bu
durumda distik yogunluklu agag tiirlerinden Tretilen kaplamalarin i¢ tabakalarda
kullanilabilecegi bildirilmistir (Neyses ve ark., 2007).

Tablo 5. Vida tutma kapasitesi testi verileri, ANOVA 6nem diizeyi, Duncan testi sonuglari

Onem
Grup 1 Grup 2 Grup 3 Grup 4 dizeyi

Vida tutma
l?lileﬁns:;ezil X 293 A 329B 35.3B 34.4B ok
SS 1.6 3.2 4.1 4.0

Calisma kapsaminda iiretilen kontrplaklarin tamamimin i¢ kisimlarinda kullanilan kaplama
kavak kaplamadir. Bu nedenle, kontrplak gruplarinin yapisma direnci sadece kavak olan
kaplamalar arasinda Olgiilmiistiir. Yapilan ¢ekme-makaslama testi sonunda yapisma direnci
2.3 N/mm? olarak hesaplanmustir. Ilgili standartta, 1 N/mm? nin (izerinde olan ¢ekme-
makaslama direnci testleri i¢cin odun kirilmasi-tutkal kirilmas: yiizdelerinin hesaplanmasina
gerek olmadig: belirtilmistir. Bu nedenle, ¢cekme makaslama testi sonunda test 6rneklerinde
kirilma ytlizdeleri hesaplanmamistir. Kavak kaplamalar {izerinde 6lgiilen yapisma direncinin
bu 2.3 N/mm? degerle iyi bir yapisma performansi gosterdigi sdylenebilir.
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4  Sonuglar ve Oneriler

Bu c¢alismada, ylizey tabakalarinda c¢am, kayin ve hus kaplama kullanilan kavak
kontrplagin bazi segili 6zellikleri arastirilmistir. Elde edilen verilere gore;

e Kontrplak yogunlugunun, kullanilan kaplama levhasinin yogunlugundan etkilendigi
belirlenmistir. En yliksek yogunluk, ylizey tabakalarinda hus kaplamalarmin
kullanildig1 kontrplakta elde edilmistir.

e Egilme direnci, egilmede elastikiyet modiili, vida tutma kapasitesi ve statik sertlik
testi sonunda elde edilen verilere gore, en kiicik mekanik performans tamamen
kavak kaplamalarin kullanildig1 kontrplak grubu olan Grup 1’de ve en biiyiik ise
yiizeylerinde hus kaplamanin kullanildig1 Grup 4’te elde edilmistir.

e Uretilen kontrplak levhalarmin yapisma performansi, ¢ekme-makaslama testi ile
belirlenmistir. I¢ tabakalarda sadece kavak kaplama kullamildig1 igin, elde edilen
yapigsma direnci kavak-kavak kaplama yapisma direncini gostermektedir. Elde
edilen gcekme-makaslama direnci 1 N/mm?nin tizerindedir.

e Kavak kontrplagin yiizey tabakalarinda hus gibi yiiksek yogunluklu sert agag
kaplamalar kullanilarak mekanik performansta 6nemli iyilesmeler saglanabilecegi
ve bu yontemin diisiik yogunluklu agac tiirlerinin yapisal uygulamalarda kullanim
potansiyelini artirabilecegi sonucuna varilmaistir.

e Endiistriyel Olcekte, diisiik maliyetli kavak kontrplagin yapisal uygulamalarda
kullanim alanini genisletmek i¢in hus ve kaym gibi sert aga¢ kaplamalarla hibrit
iiretim yontemlerinin benimsenmesi Onerilmektedir. Gelecek calismalarda, farkli
agag tiirleri, kaplama kalinliklar1 ve tutkal sistemleri ile optimize edilmis hibrit
kontrplaklarin uzun vadeli performansi ve ekonomik fizibilitesi arastirilabilir.
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Circular design strategies in interior architecture: rethinking furniture
design through reuse, recycling, and waste materials

Emine Banu Burkut!”

ABSTRACT: The aim of this study is to systematically examine the use of reuse, recycling,
and natural or waste materials in the furniture design process in interior architecture. The
research was based on systematic literature review and content analysis methods. Within the
scope of the study, current publications on focal points such as "reuse," "recycling,” "waste,"
"environmental furniture design,"” and "ecological approaches" were identified in the scientific
literature. These publications were systematically analyzed and visualized using scientific
maps. A rigorous systematic review was conducted during the literature analysis process
using the PRISMA approach. The content analysis utilized VOSviewer and Biblioshiny to
uncover significant themes and concepts associated with furniture design. The results
highlighted key terms such as "furniture design,” "wooden furniture,” "recycling,"”
"sustainability,” "circular economy,” "sustainable design,” "wood products and waste,"
"recycled polypropylene,” "3D printing techniques,” "textile waste,” "environmental impacts,”
interior architecture applications,” "eco-design,” and "green production” stand out. In
conclusion, current academic publications hold considerable potential for enhancing scientific
visibility and uncovering new research opportunities.

Keywords: Interior Architecture, Furniture, Design, Recycle, Waste Material

I¢ mimarlikta déngiisel tasarim stratejileri: yeniden kullamim, geri
donisiim ve atik malzemelerle mobilya tasarim yeniden diisiinmek

OZ: Bu calismanin amaci, i¢ mimarlikta mobilya tasarim siirecinde yeniden kullamim, geri
doniisim ve dogal veya atik malzemelerin kullanimini sistematik olarak incelemektir.
Arastirma, sistematik literatiir taramasi ve igerik analizi yontemlerine dayanmaktadir. Calisma
kapsaminda, bilimsel literatiirde "yeniden kullanim", "geri donilisim", "atik", "¢evre dostu
mobilya tasarimi" ve "ekolojik yaklagimlar" gibi odak noktalarina iliskin gilincel yayinlar
belirlenmistir. Bu yayinlar sistematik olarak analiz edilmis ve bilimsel haritalar kullanilarak
gorsellestirilmigtir. Literatir analizi sirecinde, PRISMA yaklasimi kullanilarak titiz bir
sistematik inceleme yiiriitiilmiistiir. Igerik analizi, mobilya tasarimyla ilgili dnemli temalar1
ve kavramlar1 ortaya ¢gikarmak i¢in VOSviewer ve Biblioshiny araglarin1 kullandi. Bulgulara
gore, mobilya tasarimuyla ilgili ¢esitli temalar ve kavramlar one ¢ikmaktadir. Sonuclar
"mobilya tasarimi", "ahsap mobilya", "geri doniisim", "slirdiirilebilirlik", "dongiisel
ekonomi", "siirdiriilebilir tasarim", "ahsap TUriinler ve atiklar", "geri donistiirilmiis
polipropilen", "3B bask1 teknikleri", "tekstil atiklar1", "c¢evresel etkiler "i¢ mimarlk
uygulamalar1", "eko-tasarim" ve "yesil liretim" gibi 6nemli anahtar kelimeler 6ne ¢ikmaktadir.
Sonug olarak, glincel akademik yaynlar, bilimsel goriiniirligii artirma ve yeni arastirma
firsatlarini ortaya ¢ikarma konusunda 6nemli bir potansiyele sahiptir.

Anahtar kelimeler: I¢ mimarlik, Mobilya, Tasarim, Geri Déniisiim, Atik Malzemeler
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1 Introduction

In interior architecture education, furniture design processes are undergoing a radical
transformation in line with the principles of sustainability and the circular economy. The
impact of traditional design approaches on natural resources, waste management issues, and
environmental degradation in furniture design necessitates the adoption of circular models
focused on "reuse, recycling, and regeneration.” In this context, innovative practices such as
the repurposing of waste materials in furniture design, the development of modular systems,
and material identities support resource efficiency and ecological balance. Moreover,
especially with the widespread adoption of the circular economy, scientific research on the
use of materials such as recycled textiles, wood, and plastic in furniture design offers a
solution for the transition to sustainable production models.

The aim of this study is to present current publications in the field, to present a conceptual
and normative perspective, and to contribute to the education of interior architecture, interior
design, furniture and decoration departments through student studies after providing
information about current studies. Historically, with the rise of environmental awareness
towards the end of the 20th century, the use of recycled materials in furniture design gained
importance. This approach, initially experimental and artistic, has since taken sustainable
products into consideration in the 2000s. Furthermore, the 3R (Reduce, Reuse, Recycle)
principles have been integrated into furniture design (Baik and Lee, 2010; Pralat et al., 2024).
In recent studies, significant innovations such as 3D printing technologies, composite
materials, and waste recycling and reuse have added a new dimension to the field of furniture
design (Fauzan et al., 2022; Elessawy et al., 2024).

1.1 Theoretical framework and conceptual background

In recent years, literature reviews on sustainability, sustainable furniture, and recycled
materials have yielded a comprehensive body of work and a variety of methodological and
theoretical approaches. Significant research in this area focuses particularly on circular
economy practices, the use of recycled furniture, and promoting the widespread adoption of
environmentally friendly interior design. Specifically, when examining the theoretical
framework and conceptual background of interior architecture, which is the focus of this
research, the following emerge. There are current publications on interior architecture, interior
design and furniture design. Sustainability and environmental awareness, green/eco-friendly
materials and applications.

It emphasizes the use of recycled, renewable, and low-environmental-impact materials.
This includes materials such as sustainable wood, bamboo, recycled plastic, and natural fibers
(Hayles, 2015; Hartini et al. 2020; Mrinalini et al., 2023; Elessawy et al., 2024). Energy
efficiency and ecological design. 1t likely focuses on ecological design strategies that improve
the energy performance of indoor spaces, promote passive heating/cooling methods, and
enhance healthy indoor air quality (Celadyn, 2019). Circular economy, it may discuss the
transition from the “take-make-dispose” model to the “circular economy” model, where
furniture can be repaired, reused, and recycled (Marsahala et al. (2023). User experience and
ergonomics, it may have investigated the functionality, comfort, and responsiveness of
furniture and spaces to user needs. Ergonomics, anthropometry, and user-centered design
methodologies fall within this scope (Maté; 2007; Li, 2016; Trela, 2017).

The influence of human-centered and psychological design impact of design on human
health, well-being, and emotional state is significant. Lubonja and Ovidiu (2019), Celadyn
(2019), and Afifi (2025) explore how design elements affect human psychology, offering
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deeper insights into the connection between thoughtful design and its effects on mental and
emotional well-being. They focus on how color, light, texture, and spatial arrangement can
help reduce stress, increase focus, and support overall well-being. This approach is
particularly prominent in spaces such as hospitals, offices, and homes. Technology and digital
mtegration digital production techniques: publications such as may address the opportunities
created by technologies such as 3D printing, CNC milling, and robotic production in furniture
and interior design. These technologies enable the production of personalized and complex
forms. Smart furniture and spaces: more recent studies may explore furniture and interior
solutions that integrate with 10T (Internet of Things) and smart home systems, adapting to
user needs. Virtual and augmented reality (VR/AR): These technologies are transforming the
design process by allowing designers and customers to experience and modify spaces and
furniture in currently (Hayles, 2015; Afifi, 2025).

Recent studies draw attention to the intersection of interior design and sustainability,
showcasing practical solutions and applications that resonate with broader ecological goals.
Research delves into the pedagogical aspects of incorporating recycled materials into
educational practices, examining how curricula can integrate sustainability and foster
environmental awareness among students. This includes both theoretical frameworks and
hands-on approaches that enhance learning environments (Al-Saud et al., 2024). Similarly,
some investigate how recycled furniture merges aesthetics with functionality while addressing
sustainability in design education, emphasizing innovative transformations of waste materials
into usable furniture pieces and recycled materials (Ali et al., 2013; Grotowska et al., 2024;
Afifi, 2025; Ibrahim and Putri, 2025), waste plastic and furniture (Bal et al., 2023).

In particular, the studies explore circular economy principles, waste minimization, and lean
manufacturing processes, integral to achieving eco-friendly production standards in furniture
design. These works further discuss examples like recycled wood scraps being repurposed
into furniture, alongside advancements such as the application of recycled materials in 3D
printing technology for interior components (Pringle et al., 2018; Elessawy et al., 2024).
Environmental benefits such as reduced waste and improved resource efficiency form key
outcomes highlighted in this body of research (Ramadan, 2023; Zheng et al., 2025). Also,
from theoretical analyses to commercial implementations, the collective research underscores
the growing demand for sustainable practices within interior design and furniture production.
This includes fostering ecological responsibility in design studios and furniture construction
courses through circular economy teachings and supporting eco-conscious innovations.
Particular emphasis has been placed on 3D printing filaments derived from recycled inputs,
which enable functional and sustainable design solutions while catering to environmentally
driven market trends (Hayles, 2015; Pringle et al., 2018; Lin et al., 2020). These
developments contribute significantly to the attainment of sustainability goals whiles
objectives but also reflect a harmonious blend of economic viability and social responsibility.
Academic initiatives, such as integrating sustainability into interior design curricula, are
fostering the development of second nature sections in reporting and instilling sustainable
thinking in architectural projects. Case studies demonstrate the widespread adoption of
recycled materials in interior design, from affordable housing solutions to high-end
management facilities, highlighting the importance of recycled materials as a significant trend
in sustainable development.

The aim of this study is to use recycled furniture in interior architecture to raise awareness
of the principles of recycling and circular economy. It seek to encourage environmentally
friendly conscious interior design by demonstrating how waste materials can be transformed
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into creatice and innovative furniture designs. In addition, this study provides a
comprehensive theoretical background and literature review of circular approaches to
furniture design, reuse, recycling, and waste materials in interior architecture, including lists
of existing publications and conceptual images and scientific maps.

2 Material and method

The methodology and working scheme of this research are explained step by step below.
The research was based on systematic literature review and content analysis methods. A
systematic review was conducted during the literature analysis process using the PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta-Analyses) approach (Figure 1).
This approach is widely preferred by numerous researchers in contemporary studies
(Butdisuwan et al., 2024; Gecimli, 2024). After reviewing using the PRISMA protocols, the
metadata has been carefully verified to ensure completeness (Figure 2). The research method
is explained step by step (Figure 3).

Identification of studies via databases and registers

Records removed before
screening.
Records identified from*" Duplicate records removed
Databases (n = 907 (n=6)
Web of Science) Records marked as ineligible
Registers (n =0 ) by automation tools (n =5 )
Records removed for other
reasons (n = 1)

Identification

v

Records screened »| Records excluded™
(n = 895) (n =890)

v

Reports sought for retrieval Reports not retrieved
(n =5) (n=0)

l

Reports assessed for eligibility
(n=5)

Screening

Reports excluded

E— Reason 1 (n =2) The study design is not
appropriate

Reason 2 (n =1) the relevant outcome
measure has not been reported
Reason 3 (n =0)

etc

It does not meet the language criteria

v

Studies included in review
(n=2)

Reports of included studies
(n=2)

(o) (

Figure 1 Research methodolgy for PRISMA flow diagram (Prepared by the author according
to PRISMA 2020 protocols.)

Metadata Description Missing Counts Missing%  Status
oT Document Type

so Journal

LA Language

PY Publication Year
we Science Categories

T Title

e| ol elal ofe
o
o
3

Tc Total Citation
AU Author 1 0.10 Good
CR Cited References 10 1.00 Good
c1 Affiliation 11 1.10

RP Corresponding Author 14 1.40

Good
Good
AB Abstract 1 190 Good
DI Dol 85 8.50 Good

Good

DE Keywords a7 870

D Keywords Plus 82 820 Poor

Figure 2 Completeness of metadata; description, missing counts, missing %, status. (cretad
by author R Studio sofware)
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1
Circular design strategies in interior architecture: :
rethinking furniture through reuse, recycling, and waste materials i

Firstly, a rigorous systematic review was conducted during the literature analysis process using|
the PRISMA (Preferred Reporting ltems for Systematic Reviews and Meta-Analyses) approach.
Second step; the literature review was conducted between [1 August, 2025] and [20 August,|
2025] using databases such as [Web of Science] with keywords such as ‘["furniture]
design" (Topic) OR "recycle furniture” (Topic) OR "reuse furniture" (Topic) OR "recycle materials|
furniture design" (Topic) NOT "recycle materials furniture design™ (Topic)'. A total of articles were|
screened according to predefined criteria (peer-reviewed, full text available, directly related to]
interior architecture/furniture design) and ultimately articles were examined in depth."

Third step; bibliometric analysis:keyword matches, citation analysis and thematic cluster maps,
were created using VOSviewer and R Studio Biblioshiny software tools. Before the research,
3 '_"a comprehensive literature review was conducted and a systematic literature review was

conducted. Bibliometric analysis is used in current research (Abu et al., 2021; Sydor et al.. 2022;

Zhu et al., 2023; Giltas, 2024; Demirel and Eylpogiu, 2024; Ersen et al., 2025).

!

4 > Results and Discussion
5 > Conclusion and suggestion

Figure 3 Research method are explained step by step
3 Results and Discussion

The first section, which presents conceptual findings on circular approaches to reuse,
recycling, and waste materials in furniture design, presents conceptual approaches, theoretical
outcomes, visual outcomes, and lists of relevant trends, active topics, and concepts. The
second section includes findings from student projects prepared within the furniture design
and construction course and presentations of student work.

3.1. Conceptual findings of circular approaches to reuse, recycling and waste materials
in furniture design

The results in the table below, conceptual findings of circular approaches to reuse,
recycling and waste materials in furniture design, are given according to general search
criteria in the Web of Science database. Furthermore, as seen as Figure 3 specific applications
and industry concerns are captured with keywords like "waste management" and "school
furniture,” illustrating practical implementations within the broader realm of furniture design
and production.

In additionally; “smart furniture”, “urban furniture”, “market research”, “multifunctional
furniture”, “textile waste”, “environmental impact”, “lean manufacturing”, “upholstery
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furniture”, “ergonomic design”, “industrial design”, “total quality management (tqm)”,” urban
areas”, “product design”, “interior design”, “architecture”, “eco-design”, ‘“children”,
“recyling”, “upcycling”, “innovative design”, “waste management”, “circular economy”, and
“green manufacturing” (Figure 4). In additionally, thematic cluster (co-word/overlay analysis)
keyword networks are centered on three core clusters. Design principles: design for
disassembly, modularity, repairability, adaptability. Material and process: recycled plastics,
reclaimed wood, bio-based composites, textile waste, remanufacturing, CNC/3D printing. Use

and impact: LCA/LCC, user participation, maker culture, social innovation, heritage/craft.
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Figure 4 Visualization of furniture design (created by author using VOSviewer sofware)

The Figure 4 was created by the author using VOSviewer software (Figure 4). The chosen
keywords encompass a broad spectrum of themes in furniture design and sustainability. Core
focus areas are highlighted through terms like "furniture design,” "furniture,” and "wooden
furniture. The list also integrates sustainability concepts such as "recycling,” "sustainability,"
"circular economy,” and “sustainable design,” underscoring the importance of
environmentally friendly practices. Functional and user-centered design considerations are
addressed through technical keywords like "ergonomics,” "anthropometry,” and "mechanical
properties.” Material aspects are represented by terms such as "wood," "wood waste," "wood
products,” and "recycled polypropylene,” while "3D printing" and "supply chain" shed light
on modern manufacturing techniques and logistics.

Table 1 provides a comprehensive overview of scholarly publications themes of related to
reuse, recycling, and the utilizaiton of waste materials within the context of furniture design.
These publications were thoroughly read and a content analysis was conducted. This analysis
evaluated the keywords used by the authors in their publications. These analysis focused
specifically on the keywords selected by authors, which serve to highlight reveal current and
future trends in furniture design scholarship. Furthermore, this examination facilitates the
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identification of gaps in the existing body of literature, with particular emphasis on the
disciplines of interior architecture, interior design, and furniture design and construction.

Table 1 Table of relevant publications furniture design (Web of Science, 2025)

Authors

Wang et al.,

Galluccio et al.,

Sari et al.,

Xue and Chen

Suandi et al.,

Lahtinen et al.,

Abjaghou et al.,

Liu
Knoskova and

Garasova

Zhang

Yang and Zhu

Zheng et al.,

Zhang et al.,

Article Title

"Research on Sustainable Furniture Design
Based on Waste Textiles Recycling"

"Design for Resilient Post-Disaster Wood Waste
Upcycling: The Katrina Furniture Project
Experience and Its Legacy in a Digital
Perspective"

"Assessing Environmental Impact and Eco-
Efficiency of Wood Waste Gallon Holders Using
Life Cycle Assessment"

"Strategies for Applying Shape Grammar to
Wooden Furniture Design: Taking Traditional
Chinese Ming-Style Recessed-Leg Table as an
Example”

"A Review on Sustainability Characteristics
Development for Wooden Furniture Design

"Designers' Wooden Furniture Ecodesign
Implementation in Scandinavian Country-Of-
Origin (COO) Branding"

"Incorporation of Wooden Furniture Wastes in
Fired Clay Bricks for Improved Thermal
Insulation: A Feasability Study"

"Brief Analysis on Green Design and
Manufacture of Furniture Products"

"Consumer Perception of Product Features in
Buying Process of Wooden Furniture"

"Rational Consideration on Package Design of
Wooden Furniture”

"Recycling and Value-added Design of
Discarded Wooden Furniture"

"Measures and Suggestions for Recycling and
Reuse of Waste Wooden Furniture”

"Research on the Recyclable Design of Wooden
Furniture Based on the Recyclability Evaluation"

Year

2023

2024

2025

2024

2022

2014

2020

2013

2021

2011

2021

2025

2023

Source Title

“Sustainability”

“Buildings”

“Journal of Ecological
Engineering”

“Bioresource”

“Sustainability”

“Journal of Product and
Brand Management”

“Waste and Biomass
Valorization”

Manufacturing Process
and Equipment

“Ad Alta-Journal of
Interdisciplinary
Research”

“Mechatronics and
Intelligent Materials”

“Bioresources”

“Wood Material Science
and Engineering”

“Sustainability”

462



Burkut, Furniture and Wooden Material Research Journal, 8 (2), 456-470

Table 2. Scientific mappings and descriptions of data
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Description

This visual is a bibliometric network
vizualization map created with VOSviewer
software tools.The map shows the co-
occurrence relationships of keywords in
academic publications on topics such as
furniture design, sustainability, and circular
economy. Orange cluster: furniture,
interior design, architecture, green
manufacturing, urban furniture, street
furniture. Green cluster: recycling
composite materials wood particleboard
biodegradation bio-composite,
compression molding

This visual is a bibliometric overlay
vizualization map created with VOSviewer
software tools.Yellow cluster; circular
economy 3D printing biodegradable
materials green manufacturing. Red
cluster: artificial intelligence industry 4.0
smart furniture 1o T smart city. Blue cluster:
ergonomics, school furniture mismatch,
and flexible furniture design for
sustainability

This visual is a bibliometric density
vizualization map created with VVOSviewer
software tools.

This visual is a bibliometric word cloud
visualization map of author keywords
created using R Studio Bibliometrix
Biblioshiny software tools.
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Continuation of Table 2
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This visual is a bibliometric word cloud
visualization map of author titles created
using R Studio Bibliometrix Biblioshiny
software tools.

This visual is a country scientific
production vizualization map in world
created with R Studio Bibliometrix
Biblioshiny software tools. This visual is a
world science map showing countries'
levels of scientific production within the
scope of bibliometric analysis. The map is
color-coded according to the publication
outlet for countries in a specific research
field (likely “sustainable furniture design”
or “furniture-ergonomics-recycling”).

Most relevant words graphic created by R
Studio Bibliometrix Biblioshiny software.
According to this graph, furniture design,
circular economy, recycling, sustainability,
mechanical properties, design, wooden
furniture, the furniture industry, wood,
ergonomics, and interior design. Author’s
keywords occurrences graphic.

The most relevant sources graphic was generated
using R Studio's Bibliometrix and Biblioshiny
software. Based on this graphic, the key sources
identified include Bioresources, Sustainability,
Res Mobilis - International Research Journal of
Furniture, Materials, Polymers, Applied
Sciences-Basel, Drvna Industrija, Forests, Wood
Material Sciences & Engineering, Building,
Journal of Cleaner Production, and
Environmental Behavior Proceedings Journal.

This diagram and analysis support bibliometric
studies, highlighting themes in a research field.
The axes show theme development (density) and
relevance (centrality). Motor Themes (Upper
Right): recycling, mechanical properties,
particleboard, circular economy, sustainability,
furniture industry. Basic Themes (Lower Right):
foundation of the field, focusing on design and
furniture design, though less advanced or
specialized. Niche Themes (Upper Left): street
furniture, canoe model, ergonomics,
anthropometry, school furniture, smart furniture,
augmented reality, user experience.
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4. Conclusion and suggestion

In this study, a review of existing literature reveals that while numerous studies exist on the
application of recycled and natural materials in furniture design, the application of circular
approaches to reuse, recycling, and waste materials within interior design curricula has been
insufficiently explored. This research provides a concrete example of these issues. Future
research is recommended to focus on the research, design, and production dimensions.
According to the findings of this study, considering furniture design on a global scale and
addressing waste, recycling, reuse, and the circular economy in collaboration with education,
industry, and production will become important elements in the future. In this era of global
resource depletion and increased environmental importance, the contribution of this study to
the field will be immense.

e Unlike previous studies, this one thoroughly explores the systematic literature
review, the creation of scientific concept maps using visuals, and the development of
new and innovative furniture designs based on this data.

e This study provides a solid theoretical and applied research framework for future
researchers. In the future, the methodology of this research could be refined, a new
study could be prepared, or this study could be collaboratively translated into a
furniture production process.

e Furniture design competitions, which were not included in this study, are also an
important research topic. Today, furniture design competitions emphasize waste,
recycling, and reuse. They offer both students and professionals the opportunity to
present their original work. The aim is to provide research ideas that will contribute
to the field of science in the future.

e This study conducts an in-depth analysis of design approaches centered on
sustainability and environmental impact, utilizing a systematic literature review and
concept mapping techniques. By incorporating these principles into innovative
furniture design, the work establishes a robust framework for transforming
theoretical insights into practical applications.

e It also explores the integration of digital design and manufacturing technologies,
such as digital fabrication and 3D modeling, within furniture design processes. This
investigation emphasizes the potential of these technologies to enhance design
adaptability, production efficiency, and opportunities for customization, setting a
strong foundation for further research in the field.

Additionally, the study underscores the necessity of strengthening interdisciplinary
connections between materials science and furniture design. Areas such as the experimental
use of innovative and alternative materials, including smart materials, composites, and natural
fibers, are identified as critical directions for future research and development.

Acknowledgement

This research was conducted as part of the Furniture Design and Construction IV course, held
during the spring semester of the 2024-2025 academic year within the Department of Interior
Architecture, Faculty of Art, Design, and Architecture at Fatih Sultan Mehmet Vakif
University.

Acknowledgment is extended to the students for their invaluable contributions to this study.
Additionally, sincere appreciation is directed toward the companies specializing in recycling,
zero-waste practices, upcycling, and ecological furniture, whose expertise greatly enriched the

465



Burkut, Furniture and Wooden Material Research Journal, 8 (2), 456-470

course. Gratitude is also extended to the Environmental Protection and Control Directorate of
Zeytinburnu Municipality and Istanbul Metropolitan Municipality for their thoughtful
contributions and support throughout the course preparation process.

Author Contributions

Emine Banu Burkut: Conceptualization (developing the research idea and objectives),
Determining the methodology, Conducting the research, Conducting analyses, Data curation,
Resources, Auditing, Validation, Visualization, Drafting the article, Writing, reviewing and
editing the article

Conflict of interest statement
The authors declare no conflict of interest.

References

Abjaghou, H., Bourret, J., Tessier-Doyen, N., Fassier, M., Bruneaux, M. A., Lacanilao, A.,
and Peyratout, C., (2020). Incorporation of wooden furniture wastes in fired clay bricks for
improved thermal insulation: A feasability study, Waste and Biomass Valorization, 11(12),
6943-6951, DOI:10.1007/s12649-020-00933-6

Abu, F., Gholami, H., Saman, M. Z. M., Zakuan, N., Sharif, S., and Streimikiene, D., (2021).
Pathways of lean manufacturing in wood and furniture industries: A bibliometric and
systematic review, European Journal of Wood and Wood Products, 79(4), 753-772, DOI:
10.1007/s00107-021-01713-2

Al-Saud, K., AlAli, R., Al Saud, A. M., Abouelela, A. S., Shehab, R. T., Moneim, D. A. A.,
and Hamid, A. E. M., (2024). Exploring the aesthetic and functional aspects of recycled
furniture in promoting sustainable development: an applied approach for interior design
students. Sustainability, 16(10), 4003, DOI: 10.3390/su16104003

Afifi, A. H., (2025). Sustainable mterior design and its role in promoting furniture recycling
culture as an artistic approach, Arts and Architecture Journal, 6(1), 167-182, DOI:
10.21608/aaj.2025.397245.1135

Ali, N. S., Khairuddin, N. F., and Zainal Abidin, S., (2013). Upcycling: Re-use and recreate
functional interior space using waste materials. DS 76: Proceedings of EandPDE 2013, the
15th International Conference on Engineering and Product Design Education, Dublin,
Ireland, 05-06.09. 2013 (pp. 798-803), DOI: 10.13140/2.1.2643.3603

Baik, E., and Lee, M. H., (2010). Research on cases of furniture design with the idea of
sustainability applied-Mainly on Lohas' 3R (Recycle, Reuse, Reduce), Journal of the
Korea Furniture Society, 21(5), 392-402.

Bal, B. C., Altuntas, E., and Narlioglu, N., (2023). Some selected properties of composite
material produced from plastic furniture waste and wood flour, Furniture and Wooden
Material Research Journal, 6(2), 233-244. DOI: 10.33725/mamad.1384214

Butdisuwan, S., Hossain, S., Zaffar, H., Amees, M., and Islam, M. S. (2024). Sustainable
architecture and the role of cyber-physical systems: A bibliometric analysis, Bangladesh
Journal of Multidisciplinary Scientific Research, 9(4), 39-48.

Calabrese, M., (2012). Recycling Furniture: The ecological, economic and social benefits,
Student Theses 2001-2013. 33. https://fordham.bepress.com/environ_theses/33

466


https://doi.org/10.1007/s12649-020-00933-6
https://doi.org/10.1007/s00107-021-01713-2
https://www.mdpi.com/2071-1050/16/10/4003
https://dx.doi.org/10.21608/aaj.2025.397245.1135
http://dx.doi.org/10.13140/2.1.2643.3603
https://doi.org/10.33725/mamad.1384214
https://fordham.bepress.com/environ_theses/33

Burkut, Furniture and Wooden Material Research Journal, 8 (2), 456-470

Celadyn, M., (2019). Interior architectural design for adaptive reuse in application of
environmental sustainability principles, Sustainability, 11(14), 3820, DOI: 10.3390/su1114
3820

Daian, G., and Ozarska, B., (2009). Wood waste management practices and strategies to
increase sustainability standards in the Australian wooden furniture manufacturing
sector, Journal of Cleaner Production, 17(17), 1594-1602. DOI: 10.1016/].jclepro.2009.
07.008

Demirel, S., and Eyiiboglu, H., (2024). A bibliometric evaluation on furniture joints studies,
Turkish Journal of Forestry, 25(1), 56-63. DOI: 10.18182/tjf.1389049

Elessawy, N. A., El Shakhs, A., El-Saka, M. F., Youssef, M. E., Youssef, B. A., and Ali, M.
A. M., (2024). Sustainable and eco-friendly 3D printing filament fabricated from different
recycled solid wastes and evaluate its impact on interior and furniture design, Results in
Engineering, 23, 102428. DOI: 10.1016/j.rineng.2024.102428

Ersen, N., Akyiiz, 1., and Akyiiz, K. C., (2024). Bibliometric analysis: an example of journal
publishing on furniture and wood materials, Duzce University Journal of Science and
Technology, 12(3), 1557-1571, DOI: 10.29130/dubited.1300897

Fauzan, M., Lubis, S. M. Y., and Darmawan, S., (2022). Karakteristik komposit hdpe recycle
berpenguat serat bambu untuk panel board furniture, Syntax Literate; Jurnal llmiah
Indonesia, 7(8), 10800-10814. DOI: 10.36418/syntax-literate.v7i8.9230

Fekry Gamal, D., (2022). Concept of circular economy in ECO-friendly furniture
design, Journal of Design Sciences and Applied Arts, 3(1), 80-89. DOI:
10.21608/jdsaa.2021.101152.1140

Galluccio, G., Deal, B., Brooks, R., Russo Ermolli, S., Rigillo, M., Perriccioli, M., ... and
Bevilacqua, C., (2024). Design for resilient post-disaster wood waste upcycling the katrina
furniture project experience and 1ts “legacy” in a digital perspective, Buildings, 14(7),
DOI: 10.3390/buildings14072065

Gecimli, M., (2024). Sustainable Interior Design/Architecture Researches After Sustainable
Development Goals: a Bibliometric Analysis, Sanat ve Tasarim Dergisi, 14(1), 546-564,
DOI: 10.20488/sanattasarim.1506512

Giiltas, M. P., (2024). Sustainability management practices in the furniture sector: an
analytical study, Furniture and Wooden Material Research Journal, 7(2), 250-265.
DOI:10.33725/mamad.1568828

Grotowska, M., Olenska, S., Gruszczynska, J., and Beer, P.,(2025). Analysis of the properties
of upcycled wood waste for sustainable furniture production, Sustainability, 17(14), 6368.
DOI: 10.3390/su17146368

Haidiezul, A. H. M., Gopal, S., Aiman, A. F., Syafig, A. M., Ishak, M. I., Shahrin, S., ... and
Dahlan, N. D., (2018, November). Design and development of furniture using recycle
waste materials embedded with resin. In AIP Conference Proceedings (Vol. 2030, No. 1, p.
020035). AIP Publishing LLC. DOI: 10.1063/1.5066676

Hartini, L., Wibawa, B., Situmorang, R., and Raissa, F., (2020). Interior design of national
library with environmentally sustainability materials. IOP Conference Series: Materials
Science and Engineering, 1007 (1), 012004. 10P Publishing, DOI: 10.1088/1757-
899X/1007/1/012004

467


https://doi.org/10.3390/su11143820
https://doi.org/10.3390/su11143820
https://doi.org/10.1016/j.jclepro.2009.07.008
https://doi.org/10.1016/j.jclepro.2009.07.008
https://doi.org/10.18182/tjf.1389049
https://doi.org/10.1016/j.rineng.2024.102428
https://doi.org/10.29130/dubited.1300897
https://doi.org/10.36418/syntax-literate.v7i8.9230
https://dx.doi.org/10.21608/jdsaa.2021.101152.1140
https://doi.org/10.3390/buildings14072065
https://doi.org/10.20488/sanattasarim.1506512
https://doi.org/10.33725/mamad.1568828
https://doi.org/10.3390/su17146368
https://doi.org/10.1063/1.5066676
https://doi.org/10.1088/1757-899X/1007/1/012004?urlappend=%3Futm_source%3Dresearchgate.net%26utm_medium%3Darticle
https://doi.org/10.1088/1757-899X/1007/1/012004?urlappend=%3Futm_source%3Dresearchgate.net%26utm_medium%3Darticle

Burkut, Furniture and Wooden Material Research Journal, 8 (2), 456-470

Hartini, S., Wicaksono, P. A., Rizal, A. M. D., and Hamdi, M., (2021, February). Integration
lean manufacturing and 6R to reduce wood waste in furniture company toward circular
economy. IOP conference series: materials science and engineering, 1072, (1), 012067.
IOP Publishing, DOI: 10.1088/1757-899X/1072/1/012067

Hayles, C. S., (2015). Environmentally sustainable interior design: A snapshot of current
supply of and demand for green, sustainable or Fair Trade products for interior design
practice, International Journal of Sustainable Built Environment, 4(1), 100-108. DOI:
10.1016/}.ijsbe.2015.03.006

Hubbe, M. A., (2023). Reuse, a neglected "r" word in "reduce, reuse, and
recycle”, BioResources, 18(4), DOI: 10.15376/biores.18.4.6737-6740

Ibrahim, N.A., and Putri, S. A., (2025). Integration of design for disassembly method using
recycled mahogany material in modular furniture, Furniture and Wooden Material
Research Journal, 8(1), 88-99, DOI: 10.33725/mamad.1674449

Kim, K. B., Chung, D. S., and Jang, J. S., (2020). A study of product design using recycled
materials, International Journal of Advanced Smart Convergence, 9(1), 70-81, DOI:
10.7236/1JASC.2020.9.1.70

Knoskova, L., and Garasov4, P., (2021). Consumer perception of product features in buying
process of wooden furniture, Ad Alta: Journal of Interdisciplinary Research, 11(2). ISSN
1804-7890.

Lahtinen, K., Alina Samaniego Vivanco, D., and Toppinen, A., (2014). Designers’ wooden
furniture ecodesign implementation in Scandinavian country-of-origin  (COO)
branding, Journal of Product and Brand Management, 23(3), 180-191, DOI:
10.1108/JPBM-07-2013-0354

Liu, F., (2013). Brief analysis on green design and manufacture of furniture
products, Advanced Materials Research, 694, 3269-3272. DOI: 10.4028/www.scientific.
net/ AMR.694-697.3269

Li, J., (2016). The use of renewable materials in interior design. In 2016 International
Conference on Economics, Social Science, Arts, Education and Management
Engineering (pp. 956-963). Atlantis Press. DOI: 10.2991/essaeme-16.2016.191

Lin, C. W. R., Chen, M. T., Tseng, M. L., Chiu, A. S., and Ali, M. H., (2020). Profit
maximization for waste furniture recycled in taiwan using cradle-to-cradle production
programming, Mathematical Problems in Engineering, 2020(1), 2948049. DOI:
10.1155/2020/2948049

Lee, S., and Buck, L., (2020). Sustainable design approaches using waste furniture materials
for design students. The Design Society, Doctoral thesis, Buckinghamshire New
University. DOI: 10.35199/EPDE.2020.38

Lubonja, O., and Ovidiu, F., (2019). Use of recyclable materials in the interior
design, European Journal of Economics and Business Studies, 5(2), 79-100, DOI:
10.26417/ejes.v5i2.p79-100

Marsahala, P., Nediari, A., and Roesli, C., (2023). Exploring Indonesia’s recycled-plastic
waste material in interior design for sustainable interior eco-planning, IOP Conference
Series: Earth and Environmental Science, 1169, (1), 012049, I0OP Publishing. DOI:
10.1088/1755-1315/1169/1/012049

468


https://doi.org/10.1088/1757-899X/1072/1/012067
https://doi.org/10.1016/j.ijsbe.2015.03.006
https://doi.org/10.15376/biores.18.4.6737-6740
https://doi.org/10.33725/mamad.1674449
https://doi.org/10.7236/IJASC.2020.9.1.70
https://doi.org/10.1108/JPBM-07-2013-0354
https://doi.org/10.4028/www.scientific.net/AMR.694-697.3269
https://doi.org/10.4028/www.scientific.net/AMR.694-697.3269
https://doi.org/10.2991/essaeme-16.2016.191
https://doi.org/10.1155/2020/2948049
http://dx.doi.org/10.35199/EPDE.2020.38
https://doi.org/10.26417/ejes.v5i2.p79-100
https://doi.org/10.1088/1755-1315/1169/1/012049

Burkut, Furniture and Wooden Material Research Journal, 8 (2), 456-470

Maté, K., (2007). Using materials for sustainability in interior architecture and
design, Journal of Green Building, 2(4), 23-38, DOI: 10.3992/jgb.2.4.23

Md Razali, A. S., (2016). Furniture design: Coffee table using recycle materials (solid wood
waste), FurnitureTechnology Faculty of Applied Sciences, Universiti Technologi MARA
https://ir.uitm.edu.my/id/eprint/22717/

Muhammad Suandi, M. E., Amlus, M. H., Hemdi, A. R., Abd Rahim, S. Z., Ghazali, M. F.,
and Rahim, N. L., (2022). A review on sustainability characteristics development for
wooden furniture design, Sustainability, 14(14), 8748, DOI: 10.3390/su14148748

Munteanu, A. (2021). Eco-design. Furniture made of recycling materials-a new concept for
the contemporan design, Journal of Social Sciences, 4(3), 60-70, DOI: 10.52326/jss.utm.20

21.4(3).07

Mrinalini, A., Sasidhar, K., and Jayanthi, D., (2023). Study on the application of reuse and
recyclable materials in designing the regional commercial interior spaces. IOP Conference
Series: Earth and Environmental Science, 1210 (1), 012019, IOP Publishing. DOI:
10.1088/1755-1315/1210/1/012019

Ofori-Agyei, G. O., Baah, O. P. K., Adom, D., Amankwa, J. O., and Abedi, A., (2023).
Upcycling of solid waste for furniture production: an environmentally sustainable solution
for waste disposal, Journal of Innovations and Sustainability, 7(4), 04-04, DOlI:
10.51599/is.2023.07.04.04

Ouyang, C., and Wu, K. Y., (2015). A DFA-Based Wood Frame furniture design using
quality function deployment: a case study in school open spaces. In International
Conference on Chemical, Material and Food Engineering, pp. 517-520. Atlantis Press.
DOI: 10.2991/cmfe-15.2015.121

Pralat, B., Owsian, A., and Rogozinski, T., (2024). Reducing, reusing, and recycling in the
furniture industry: A mini-review, Global Forest Journal, 2(02), 161-168, DOI:
10.32734/gfj.v2i02.16731

Pringle, A. M., Rudnicki, M., and Pearce, J. M., (2018). Wood furniture waste—based recycled
3-D printing filament, Forest Products Journal, 68(1), 86-95. DOI: 10.13073/FPJ-D-17-
00042

PRISMA (2020). PRISMA flow diagram. https://www.prisma-statement.org/prisma-2020-
flow-diagram

Ramadan, M. E. (2023). Benefiting from recycled waste in furniture manufacturing to realize
environmental sustainability, International Design Journal, 13(6), 21-31, DOI: 10.21608/
idj.2023.317931

Ridwan, A. A. D., Setiawan, F., Saragih, H. D. G., Aminnulloh, M. N., and Satiadhi, P. P. G.,
(2021). Factors affecting consumers' intention to purchase environmentally friendly
products: recycle furnitures, JRB-Jurnal Riset Bisnis, 5(1), 99-109, DOI: 10.35814/rb.
v5i1.2736

Sari, D. P., Afifah Mahdiyah, A. S. A., and Purwaningsih, R., (2025). Assessing
environmental impact and eco-efficiency of wood waste gallon holders using life cycle
assessment, Journal of Ecological Engineering, 26(3), DOI: 10.12911/22998993/199727

Sofiana, Y., and Fajarwati, A. A. (2018). Environmentally friendly material characteristics
applied to interior and furniture, In3rd International Conference on Creative Media,

469


https://doi.org/10.3992/jgb.2.4.23
https://ir.uitm.edu.my/id/eprint/22717/
https://doi.org/10.3390/su14148748
https://doi.org/10.52326/jss.utm.2021.4(3).07
https://doi.org/10.52326/jss.utm.2021.4(3).07
http://dx.doi.org/10.1088/1755-1315/1210/1/012019
https://doi.org/10.51599/is.2023.07.04.04
http://dx.doi.org/10.2991/cmfe-15.2015.121
https://doi.org/10.32734/gfj.v2i02.16731
https://doi.org/10.13073/FPJ-D-17-00042
https://doi.org/10.13073/FPJ-D-17-00042
https://www.prisma-statement.org/prisma-2020-flow-diagram
https://www.prisma-statement.org/prisma-2020-flow-diagram
https://dx.doi.org/10.21608/idj.2023.317931
https://dx.doi.org/10.21608/idj.2023.317931
https://doi.org/10.35814/jrb.v5i1.2736
https://doi.org/10.35814/jrb.v5i1.2736
https://doi.org/10.12911/22998993/199727

Burkut, Furniture and Wooden Material Research Journal, 8 (2), 456-470

Design and Technology (REKA 2018) (pp. 235-237). Atlantis Press. DOI: 10.2991/reka-
18.2018.53

Susanty, A., Sari, D. P., Budiawan, W., and Kurniawan, H., (2016). Improving green supply
chain management in furniture industry through internet based geographical information
system for connecting the producer of wood waste with buyer, Procedia Computer
Science, 83, 734-741, DOI: 10.1016/j.procs.2016.04.161

Sydor, M., Kwapich, A., Lira, J., and Langova, N., (2022). Bibliometric study of the
cooperation in the engineering and scientific publications related to furniture
design, Drewno, Prace Naukowe. Doniesienia. Komunikaty, 65(209), DOI: 10.12841/
wo00d.1644-3985.389.05

Trela, W. N., (2017). Ecological Materials for Interior Design Use: Impact of Wood and
Recycling Materials, for People Lives and the Environment (Master's thesis, Universidade
de Lisboa (Portugal)). https://repositorio.ulisboa.pt/handle/10451/35128

VOSviewer (2025). Visualizing Scientific Landscapes. https://www.vosviewer.com/

Xue, G., and Chen, J., (2024). Strategies for applying shape grammar to wooden furniture
design: Taking traditional Chinese Ming-style recessed-leg table as an
example, BioResources, 19(1), 1707, DOI: 10.15376/biores.19.1.1707-1727

Wang, Y., Liu, C., Zhang, X., and Zeng, S., (2023). Research on sustainable furniture design
based on waste textiles recycling, Sustainability, 15(4), 3601, DOI:_10.3390/su15043601

Wastepresso (2025). https://www.wastespresso.com/

Yang, D., and Zhu, J., (2021). Recycling and value-added design of discarded wooden
furniture, BioResources, 16(4), DOI: 10.15376/biores.16.4.6954-6964

Yousef, D. M. K., and Algandi, H. A., (2018). Recycled products in the realm of furniture and
mterior design in Kuwait. International Design Journal, 8(3), 289-297, DOI: 10.21608/id].
2018.85514

Zhang, Z., Zhu, J., and Qi, Q., (2023). Research on the recyclable design of wooden furniture
based on the recyclability evaluation, Sustainability, 15(24), 16758, DOI: 10.3390/su1524
16758

Zhang, H. Y. (2011). Rational consideration on package design of wooden
furniture, Advanced Materials Research, 211, 250-253, DOI: 10.4028/www.scientific.net/
AMR.211-212.250

Zheng, W., Zhong, S., and Xiong, X. (2025). Measures and suggestions for recycling and
reuse of waste wooden furniture, Wood Material Science and Engineering, 1-9, DOI:
10.1080/17480272.2025.2514218

Zhu, L., Yan, Y., and Lv, J. (2023). A bibliometric analysis of current knowledge structure
and research progress related to sustainable furniture design
systems. Sustainability, 15(11), 8622, DOI: 10.3390/su15118622

470


https://doi.org/10.2991/reka-18.2018.53
https://doi.org/10.2991/reka-18.2018.53
https://doi.org/10.1016/j.procs.2016.04.161
https://doi.org/10.12841/wood.1644-3985.389.05
https://doi.org/10.12841/wood.1644-3985.389.05
https://repositorio.ulisboa.pt/handle/10451/35128
https://doi.org/10.15376/biores.19.1.1707-1727
https://doi.org/10.3390/su15043601
https://www.wastespresso.com/
https://doi.org/10.15376/biores.16.4.6954-6964
https://dx.doi.org/10.21608/idj.2018.85514
https://dx.doi.org/10.21608/idj.2018.85514
https://doi.org/10.3390/su152416758
https://doi.org/10.3390/su152416758
10.4028/www.scientific.net/%20AMR.211-212.250
10.4028/www.scientific.net/%20AMR.211-212.250
http://dx.doi.org/10.1080/17480272.2025.2514218
https://doi.org/10.3390/su15118622

Mobilya ve Ahsap Malzeme Arastirmalari Dergisi

Furniture and Wooden Material Research Journal
Derleme Makale - Review Article 2025 - 8(2), 471-486

Ahsap ve celik malzemenin biikme mobilyada kullanmim: literattr
incelemesi

Feyza Mendi(”, Ayse Seda Caliskan®*, Onur Ulker?

OZ: Bu cahsma, ahsap ve celik malzemenin i¢ mekanda biikkme mobilya teknigiyle
kullanimin1 tarihsel, yapisal ve tasarim boyutlariyla inceleyerek konuyu biitiinctil bir
cercevede ele almayr amaglamaktadir. Mobilya tarihinde bikme tekniginin 6nemine vurgu
yapan c¢alismada, 19. yiizyilda Michael Thonet’in tasarimlari ile basladigi kabul edilen biikkme
ahsap mobilya ve 20. ylizyilda modernizmin etkisiyle Marcel Breuer’in tasarimlar1 ile
baslayan ¢elik boru mobilyanin gelisim ¢izgisi ortaya konmaktadir. Ahsap ve ¢elik biikkme
mobilyalarin tasarim potansiyelleri, liretim teknikleri ve i¢ mekénlara katkilari, literatiirde yer
alan kaynaklar dogrultusunda degerlendirilmistir. Calismada derleme yontemi benimsenmis;
bu kapsamda konuya iliskin akademik yayinlar, biikkme mobilya tarihine yonelik kaynaklar ve
teknik belgeler sistematik sekilde taranmustir. Bulgular, bilkkme teknigiyle sekillendirilen
ahsap ve celik malzemenin bigimsel ve teknik agidan c¢esitli olanaklar sagladigini, bu
olanaklarm mobilya tasariminda hafiflik, dayaniklilik, hizli iiretim ve estetik bakimindan
onemli degisiklikler yarattigimi gostermektedir. Calisma, Thonet ve Breuer’in onciiliiglinde
gelisen bilkme mobilyanin tarihini ve iiretim tekniklerini literatiirdeki bilgiler 1s1ginda bir
araya getirerek, bu alana yonelik bltincil bir bakis agist sunmasi bakimindan 6nem
tasimaktadir.

Anahtar Kelimeler: Biikme ahsap mobilya, Celik boru mobilya, Thonet, Breuer

Use of wood and steel materials in bending furniture: literature review

ABSTRACT: This study explores the use of wood and steel in bent furniture techniques from
historical, structural, and design standpoints, offering a comprehensive framework. It
highlights the historical significance of bending techniques in furniture design, tracing the
evolution of bentwood furniture, initiated by Michael Thonet in the 19th century, and tubular
steel furniture, pioneered by Marcel Breuer in the 20th century. This study evaluates the
production methods and contributions of bentwood and tubular steel furniture to interior
spaces, based on a thorough review of academic literature, historical sources, and technical
documentation. Using a compilation method, the study systematically investigates how
bending techniques have impacted furniture design. The findings suggest that wood and steel,
when shaped through bending, offer unique opportunities for innovation in form, technique,
and functionality. These innovations have led to major advancements in terms of lightness,
durability, speed of production, and aesthetic appeal. By bringing together the development
and production processes of bentwood and bent steel furniture, this study contributes a well-
rounded perspective to the field, emphasizing the enduring relevance of Thonet’s and
Breuer’s contributions.

Keywords: Bentwood furniture, Tubular steel furniture, Thonet, Breuer
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1 Giris

Mekanin 6nemli bilesenlerinden biri olan mobilya, yillar i¢cinde gelisen tiretim teknikleri ve
malzeme teknolojileri sayesinde doniisim ge¢irmis ve her doneme Ozgii tasarim
yaklagimlarmin sekillenmesinde belirleyici bir unsur olmustur. Bu baglamda, malzeme
ozelliklerinin ve iiretim siireclerinin anlagilmasi, mobilya tasarimcilar1 agisindan temel bir
gereklilik haline gelmistir (Kang, 2010). 19. yilizyilin ortalarinda Michael Thonet tarafindan
gelistirilen buharli ahsap bilkme teknigi, mobilya tasarimimda devrim niteliginde bir yenilik
olarak degerlendirilmistir. Bliikme ahsap mobilya {iretim yontemi temelde, ahsabin 1s1 ve nem
yardimiyla sekillendirilmesine dayali bir {iretim yontemidir (Han, 2004). Bu teknik hem
estetik hem de islevsel mobilya tasarimlarinin ortaya ¢ikmasina olanak saglayarak mobilya
tarihinde kalic1 bir yer edinmistir.

Biikme ahsap mobilya, modern mobilya tasarimmin erken 6rneklerinden biri olarak kabul
edilmis ve sanayilesme siirecinin hiz kazanmasiyla birlikte seri iiretime uygun hale gelmistir.
20. ylizyilin bagslarinda ise Michael Thonet’in liretim mantigindan ilham alan Marcel Breuer,
bu kez celik boru malzeme ile mobilya tasarimma yeni bir yaklagim gelistirmistir. Modern i¢
mekanlara ve donemin seri iiretim anlayisina son derece uygun olan ¢elik boru mobilya
tasarimlari, donemin tasarim diinyasinda bir kirilma noktasi olarak degerlendirilmistir.
Breuer’in boru seklindeki celikten iirettigi mobilyalar hem estetik anlamda hem de {iretim
anlaminda Ozgiinliik tasimakla birlikte modern yasamin gerekliliklerine karsi gelistirilen
coziimlemeler olarak yorumlanmistir (Wilk, 1981). Breuer, dar bir yelpazedeki malzeme ve
mobilya tiirlerini biiyiik bir duyarhlikla kullanarak, i¢ mekanlardaki tasarim problemlerine
nitelikli ve yenilik¢i ¢oziimler getirmistir.

Biikme teknigiyle iiretilen ahsap ve ¢elik mobilyalar, mobilya tasariminda yalnizca
bigcimsel bir yenilik olarak degerlendirilmemelidir. Ayn1 zamanda {iretilebilirlik, dayaniklilik,
hafiflik ve mekansal iliskiler agisindan 6nemli bir doniisiim siirecini temsil etmektedir (Kang,
2010). Dolayisiyla, mekanin temel yapitaslarindan biri olan mobilyanin, tasarimina dair
tekniklerin ve bu tekniklerin tetikledigi diisiinsel yeniliklerin anlasilmasi hem mobilya
tasarimi hem de igmimarlik disiplini i¢in 6nem arz etmektedir. Bilkme mobilya teknikleri ile
ilgili, 6zellikle Michael Thonet ve Marcel Breuer’in ¢alismalar1 basta olmak tizere, literatiirde
cesitli arastirmalar bulunmaktadir (Kertemelidou, 2018; Cacciola, 2022). Bu kapsamda, tarihi
ve teknik yaklasimlarin yani sira, mobilyalarin i¢ mekandaki kullanim big¢imleri, kullanici
deneyimi iizerindeki etkileri ve mekansal algi baglamindaki yansimalar1 da arastirmalara konu
olmustur. Bu ¢alisma, s6z konusu teknikler tizerine yapilmis ¢alismalari derleyerek, mobilya
ve malzeme teknolojilerine iliskin daha biitiinciil bir bakis acis1 gelistirmeyi hedeflemektedir.
Boylece biikme mobilya tekniklerinin tarihgesi ile gilinlimiizdeki uygulama alanlar1 daha
anlagilir hale gelmekte ve malzeme-form-mekan iligskisi ¢ok katmanli bir perspektifle ele
almmaktadir.

Bu caligma, biikme teknigiyle iiretilen ahsap ve gelik mobilyalarn tarihi gelisimine ve
donemin tasarim anlayislarina dair kuramsal bir derleme niteligindedir. Literatiirdeki ilgili
kaynaklarin taranmasi1 yoluyla olusturulan bu ¢alismada, Thonet’in gelistirdigi buharli ahsap
bilkme teknigi ve Breuer’in uyguladigi celik boru biikkme yontemi kendi donemsel ve
diistinsel baglamlar1 icinde ayr1 ayr1 degerlendirilmistir. Her iki tasarim yaklagiminda
kullanilan malzemeler, benimsenen bi¢imsel yaklagimlar ve {iretim yontemleri incelenmis; bu
mobilya tiirlerinin i¢ mekan tasarimiyla kurdugu iligkiler ¢oziimlenmistir. Bu ¢aligmanin
amaci, ¢elik ve ahsap malzemenin biikkme teknigiyle mobilya tasariminda kullanimini tarihi,
estetik ve iglevsel boyutlariyla incelemek; Michael Thonet ve Marcel Breuer’in gelistirdigi
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mobilya Ornekleri lizerinden bu tekniklerin i¢ mekan tasarimiyla kurdugu iliskiyi kendi
baglamlar igerisinde ortaya koymaktir.

2 Metot

Bu calisma, mobilya iiretiminde ahsap ve celik {lizerinde uygulanan biikkme tekniginin
tarihsel gelisimini, tasarima, estetige ve isleve olan etkilerini ele alan kuramsal bir derleme
calismasidir. Derleme yontemi kuramsal temellere dayali, belirli bir konuda mevcut
literatliriin  sistematik bigcimde taranarak yapilandirilmasina dayanmaktadir. Arastirma
kapsaminda buharli ahsap biikme tekniginin Oncilisii Michael Thonet’in ve ¢elik boru
mobilyanin Onciisii Marcel Breuer’in teknikleri ve tasarimlari incelenmis; bu tekniklerin
tasarim tarihindeki konumu ve gelisimi, lretim yaklasimlarmin doniisiimii ve bilikme
mobilyanm i¢ mekanla iliskisi mevcut literatiir 151Z1nda degerlendirilmistir.

2.1 Veri toplama ve analiz

Bu caligmanin veri seti, Thonet ve Breuer’in biikkme mobilya tasarimlarina ve iiretim
tekniklerinin gelisimine odaklanan uluslararasi1 hakemli dergilerde ve bilimsel toplantilarda
yayimlanmig nitel arastirmalari, tarihsel incelemeleri ve kavramsal makaleleri kapsamaktadir.
Derleme kapsaminda kullanilan makaleler, Google Scholar, JSTOR, Taylor & Francis,
Oxford Academic, ResearchGate, DergiPark ve TR Dizin gibi agik erisimli ¢esitli veri
tabanlarinda yiiriitiilen taramalar araciligiyla se¢ilmistir. Literatiir taramas1 gergeklestirilirken
aratilan anahtar kelimeler hem Ingilizce hem de Tiirkge olarak belirlenmistir. Tarama
kapsaminda “Bentwood Furniture”, “Biitkme Ahsap Mobilya”, “Michael Thonet”, “Thonet
Chairs”, “Tubular Steel Furniture”, “Marcel Breuer”, “Celik Boru Mobilya”, “Wassily
Chair”, “Cesca Chair” gibi terimler aratilmistir. Belirlenen anahtar kelimelerle yapilan
taramalar sonucunda gergeklestirilen arastirma seckilerinde yayn dili, yayinci, konu ve anlam
biitlinliigii, akademik agidan yeterlilik gibi Olglitler g6z oniinde bulundurulmus ve konuyla
dogrudan iliskili calismalar degerlendirilmistir. Alanda bulunan arastirmalarin bu ¢aligmaya
dahil edilme olgiitleri ise su sekildedir:

e Thonet veya Breuer’in mobilya tasarim anlayisiyla ilgili olmasi,
e Konuyu teknik ve tarihsel agidan ele almasi,

e Biikme mobilya teknigini irdelemesi,

e I¢ mekanla bilkme mobilya iliskisine dair ¢dziimlemeler icermesi
e Hakemli dergi ya da akademik kaynaklarda yayimlanmasi

Bu kapsamda yapilan arastirmalar sonucunda belirlenen 17 akademik makalenin yaninda
konunun tarihsel ve giincel tarafina katki yapmasi agisindan kitap boliimleri ve sempozyum
bildirileri gibi ek kaynaklardan da yararlanilmistir. Detayli bir sekilde incelenen bu
calismalarda yazarlarin konuyu ele alma bicimi, aktarim yOntemleri ve analiz cergevesi
dikkatle degerlendirilmistir. Bu calismalardan yapilan ¢ikarimlar dogrultusunda igerikler
tematik bagliklar altinda gruplandirilmis, sistematik bir analiz siireci gerceklestirilmistir.
Ozellikle biikkme mobilyanm {iretim teknikleri, malzeme kullanimi, tasarim ilkeleri ve
iiretimlerin i¢ mekéana entegrasyonu ve etkisi ¢ozlimlenmistir.

Tanimlanan bu yontem dogrultusunda gerceklestirilen kuramsal derleme c¢aligmasi, tarihsel
verileri ortaya koyarken ayni zamanda kavramsal bir ger¢eve de iliretmeyi amaglamaktadir.
Calisma, Thonet ve Breuer gibi biikkme mobilyaya onciiliik eden isimlerin ortaya koydugu
tasarimlar araciligiyla biikme mobilya tekniklerinin i¢c mekan baglaminda degerlendirilmesine
alan agmaktadir.
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3 Bulgular ve Tartisma
3.1. Uretim yontemleri

Bir hammadde olarak ahsap, yeryiiziindeki varligindan bu yana insanin hayatta kalmasina
ve medeniyetlerin gelismesine dnemli Ol¢lide katkida bulunmustur. Ahsap malzeme sertligi,
esnekligi, mukavemeti ve yogunlugu sayesinde pek c¢ok alanda kullanilmaktadir. Ahsap,
stirekli bir yiikke dayanabilen ve nesiller boyu varligini siirdiirebilen uzun émiirlii dogal bir
malzemedir. Ayrica ¢ok yonliligi ve bulunabilirligi nedeniyle mimari ve insaat sektoriinde
en yaygin kullanilan malzemelerden biridir. Benzersiz lifli yapist sayesinde ahsap dogal
olarak bukiilebilir ve kavisli ve esnek elemanlar olusturulabilir (Kirkpmar ve ark., 2025).
Mese ve ceviz gibi agaclardan elde edilen ahsap malzeme daha sert bir yapiya sahipken; ¢am,
kayin ve ladin gibi agaclardan elde edilen ahsap malzeme daha yumusaktir. Buna ragmen her
ikisinden de olduk¢a dayanikli mobilyalar {iretilebilmektedir. Ahsap uzun Omiirlii bir
malzeme olmakla birlikte, ahsap mobilyalar son derece esnektir ve ¢ok az bakim
gerektirmektedir. Bu sayede ahsap mobilyalar bakimlar1 yapilarak tekrar kullanilabilmeleri
yoniiyle avantajlidirlar. Ahsap mobilyalarin bakimlar1 zimparalama, boyama, vernikleme,
cilalama ve kaplama gibi yontemlerle yapilmaktadir. A¢ik veya koyu renkli alternatifleri ile
ahsap malzeme i¢ mekanlarda siklikla kullanilmaktadir (Namichev ve Petrovski, 2019).

Sandalye, kullanicisi olan insanin oturma, dinlenme, ¢alisma gibi islevlerine hizmet eden
ve herkes tarafindan sik kullanilan endiistriyel bir iirlindiir. Ayn1 zamanda tarihte ¢ok farkli
bigimlerde tasarlanmis ve kullanilmis estetik bir nesnedir. Temel bir insan ihtiyacini
karsilamanin yani sira yeni malzemelerin ve iiretim tekniklerinin gelisimini de gdstermekte,
teknik yenilikleri biinyesinde barindirmaktadir (Kertemelidou, 2018). Ayrica hem i¢
mekanlarin hem de mobilya tasarimlarinin tarihi siirecine ve farkli donemlerde gelisen begeni
algisma 11k tutmaktadir.

Mobilya retiminde oldukga 6nemli bir yere sahip olan ahsabin temin edilmesi, islenmesi
ve nakliyesindeki cesitli zorluklar sebebiyle, malzemeyi islemek i¢in ¢esitli teknikler
gelistirilmistir. Bu tekniklerden biri ahsabin biikiilmesi yoluyla islenmesi teknigidir. Ahsab1
istenilen bigimde kivirmayir miimkiin kilan ahsap blikme teknigi, miizik aletleri, gemiler ve
tekerlekler gibi araglarin yapiminda kullanilmistir. Ahsap biikme islemi, kullanim amacina ve
istenen bicime bagh olarak ahsap malzemeye yapay bir blikme kuvveti uygulanarak
yapilmaktadir. Ahsap malzemenin biikiilmesinde “buharli biikkme, amonyakla biikme, yiliksek
frekansli blikme, kerf yontemi ile biikme ve laminasyon yontemi ile bilkkme” olmak tizere 5
farkl teknik kullanilmaktadir (Kang, 2010).

19. ylizyilin sonlar1 ve 20. yiizyil, mobilya alaninda da diger pek cok alanda oldugu gibi
kokli bir doniisim donemine isaret etmektedir. Endiistrilesmeyle birlikte gelisen teknik
imkanlar, el isciligine dayali liretimden seri iiretime gecisi beraberinde getirmistir (Mutdogan
ve Elibol, 2023). Zaman igerisinde ahsabin modern gercksinimleri karsilamada yetersiz
kaldig1 diisiincesi agirlik kazanmstir. Ozellikle 1920°1i yillarda, modern mobilya tasariminda
ahsaptan celige gecisin yalnizca estetik bir tercih olmadigi; bunun otesinde islevsellik,
dayaniklilik, hijyen, seri iiretim potansiyeli ve modern yasam bi¢iminin gereksinimlerine
cevap verme gibi pratik ve ekonomik gerekgelere dayandigi anlasilmistir (Hassenpflug ve
ark., 1990). Bu baglamda, modern mobilya tasariminda ¢elik boru (tubular steel) kullanim1
hem malzeme 6zellikleri hem de iiretim kolayligi agisindan devrim niteliginde bir yenilik
olarak degerlendirilmistir. Geleneksel ahgsap mobilya tiretiminde oldugu gibi yogun el is¢iligi
gerektirmeyen bu malzeme, seri liretime daha elverisli yapisiyla donemin iiretim ihtiyaglarina
yanit vermistir (Johnson, 1981). Tiim bu avantajlar1 g6z Oniinde bulunduruldugunda celik,
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ahsabin sinirliliklarina karsi daha iistiin bir alternatif olarak goriilmiis ve bu gecis, tasarim
tarihinde bir devrim olarak nitelendirilmistir (Hassenpflug ve ark., 1990).

Esnek ve kavisli yiizeylerin iiretimi, mimaride One c¢ikan bir arastirma alani haline
gelmistir. Birgok calisma, egrisel geometriler ve serbest formlu yiizeyler elde etmek i¢in
malzemeler ve iretim tekniklerine odaklanmaktadir (Kirkpmar ve ark., 2025). Celik boru
mobilya iiretimi dort temel asamada gergeklesir; borunun biikiilmesi, pargalarin
birlestirilmesi, ylizey kaplama islemleri ve dosemenin sabitlenmesi. Biikme islemindeyse iki
temel yontem kullanilir; ilki, borunun disiik erime noktasina sahip bir dolgu maddesi
(6rnegin recine) ile doldurulup kalip etrafinda sekillendirilmesi, ikincisi ise borunun, biikkme
noktasinda konumlandirilan sabit bir ¢elik mandrel yardimiyla bikiilmesidir. Her iki
yontemde borunun i¢ yiizeyinde ¢okme, dis yilizeyinde ise gerilme kaynakli deformasyon riski
bulunur. Birlestirme asamasinda ¢ogunlukla oksi-asetilen kaynagi tercih edilse de flas ve
diren¢ kaynaklar1 daha hizli ve ekonomiktir. Ozellikle alm ve dik ac1 eklemlerinde bu
yontemler etkin bigimde kullanilmaktadir. Son asamada kaynakli yiizeyler temizlenip
zimparalanarak kaplamaya hazir hale getirilir. Yiizey islemleri arasinda en yaygm olanlar
elektrokaplama (6rnegin krom), seliiloz piiskiirtme ve emayelemedir (Giedion ve ark., 1990).

Celik borunun mobilya iiretiminde kullanimi ilk olarak 1830’larda ingiltere’de yataklarda,
1844°te ise Fransa’da oturma odasi mobilyalarinda goriilse de bu malzemenin yiikselisi ve
tasarima entegre edilmesi modernizmin etkisiyle miimkiin olmustur. Hafiflik, hijyen,
endustriyel Gretime uygunluk ve mekanik estetik gibi nitelikleriyle celik boru, modern ig
mekan anlayisinin gereksinimlerini karsilamis ve donemin ikonik mobilyalariin temel
malzemesi haline gelmistir (Giedion ve ark., 1990; Ezenci ve Ozkaraman Sen, 2018). 1927°de
Weissenhof Siedlung sergisinde sergilenen Mart Stam’in konsol sandalyeleri, bu alandaki ilk
ornekler arasinda yer alsa da esas atilim Marcel Breuer ile ger¢eklesmistir. Breuer, bisiklet
iskeletinden ilhamla gelistirdigi tasarimlarinda ¢elik boruyu islevsel, hafif ve seri iiretime
uygun bir yapisal eleman olarak kullanmis; Bauhaus’un modern form arayisin1 Thonet’in
ahsap biikme mirasiyla harmanlamistir (Giedion ve ark., 1990; Bergdoll, 2018). Bu
mobilyalar yalnizca teknik bir yenilik degil, ayn1 zamanda modernist diisiincenin, teknolojinin
ve sanayi liretiminin estetik yansimasi olarak degerlendirilmektedir (Johnson, 1981) (Sekil 1).

- - . I3 1 T4 N

Sekil 1. Ahsap biikme ve ¢elik boru mobilya tiretim siireglerinden kesitler (Thonet, 2025)
3.2 Michael Thonet ve ahsap biikme mobilya

Thonet mobilyalarinin tarihi, 1819 yilinda ilk atdlyesini Almanya’nin Boppard kentinde
acan marangoz ve dogramacit Michael Thonet’in g¢aligmalar1 ile baglamistir. Ardindan
Viyana’ya yerlesen Thonet, 1849 yilinda Viyana’da bir aile sirketi kurmustur. Thonet
sandalyeleri, sirketin ilk islerinden biri olan Cafe Daum’un i¢ mekaninda No.4 sandalyelerin
kullanilmasmin ardindan No.14 sandalyesi ile uluslararasi anlamda tanmir hale gelmistir.
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1859 yilinda tasarlanan ve Viyana Kahve Evi Sandalyesi olarak da adlandirilan 14 numarali
sandalye, masif kaym agacinin biikiilmesi teknigi ilk kez kullanilarak, bir sandalyenin
endiistriyel olarak iiretilmesini saglamistir. Kiiresellesmeden ¢ok Once, neredeyse diinya
capinda bulunabilen bir {iriin tasarlanmis ve iiretilmistir. Tasarimi modiiler bir prensibe
dayandirilmig, bilesenler pargalarina ayrilarak iiretilmis ve birlestirilmistir. Bu yontem, talebe
yonelik ve ekonomik olmanimn yani sira olduk¢a verimli bir iiretim yaratmustir (Thonet, 2025).

1851'de Hyde Park’ta Crystal Palace’ta diizenlenen Londra Biiyiikk Sergisi'nde (Great
Exhibition) bilkme ahsap mobilyalarin tanitilmasmin ardindan, Michael Thonet, biikme
mobilya {iretimi i¢in buhar isleme siirecinin gelistirilmesinde oncii olarak kabul edilmistir.
Ardindan Thonet, bir mobilya iiretim fabrikas: kurmus ve déoneminin sartlar1 i¢in yenilik¢i
olan biikme ahsap mobilyalar1 seri iiretim yontemiyle iiretmeye baslamistir (Kang, 2010).

1830'larda zamanin standartlariyla karsilastirildiginda daha az bilesenle daha hafif
mobilyalar iretmek i¢in denemelere baslayan Michael Thonet, aynm1 yapim ilkelerini ve
standartlastirdigr unsurlar1 kullanarak, giiclii bir bicimsel benzerlige sahip farkli sandalye
tasarimlar1 liretmis ve bdylece kendi tasarim dilini yaratmistir. Tasarladigi sandalyelerin
kolayca monte edilebilir olusu, minimum eleman sayisi, endiistriyel verimlilik ve ayni
nesnenin farkli versiyonlarin1 bir araya getirmek i¢in kullanilabilecek degistirilebilir
elemanlardan olusan bir sistem olarak mobilya tasarimma modiiler yaklagimi, Michael
Thonet’i seri iiretimin Onciisii yapmustir (Noblet, 1993; Barros ve ark., 2011). Thonet
tarafindan tasarlanan mobilyalar, on sekizinci yiizyillda George Hepplewhite ve Thomas
Sheraton tarafindan tasarlanan mobilyalara benzer bir bi¢imsel biitiinlik sunmakla birlikte,

sadelestirmeye giderek islevsellige daha gii¢lii bir vurgu yapmistir (Oates, 1981; Barros ve
ark., 2011).

Thonet sandalyelerin yapisal unsurlari; sirthik ve arka ayak cergevesi, sirtlhk i¢ alani, 6n
ayaklar, baglant1 ayagi ve oturma alamidir. Thonet sandalye stili, hafif ve zarif yapisi ile
karakterize edilmektedir. Sirthk ve arka ayaklar, organik bir sekle sahip tek bir buharda
pisirilmis kayin agaci profilinden yapilmistir. Bu eleman, oturma yerinde daha dar olan hassas
bir kavisle alttan yiikselmektedir. Bu egri hem 6nden hem de yandan gozlemlenebilmektedir.
Oturma yeri ahsap veya rattan kapli bir halkadir. Baz1 versiyonlarda dort ayaga bagl, daha
alcakta konumlandirilmis ikinci bir halka bulunmaktadir. Bununla birlikte, modeller
arasindaki aymwt edici 6zellik sirthik tasarimidir. Sirthik bolimii egrisel veya “S” benzeri
sekillerde biikiilmiis bir veya iki kaym profilinin kullanilmasiyla olusturulmaktadir. Bu
elemanlar sirtlik ¢ercevesine, oturma yiizeyine veya birbirlerine baglanabilmektedir. Thonet

sandalyeleri islevseldir ve islevi disinda herhangi bir siisleme icermemektedir (Sekil 3)
(Barros ve ark., 2011).

Sekil 3. Thonet tarafindan tasarlanan No.4, No.14, No.18 ve No.15 sandalyeleri (URL 1,
2019.; URL 2, 2024; URL 3, 2012)
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Bu yeniliklerin yaninda No.l14 sandalyesi mobilyanin monte edilmeye hazir halde
parcalarma ayrilmig ve paketlenmis halinin bilinen ilk 6rnegidir. No.14 sandalyesi 1 m?
hacme 36 adet sandalye yerlestirilerek tagmmuistir. 6 ahsap pargadan olusan ve 10 adet vida
sayesinde kolaylikla monte edilebilen sandalye, tutkal yardimiyla birlestirilmemesi sayesinde
demonte olarak ambalajlanabilmistir. Bir bakima Thonet, endiistriyel seri iiretim seklini
kesfetmis ve sandalyeyi pargalarma ayirarak ambalajlayip satma fikrini ortaya koymustur.
Giiniimiizde de tiretim ve satig1 devam eden Thonet sandalyeleri, montaji kullanici tarafindan

yapilan mobilyalara bir alt yap1 olusturmus ve esin kaynagi olmustur (Sekil 4) (Kayacan ve
ark, 2016).

Sekil 4. 1 m?® hacimde demonte halde tasinan 36 adet Thonet No.14 sandalyesi (Thonet, 2025)

1890’ yillara gelindiginde Thonet’in bilkkme ahsap sandalyeleri Viyana’daki restoran ve
kafelerde kullanilmaya baglanmistir. O donemde pek c¢ok sanatci, yazar, edebiyatc, politikact
ve pek ¢ok Unld ismin ugrak noktasi olan Cafe Griensteidl’de No.4 sandalyeleri kullanilmistir
(Sekil 5). Thonet’in ahsabin biikiilmesi teknigiyle iiretilen sandalyeleri orijinal bir stili ve
kiiltiirli temsil etmektedir. Hem tarihi klasikler hem de zamansiz tasarimlar olmakla birlikte
miras birakilan tanidik kiiltiirel varliklar olarak degerlendirilmektedir. Tasarlandiklar1 giinden
bu yana insanlarin bir araya geldigi, etkilesim kurdugu, dinlendigi veya ¢alistig1 mekanlarda,
konutlarda, bekleme alanlarinda ve ofislerde kullanilmiglardir. (Thonet, 2025).

N

Thonet sandalyeleri farkli sanatgilar tarafindan resmedilmistir. Henri Toulouse-Lautrec,
1892 tarihli “at the Moulin Rouge” adli tablosunda, Henri Matisse, 1918 yilinda ¢izdigi

“Interior with a Violin Case” adli eserinde Thonet sandalyelerini resmetmistir (Sekil 6)
(Thonet, 2025).
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Sekil 6. Henri Toulouse-Lautrec’in “at the Moulin Rouge” adli eserinde Thonet sandalyeleri
(URL 5, 2021)

Thonet mobilyalarmi aktif olarak kullanan ve modern mobilyanin onciisii olarak kabul
edilen Le Corbusier, No.14 sandalyesi i¢in “Daha 6nce hicbir sey bu kadar 1yi yaratilmamist1”
ifadesini kullanmistir. No.14 sandalyesi uygun fiyath, hafif, zarif, montaj1 ve bakimi kolay
olmas1 sebebiyle tiim zamanlarin en basarili sandalyesi olarak tanimlanmaktadir ve ilk
piyasaya siiriildiigliinden bu yana milyonlarca satilmasi ve giiniimiizde {iretimine devam
ediliyor olmast nedeniyle “sandalyelerin sandalyesi” tamlamasiyla anilmaktadir
(Kertemelidou, 2018; 5,6,7).

“Die Form” dergisinde mimar Ferdiand Kramer, 1929 yilinin basinda Thonet
fabrikalarinda giinliik ortalama {iretimin 18.000 sandalyeye ulastigini ifade etmistir. Tim
bunlarla birlikte Thonet, o donemde mimarlar ve mobilya tasarimcilar1 i¢in olduk¢a Snemli
olan bazi standartlarin gelistirilmesi konusunda 6nemli bir 6rnegi temsil etmektedir. Josef
Frank ve Adolf Schneck gibi tasarimcilar biilkme ahsabi1 kendi mobilyalariyla yeniden
yorumlamislardir (Thonet, 2025).

Thonet’in ardindan biikme teknigiyle liretilen cesitli mobilyalar tasarlanmis ve oldukga
taninir hale gelmistir. 1931 yilinda Alvar Aalto tarafindan tasarlanan Paimio Chair iiretilmis,
bunu 1946 yilinda Charles Eames ve Ray Eames tarafindan tasarlanan Lounge Chair Wood
(lew) takip etmis ve ardindan 1949 yilinda Hans Wegner tarafindan CH24 Wishbone Chair
tasarlanmis ve tiretilmistir (Sekil 7).

Sekil 7. Paimio Chair, Lounge Chair Wood ve CH4 Wishbone Chair (URL 6, 2024; URL 7,
2023; URL 8, 2020)
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3.2.1 Ahsap biikme mobilyalarin i¢c mekanda kullanimi

Thonet sandalyelerinin en bilinen 6rnegi, 1859 yilinda iiretilen ve baglayici elemanlar hari¢
alt1 yapisal elemandan olusan 14 numarali sandalyedir. Yalinligi, hafifligi, diiz ve kiibik
ambalajlarda saklanabilmesi gibi avantajlar1 sayesinde 14 numarali sandalye diinya ¢apinda
en ¢ok satilan sandalyelerden biri olmustur ve giiniimiizde hala tiretilmekte ve cesitli islevlere
hizmet eden i¢ mekanlarda siklikla kullanilmaktadir. Bu yoniiyle basta 14 No’lu sandalye
olmak (zere Thonet sandalyelerinin zamansiz tasarimlar oldugu ifade edilebilir (Sekil 8).
Ozgiin tasarimlar, zamansizlik kavrammi olumlu yénde etkilemektedir. Fakat 6zgiinliik bash
basima bir tasarimin zamansiz olmasini saglamamaktadir. Seri iretime uygun olusu, ekonomik
olusu, uygun materyal se¢cimi, fonksiyonellik, rasyonellik, yalinlik ve farkli secenekler sunma
gibi Ozellikler zamansizlik kavramini1 6nemli 6l¢iide etkilemektedir (Ezenci ve Sen, 2018; 16).

Sekil 8. Hotel Zander K, Claesson Koivisto Rune, 2017 (URL 9, 2017)
3.3. Marcel Breuer ve ¢elik boru mobilya

Bauhaus oOgrencilerinden ve sonrasinda da &gretmenlerinden olan Marcel Breuer, 20.
ylizyilin en etkili tasarimcilarindan ve modernist hareketin onciilerinden biri olarak kabul
edilmektedir (Wilk, 1981). 1921 yilinda Weimar’daki Bauhaus’a 6grenci olarak kaydolmus
ve 1925 yilinda “geng usta” unvanini almistir. Marcel Breuer’in tasarim anlayisi, Bauhaus’un
onciilerinden oldugu modernizm anlayisiyla sekillenmis, bigim ve islev arasinda gucli bir
denge ve iliski kurma arzusuyla beslenerek gelismistir. Breuer, tasarimlarinda siislemeyi
dislayarak, yapinin kendi dogalligindan gelen siissiiz estetigi one ¢ikarma amacinda olmustur.
Ona gore 1yi bir tasarim, islevselligini koruyarak yalin kalabilmeli, tiretilebilirligi ve kullanim
kolaylig1 sayesinde genis kitlelere ulasabilmelidir (Wilk, 1981).

Breuer, Bahaus’un Dessau’daki doneminde marangozluk atdlyesinin baskanligini
iistlenmis ve benimsedigi tasarim yaklasimi ekseninde mekansal anlayismin yaninda mobilya
icin yeni ve minimize edilmis form arayislar1 i¢inde olmustur. Bauhaus'taki egitimi ve
Ogretim yillar1 boyunca malzeme kullanimina yonelik yenilik¢i yaklagimlariyla taninmis ve
mobilya tasariminda Onemli gelismelere Onciiliikk etmistir. Geleneksel ahsap is¢iliginden
uzaklagarak modern malzeme ve {liretim yontemlerine yonelmesi, onu 20. yiizyilin en
yenilik¢i tasarimcilarindan biri yapmistir (To6th, 2013). O donemde, ¢elik boru ve kontrplak
gibi modern malzemelere yonelmesi hem estetik hem de Gretim teknigi acgisindan devrim
niteligindedir. Ozellikle hafiflik kavramia olan bagliligi, Breuer'in tasarim anlayisinin temel
taglarindan biri olmustur (Bergdoll, 2018).

Sanayi Devrimi sonrasi olusan ihtiyaclar dogrultusunda mobilya tasariminda islevsellik,
dayaniklilik ve seri iiretim 6n plana ¢ikmistir (Cvetkovski ve Sidorenko, 2019). Bu siireg,
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geleneksel bicimsel karmasay1 ortadan kaldirarak yalin, pratik ve ekonomik ¢éziimler iireten
bir tasarim dilini tesvik etmistir. Mobilyada sadelesmeye gidilmis ve temel malzemelerin en
yalin halleri kullanilmaya baslanmistir (Ezenci ve Ozkaraman Sen, 2018). Bauhaus ekoliiniin
bir getirisi olan bu egilimi benimseyen Breuer, islevselligi ve malzemenin dogasini 6n planda
tutarak formu en sade ve etkili haline getirmeyi hedeflemistir. Bu anlamda mobilyalarinda
geleneksel tiretim tekniklerinden uzaklasarak, endiistriyel iiretimin sagladigi imkanlarla
malzemeyi yeniden yorumlamistir. Bu yaklasimi dogrultusunda da seri liretime uygun
mobilya tasarimlar1 ortaya koymustur. Dolayistyla Le Corbusier’in “konut iginde yasamak
icin bir makinedir” mottosuyla paralel bir sekilde “sandalye iizerinde oturmak igin bir
makinedir” anlayismi somut bir sekilde yansittig1 ifade edilebilir (Ilekovic ve Ilekovic, 2023).

Breuer, 1925 yilinda konutta kullanilmak iizere tasarladig: ilk biikiilmiis boru seklindeki
celik mobilyalar1 tiretmistir (Cacciola, 2022). Bu anlamda ¢elik boru mobilyalarm mucidi
olarak bilinmektedir. Modern i¢ mekanlara ve modern seri tretim yontemlerine benzersiz bir
sekilde uygun olan boru seklindeki celik mobilyalara Onciililk etmesi, mobilya tasarimi
alaninda 6nemli bir gelismeyi temsil etmektedir (Alkholy, 2024) (Sekil 9). Bauhaus'ta oldugu
donemde ilk boru ¢elik mobilyalarini tasarlamis ve 1926'da mobilyalarini iirettigi “Standard
Mobel” sirketini kurmustur (Cacciola, 2022).

Malzeme ve form arasindaki iliskiyi yeniden tanimlayan Breuer, celik borunun
biikiilebilirligi ile mobilya formunu yeni bir boyuta tagimistir. Breuer’in bu tasarim karari,
yalnizca teknik bir tercih degil, ayn1 zamanda modern yasamin hizina, islevselligine ve yalin
estetik anlayigina verilen bir yanittir (Johnson, 1984). Mobilyay1 bir sanat nesnesinden ¢ok
islevsel bir yap1 08esi olarak goren bu yaklagim, donemin diger Bauhaus tasarimcilariyla
ortak bir zeminde bulugsmustur. Breuer’in tasarim anlayisinimn bir diger yonii de kolay ve hizli
iiretim iizerinden tanimladigi toplumsal diisiincedir. Breuer, bireysel kullanim i¢in degil,
endiistriyel Olcekte ve toplumun farkli kesimlerine hitap edecek iirlinler gelistirmeyi
hedeflemis ve tasarimlarini bu yonde sekillendirmistir. Bu dogrultuda mobilya tasarimlari,
yalnizca estetik anlamda degil, ayn1 zamanda ekonomik malzeme kullanimi, modiilerlik ve
seri iiretim olanaklar1 anlammda da deger tasimaktadir (Ozkan ve Oztiirk, 2023). Ozellikle
Standard Mobel firmasi araciligiyla ¢elik boru mobilyalarinin seri {iretime gegirilmesi
Breuer’in bu alandaki 6nciiliigiinii pekistirmistir.

Breuer’in tasarim yaklasiminin Bauhaus felsefesiyle i¢ ige gectigini sdylemek miimkiindiir.
Mobilya tasarimma olan yaklasiminda islev ve malzemeyi tasarimin merkezine
yerlestirmistir. Yenilik¢i bakis agisiyla, kullanilan malzemenin sinirlarini zorlarken, kullanici
konforunu ve ergonomiyi goéz ardi etmemis, ayni zamanda bi¢imsel sadeligi korumaya
odaklanmistir (Alkholy, 2024). Dolayisiyla onun tasarim felsefesi ve mobilyaya olan
yaklagimi modernizmin estetik ve iiretime dayali taleplerini karsilamistir. Breuer, islev
acisindan basarili oldugu kadar, gorsel anlamda giiclii Ornekler ortaya koyan oncili bir
tasarimc1 olarak var olmustur. Bicim, malzeme ve yenilik ekseninde gelistirdigi diisiinsel
altyap1, yalnizca modern mobilya tarihinde degil, ¢agdas tasarim anlayisinda da giiglii bir iz
birakmustir (Ilekovic ve llekovic, 2023).

Marcel Breuer’in ¢elik boru mobilyaya yonelimi hem teknik hem de ideolojik olarak
modernizmin doniim noktalarmdan biridir. Breuer’in en ikonik tasarimi olan ve 1925 yilinda
tasarladigt Wassily Chair (B3 Modeli), modern mobilya tasariminda ¢elik borunun
potansiyelini gosteren ilk drneklerden biridir (Cacciola, 2022). Wassily Chair hem formal
anlamda hem de seri liretime uygunlugu anlaminda mobilya tasarimi alaninda oncii olarak
kabul edilmektedir. Breuer, ahsap gibi geleneksel malzemelerin smirlarin1  agmaysi,
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modernizmin ilkelerine uyum saglayacak tasarimlar ortaya koymayi arzulamistir. Bu
baglamda celik; hafiflik, seffaflik, dayaniklilik ve seri iiretime uygunluk gibi 6zellikleri ile
sadece bir malzeme degil, ayn1 zamanda bir ¢agin ideali olmustur (Alkholy, 2024). Biitiin bu
ozellikler goz Oniinde bulunduruldugunda Wassily Chair, Bauhaus’un ve bununla ilintili
olarak modernizmin ideallerini ve felsefesini temsil eden bir ikon haline gelmistir (Ozkan ve
Oztiirk, 2023).

Wassily Chair’m biikiilmiis ¢elik borudan olusan iskeleti, endiistriyel goriiniimiine ragmen
insan vicuduna ve ergonomisine uyumlu formlar sunmaktadir (Sekil 10). Formunda &ne
cikan sey sadece biikiilmiis ¢elik borunun kullanimi degil ayn1 zamanda mekéanda “bosluk”
fikrinin tasarima dahil edilmesidir. Breuer’in bu sandalyesi, kalin ve kapali hacimler yerine
acik ve akiskan bir yap1 onermektedir. Bu tasarim anlayisi, geleneksel masa ve sandalye
formunu donistiiriirken, kullaniciya fiziksel ve gorsel hafiflik sunmaktadir (Ertas Besir ve
Dereci, 2021). Wassily Chair kullaniciyr dort sabit ayak iizerine sikica yerlestirmek yerine
oturma kismindaki gerilmis deri ya da kanvas sayesinde kullaniciya bir boslukta sallaniyor
hissi vermektedir. Bunun yaninda sandalye hacimsel olarak genis bir alan1 kaplamasina karsin
hafif yapis1 sayesinde kolaylikla tagsinabilmektedir (Bergdoll, 2018). Wassily Chair, biikiilmiis
ve birbirine crvata ile baglanmis dokuz parca ¢elik borudan olusmaktadir. Orijinal
dosemesinde metalik bir tuval goriiniimiine sahip oldugu diisiiniilerek, ince dokunmus bir at
kit kullanmilmigtir. Ancak sonrasinda biiyiik olcekli iiretime gegildiginde déseme igin
Eisengorn ya da Ironcloth ticari adiyla pazarlanan bir malzeme de kullanilmaya baslanmistir.
Bu materyal kanvas benzeri bir doseme malzemesi olarak bilinmektedir (Wilk, 1981).

Breuer’in ¢elik boru mobilyayla birlikte getirdigi yenilik¢i bakis agis1 20. yilizyilin
ortalarinda gelisen endiistriyel tasarim anlayismim temelini olusturmustur (Cvetkovski ve
Sidorenko, 2019). Ozellikle B32 modeli diger bir adiyla Cesca Chair, yapisal sadeligi,
ergonomik formu ve seri Uretime uygunlugu ile bugiin hdla ¢agdas mobilya endiistrisinde
kullanilmaktadir (Alkholy, 2024). Seri iiretime gegilmesiyle birlikte mobilya artik sanat eseri
olmaktan ¢ikmis, giindelik hayatin ulasilabilir bir pargasi haline gelmistir (Wilk, 1981).
Ancak tasarimlarin iiretiminde kullanilan baglant1 elemanlarinin ve doseme malzemelerinin
maliyetli olmasi, bu sandalyelerin kisa vadede yaygilagmasini zorlastirmistir (Sahinkaya,
2009).

M. STAM M. BREUER L. MIES VAN DER ROHE
1926 1927 1927
TRUCTURAL PROTOTYPE B33 MR 10

Sekil 9. Cesitli tasarimcilar tarafindan tasarlanan, ¢elik boru konstriiksiyonlu konsol
sandalyeler (Vulin llekovic ve llekovic, 2023)
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Wassily Chair’in 1960'hh yillarda Dino Gavina tarafindan yeniden iiretilmesiyle birlikte
Breuer'in tasarimi “zamansiz modern mobilya” kavramimnin bir simgesi haline gelmistir
(Cacciola, 2022). Bu silireg, modernist mobilya tasariminin yaygmlasmasinda onemli bir
doniim noktasi olmustur. Bu baglamda Wassily Chair, yalnizca bir tasarim objesi degil, ayni
zamanda bir paradigma degisiminin fiziksel karsiligi olarak degerlendirilmektedir.
Bukilebilir celik borular, modernizmin, teknolojinin ve seri iiretimin gelecegini temsil
etmektedir. Bu, Breuer’in tasarim vizyonunun temel yapi taglarindan biridir ve modern
mobilya tarihinde hala yankilanmaktadir (Toth, 2013).

Sekil 10. Marcel Breuer tarafindan sirastyla 1925, 1926 ve 1928 yillarinda tasarlanan Wassily
Chair (B3), B5 Chair ve Cesca Chair (URL 10, 2013; URL 11, 2025; URL 12, 2025)

Marcel Breuer’in Onciiliigiinde gelisen ¢elik boru mobilya anlayist 20. yiizyilda
modernizmin sembolii haline gelmistir. Bu anlamda ¢elik boru mobilya iiretiminin dénemin
tasarim anlayisini tamamen degistirdigi ifade edilebilir. Ahsap is¢iligi ve geleneksel iiretim
yontemlerinden uzaklasan ¢elik biikme mobilya tasarimlariyla birlikte mobilyalarin toplumsal
anlamda erisilebilirligi de artmustir. Breuer’in yenilik¢i malzeme kullanimi ve iiretim odakli
yaklagimi bugiiniin siirdiiriilebilir ve rasyonel tasarim arayiglarina ilham vermektedir.
Breuer’in arkasinda biraktigi izler bigimsel ve estetik bir stilin degil ayn1 zamanda diisiinsel
bir yaklagimin ve iiretim tekniginin temsili olarak hala gilincelligini korumaktadir.

3.3.1. Celik boru mobilyalarin i¢c mekinda kullanim

Breuer’in tasarimlar1 yalnizca mobilya endiistrisinde degil ayn1 zamanda mimarlik ve
icmimarlk disiplinlerinde de etkili olmustur. Bauhaus’un disiplinleraras1 anlayis1 sayesinde,
mobilya artik yalnizca bir esya degil, bir mekanin deneyimsel ve diisiinsel uzantis1 olarak
goriilmeye baslanmistir (Ertas Besir ve Dereci, 2021). Breuer’in ¢elik mobilyalari, “mekanda
bosluk™ fikriyle birlikte okunmus; seffaflik, hafiflik ve yapisal goriiniirlik gibi modernist
degerlerle biitiinlesmistir (Toth, 2013). Ozellikle Marcel Breuer’in Wassily Chair ve Cesca
Chair gibi tasarimlari, mekan i¢inde hem gorsel hafiflik hem de yapisal netlik sunarak
icmimarlikta yeni bir donem baslatmistir (Wilk, 1984). Bu mobilyalar, i¢ mekanda boslukla
kurduklar1 iliski sayesinde, kalabalik hissi yaratan klasik donat1 elemanlarina alternatif olarak
aciklik, seffaflik ve akiskanlik sunmustur (Giovannelli, 2023). Celik borularin biikiilmesiyle
elde edilen formlar ve ortaya ¢ikan mobilyalar, mekanin i¢indeki varligini gorsel olarak
azaltmasina karsin, islevselligini siirdiirmiistiir. Bu durum, modern konutlarda ya da kamusal
alanlarda kullaniciya daha esnek ve diizenlenebilir bir yerlesim imkani sunmustur (Toth,
2013). Baz1 mobilya tasarimlari, belirli binalarin i¢ mekanlarinin ayrilmaz ve orijinal bir
parcasi olarak yaratilmis olmasina karsin, bazilar1 belirli bir mekanla herhangi bir iligkisi
olmaksizin, kiigiik ama zorlu bir tasarim gorevine verilen yaratici yanitlar olarak ortaya
cikmistir (Vulin Ilekovic ve Ilekovic, 2023). Bu durum i¢ mekanin biitiinciil, kendine has ve
biricik tasarimu ile endiistriyel tasarimin tekil ve seri liretime yakinlig1 arasindaki benzer ama
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birbirinden farkl iki tasarim disiplinine isaret etmektedir. Her iki senaryoda da mobilyalarin
mekanin kurgusuna, tasarim diline ve atmosferine dogrudan katkida bulundugunu séylemek
miimkiindiir (Sekil 11).

Sekil 11. St. John’s Universitesi, Alcuin Kiitiiphanesi, Hedrich-Blessing Koleksiyonu,
Chicago Tarih Muzesi (Bergdoll, 2018)

Bu mobilyalarin hafiflikleri ve geometrik formlari, donemin mekansal tasarim anlayisiyla
biitiinlesen bir i¢ mekan dili olusturmustur (Téth, 2013; Ertas Besir ve Dereci, 2021). I¢
mekan ¢elik biikkme mobilyalarin kullanimi, bigim ve malzeme anlaminda yakaladig1 yenilik¢i
bakis agismin yani sira, kullanict deneyimi baglaminda da bir doniisiime sebep olmustur.
Geleneksel masif mobilyalarin agir ve sabit yapisina karsin bu mobilyalar daha hafif, kolay
tagmabilir ve uyarlanabilir olmalari, 6zellikle modern yasamin ihtiya¢ duydugu dinamik ve
esnek yerlesim bigimlerine olanak tammmistrr (Sahinkaya, 2009). Ornegin, kolcak, sirthk ve
oturma yiizeylerinin bagimsiz olarak tasarlandigi celik boru mobilyalar, modiilerlik fikrini
destekleyerek mekan icinde yeniden diizenlenebilir sistemlerin onciisii olmustur (Ottillinger
ve Jervis, 1989). Ayrica yine Bauhaus’un disiplinler aras1 yaklasimi sayesinde, biinyesindeki
mobilya ve tekstil atdlyeleriyle yapilan is birligiyle birlikte ¢elik mobilyalar i¢ mekanlara
uygun hale getirilmistir. Breuer’in tekstil atdlyesiyle birlikte yiirtittiigii bu ortak galigmalar,
ozellikle sandalye ve koltuklarm sirtlik, oturma ve yiizey kaplamalarinin konfor ve estetik
acisindan gelistirilmesini saglamistir (Ertas Besir ve Dereci, 2021). Bu anlamda celik biikme
mobilyalar, i¢ mekanda yalnizca yapisal olarak degil, ayn1 zamanda dokunsal ve duyusal bir
zenginlik de sunmustur (Sekil 12).

Sekil 12. Cap D" Antibes Sahil Oteli, Bernard Dubois Architects (URL 13, 2023)
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Gilinitimiizde de i¢c mekanlarda siklikla tercih edilen Breuer tasarimlari, modern konutlardan
sanat galerilerine, ofislerden kafelere kadar cok g¢esitli islevlere sahip mekanlarda
uygulanmakta, ¢elik borunun yalin dili ile mekana zamansiz bir karakter kazandirmaktadir
(Giovannelli, 2023). Ozellikle yalin ¢izgilerle mekan1 bolmeden tanimlama becerisi, ¢elik
bilkme mobilyalar1 ¢agdas mekanlarin vazgecilmezi kilmaktadir.

4 Sonuglar ve Oneriler
Bu c¢alismadan elde edilen bulgulara gore;

e Biikme teknigiyle sekillendirilen ahsap ve ¢elik boru mobilyalar tasarimcilara hem
bicimsel hem teknik anlamda cesitli olanaklar sunmaktadir. Bu yontemle modernist,
cizgisel, hafif, dayanikli, islevsel ve estetik mobilyalar tasarlanmig ve liretilmistir.

e Biikme ahsap ve celik boru mobilyalar iiretim yontemlerindeki yenilikleri ile oldugu
kadar sahip olduklar1 yeni bigimsel ve islevsel Ozellikleri bakimindan mobilya
tasarimi tarihinde birer doniim noktasini temsil etmektedir.

e Biikme mobilya iiretim teknigi, mobilya tasarimi alaninda Onemli gelismeler
yasanmasina katkida bulunmustur. Basta Michael Thonet’in ve Marcel Breuer’in
sandalyeleri olmak iizere hem biikme ahsap hem de ¢elik boru mobilyalar kendi
iiretim modellerinin dnciiliigiinii yapmustir.

e Michael Thonet ve Marcel Breuer tarafindan tasarlanan bitkme ahsap ve celik boru
mobilyalar tasarlandiklar1 giinden bu yana gesitli islevlere hizmet eden mekanlarda
kullanilmistir. S6z konusu mobilyalarm tiretimi mobilya treticisi firmalar tarafinda
devam etmekte ve giinlimiiz i¢ mekanlarinda da siklikla kullanilmaktadir.

e Calismanin, giinlimiizde kullanilan gesitli biikme mobilya iiretim teknikleri ile ilgili
yeni arastrmalara katkida bulunacagi ve bu dogrultuda tasarimcilarin biikme
teknigini mobilya tasarimlarinda kullanabilecegi dngoriilmektedir.
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Brief review of bamboo particle-based composites: parameter and
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ABSTRACT: Bamboo is a non-wood material, known as a fast-growing plant with great
potential in sustainable composite production. This brief review synthesizes recent studies
(2019-2025) on bamboo-particle composites and more on conventional bamboo particle-
based composites, specifically focusing on composite types like sandwich particleboard and
single-layer particleboard. The primary objective is to explore their materials, resulting
properties, manufacturing processes, and development trends. This review examines materials
typically bonded with synthetic adhesives (e.g., amino-plast, phenolic resins and non-
formaldehyde resins), which are suitable for cost-effective applications. The study covers the
influence of various bamboo species, processing parameters (e.g., particle size and density),
and adhesive types to establish the crucial parameter-to-property relationships that govern
performance. It focuses on bamboo particle materials that complement engineered bamboo
production while positioning bamboo as a low-cost, high-performance substitute for
conventional wood panels. This brief review is a valuable resource for researchers and
industry stakeholders, including particleboard and furniture manufacturers, seeking to utilize
bamboo as an eco-friendly alternative.

Keywords: bamboo, particle, composites, furniture

Bambu parcacik bazh kompozitlerin kisa bir incelemesi: parametre ve
performanslar

OZ: Bambu, strdtrlebilir kompozit tretiminde blyik potansiyele sahip, hizli bilyiiyen bir
bitki olarak bilinen, odun dis1 bir malzemedir. Bu kisa derleme, bambu parcacik kompozitleri
ve Ozellikle sandvi¢ yonga levha ve tek katmanli yonga levha gibi kompozit tiirlerine
odaklanarak, geleneksel bambu parcacik bazli kompozitler {izerine yapilan son caligmalari
(2019-2025) sentezlemektedir. Birincil amag, bu malzemelerin ortaya ¢ikan ozelliklerini,
tiretim siireglerini ve gelisim trendlerini incelemektir. Bu inceleme, maliyet etkin uygulamalar
icin uygun olan sentetik yapistiricilarla (6rnegin, amino-plast, fenolik regineler ve formaldehit
icermeyen recineler) tipik olarak yapistirilan malzemeleri incelemektedir. Calisma,
performansi belirleyen onemli parametre-6zellik iliskilerini olusturmak icin ¢esitli bambu
tirlerinin, isleme parametrelerinin (6rnegin, pargacik boyutu ve yogunlugu) ve yapistirici
tiirlerinin etkisini kapsamaktadir. Bambuyu geleneksel ahsap paneller i¢in diisiik maliyetli,
yiikksek performanshi bir alternatif olarak konumlandirirken, miihendislik triinii bambu
tiretimini tamamlayan bambu parcacik malzemelerine odaklanmaktadir. Bu kisa inceleme,
bambuyu c¢evre dostu bir alternatif olarak kullanmay1 hedefleyen arastirmacilar ve sunta ve
mobilya iireticileri de dahil olmak tizere sektor paydaslari i¢in degerli bir kaynaktir.

Anahtar kelimeler: Bambu, Yonga, Kompozitler, Mobilya
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1 Introduction

For decades, Malaysia’s wood-based industries, especially the furniture industry, have
relied on wood, namely rubberwood as a raw material in composites manufacturing,
especially particleboard and medium-density fibreboard (MDF) industries. Rubberwood
(Hevea brasiliensis) is used mainly for furniture as a light hardwood and has pale cream in
colour with good machining properties (Nair, 2020). However, most researchers are currently
looking for alternative materials due to the depletion of the log supply. Bamboo has been used
as a sustainable alternative wood material, owing to its promising properties and wide
availability in tropical regions. There are approximately 123 genera and more than 1500
species of bamboo worldwide (Ahmad et al., 2021). Globally, bamboo resources cover an
estimated 31.5 million hectares, accounting for about 0.8% of the total global forest area
(Fahim et al, 2022). In their study, most of this bamboo thrives in the Asia-Pacific region,
with the largest tracts concentrated in India and China. Additionally, the Americas host
significant diversity, boasting around 430 different species of woody bamboo that are spread
across South, Central, and North America. Bamboo composites have gained significant
attention in recent years due to their promising properties in various applications. It is due to
its rapid growth, high strength-to-weight ratio, and has emerged as a renewable alternative to
traditional wood or timber (Nayak et al., 2013). The presence of bamboo as a material in
composite will not only provide low dependability of logs but also unlock good opportunities
for high-performance applications by leveraging the unique properties of bamboo combined
with modern composite technologies.

The development of bamboo-based materials can be categorized into conventional and
advanced bamboo composites, each offering distinct advantages and applications.
Conventional bamboo composites primarily include particleboard, sandwich boards, oriented
strand board (OSB), fibreboard, and plywood. These materials are manufactured by
combining bamboo fibers with adhesives or resins, offering strength and stability suitable for
construction and interior design applications (Santhosh et al., 2022). Bamboo particleboard,
for example, is produced by binding bamboo particles with a resin, and it has been found to
exhibit comparable properties to conventional wood-based particleboards (Li et al., 2019).
The uses of polymeric resins, such as epoxy and polyester, as matrices for bamboo materials
offer significant potential for applications in sectors such as automotive parts (Yu et al.,
2024).

Nevertheless, the scope of this review paper is delimited to bamboo particle materials
utilized in conventional composites as documented in the literature over the preceding five-
year period (2019 to 2025). This recent review highlights the importance of bamboo as a
particle-based material for composites, given its role in sustainable waste management and its
capacity to serve as a direct, low-cost substitute for traditional wood panels. This review also
categorized the bamboo-particle composite into two types: sandwich particleboard and single
layer particleboard, which differentiates the review from the previous review done by Gauss
et al. (2019). Additionally, the manufacturing of bamboo particle-based composites can be
considered as a quite interesting option to complement the engineered bamboo production
chain. Krug et al (2023) note that the following material types fall under particle-based
materials: particleboard, extruded particleboard, molded particleboard, and OSB. Therefore,
the main aim of this research on bamboo particle composites is to guide particleboard
manufacturers, furniture manufacturers, and supporting researchers seeking to use bamboo as
a durable, cost-effective substitute for conventional wood.
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2 Bamboo-particle composites

Over the past decade, numerous studies have explored the potential of bamboo in the
development of sustainable composite materials. Table 1 tabulates the previous studies on
bamboo-particle composites in general. However, Table 1 primarily details previous studies
on advanced polymer-bamboo-particle composites, as the data for conventional bamboo-
particle composites will be covered in the following chapter. As shown in Table 1, the focus
of bamboo studies can be varied to various types of composites, ranging from conventional to
advanced polymer reinforced composites. Most conventional composites focused on bamboo

particleboard manufactured with

synthetic

thermosetting adhesives,

namely urea

formaldehyde, phenol formaldehyde, bio-polyurethane adhesive and unsaturated polyester
resin. Therefore.—bamboo particles can yield composites with various mechanical strength
comparable to or superior to traditional wood-based panels (Suwon et al., 2020; Wu et al.,

2020).

Table 1. Previous studies on bamboo-particle composites

Materials and

Focus of study Binder Key Findings Authors
E:;eﬁggf [::Sr;'iﬁle size Bamboo particle. and Larger particles contribute to better
P g . . P ' mechanical properties of bamboo Lu et al. 2025
parameters on properties  zein solution composite
of bamboo composite P
Demonstrated that bamboo reinforced
Bamboq-based polymer Bamboo fibers, and pol_ymer composite exhibit corrosion
composites for olvmers resistance compared to traditional materials ~ Yu et al. 2024
automotive applications Poly! and offer lightweight suitable for
automotive parts.
Bamboo particle The bamboo particle composite
00 P Bamboo particles, and  performance met the standard requirements
blending system on the - - - Zhao et al.
ronerties of its phenol-formaldehyde for furniture particleboard, and the potential 2023
Propertie PF) resin exists to further improve its thermal
composites P
P properties.
Investigated the reinforcement of bamboo
Bamboo fiber reinforced Bamboo fiber, and fibers with epoxy resin, achieving enhanced  Mousavi et al.
polymer composites epoxy resin tensile and flexural strength in the 2022

composites.

Fabrication of bamboo
polymer composite
panels

Bamboo fibers, and
polyester resin

Highlighted that the combination of
bamboo fibers with polyester resins has
potential engineering applications

Santhosh et al.
2022

Development of new
particleboard made from

Bamboo particle,
sesame stalk, and urea

The internal bonding strength, water
absorption, and thickness swelling highly
depending on particle size where the

Legesse et al.

S; rlr;(boo and sesame Igsrmaldehyde (UF) decreasing of particle size exhibit better 2021
internal bonding & stability.
. Bamboo particles, and  Particleboard was made from bamboo
Properties of bamboo - . I Suwan et al.
- bio-polyurethane waste combined with bio-polyurethane
particleboard - . . 2020
adhesive adhesive based on recycled palm oil
Bamboo particleboard . The mechanical properties of bamboo
bonded with Bamboo particles, and particleboard significantly improved when
unsaturated polyester Wu et al. 2020

formaldehyde-free
adhesive

resin

using unsaturated polyester resin, with
better usability and higher efficiency

Properties of bamboo
thermoplastic composite
from six fractions of
bamboo particles

Bamboo particle, and
polypropylene (PP)

The processability, mechanical properties,
creep-recovery, and dynamic viscoelasticity
of the bamboo thermoplastic composite
were influenced by the composition of the
bamboo fractions

Tanetal. 2019
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Meanwhile, numerous studies are also done on the manufacturing of advanced bamboo
composites, where bamboo acts as reinforcement in matric composites. Both thermoplastic
and thermoset polymer matrices, such as epoxy, polyester, and polypropylene, can be used as
polymer matrices for advanced bamboo composites (Santhosh et al., 2022; Bai et al., 2022,;
Yu et al., 2024). According to our observations, the use of bamboo particles in advanced
composites ranges from 40 to 250 mesh sizes. However, different mesh sizes are attributed to
different properties (Martijanti et al., 2021). Advanced bamboo-particle polymer composites
could achieve high-strength and weather-resistant properties, and lightweight properties allow
bamboo composites to be considered for automotive parts application (Lu et al., 2018). While
hybridization of bamboo fiber and epoxy resin results in composites with better tensile and
flexural strength (Mousavi et al., 2022). From these studies, a clear path of bamboo-particle
composite is observed, whereas the use of bamboo in composite manufacturing can provide
optimized mechanical performance, environmental resistance, and application-specific
functionality.

3  Conventional bamboo-based particle composite

Particles are one of the wood elements in wood composite manufacturing. Many types of
wood particles can be used in composites, either as main constituents or as reinforcement
elements, namely chips, particles, strands, fibres, and flakes (Stark and Cai, 2010). Different
types of wood elements normally give diversity in their properties with different processing
challenges. Particleboard also known as wood-based composite, or biocomposite, or
engineered wood product fabricated by combining wood chips, particles, or other
lignocellulosic particles with synthetic thermosetting adhesives.

Particleboard is produced by mechanically reducing the wood raw material into small
particles, applying adhesive to the particles, and consolidating a loose mat of the particles
with heat and pressure into a panel product (Stark and Cai, 2010). The production process for
bamboo particles begins with harvesting and cutting the bamboo (Figure 1) Then, the process
will be based on bamboo elements, namely particles or strand forms. Particles are usually
produced from culms (node and internode) and bamboo processing residues, while long
strands are produced by cutting the culm into strands using a bandsaw. Before mixing and
forming, the particles need to be screened and dried up to 5-8% moisture content (MC). The
particles will be blended with thermosetting adhesive and then subjected to heat and pressure,
allowing the adhesive to cure and bond the particles into a solid panel. The performance of
the particleboards normally varies by the geometry of the particles, resin levels, density of the
board, and manufacturing processes (Owodunni et al., 2020). Interestingly, particleboard
represents one of the earliest and most cost-effective methods of composite production, as the
raw material can be varied, ranging from wood to any lignocellulosic materials such as
bamboo.

1. Raw 3.
terial i o
[’H;I:z Screening 5. Mixing &
harvesting « For . Formmg . .
. Bamboo particles . Bamboo + 7. Trimming
cutting only Adhesives + Cutting
o (o) o o o (o) o
2. Particle/Strand 4. Drying 6. Pressing
preparation - 5-8% MC - Cold Press

- Hot Press
(Pressure +
Heat)

« Hammermill/ Flaker-
particles
- Bandsaw - long strand

Figure 1. Manufacturing process of conventional bamboo-based particle composites
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Table 2. Bamboo species, composite types, parameters and properties of bamboo-based
particle composites

Bamboo spp Mixture  Particle Composite Binder/ Resin  Board Properties Author
spp length type Adhesive level d ity TS WA MOR _ MOE 1B
(em) (%) (kg/m2) (MPa) _(MPa) (MPa)
Lowland Coffee 0.075- Particleboard UF* 12 Muche &
bamboo (B) husk & 0.3 Gebremedhen,
maize cob 50 B 449-871 n/a 20 55 2025
25B 31 25 n/a n/a
75B 15 73
12.5B 4 15
33.3B 24 38
Bamboo waste Durian 0.05- Particleboard UF* 7 650 23 n/a 14 n/a 0.31 Tang &
husk 0.2 8 22- 13-16 0.33 Nguyen,2025
11.5 23 14-17 0.36
15 21- 16-17 0.40
16 22 17 0.43
19-
20.
18
Bamboo n/a n/a Particleboard  Plant oil-based 16 750 16.3 n/a 16.3 2510 0.82 Zhang et al
adhesive 18 15.2 18.4 2760 1.07 2024
20 12.4 19.5 2860 1.26
Phyllostachys n/a 4-8 Sandwich Methylene 7.5— 550— n/a n/a 9.5- 2097- 0.01- Gholizadeh et
Bambusoides particleboard diphenyl 9.5 650 3 8431 0.08 al, 2023
Face- strip diisocyanate
Core- flake (MDI) resins,
Polyurethane
adhesive
Dendrocalamus Balsa wood 9 Sandwich Castor oil 8 650 20 49 28 5804 0.73
asper strand particleboard  polyurethane + 1012 13 29 40 6955 0.96 Barbirato,
isocyanate 15 10 29 50 8393 1.38 2022
8 24 43 6579 132
Gigantochloa Kemenyan 7.5 Particleboard Isocyanate 7 Iswanto et al
pruriens strand wood 25 2022
(Face) (Styrax Sawdust-B
sumatrana) Shaving-B 640- 6.5- 46- 11-22 3340- 0.2-
(Core) 680 7.4 68 43-48 5280 0.3
620- 7.0-  31- 6910-  0.1-
670 9.6 46 13630 0.2
Dendrocalamus n/a 2 (fine) Particleboard Isocyanateresin 2 800 6.9 65 13.7 1330 0.57 Karlinasari et
asper 10 of 3.9 44 156 1520 0.33 al, 2021
(coarse) diphenylmethane
diisocyanate
Belangke Raru wood 25 Sandwich Isocyanate 7 680- 3.9- 34 442- 53522— 1.46— Iswanto etal
bamboo particleboard 750 9.1 - 825 95730 3.80 2021
(Gigantochloa 63
pruriens)
Strand (Face)
Semantan n/a 1-3 Particleboard UF* (U) &MUF* 3.5U 600 209 98 9.5 1455 0.46 Bahari et al
bamboo ™) 5U 20 82 114 1500 0.56 2021
(Gigantochloa 3.5M 27 98 10.9 1463 0.44
scortechinii) 5M 20 78 16.2 1831 0.72
Belangke Sugar palm 2.5-5 Sandwich Isocyanate 8 750 8.3- 40- 15-43 2404- 0.03- Iswantoetal,
bamboo fiber, particleboard 22.9 80 4303 0.40 2020
(Gigantochloa  Bagasse,
pruriens), Cornstalk
Tali bamboo
(Gigantochloa
apus)
Dendrocalamus n/a 0.05- Particleboard UF* 10 650 9.3 42 7.6 981 0.25 Bazzetto et
asper strand 0.02 8.9 44 72 927 0.27 2019
(mesh*) 89 44 6.0 774 0.28
9.4 45 5.2 693 0.26
Belangke Cornstalk 5 Sandwich Isocyanate 8 700 155 57 71 20311  0.73 Iswanto, &
bamboo (Core) 10 particleboard 14.5 47 333 42156 1.00 Ompusunggu,
(Gigantochloa 15 12.2 41 309 35360 1.14 2019
pruriens) 20 7.0 38 322 30875 1.21
(Face)
Rubberwood n/a n/a Particleboard UF* 10 700 44.1 115 9.3 1543 0.76 Huaxu et al,
(Control) 2020
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Table 2 shows the bamboo species, composite types, parameters and properties of
conventional bamboo-based particle composites reported in studies conducted over the past.
Rubberwood particleboard bonded with 10% urea formaldehyde is included as a control
board. As a result of observations, four main species have been studied, namely Phyllostachys
bambusoides, Dendrocalamus asper, Gigantochloa pruriens, and Gigantochloa scortechinii;
some of the bamboos are not mentioned specifically. Most of the studies developed sandwich
particleboards with a mixture of wood and non-wood species (Iswanto and Ompusunggu
2019; Iswanto et al., 2020; Iswanto et al., 2021; Gholizadeh et al., 2023; Barbirato, 2022;
Iswanto et al., 2022), and some produced single-layer particleboard without any mixture of
wood species (Bazzetto et 2019; Bahari et al 2021; Zhang et al 2024). Urea formaldehyde
(UF) and isocyanate resins are among the most used by the previous studies as a binder of
bamboo-based particleboard. Apart from that, melamine urea formaldehyde (MUF), plant oil-
based adhesive, methylene diphenyl diisocyanate (MDI) resins, polyurethane adhesive, and a
combination of castor oil polyurethane and isocyanate resins are used.

3.1 Bamboo sandwich particleboard

For sandwich type particleboard, most bamboo particles, strands or strips are used as the
face of the composite, and the core consists of wood or non-wood particles. Bamboo can
contribute to high bending strength on the particleboard due to the denser structure of the
bamboo strand on the surface layer of the sandwich particleboard (Iswanto et al 2017).
Gholizadeh et al. (2023) investigated bamboo-based lightweight dense wall panels sandwich
particleboard made from Phyllostachys bambusides using the Response Surface Methodology
method. In their study, they used bamboo particles/flakes as core layers and combined with
thin wall bamboo strips as face layers and investigated the effects of three variables, namely
density of core layer, resin consumption in core layer, and resin consumption in faces, on the
physical, mechanical and thermos-acoustic properties of the sandwich particleboards. The
optimized panels achieved a modulus of rupture (MOR) of 17.16 MPa and a modulus of
elasticity (MOE) of 5.669 MPa, indicating good bending performance. Internal bonding
strength was recorded at 0.02 MPa, while compressive strengths were 17.60 MPa (parallel)
and 1.83 MPa (perpendicular). The panels also showed screw-holding strength of 913.3 MPa
and shear strength of 0.03 MPa. The results were reported to comply with relevant EN and
DIN standards, confirming their potential for non-load-bearing wall applications.

Barbirato (2022) investigated sandwich-style oriented strand board from wood waste,
specifically balsa wood residues and bamboo bonded using castor-oil polyurethane resin. In
his study, the mechanical and physical properties, including MOR, MOE, IB, TS and WA,
were evaluated. Results showed that the board met the minimum structural requirements by
European standard EN 300:2006, whereas the flexural stiffness of the board was
approximately 56 % higher in the longitudinal direction than transversely, with finite-element
modeling aligning closely (66 % difference). His research revealed that sandwich-type
oriented strand board can be used in structural, flooring, and ceiling applications.
Iswanto et al. (2022) produced three-layer particleboards using bamboo strands as a surface
and kemenyan wood as the core part with targeting densities of 620—690 kg/m?. In general,
using belangke bamboo strands as a surface layer resulted in higher MOE and MOR values
compared to uncoated boards. The use of belangke bamboo as a coating can increase the
MOE and MOR values by 16 and 3 times, respectively.

Meanwhile, Iswanto etal. (2021) examined the performance of soaked raru wood and
belangke bamboo particles using acetic acid and NaOH solutions (at 0, 1, 2 and 3%
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concentrations) before the manufacturing of three-layer sandwich particleboards (40%
bamboo face, 20% raru wood core, 40% bamboo back, 7 % isocyanate adhesive, ad hot
pressed at 160 °C). They found that the chemical pre-treatment significantly influenced the
physical properties, namely density (0.68—0.75 g/cm?®), moisture content (4.6-5.4 %), water
absorption (34-63 %), and thickness swelling (3.9-9.1 %), all of which mostly met JIS
A 5908 standards. Additionally, the treatment also significantly affected the mechanical
performance; improved MOE ranged from 53,500 to 95,700 kg/cm?, MOR from 443 to
825 kg/cm?, and IB from 1.46 to 3.80 kg/cm?. Higher acid concentration slightly reduced
MOR, while NaOH treatment yielded the highest MOE. Overall, treated boards, particularly
those soaked in 3 % acetic acid and NaOH demonstrated, enhanced dimensional stability and
mechanical strength, confirming compliance with standards.

In another study done by Iswanto et al. (2020), they have conducted a study on three-layer
sandwich particleboards combining belangke and tali bamboo strands on faces with non-wood
fibers (sugar palm, cornstalk, sugarcane bagasse) in the core, bonded with 8% isocyanate
resin and hot-pressed at 160 °C for 5 minutes under 3 MPa. They evaluated MOR, MOE, IB,
WA, TS, and sound absorption according to JIS A 5908 and ISO 11654 standards. Most
sandwich particleboard types meet JIS standards except for TS and IB. The board made from
belangke bamboo and cornstalk exhibited the lowest thickness swelling, while the board made
from belangke bamboo and sugarcane bagasse showed the best overall mechanical strength.
Acoustic testing revealed that a board made from tali bamboo and sugar palm fiber achieved
superior sound absorption. This demonstrates that incorporating bamboo strands and non-
wood fibers can yield dimensionally stable, mechanically robust, and acoustically effective,
environmentally friendly panels.

The effect of particle length on three-layer bamboo (belangke) and corn-stalk bagasse
sandwich particleboard using 8% isocyanate resin, hot-pressed at 160 °C under 30 kg/cm? for
5 minutes to target 0.7 g/cm?® density was done by Iswanto and Ompusunggu (2019). In their
findings, boards made with 10cm particles performed best, achieving a MOE of
42,156 kg/cm? and a MOR of 333 kg/cm?, while nearly all panels met JIS A 5908 standards
except for IB and TS values. They concluded that longer particle length enhanced bending
strength and stiffness but had a limited impact on IB and TS, suggesting optimal mechanical
performance with that particle size.

In conclusion, studies on sandwich-type bamboo particle composites show that placing
bamboo strands on the face layers significantly enhances bending strength and stiffness. A
study by Gholizadeh et al. (2023) demonstrates that bamboo sandwich particle board has the
ability to resist the tensile forces of screws, which are necessary for durable furniture
connections. Meanwhile, hybridizing bamboo with wood or non-wood cores with chemical
pre-treatment is one of the methods to optimize the properties of particleboard to achieve
greater mechanical properties that comply with international standards (En & JIS), thus
making them ideal for structural and furniture applications.

3.2 Single layer particleboard

As shown in Table 2, single layer particleboard, it can be produced either as single layer
particleboard without any mixture of wood species (Bazzetto et al 2019; Bahari et al 2021;
Karlinasari et al 2021; Zhang et al 2024), or single layer particleboard with a mixture of wood
or non-wood species (Muche and Gebremedhen, 2025; Tang and Nguyen, 2025). Zhang et al.
(2024) studied formaldehyde-free bamboo particleboards by using plant oil thermosetting
adhesives synthesized from acrylated epoxidized soybean oil (AESO) and palm oil
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dimethacrylate (MPOEA), enhanced with 2 isocyanethyl methacrylate (IEM) to improve
crosslinking and bonding. The use of bamboo in particleboards improved the mechanical
properties, dimensional stability, and good high temperature stability. The study confirmed
that plant oil adhesives can yield bamboo particleboards with mechanical and physical
performance comparable to traditional UF bonded counterparts, positioning them as viable,
eco-friendly alternatives, especially for those bonded with 20% of plant oil-based adhesive.

Meanwhile, Bahari etal. (2021) evaluated 12 mm-thick particleboards made from
Gigantochloa scortechinii bamboo particles bonded with either UF or MUF resin at low resin
levels (3.5% and 5%). They reported that boards with 5% MUF resin performed best,
showing a MOR of 16.19 N/mm? and MOE of 1830.8 N/mm?, which is higher than those with
UF or lower resin content. Only the 5% MUF samples achieved internal bond strength above
the 0.60 N/mm? threshold (0.72 N/mm?). Although TS (19.8%) and WA (~78%) showed
improvement with higher MUF levels, neither met the standard requirement. Karlinasari et al.
(2021) investigated the physical and mechanical properties of single-layer particleboard
panels made from Asian giant bamboo (Dendrocalamus asper) bonded using isocyanate resin
at two different particle sizes (fine and coarse). Findings stated that the coarse particle panels
generally exhibited superior physical and mechanical properties compared to the fine particle
panels, except for internal bonding. Although the coarse particles showed higher mechanical
values, the difference between the two particleboards was not statistically significant. The
coarse particle panel exhibited better screw withdrawal values compared to the fine
particleboard, suggesting better screw-holding properties, particularly for furniture
applications.

Bazzetto etal. (2019) also manufactured 12 mm-thick particleboards from Dendrocalamus
asper bamboo with particle sizes ranging from 0.05 to 0.02 cm. Findings show that the
particle size had no significant effect on moisture content, density, TS after 24 h, IB, or screw
holding strength, but smaller particles increased WA (at 2 and 24 h) and TS at 2 h while
reducing MOR and MOE. None of the boards met the minimum MOR or MOE requirements
for structural use, but satisfied the minimum requirement of TS after 24 h. The results indicate
that finer bamboo particles impair bending performance and dimensional stability, suggesting
that higher adhesive content or increased density are needed for structural applications.

Single-layer particleboard with a mixture of bamboo and non-wood species, namely coffee
husk and maize cob, bonded with 12% urea formaldehyde and hot-pressed at 140 °C under
3.5 N/mm? was carried out by Muche and Gebremedhen (2024). Mechanical and physical
properties are evaluated according to JIS A5908 and ASTM D1037 standards. The presence
of 75% bamboo, 12.5% coffee husk, and 12.5% maize cob exhibited the best properties,
achieving approximately 72.6 MPa MOR and 25.9 MPa compressive strength, which is 13—
23% higher than control panels under dry conditions. Meanwhile, the highest physical
properties, namely density, moisture content and WA are 871 kg/m3, 6.2%, and 15.3%,
respectively. Increased bamboo content consistently improved mechanical performance and
reduced WA, validating the ratio of 75:12.5:12.5 mix as a sustainable, high-performance
alternative for particleboard manufacturing.

Apart from that, the properties of single-layer particleboard made from durian husk were
investigated (Tang and Nguyen, 2025). The ratio of durian-to-bamboo (0-100%) with 10%
urea formaldehyde resin and hot pressing at 150 °C under 2.5 MPa for 8 minutes was applied
to create 12 mm boards targeting 0.70 g/cm? density. In their study, the optimum board, which
comprised of 50% durian husk and 50% bamboo, achieved a density of 0.68 g/cm?, MOR of
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18.5 MPa, MOE of 2500 MPa, and IB of 0.32 MPa, meeting JIS A 5908 Type 8 standards.
The value of TS was 10.5%, and WA was 25% after 24 hours, indicating that both were
within acceptable limits. These findings suggest that balanced blends of durian husk and
bamboo waste can produce particleboards with mechanical and physical properties
comparable to conventional wood-based panels.

From observation, single-layer bamboo particleboard focuses on eco-friendly adhesives
and material blending. Boards made with plant oil-based, formaldehyde-free adhesives
showed comparable strength to commercial UF types. Previous research has successfully
addressed the issue of reducing formaldehyde emissions using formaldehyde-free resins.
(Zhang et al. 2024; Wu et al. 2022; Ge et al. 2020). There are few studies on the
formaldehyde emission of conventional bamboo-based particle composites. However, Si et al
(2022) produced bamboo particleboard at different levels of carbonization, whereas the
deepening of carbonization increases the formaldehyde emissions of bamboo particleboard. In
their study, formaldehyde emissions of original bamboo particleboard (OBP), light carbon
bamboo particleboard (LBP) and deep carbon bamboo particleboard (DBP) were 1.9 mg/100
g, 2.8 mg/100 g and 5.0 mg/100 g, respectively, which were lower than the limit value (9
mg/100 g) of the standard (GB/T 18580-2001) for particleboard that can be used directly for
indoor use. Beyond enhancing physical and mechanical properties, this approach eases
concerns regarding harmful formaldehyde-based volatile organic compound (VOC)
emissions, thereby ensuring better indoor air quality, particularly particleboard in furniture
applications. Optimal performance, including better screw-holding and strength values,
resulted from using MUF resin or coarser bamboo particles. Hybrid boards combining
bamboo with coffee husk or durian waste also achieved high mechanical properties and
fulfilled the standards, particularly the JIS standard.

Researchers face several challenges in the production of bamboo particle composites. Even
though the mechanical properties of bamboo particleboards can meet international standards
for wood particleboards, bamboo particleboards often suffer from poor water resistance due to
the numerous hydrophilic groups of bamboo and the porous structure of the boards (Azadeh
& Ghavami, 2018). Thus, there are a few methods to overcome this issue, such as alkaline
treatment and carbonization. Carbonization is an environmentally friendly treatment method
for lignocellulosic materials, including bamboo. This method can be done by exposing the
materials at temperatures exceeding 160 °C and is widely employed in the modification of
wood-based materials (Si et al. 2025; Piernik et al. 2022; Ratnasingam & loras, 2012), which
can enhance their durability and moisture resistance but sometimes give a darker appearance
on the samples. In addition, bamboo, which has a slightly higher density than wood, is also
more difficult to process. Therefore, the processing of bamboo also differs from the
conventional wood mills, thus requiring additional equipment or equipment modifications
(Fahim et al., 2022). Based on Chilton et al., (2025), three constraints that need to be
comprehensively addressed for bamboo to be widely adopted are (1) an extremely small and
disbursed raw material feed stock with no efficient harvesting technology, (2) low-yielding
and cost-inefficient processing resulting in premium pricing relative to competitive building
products, and (3) a sub-optimal product-market fit that prevents bamboo from expanding its
applications to ultimately compete with steel.

4. Conclusion

e As a conclusion, sandwich particleboard and single layer particleboard made from
bamboo can be used in interior applications, including furniture.
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e The strength of these bamboo composites is differentiated by the species of
bamboo, bamboo element, particle sizes, ratio of bamboo, configuration and resin
parameters.

e From observation, the most significant effect is given by the types of resin used.

e While conventional bamboo composites demonstrate considerable promise in
reducing environmental impact and promoting green materials development,
further advancements in material treatment, fibre modification, and processing
techniques are required to enhance their durability, consistency, and broader
industrial adoption.
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