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ABSTRACT

In this study, the variations of machining performance outputs, namely,
workpiece surface roughness, workpiece removal rate, electrode wear rate, relative
wear, workpiece surface hardness, and workpiece surface microstructure were
experimentally investigated with the varying machining parameters for metal
powder mixed dielectric liquid in electrical discharge machining (EDM). The
machining tests were conducted by using prismatic steel workpiece and copper
electrodes with graphite and boric acid powders (H;BO;) mixed kerosene
dielectric at different powder concentrations and pulse time settings. The
experiments have shown that the type and concentration of the powders mixed into
the dielectric and the pulse time were effective on machining performance outputs
in EDM.

Key Words: electric discharge machining, powder mixed dielectric, surface
roughness, machining rate, electrode wear, surface hardness, micro structure

ELEKTRO EROZYON iLE iSLEMEDE TOZ KARISIMLI DIELEKTRiGIN
PERFORMANS UZERINE ETKILERI

OZET

Bu calismada, elektro erozyon ile islemede (EEQ) metal tozu karisiml
dielektrik sivi kullaniminda igpargasi yiizey piiriizliliigi, isparcast isleme hizi,
elektrot asinma hizi, bagil asinma, isparcasi ylizey sertligi ve mikroyapist gibi
performans ¢iktilarinin isleme parametreleri ile gosterdigi degisim deneysel
olarak incelenmistir. Bu amagla prizmatik c¢elik isparcasi, prizmatik bakir
elektrot, borik asit (H;BO;) ve grafit tozlart katilmis gazyag: dielektrik
kullanilarak degisik toz konsantrasyonlart ve vurum siireleri igin isleme
deneyleri yapilmistir. Yapilan deneyler, vurum siiresinin ve dielektrik siviya
karistirilan tozlarin ve konsantrasyonlarinin EEI yénteminin performans g¢iktilari
tizerinde etkili oldugu gostermistir.

Anahtar Kelimeler: elektro erozyon ile isleme, toz karisgimli dielektrik sivi,
ylizey plirtizliligi, isleme hizi, elektrot aginmasi, yiizey sertligi, mikro yapi.

1. GiRiS 1. INTRODUCTION

Alisilmamis imal usullerinden biri olan elektro erozyon
ile isleme (EEI) elektrik bosalimlarmnin asindiric1 etkisini
kullanarak ~ kalip  bosluklarmm  olusturulmasinda
kullamlmaktadir. EEI yontemi giiniimiizde karmagik
geometrilerin  oldugu kadar diger konvansiyonel
yontemlerle iglenmesi ¢ok zor olan sert malzemelerin
islenmesini sagladigindan yaygin endiistriyel uygulama
alani bulmustur. Kalip boslugunun islenebilmesi igin
bosluk geometrisine sahip elektrik iletken bir takim
elektrodu (kisaca “elektrot”) hazirlanmaktadir. EEI
teknolojisi ile pres dokiim, enjeksiyon, dovme, ekstriizyon,
sisirme ve toz sikistirma kaliplar1 imal edilebilmektedir.

Bu zamanlarda yapilan bazi ¢alismalarda isleme
performansini  artirmak i¢in dielektrik sivi igerisine,

Electric Discharge Machining (EDM) is one of the
non-traditional machining methods, which is wused
commonly to produce die cavities by the erosive effect of
electrical discharges. EDM process is finding an
increasing industrial application due to its ability to
produce complex geometrical shapes as well as to
machine hard materials that are almost impossible using
conventional processes. The electrically conductive tool
electrode (shortly “electrode”), which has the male shape
of the die cavity, is prepared to machine the die cavity.
Die casting, injection molding, forging, extrusion, upset
forging and powder compaction dies are manufactured by
using the EDM technology.

In some recent studies in EDM field, C, Si, SiC, Al,
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cogunlukla 100 um’den kiigiik C, Si, SiC, Al, AL,O;, Ni,
Ti, Cr ve Cu gibi malzeme tozlar ilave edilmistir (toz
karisimli EEI-TK/EEI). Bu calismalarda i) isleme hizinin
arttifl, 1ii) igparcas1 yilizey plriizliliginin ve mikro
catlaklarin  azaldifi, 1iii) ispargast ylizey tabaka
kalmliklarinin ~ azaldigi, iv) asmnma ve korozyon
dayanimiin arttigi, v) daha az gézenekli ve vi) malzeme
tozlar1 ile alasgimlanmis bir yiizey elde edildigi
belirtilmistir. TK/EEI yonteminde, i) toz konsantrasyonun
isleme siiresince azalmasi, ii) homojen toz-dielektrik
dagiliminin olusturulamamast, 1ii) dielektrik
filtrasyonundaki ve sirkiilasyonundaki zorluklar, ve iv)
yiiksek toz konsantrasyonlarinda isleme araliginda toz
y1gilmasi/tikamasi gibi problemler mevcuttur.

Giiniimiizde EEI yonteminde toz karisiml dielektrik
stvi kullanilarak yapilmis sinirli sayida galigma mevcuttur.
Burada kapsamli bazi c¢alismalarin  kisa sonuglari
sunulacaktir. Al ve SiC tozlar1 karigtirilmis dielektrik
kullanildiginda bosalim araliginin biiyiidiigii, en yiiksek
igparcasi isleme hizinin SiC tozlu ¢aligmada elde edildigi
ve ylizey piriizliliigiinin Al tozlu dielektrikte belirgin
sekilde azaldig1 goriilmiistiir (1). Lin, Yan ve Chang (2),
elektro erozyon ve ultrasonik isleme mekanizmalarini
birlestirerek gerceklestirdikleri ¢alismada isleme hizini
arttrmak ve bosalim enerjisinin isleme yiizeyine daha
homojen dagilmasmi saglamak amaciyla, saf su ve
gazyag dielektrik sivi igerisine 3 um ve 9 um ortalama
boyutlu SiC tozlarm karistirmuslardir. EEI yontemine
gore toz konsantrasyonu arttik¢a isleme hizinin arttigini ve
en yiksek isleme hizina 9 pm boyutundaki SiC tozu
karistirilmig saf  sulu calismada ulastiklarini
belirtmislerdir. SiC tozunu gazyagma karistirdiklarinda,
saf su kullanilan deneylere gére vurum siiresi arttik¢a daha
iyi ylizey piriizliiliigii elde etmislerdir. Uno ve Okada (3,
4), Al-bronz malzemeden yapilan plastik enjeksiyon
kaliplarimn  Ni  kaplanmasina ve takim ¢eliklerinin
ylizeyinde sert TiC tabakasi olusturulmasina ydnelik
yaptiklari ¢alismada dielektrik igerisine Ni ve C tozlarini
kanigtirmislardir.  Kaliplarin = imalatlarinda  yaygin
kullanilan SK3 karbonlu elektrot ve SKD11, SKD61

alasimli  takim  ¢eliklerini  Si  tozlu  dielektrikte
islemiglerdir. Ni tozlu dielektrikte islenen Al-bronz
malzeme yiizeyinde, Ni tozu konsantrasyonunun

artmasiyla krater boyutlarinin azaldigini ergiyip katilasan
tabakanin kalinliginin arttifint ve bu tabakada Ni
biriktigini belirtmiglerdir. Ti elektrot ve C tozu karigimli
gazyag1 kullanarak yaptiklart caligmada ise elektrot
asinmasini artirmak ve béylece TiC igeren igpargasi yiizey
katmanmin olusumunu kolaylastirmak igin elektrodu ters
kutuplayarak sert TiC iceren ylizey katmanmi elde
etmiglerdir. Si tozlu dielektrikle islenen yiizeylerin
piiriizliiliigiiniin EEI ile islenen yiizeylere gore belirgin
sekilde azaldigim belirtmislerdir. Zhao ve arkadaglar (5),
Cu elektrotla celik igparcasi isledikleri ¢alismada 10 um
boyutundaki Al tozlarmi dielektrik sivi igerisine
karistirmislar ve bosalim araliginin biiyiidiigiinii, bosalim
kanalmin genisledigini ve yiizeylerde diizgiin, genis ve s1§
goriinimli kraterler olustugunu saptamislardir. Ming ve

He (6), gazyagina iletken ve inorganik-oksit toz
karistinldiginda,  dielektrik  iyonizasyon  geriliminin
diistiiglinii, bosalim  aralifinin  genisledigini, 1s1l

gerilmelerin, mikro ¢atlaklarin azaldigini ve islenmis
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Al,03, Ni, Ti, Cr and Cu powders (smaller than 100 [Jm
average size) are mixed to the dielectric (PM/EDM-
powder mixed EDM) to improve machining performance.
It is reported that addition of metal powders into
dielectric; 1) increases workpiece material removal rate, ii)
results in better surface roughness and less surface cracks,
iii) reduces thickness of formed surface layers, iv)
increases wear and corrosion resistance of machined
surface, v) reduces porosity, and vi) produces an alloyed
workpiece surface layer with the mixed powders. The
reported problems encountered in PM/EDM studies are; 1)
gradual decrease of powder concentration during
machining, ii) difficulties in obtaining homogenous
powder distribution in dielectric, iii) difficulties in
filtration and circulation of dielectric, and iv) clogging of
machining gap at high powder concentrations.

There are limited number of publications in PM/EDM
field. Here, a brief summary of comprehensive works in
the field is given. It is reported that addition of Al and
SiC powders into dielectric increases machining gap and
maximum machining rates are obtained in SiC powder
mixed cases and minimum surface roughness values are
reached in Al mixed cases (1]) In Lin, Yan and Chang
work (2), PM/EDM process is combined with ultrasonic
vibration of electrode. In their work, SiC powders with 3
pum and 9 pm average sizes are mixed into water and
kerosene dielectric in order to increase workpiece removal
rate and to distribute discharge energy evenly on
workpiece surface. It is found that increasing powder
concentration increases the material removal rate and
maximum removal rate values are obtained in SiC powder
mixed water dielectric case. Better workpiece surface
quality is obtained in case of SiC mixed kerosene
dielectric compared to SiC mixed water dielectric at long
pulse time settings. Uno and Okada (3, 4) mixed Ni
powder into dielectric to coat surface of plastic injection
molding dies made of Al-bronze. It is reported that
increasing Ni powder concentration results in smaller
crater dimensions and thicker resolidified layer alloyed
with Ni. They obtained hard TiC layer on tool steel
surface by using Ti electrode and C mixed kerosene
dielectric under reverse electrode polarity (reverse polarity
provides higher wear of Ti electrode). Zhao et. al. (5)
reported that addition of Al powder with 10 [Jm average
size into dielectric in machining of steel workpiece with
copper electrode increases machining gap, enlarges
discharge column and forms evenly distributed, large
diameter and shallow craters. Ming and He (6) found that
mixing of conductive and inorganic-oxide powders into
kerosene dielectric decreases ionization voltage of the
dielectric, increases the machining gap, reduces thermal
stresses and surface cracks, and increases the micro
hardness of machined surface layers. Narumiya et. al (7)
emphasized advantage of using Si, Al and C mixed
dielectric for better flushing of machining gap since
addition of the powders increases machining gap. In their
work, better surface quality and higher removal rates are
obtained in Al powder (0,8um average size) mixed
dielectric case. They also stated that higher corrosion
resistance is obtained in all powder mixed experiments.
Wong et. al. (8) found that mixing C, Si and MoS,
powders to dielectric is more effective than mixing Al,
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yiizey katmanlarinda mikro sertlikte artis oldugunu tespit
etmislerdir. Narumiya ve arkadaslar1 (7), Si, Al, C tozlu
dielektrik  sivi  kullanildiginda, bosalim  araliginin
genislemesi nedeniyle isleme artiklarinin yiizeylerden
daha iyl siipiiriilerek  isleme hizinin  arttigim
vurgulamuslardir. En iyi ylizey piiriizliiligii degerine Al
tozlu ¢alismada (0,8um ortalama toz boyutu) ulasildigini
ve isleme siiresinin en ¢ok bu toz kullaniminda kisaldigini
ve toz karigimli biitiin isglemelerde islenen yiizeylerin
korozyon dayaniminin arttigini ifade etmislerdir. Wong ve
arkadaslar1 (8), C, Si ve MoS, tozlarinin, Al, SiC ve cam
tozlarma nazaran ayna gOriinimli yilizeyler elde
edilmesinde daha etkili olduklarmi tespit etmislerdir.
Diger bir galismada, EEI yontemi ile islenmis yiizeyleri
daha sonra bitirme islemi olarak Si tozlu dielektrik ile
isleyerek isleme siiresinin EEI yontemine gore kisaldigin,
islenmis yiizeylerin piirlizlilik degerlerinde 6nemli
oranda azalma oldugunu ve korozyon dayaniminin
arttigin1  belirtilmigtir (9).  Doner disk ve ince tel
seklindeki Cu elektrotlar, Ti tozlu dielektrikte kullanilan
bir ¢alismada, yiizeylerde TiC alasimli ve tozsuz islemeye
gore daha sert ve daha az piiriizlii ylizeylerin olustugu
belirtilmigtir (10). Kruth ve arkadasglart (11), toz
metaliirjisi yontemiyle imal edilmis elektrotlar1 ters
kutuplama  yapilarak isleme yapildiginda isleme
yiizeylerinde %40 oraninda elektrot —malzemesiyle
alasgimlanmig tabaka elde edildigini ve W, Co, Mo, Mn
tozlu dielektrik kullanildiginda tozlarin islenmis yiizeye
%10’un iizerinde alasgimlandigini, ortalama yiizey
piriizliilliiginin - (R,) 0,2 pm’nin altinda oldugunu
belirtmiglerdir. Her iki tip uygulamada da ters kutuplama
(isparcast  pozitif, elektrot ~ negatif)  gerektigi
vurgulanmistir. Tzeng ve Lee (12), Al, Cr, Cu ve SiC
tozlarim1  kullandiklart  ¢aligmalarinda, 100  pm
boyutundaki biiyiik tozlarin elektriksel bosalim araligini
bliyilk oranda genislettigini ve toz konsantrasyonu
arttiginda biliyiik toz boyutlarinin elektrot asinmasini
arttirdigini, kiiciik boyutlu tozlarda ise isleme hizinin
arttigim1 ve elektrot asmmasinin  azaldigmi  ifade
etmisglerdir. En yiiksek isleme hizina ve en diisiik elektrot
asinma hizina Cr tozlu ¢aligmada ulasilmistir (12). W tozu
kullanilan Masui ve arkadaslarmin ¢alismasinda (13)
takim celiklerinin alagimlanan ylizey tabakasindaki W
miktarinin, elektrotun negatif kutuplanmasi ile arttigi
gozlemlenmistir. W toz karisgimli dielektrik kullaniminda
islenmis yiizeyin piiriizliliigi, sertligi, korozyon, aginma
dayanimi gibi 0Ozelliklerin 6nemli derecede iyilestigi
gorillmiistiir.

Caliymanin amaci

Konuyla ilgili yaymlanmis g¢aligmalara bakildiginda
igpargast isleme hizi, elektrot aginma hizi, bagil asinma
(hacimsel elektrot agimmasinin hacimsel igparcasi igleme
hizina orani), yiizey pirizliligi ve metallijik yap1
degisimi gibi temel karakteristiklerin toz kullanimi ile
gosterdigi  degisimin incelendigi goriilmektedir. Bu
caligmalarda isleme sonrasi elde edilen ispargasi yiizey
karakteristiklerinin (piiriizliiliik, asinma direnci, korozyon
direnci, ¢atlaklar, vb.) ve mikroyapinin, kullanilan
malzeme tozlarinin cinsine, ortalama boyutuna, dielektrik
icindeki  konsantrasyonuna, elektrot ve isparcasi
kutuplamasi, elektrot isleme ylizey alani, bosalim akimi ve
vurum siiresi gibi isleme parametrelerine bagli oldugu

SiC and glass powders in obtaining mirror like surfaces. In
other study, it is reported that use of Si powder mixed
dielectric in finishing operations reduces machining time,
gives better surface quality and improves corrosion
resistance of the machined surface (9). In a study in which
rotating disc and thin wire electrodes are in use together
with Ti powder mixed dielectric, it is found that TiC
alloyed layer with better surface quality and higher
hardness than conventional EDM is formed (10). Kruth et.
al. (11) used P/M (Powder Metallurgy Technique)
electrodes in reverse polarity (+ workpiece and —
electrode) in conventional EDM. 40% alloyed workpiece
surface layer with the material of the electrode is obtained.
The tests are repeated using W, Co, Mo, and Mn powders
mixed dielectrics and it is observed that workpiece surface
layer is alloyed more than 10% with the used powders.
The average surface roughness (R,) obtained is lower than
0,2 um in the powder mixed dielectric cases. In Tzeng and
Lee study (12), large average size (about 100 ['m) of Al,
Cr, Cu and SiC powders added into dielectric. They
reported that large size powders in dielectric result in
larger discharge gap and use of high powder
concentrations give higher electrode wear. On the
contrary, use of small powder sizes result in higher
removal rate and lower electrode wear. In the study, the
maximum workpiece removal rate and the minimum
electrode wear rate values are obtained in use of Cr
powder (12). In Masui et. al. study (13), W powder mixed
dielectric used in machining of tool steels and the need of
reverse polarity in higher amount of alloying in
resolidified surface layer with the powder is emphasized.
It is also concluded that surface roughness, corrosion
resistance and wear resistance of the surface improved
greatly by use of W powder mixed dielectric.

Purpose of the Study

The published research works investigated effect of
powder mixed dielectric on workpiece removal rate,
electrode wear rate, relative wear (ratio of volumetric
electrode wear rate to volumetric workpiece removal rate),
workpiece surface roughness and metallurgical structure
change. It is found that surface characteristics (roughness,
wear resistance, corrosion resistance, cracks, etc) and
micro structure of the machined work surface depend on
mixed powder properties like type, average particle size
and concentration, as well as machining parameters like
polarity, machining area, discharge current and pulse time.
One of the important conclusions is that PM/EDM
improves the surface roughness and forms a resolidified
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belirtilmistir. TK/EEI yénteminde toz kullanimimin
igpargast yiizey pirlizligiinii azalttigi, isleme esnasinda
ylizeylerde tozlarla alagimlanmig ylizey katmaninin
olustugu calismalardan edinilen ortak sonuglardandir.
Yaymnlanan ¢alismalarin neredeyse tamaminda elektrik
iletken tozlar dielektrik siviya karigtirilmistir. Elektrik
iletken olmayan veya kotii iletken tozlarin TK/EEI
yonteminde kullanimi1  ardigik bosalimlarin (Bolim 2)
olusma olasiliginin diisiik olmast nedeniyle yaygin
degildir.Yaynlanan calismalarda ¢ok kisitli sayida isleme
parametresi ve igleme kosullar1 denenmistir. Bazi deneysel
caligmalarda iglenmis isparcasi ylizeyindeki metalurjik
degisimleri gozlemek i¢in olduk¢a uzun bosalim siiresi ve
bosalim akimi (endiistriyel uygulamalarda yaygin olmayan
kosullar)  kullanilmigtir.  Bu  ¢alismanin  yazarlari,
dielektrige  karistirilacak  degisik  tozlarin  degisik
konsantrasyonlarda  farkli  isleme  kosullart  igin
kullammimin TK/EE[ alaminda aydinlatic1 olacagia
inanmaktadir.

Bu calismada, degisik konsantrasyonlarda grafit ile
borik asit (H3;BO;) tozlart gazyagi dielektrikle
karigtirllmistir.  Literatiirde bor esasli toz karigiml
dielektrik kullanan g¢alisma yoktur. Bilindigi iizere bor
alasimli malzemeler ¢ok sert ve aginma direnglidir. Celik
igpargasi ylizeyinde borla alagimlanacag: tahmin edilen bir
ylizey tabakasmin sertlik ve mukavemet Ozelliklerinde
artis saglayacagi umulmaktadir. Bu nedenle bu ¢alismada
TK/EEI sayesinde bor alasimlamanin yiizey tabakasi
sertligi ve mikro yapi iizerindeki etkisi incelenmistir.
H;BOs tozu segiminde etkili olan diger hususlar; diisiik
malyet, bol bulunma, bor elementinin en zengin
bulundugu bilesik olmasi (%56.3), kiigiik toz boyutlarinin
bulunmast ve kullanilacak olan dielektrik gazyag: ile
reaksiyona girmemesidir. TK/EEI yonteminde dielektrik
icinde grafit tozu  kullaniminin isleme performansi
iizerindeki olumlu etkileri bilinmektedir. Bu calismada
grafit tozlu deneylerden elde edilecek sonuglar H;BO;
tozu  karigimli  deneylerden  elde  edileceklerle
karsilastirmada faydali olacaktir. Bu c¢alismada, degisik
konsantrasyonlarda grafit ile borik asit (H;BO3) tozlar
gazyag dielektrikle karistirtlarak 12 A bosalim akiminda,
25 pus ve 100 ps vurum siirelerinde deneyler yapilmustir.
Isparcas1 yiizey piiriizliiliigii, yiizey katmanlar, yiizey
sertligi, mikro yapi, isleme hizi, elektrot asinma hizi ve
bagil asinma karakteristiklerin degisimi incelenmistir.

2. TK/EEi YONTEMININ iSLEME PRENSIBI

Konvansiyonel EEI yonteminde dielektrigin isleme
bolgesinde ayni yaliim 6zelligini gostermesinden dolay1
diizgiin yogunlukta bir elektrik alan1 meydana gelir. Bu da
kisith sayida elektrik bosalimlarina ve kiigiik (dar) bosalim
arahgma sebebiyet verir. TK/EEI yoénteminde uygulanan
calisma geriliminin etkisi altinda bosalim araligindaki
elektrik alani1 boliiniir. Toz tanelerinin {ist ve alt
kisimlarinda pozitif ve negatif elektrik yiikleri toplanir
(Sekil 1). Toz tanesinin ist veya alti elektrik yiik
yogunlugunun en yiiksek oldugu yerlerdir. Birbirinin
yakininda bulunan iki toz tanesinin elektrik alan
yogunlugunun en yiiksek oldugu a ve b noktalari civarinda
ilk bosalim meydana gelir. Bu bosalimdan sonra iki toz
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layer alloyed with the powder mixed into dielectric. In
almost all of the published works electrically conductive
powders are mixed into dielectric. The use of non-
conductive or poor-conductive powders in PM/EDM
studies is not common since the probability of occurrence
of “series discharge” (will be explained in Section 2) is
low. In the published research works very limited number
of machining parameters at very small number of settings
is tried. In some of the experimental studies, very long
pulse time and very high discharge current settings
(commonly not applicable in industrial applications) are
used to observe possible metallurgical changes on the
machined surface. The authors of this study believe that
effects of different type and concentrations of powders in
dielectric at different machining settings on machining
performance will be very enlightening in PM/EDM
process.

In this study, graphite and boric acid (H;BOs) powders
are mixed at different concentrations to kerosene
dielectric. One of the main distinguishing aspects of this
work to the others is the use of a non-conductive powder
(H;BO; powder) in dielectric. There is no published work
in literature using boron based powder mixed into
dielectric. It is a known fact that boron based metal alloys
(especially boron carbide) is very hard and wear resistant.
So, if the resolidified workpiece surface layer is alloyed
with boron powder, then improvements in hardness and
wear resistance of the surface can easily be expected. The
effect of boron alloyed surface layer produced by
PM/EDM on hardness and microstructure is investigated
in this study. Other reasons for choosing H3;BO; (boric
acid) powder in the study are its low cost, availability, the
highest content of boron inside (56,3%) among the other
boron based minerals, availability of small powder sizes,
and passivity of the powder with kerosene dielectric (no
reaction happens between boric acid powder and kerosene
dielectric). The improvements obtained in machining
performance by use of C powder in PM/EDM are known.
In this study, experimental results obtained for graphite
mixed dielectric will be useful in comparing the results of
H;3;BO; powder mixed dielectric. Experiments will be
conducted at 12 A discharge current, 25 ps and 100 ps
pulse time and at different H;BO; and graphite powder
concentrations. The variations in workpiece surface
roughness, surface layers, surface hardness,
microstructure, material removal rate, electrode wear rate
and relative wear will be investigated.

2. MECHANISM OF MACHINING IN PM/EDM

In conventional EDM process, the homogenous
insulation property of the dielectric liquid form even
density electric field, and results in limited abilities of
electric breakdown and small discharge gaps. In PM/EDM
electrically conductive powders cause electric field
aberration in the discharge gap. Due to applied gap
voltage, positive and negative charges form, respectively
at the top and bottom of the powders (Figure 1). The
nearer the point is to the top or bottom, the higher is the
electric charge density. Then at points a and b between
two nearby powder, where the electric density is the
highest, breakdown occur when the field density surpasses
the dielectric breakdown resistance. Then the electric
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tanesi arasinda kisa devre meydana gelerek elektrik
yiiklerinin bu bdlgede dagilmasi ger¢eklesir. Bundan sonra
yiiksek elektrik yiikil toz tanelerinin ¢ ve d noktalarina
yogunlasir. Bu elektrik yiikii yogunlasmas: bu iki toz
tanesi ile diger toz taneleri ve elektrot ve igparcasi
arasinda bosalim etkisinin “ardigik bosalimlar” seklinde
olusumunu saglar (5). Boylece TK/EEI yonteminde
elektrik bosalimlart kolaylikla olusur ve konvansiyonel
EEl yontemine gore genislemis bosalim araligi ortaya
cikar. Dolayisiyla dielektrige  karigtirilan  tozlarin
olusturdugu koprii sayesinde elektrik alan yogunlugu
azalir ve tozlarm isleme bolgesinde bulunmasindan dolay1
elektriksel iletkenlik artar. Sonugta, isleme bolgesindeki
tozlar, dielektrik sivinin elektriksel yalitkanliginin
kirtlmasint kolaylastirarak vurumlarin bekleme siiresini
kisaltir ve ¢ok sayida kiigiik bosalim kivilcimlari
sayesinde igpar¢asinda daha kiiciik kraterler olusturarak
yiizey piirlizliligiinde onemli oranda azalma meydana
getirir (5, 8).

Dielektrik  siviya  karstirilan  tozlarm  TK/EEI
yonteminde gerilim ve akim dalga bi¢imine etkisi
belirgindir. Sekil 2 konvansiyonel EEI ve TK/EEIQ
yontemlerindeki  farkli  bosalim  dalga bigimlerini
gostermektedir. TK/EEI’de tek bir bosalimdan ¢oklu
bosalim etkisi meydana gelmektedir. Yani tek bir bosalim
siiresi iginde birden fazla bogalim noktalar1 olusmaktadir

).

discharge causes a short circuit between the two powder
particles and redistribution of electric charges. Electric
charges then accumulates at points ¢ and d, which results
in discharge between these two powders, resulting in
“series of discharges” (5). Thus, electric discharge can
easily occur in PM/EDM and has enlarged discharge gaps
compared to conventional EDM. The widened gap, which
reduce pressure of dielectric on the discharge passage and
ease the widening of discharge passage, will also widen
the discharge passage of PM/EDM. The widening of
discharge gaps and existence of large numbers of powders
in the gap reduce the initializing action of the etched
scraps on electric discharge and prevent intensive
discharge, resulting in evenly distributed craters on the
workpiece surface. The widened discharge passage also
enlarges the discharge heat area and reduces the discharge
density to form large diameter and shallow craters on the
surface. This results in better surface roughness of the
machined workpiece surface (5, 8).

The effect of powder addition to dielectric is apparent
from the voltage and current waveforms during machining
in PM/EDM. Figure 2 shows different discharge
waveforms for conventional EDM and PM/EDM. In
PM/EDM the multiple discharging effect is created within
a single input pulse. Thus, a single input pulse could
generate several discharging spots (1).

Cathodef Katot

v

A

R T
Anodel Anot

Figure 1. Schematic diagram of “series discharge”(5)
Sekil 1. “Ardisik bosalim” etkisinin sematik gosterimi (5)

@ ' ®

(e

Figure 2. Typical voltage and current waveforms. (a) conventional EDM (b) SiC powder mixed dielectric, (¢) Al powder mixed

dielectric (1)

Sekil 2. Gerilim ve akim dalga bigimleri (a) Konvansiyonel EEI yontemi (b) SiC tozu karisimli dielektrik, (c) Al tozu karigimli

dielektrik (1)
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3. DENEYSEL YONTEM

3.1 Elektro Erozyon Tezgahi, TK/EEIQ tanki ve toz
karisim sistemi

Deneysel c¢aligmalarda, FURKAN marka “EDM
M25A” tipi elektro erozyon tezgah ile birlikte isopuls tipi
vurum {ireteci kullanilmistir.

Calismada kullanilan isleme sistemi sematik olarak
Sekil 3’te goriilmektedir. Deneyler tezgahin tanki igerisine
sabitlenen, 2 mm kalinliginda 30x50x25 cm boyutlarinda
paslanmaz celik sa¢ levhalardan imal edilmis bir isleme
tankinda gergeklestirilmistir. Dielektrik siv1 igerisine ilave
edilen tozlarin isleme siiresince siispansiyon (asili)
durumunun korunmasi i¢in tankin igerisine lizerinde 2 mm
capinda piiskiirtme delikleri bulunan 10 mm ¢apinda bakir
borular ddsenmistir. Dielektrik sivinin tank icersindeki
hareketi borunun {izerindeki deliklerden piiskiirtme
yapilarak saglanmistir. Isleme tanki icerisindeki toz
karigimli dielektrik siviyr emerek delikli bakir borulara
basmak ve elektrot ile isparcasi arasindaki isleme
bolgesinde toz konsantrasyonunu sabit tutmak amaciyla
isleme bolgesine piiskiirtme islemini yapan iki ayr1 40
1t/dak debili sirkiilasyon pompas1 kullanilmistir (Sekil 3).

3.2 Dielektrik Siviya Kanistirilan Tozlar

Deneylerde gazyagi dielektrik kullanilmistir. Bir grup
deneylerde ortalama toz boyutu 40,2 um olan grafit tozu
kullanilmigtir. Diger grup deneylerde, 6giitiilmiis H3;BO;
tozlar1 (ortalama 60 pm toz boyutu) gazyagi dielektrige
karistirilmistir. Kullanilan H;BO; tozunun bazi 6zellikleri
Cizelge 1’de goriilmektedir. H;BO;3 tozu kotii elektrik
iletken bir tozdur [14].

k|

Electrode Feed
Elektrot Besleme
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3. EXPERIMENTAL METHOD

3.1 Machine Tool, Self-made PM/EDM Machining
Tank and Powder Mixing System

The electric discharge machine wused in this
investigation was the FURKAN EDM M25 Model die
sinking machine with EDM25A isopulse type generator.

The schematic drawing of the used PM/EDM is shown
in Figure 3. Experiments were conducted in a self-made
machining tank with 30x50x25 cm dimensions made of 2
mm thick stainless steel sheets. The tank was mounted
into the original machining tank of the machine tool. In
order to obtain even and homogenous distribution of
powders (in suspension form) in dielectric during
machining, a flush mixing was provided in the tank by
means of 10 mm diameter copper pipe with 2 mm
diameter holes on it. The PM (powder mixed) dielectric
sucked from bottom level of the tank by means of a pump
(flow rate of 40 1/min) was pumped into the copper pipe.
The PM dielectric went out of the holes at high velocity
provided homogenous PM dielectric circulation in the
self-made machining tank. Another pump sucked the PM
dielectric from the bottom level of the tank and flushed it
towards the machining gap directly (i.e. “side flushing”).

3.2 Powders Mixed into the Dielectric

Kerosene dielectric was used in the experiments. In one
group of experiments, graphite powder with 40,2 pm
average particle size was mixed into kerosene dielectric.
In the other group of experiments, H;BO3; powder with 60
pm average particle size was mixed into the dielectric.
Some properties of the H;BO; powder is given in Table 1.
H;BO; powder has a poor electrical conductivity [14].

Flushing

Direction

Plskirtme
Yani

Piskirtme
Delikleri

_ Electrode
© Elektrot

Workpiece
| e I5pAMCASI

Dielectric

Tank
Dielektrik

Tank

Figure 3. Schematic drawing of the PM/EDM system used in the experiments

Sekil 3. Deneylerde kullanilan toz karisimli igleme sistemi
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Table 1. Some properties of H;BO; powder (14)
Tablo 1. H;BO; tozunun baz: 6zellikleri (14)

Chemical formula / Kimyasal formiil H;BO;
Melting point / Ergime noktasi 2190+20°C
Boiling point / Kaynama noktast 3660°C
Knoop hardness / Knoop sertligi 2100-2580
Electrical conductivity/ Elektriksel iletkenlik 10% ohm/m
Vickers hardness / Vickers sertligi 5000 HV

3.3 Deneylerde Kullanilan isparcasi ve Elektrotlar

Deneylerde igpargast malzemesi olarak SAE 1040
celigi kullanilmigtir. Lama seklindeki igpargast malzemesi
46x52x10 mm Olgiilerinde kesildikten sonra frezelenerek
45,05x50,5%x9,5 mm Olgiilerine getirilmistir. Daha sonra
biitliin yiizeyler taslanarak 45x50x9 mm’lik olgiiler elde
edilmistir.

Elektrotlar 10x38x27 mm boyutlarinda kesildikten
sonra 10x38 mm boyutundaki her iki ylizeyi frezede
islenmis ve elektrot boyu 25 mm’ye indirilmistir (Sekil 4).
Daha sonra ince zimpara kullanilarak isleme yiizey alani
parlatilmustir.

Biitiin deneylerde toplam igleme derinligi 0,5 + 0,05
mm ve igleme alam 9x37 mm olacak sekilde isleme
yapilmistir. Deneylerde yanal piiskiirtme uygulanmistir
(Sekil 5). Dikdortgen seklinde bir ylizeyin islenmesinde
sebeb diizglin bir piiskiirtmenin saglanabilmesi, isleme
sonrasinda yiizey piiriizliiliik 6l¢imlerinin ve mikro yap1
incelemelerinin kolaylig1 agisindandir.

Figure 4. Electrode used in the experiments
Sekil 4. Deneylerde kullanilan elektrot

3.3 Workpieces and Electrodes wused in the

Experiments

As workpiece material, SAE 1040 steel was used.
Workpieces were cut from a 52x10 mm cross-section bar
at 46 mm length. All surfaces were milled and ground.
Final dimensions of the workpiece specimens were
45%50%9 mm.

Electrodes used in the experiments were in rectangular
prism shape and made of electrolytic copper. Electrodes
were cut from 38x10 mm cross-section copper bar at 27
mm length. Two surfaces, with 38x10 mm dimensions
were milled and specimen length was reduced to 25 mm
(Figure 4). The surface with 38x10 mm dimensions was
polished. Densities of the electrolytic copper electrodes
and 1040 steel workpiece specimens used in the
experiments are 8.9 g/cm’ and 9 g/cm’, respectively.

The machined workpiece surface dimensions were
9x37 mm with 0,5 £ 0,05 mm depth of penetration. Side
flushing was applied in all experiments (Figure 5). Main
purposes of producing rectangular machined surface on
workpiece was to provide even flushing conditions, easier
surface roughness measurements and microstructure
analysis on it.
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Figure 5. A machined workpiece and application of dielectric
Sekil 5. Islenmis isparcasinin goriiniimii ve dielektrik uygulamasi

3.4 lIsleme Parametreleri ve Deneysel Tasarim

Deneylerde, vurum siiresi (t), toz cinsi ve
konsantrasyonu (Cq) degisken parametrelerdir. Bosalim
akimi (i), bekleme siiresi (t,), gazyagi dielektrik sivi,
igpargasi-elektrot malzemeleri ve kutuplama biitiin
deneylerde sabit tutulmustur. Isleme esnasinda toz
karigimhi  dielektrigin @+ isleme  araliina  girisini
kolaylastirmak ve homojen piiskiirtme dagilimi saglamak
icin her 13 s’de bir elektrot 0,1 s geri (yukar1) cekilmistir.
Calismada toplam 14 farkli igleme kosulu denenmistir.
Her deney iki kere tekrar edilmis ve iki deney sonucunun
ortalamast kullanilmistir. Deneylerde kullanilan isleme
parametreleri ve deney tasarimi Cizelge 2 ve 3’te
verilmistir.

Table 2. Experimental Parameters
Tablo 2. Deney parametreleri
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Dielectric Flushing Direction
Dielektrik piskittme yéni

Machined Surface
Tslermnis yizey

3.4 Machining Parameters and Experimental Design

In the experiments, pulse time (t;), powder type and its
concentration (Cy) were the varying parameters. Discharge
current (i.), pause time (t,), dielectric liquid (kerosene),
machining polarity were kept constant through the
experiments. In order to provide even PM dielectric
flushing distribution, the electrode was retracted for 0.1 s
for machining time of 13 s. In this study, totally 14
different machining conditions were tested. Every
experiment was repeated twice and average of two
measurements was used. Summary of experimental
parameters and experimental design were given in Table 2
and 3.

Machining Parameters / Deney Parametreleri Settings / Degerler
IDischarge Current /Bosalim Akimu (i) [A] 12
Pulse Time/ Vurum Siiresi (t;) [us] 25,100

Dielectric  Application
|Uygulama Y 6ntemi

Method/ Dielektrik  Sivi

Side Flushing /Yanal piiskiirtme

IPowder Concentration /Toz Konsantrasyonu (Cy) [g/1] 5,10, 15
Machining Time/ Caligma Siiresi [s] 13
Retraction time/ Geri Cekme [s] 0,1

Polarity /Kutuplama

Electrode (+), Workpiece (-)
Elektrot (+), Isparcasi (-)

IPause Time /Bekleme Siiresi (t,) [us]

12,5

Dielectric Type/ Dielektrik Sivi

Kerosene/ Gazyagi

Workpiece Material /Ispargast Malzemesi

SAE 1040 Steel/ Celigi

[Electrode Material /Elektrot Malzemesi

Electrolytic Copper/ Elektrolitik Bakir

Machining Depth /Isleme Derinligi [mm)]

0,5




Effect of Powder Mixed Dielectric.../ Elektro Erezyon ile Islemede Toz Karisimli Dielektrigin...

Table 3. Experimental Design
Tablo 3. Deney tasarimi

Powder Kullamlan
i. [A] Toz Ca [gN] ti [us]
No powder
(pure kerosene)/
12 Saf Gazyagi 0 25
No powder
(pure kerosene) /
12 Saf Gazyagi 0 100
12 H;BO; 5 25
12 H3;BOs 10 25
12 H3;BO; 15 25
12 H;BO; 5 100
12 H;BO; 10 100
12 H3;BOs 15 100
12 Graphite/ Grafit 5 25
12 Graphite/ Grafit 10 25
12 Graphite/ Grafit 15 25
12 Graphite/ Grafit 5 100
12 Graphite/ Grafit 10 100
12 Graphite/ Grafit 15 100

3.5 Vw, Vi ve 0 Degerlerinin Bulunmasi

Elektrot aginmasi genelde elektrot aginma hizi (Vi) ve
bagil aginma (V) ile ifade edilir:

Vi [mm®/dak]=(hacimsel elektrot aginma miktar1) / t,, (1)
Vyw [mm®/dak]=(hacimsel isparcas1 isleme miktart) / t,, (2)

L [%] = (Ve/Vy ) x100 3)

Burada t,, isleme siiresi,Vy ispargast isleme hizidir.
Numunelerdeki agirlik kaybi ilk ve son (isleme sonrasi)
agirliklarin BEL 330 tipi digital terazi (0.001 g hassasiyet)
Olglilmesi ile hesaplanmistir. Hacimsel isleme ve asinma
hizlar1 agurlik degerlerinin  numunelerin  yogunluguna
boliinmesi ile elde edilmistir. Kronometre ile olgiilen t,,

degerleri Vy, Vg ve v degerlerinin bulunmasinda
kullanilmistir (esitlik 1-3).

3.6 Yiizey Piiriizliiliigii Ol¢iimleri

Isparcas1 yiizey piiriizliiliigii Slgiimleri, Rank Taylor-
Hobson Surtronic 3+ HB-103 tipi detektor uclu portatif
ylizey pirlzliligli Olgim cihazi  ile  yapilmistir.
Olgiimlerde 6rnekleme uzunlugu ve o6lciim uzunlugu
standart tablolardan 0,8 mm ve 4 mm olarak secilmistir.
R., R,DIN) ve S,, ylizey piriizliliigi parametreleri
kaydedilmistir. Isparcasimin islenmis yiizeyinde on farkli
noktadan dielektrik sivi  piskiirtme dogrultusunda
pliriizlilik ~ 6l¢timleri  yapilmistir. Calismada alinan
Olgtimlerin  ortalamasi  kullanmilmuistir.  Gelistirilen  bir
yazihm yardimiyla her numune igin yiizey pirlizliliigi
karakteristikleri grafiksel ¢ikt1 olarak elde edilmistir.

3.7 Mikroyapi ve Yiizey Profili incelemesi

Mikroyap1 ve yiizey profili incelemeleri Olympus marka

3.5 Determination of Vy, Vg and 0

Electrode wear is generally expressed by means of
electrode wear rate (Vi) and relative wear (V) terms:

Vg [mm®/min]=(volumetric removal from electrode)/ty, (1)
Vy [mm*min]=(volumetric —removal from the
workpiece)/t,, 2)
L [%] = (VE/Vw ) x100 3)

Here, t,, is the machining time and Vy is the workpiece
removal rate. Weight loss of the specimens were
calculated by weighing initial and final (after machining)
weights of the workpieces and electrodes by using BEL
330 type digital scale with 0.001 g accuracy. The
volumetric removal rate was calculated by dividing the
weight loss to the density of the specimen. The t,
measured by a stopwatch were used to calculate Vy, Vg

and v values (equation 1-3).
3.6 Surface Roughness Measurements

Workpiece surface roughness measurements were
performed by using portable Rank Taylor-Hobson
Surtronic 3+ HB-103 stylus tracing instrument. Cut-off
and evaluation length were selected from standard tables
as 0.8 mm and 4 mm, respectively. R,, R,(DIN) and S,
surface roughness measurement parameters were recorded.
Measurements were taken from ten different locations
parallel to the dielectric flushing direction on machined
workpiece surface. Average of the ten measurements was
used in the study. Surface profile of every measurement
was also output by means of a software which is
interfaced to the instrument.

3.7 Microstructure and Micro Surface Profile Analysis

Microstructure and micro surface analysis were done by
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dijital kamera donamimli optik mikroskop ile
gergeklestirilmistir.  Mikroyap1 incelemesinde, bakalite
gomiilmiis ve parlatilmis isparcalart %2’lik Nital ¢ozeltisi
ile daglanmistir. 400 kat biiyilitme ile dnceden belirlenen
noktalardan mikroyapi fotograflar: ¢ekilmistir.

3.8 lslenmis Yiizeylerin Sertlik Ol¢iimii

Islenmis yiizeylerin Rockwell (HRA, HRB, HRC), Brinell
(HB) ve Vickers (HV) sertlik skalalarinda Olgiimleri
IMPACT TH-130 marka dijital gostergeli 6l¢tim cihazi ile
gerceklestirilmigtir.  Calismada  kullanilan  degerler
islenmis yiizeylerin sertliginin dl¢iildiigii bes farkli nokta
degerinin ortalamasidir.

4. DENEY SONUCLARI VE TARTISMA
4.1 Vy, Vg ve v Degerlerinin t; ve C, ile Degisimi

Sekil 6, grafit tozu karisimli deneylerde toz
konsantrasyonun (Cy) ve vurum siiresinin (t;) artmasiyla
daha yiiksek ispargast isleme hizi (V) degerlerine
ulagildigini gostermektedir. Grafit tozlu deneylerde gerek
saf gazyafi gerekse H3BO; tozlu deneylere gore cok
yiksek Vy degerlerine ulagilmistir. Cy artisiyla Vi
degerlerindeki artis, Bolim 2°de bahsedildigi iizere
dielektrik sividaki artan grafit tozu konsantrasyonu ile
isleme bolgesindeki toz tanelerinin bosalim araliginda
birgok yerde bosalim képriisii olusturarak EEI yéntemine
gore daha ¢ok iletkenlik saglamasi ve boylelikle isparcasi
ile elektrot arasindaki bosalim enerjisinin daha etkili bir
sekilde isleme bolgesine dagilmasindandir. H;BO; tozu
kullanildiginda Vy, degerlerinde saf gazyag: kullanimina
gore belirgin bir artis olmamasmin nedeni bu tozlarin
elektrik iletkenliginin kotii olmasidir. Her iki cins tozda da
Vw degerlerinin t; degerleriyle artisinin sebebi, artan t;
degerinin bosalim kanalin1 biiylitmesi sonucunda birim
zamanda isparcasi ylizeyinden daha biiyliik miktarlarda
malzemenin ergiyip buharlasmasindandir.
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means of Olympus optical microscope with equipped with
digital camera. For microstructure analysis, workpiece
specimens placed in bakelite were first polished and then
etched in acid solution with 2% concentration.
Microstructure  photographs were taken with 400
magnification at predetermined locations.

3.8 Hardness Measurement of Machined Workpiece
Surfaces

Rockwell (HRA, HRB and HRC), Brinel (HB) and
Vickers (HV) hardness scale measurements of machined
workpiece surfaces were performed by using IMPACT
TH-130 instrument equipped with digital screen. Hardness
values used in the study are average of five measurements
taken from different spots on every workpiece surface.

4. EXPERIMENTAL RESULTS AND DISCUSSION

4.1 Variation of Vy, Vg and v with t; and Cy

Figure 6 shows that increasing graphite powder
concentration (Cy) and pulse time (t;) increases workpiece
removal rate (V). The use of graphite powder gives
much higher Vy, values compared to pure kerosene and
H;BO; mixed dielectric cases. The increase in Vy with
increasing graphite C; is mainly due to increasing
conductivity of the dielectric in the machining gap which
results in “series discharge” effect as well as even
distribution of discharge energy in the gap as mentioned
earlier in Section 2. In use of dielectric mixed with H;BO;
powder, a slight increase in Vy values compared to pure
kerosene dielectric is observed. The reason for the
insignificant change in Vy value compared to graphite
powder mixed dielectric is the poor conductivity of the
H;BO; powder with respect to graphite powder. For both
type of powders, increasing pulse time t; increases Vy . It
is a known fact that longer duration discharges (i.e. pulses)
result in higher amount of material removal from the
formed molten craters on work surface in unit time.

£
2.5 1
7 4
G| = 254s [Pure Kerosene] [Saf Gazyag]
= 1.5 #1005 [Pure Kerosens] [Saf Gazyrag]
?\é 225 ps [HaB04]
= =100 ps [HiBO5]
£ 1 &35 s [Craphits] [Grafit]
=100 g5 [Craphite] [Crafit]
0.5 4

Figure 6. Variation of Vy with t;and Cy .
Sekil 6. Vy degerinin t; ve Cq ile degisimi.

Sekil 7°de goriildiigii gibi grafit tozlu deneylerde
elektrot aginma hizi (Vg) artan Cy i¢in her iki t; degerinde,
saf gazyagi ve H3;BOj; tozlu deneylere gore belirgin bir
artis gostermistir. Bunun sebebi grafit tozu sayesinde

10 15 20
Gle/

As shown in Figure 7, use of graphite powder results in
significant increase in electrode wear rate (Vg) with
increasing Cy (at both t; settings)compared to pure
kerosene and H3;BO; mixed dielectric cases. Higher
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isleme bolgesinde dielektik sivi iletkenliginin artmasi ile
elektrot malzemesine daha fazla bosalim enerjisinin
iletilmesidir. H3;BO; tozlu deneylerde Vg'nin saf
gazyagina gore belirgin bir degisim gdstermemesinin
nedeni daha onceden agiklandigi iizere H;BOj; tozlarinin
isleme  bolgesinde kotii  elektrik  iletim  &zelligi
gostermesidir. Saf gazyagi ve toz karigimli gazyagi ile
yapilan deneylerde Vg degerinin uzun t; degerlerinde
azalmasinin nedenleri; uzun vurum siirelerinde bosalim
kanalmin  akim yogunlugunun azalmasi, uygulanan
bosalim 1s1 enerjisinin biiyiik bir kisminin elektrot
govdesine iletilmesi igin yeterince uzun siire olmasi
(kraterlerden daha az malzeme kopmasina sebebiyet verir)
ve uzun sireden dolayr elektrot ylizeyine yapisan
karbonun elektrodun aginma direncini artirmasidir.

Sekil 7 incelendiginde saf gazyagi ile yapilan deneylere
gore toz karigimli deneylerde diisiik t; degerlerinde daha
diisiik bagil aginma v degerleri elde edilmistir. Grafit tozlu
caligmada t; artis1 ile birlikte saf gazyagi ile yapilan
deneylere goére Vg degerinin artmasindan dolay1 v
degerinde de belirgin bir artig gézlenmistir. Buna karsilik
;=100 pus i¢in H3BO; tozlu ¢alismada saf gazyag: ile elde
edilen sonuglara yakin degerler elde edilmistir.

conductivity of the dielectric with increasing amount of
graphite causes intense discharges in the gap causing
increase in V. Insignificant increase in Vg with increasing
Cq4 of H;BO; powder is due to poor powder conductivity
as explained before. It is evident from the figure that
increasing t; decreases Vg in all experiments. Possible
reasons for low Vg at long t; settings for pure and powders
mixed kerosene are; decreasing spatial current density of
the discharge channel with increasing discharge duration,
longer time for heat transfer from the molten crater to the
body of the electrode (results in less material removal
from the crater) and higher wear resistance of the
electrode due to the carbon attached to the surface.

Experiments conducted by using the powders result in
lower relative wear U than pure kerosene cases at low t;
values (Figure 8). In comparison to pure kerosene case,
increasing Vg values with increasing t; cause increase in L
(equation 3) in use of graphite powder. However, for
t;=100 s setting, pure kerosene and H;BO; powder mixed
cases give close y values.

0.8 4

V], [ dak ]
N

= 255 [Pure Kerosene] [Saf Gazyag]
#1005 [Pue Kerosens] [Saf Gazyag]
v ihgs [HiBO5)

=100 ps [HeBO5]

435 ps [Craphute] [Crafit]

100 5 [Craphite] [Grafit]

0,2 4
g s
R 5
0 L] 10 15 20
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Figure 7. Variation of Vg with t; and Cy.
Sekil 7. Vg degerinin t; ve Cq ile degisimi.
45

40
35 4
30 1
N e = 15ps [Pure Kerosene] [Saf Gazyag]
2 2q -@-100 s [Pure Kerosene] [Saf Gazyag]
1 w5 ps [HyBOy)
15 - =100 s [H3B03]
430 ps [Crraphite] [Crafit]
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Figure 8. Variation of U with t; and Cq
Sekil 8. L degerinin t; ve Cq ile degisimi
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4.2 Yiizey Piiriizliiliigiiniin t; ve Cq ile Degisimi

4.2.1 R,, R,(DIN) ve S,, piiriizliiliik parametrelerinin t;
ve Cqile degisimi

Grafit tozlar i¢in Cy artis1 ile R, degerlerinin azaldigi
goriilmektedir (Sekil 9). Sekilden H;BO; tozlu deneylerde
artan Cy degeri i¢in R, degerinde hafif bir azalma
goriilmektedir. R, puriizlilik parametresi ile ilgili bilgi Ek
1.1°de  verilmistir. Bu durum, yiiksek grafit toz
konsantrasyonunda olusan kivilcimlarin yiizeyde daha
genis capli 1s1l bosalim alani ve bunun sonucunda daha sig
kraterler olusturmasindandir (Bolim 2). Yapilan R,
Olgtimleri grafit tozlu deneylerde H;BO; tozlu ve saf
gazya81 ile yapilan deneylere gore oldukga iyi yiizey
kalitesi elde edildigini gdstermistir. H3;BO; tozlu
deneylerde elde edilen R, degerleri saf gazyag: ile yapilan
deneylerdekine olduk¢a yakindir. Diger bir deyisle
dielektrige H3;BOs tozu ilavesi R, degerlerinde belirgin bir
iyilestirme yapmamustir. Deneylerde en diisiik R, degeri,
;=25 us ve C4=15 g/l ayarlarinda grafit tozunda 0,96 pm
olarak elde edilmistir. En kotii R, degeri, t=100 ps ve
Cs=5 g/l ayarlarinda H;BO; tozunda 6,94 um olarak elde
edilmigtir.
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4.2 Variation of Surface Roughness with t; and Cq4

4.2.1 Variation of R, , R,(DIN) and S,, roughness
parameters with t; and Cq4

The increase in Cy reduces average surface roughness
R, for graphite powder (Figure 9). Figure also shows that a
slight decrease in R, with increasing C,4 is observed for
H;BO; powder. Information about R, roughness parameter
is given in Appendix 1.1. Improvement in surface
roughness with increasing graphite powder concentration
can be explained by enlarged discharge heat area which
results reduction in discharge density to form large
diameter and shallow craters on the surface (Section 2).
Experimental results indicate that graphite powder mixing
into dielectric gives lower R, values than pure kerosene
and H3;BO; powder mixed cases. Addition of H;BOj;
powder into kerosene does not provide significant
improvement in R, values. The minimum R, value
obtained in the experiments is 0,96 um in graphite powder
case with t=25 ps and C4=15 g/l settings. The maximum
value is 6,94 um in H;BO; powder case with =100 us
and C4=5 g/l settings.

R, [#m]

= 25ps [Pure Kerosene]
o 25ps [Baf Gazyag]
-e-1004s [Pure Kerosene]
10045 [Saf Gazyag]
#rih s [HiBO5]
-&-100 g5 [H3BO4]

425 s [Craphite]
75 s [Grafit]
100 s [Craphite]
=100 s [Crafit]

Figure 9. Variation of R, with t; and Cy4
Sekil 9. R,’nin t; ve Cy ile degisimi

Kullanilan isopuls tipi vurum iretecinin bosalim
vurumlarinin ayni enerjiye sahip oldugu ve dolayisiyla
krater biiytikliiklerinin de birbirlerine olduk¢a yakin
oldugu bilinmektedir. Bu gercek, calisma sirasinda yapilan
optik mikroskop incelemeler ile de teyit edilmistir. Bu
durum gozoniine alindiginda, bir kraterin tepe noktasi ile
dip noktas: arasindaki yiikseklik o kraterin derinligi olarak
diisiintiliirse R, (DIN) piiriizliiliik parametresi (R,(DIN)
piiriizliiliik parametresi ile ilgili bilgi Ek 1.2’de verilmistir)
ortalama krater yiiksekligi hakkinda bilgi verecektir. Sekil
10°de C4 degerinin arttirilmasi ile her iki toz igin 25 ps ve
100 ps vurum siirelerinde ortalama krater derinligi yani
R,DIN) degeri azalmaktadir. Grafit tozu kullanilan
deneylerde H;BO; tozu kullanilan deneylere gore daha
kiigik R,(DIN) degerleri elde edilmistir. Grafit tozlu
deneylerde saf gazyagi ile yapilan deneylere gore R,(DIN)
degerlerinde belirgin bir kiiclilme goriilmiistiir. H;BO;
tozlu deneylerle saf gazyag: ile yapilan deneyler arasinda
R,(DIN) degerlerinde belirgin bir degisim goriilmemistir.

The isopulse type generator used in this study generates
equal discharge duration (and energy) discharges which
result in almost identical size of craters on machined
workpiece surface. This fact is also confirmed by optical
microscope investigations conducted in the study. Since
the machined surface is formed by overlapping craters,
R,(DIN) roughness measurement (information about
R,(DIN) roughness parameter is given in Appendix 1.2) is
expected to provide information about average depth of
craters. Here, depth of a crater is defined as distance
between peak-to-valley height of coinciding craters. As
shown in Figure 10, increase in Cy reduces R,(DIN) (i.e.
average crater depth) for graphite powder and a slight
decrease in R,(DIN) is observed for H;BO; powder case.
Experimental results indicate that graphite powder mixing
into dielectric gives much lower R,(DIN) values than pure
kerosene and H3;BO; powder cases. Addition of H;BO;
powder into kerosene does not provide improvement in
R,(DIN) values.
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Figure 10. Variation of R,(DIN) with t; and Cy4
Sekil 10. R,(DIN) degerinin t; ve Cy ile degisimi

S, piriizlilik parametresinin, ylizey profilindeki
ardisik tepe noktalar1 arasindaki uzakliklarin ortalamasi
oldugu bilindiginden (Ek 1.3), bu parametre ortalama
krater ¢apina esdeger olarak diisiiniilmiistiir. Burada krater
capt birbiriyle ¢akismis kraterlerin tepeleri arasindaki
uzaklik olarak tanimlanmustir. Sekil 11°de, her iki toz igin
Cq4 degerinin arttilmast ile S,, degerinin (ortalama krater
capinin) azaldigi goriilmektedir. Grafit tozlu deneylerde
elde edilen R, (DIN) ve S,, degerlerinin saf gazyagi ve
H;BO; tozu ile yapilan deneylerden daha kiigiik oldugu
goriilmektedir. H;BO; tozlu ¢alismada Cg=5 g/l igin S,
degerlerinin saf gazyagina gore biraz yiliksek oldugu ancak
C¢'nin artmastyla yiizey piiriizliliigiiniin saf gazyag ile
yapilan  ¢alismadaki  aynm1  degerlere  yaklastig1
goriilmektedir. H;BO; tozu ilavesi oOzellikle yiiksek t;
degerleri icin S, degerlerinde iyilestirme (kiigiiltme)
saglamaktadir.

Deneyler az miktarda bir grafit tozu ilavesinin R,,
R,(DIN), S,, ptirtizliiliik parametrelerinde ¢ok belirgin bir
iyilestirme sagladigini (krater capinin ve derinliginin
azalmasi) gostermistir. Yapilan daha fazla grafit ilavesi
ylizey  piriizlilik  parametrelerini  daha  yavag
iyilestirmektedir. Deneylerde, grafit tozunun diisik t; ve
yiiksek C4 degerlerinde elde edilen R,, R,(DIN), S,
piiriizliiliik parametrelerinin en diisiik oldugu goriilmiistiir.
H;BO; tozlu caligmalarda ise diisik t; ve yliksek Cq4
degerlerinde yilizey piriizlilik parametrelerinin = saf
gazyag1 ile elde edilenlere yakin oldugu goriilmistir.
Sekil 12’de piiriizliilik olgimleri yapilan yiizeylerden
bazilarinin  yiizey profil fotograflari goriilmektedir.
Fotograf incelemeleri yiizeylerde olusan kraterlerin, grafit
tozlu ¢aligmada her iki vurum siiresinde de saf gazyagi ve
H3;BO; tozlu calismalara nazaran daha kiigiik oldugunu
gostermistir.

Sn roughness measurements (information about S,
roughness parameter is given in Appendix 1.3) are
expected to provide information about average diameter of
craters. Here, diameter of a crater is defined as distance
between peak-to-peak distance of coinciding craters on a
surface profile. As shown in Figure 11, the increase in Cy
reduces S, (i.e. average crater diameter) for graphite
powder and for H3;BO; powder cases. Also, graphite
powder mixing into dielectric gives much lower S, values
than pure kerosene and H;BO; powder cases. Addition of
H;BO; powder provide improvement in S, values
especially at high t; settings compared to pure kerosene
case.

R.,, R/DIN) and S, measurements indicate that
addition of small amount of graphite powder into
dielectric improves surface roughness parameters
(reducing diameter and depth of the craters) drastically.
Further addition of graphite powder into dielectric reduces
surface roughness parameters at a slower rate. In the
experiments with graphite powder, minimum R,, R,(DIN)
and S, values are obtained at high C4 and low t; values. In
pure kerosene and H3;BO; powder mixed cases, the R,,
R,(DIN) and S, values are close especially at high C4 and
low t; values. In Figure 12, photographs of sample
machined surfaces are given. Photographs confirm that
size of craters in graphite powder mixed dielectric case are
smaller than the craters for both t; settings in pure
kerosene and H;BO; powder mixed dielectric cases.
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Figure 11. Variation of S, with t; and Cq4
Sekil 11. S,, degerinin t; ve C, ile degisimi
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Figure 12. Surface photographs of machined workpieces with and without powder (x400 magnification)
Sekil 12. TK/EEI ve EEI ile islenmis parcalarin mikro yiizey profilleri (x400)
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4.3  Yiizey Sertliginin t; ve C, ile Degisimi

Deneylerde kullanilan ¢elik igpargasinin  sertligi
yaklagik 90 HV olarak dl¢iilmiistiir. Saf gazyagi kullanilan
deneylerde her iki vurum siiresi icin igpargast ylizeyi
sertlesmistir. t; =100 ps’de 25 ps’ye nazaran daha sert bir
ylizey elde edilmistir (Sekil 13). Bunun sebebi 100 ps
vurum siiresinde ylizeyde daha derin 1sil etkilenmis bir
ergimis-katilasmis katman olusmasidir. Sekil 13°te, grafit
ve H;BO; tozlu deneylerde yiizey sertliginin tiim vurum
stirelerinde saf gazyagi ile islenmis yilizeylerden daha fazla
oldugu goriilmektedir. t; ve Cq arttikga ylizey sertligi de
artmaktadir. Bu durum grafit tozlu ¢alismada daha belirgin
olarak goriilmektedir. Grafit tozlari, H3;BO; tozlarina
nazaran yiizey sertligini daha ¢ok arttirmistir. Grafit
tozlarmnin yiiksek sicaklikta yiizeye difiize edip martenzit
olusumunu artirmasindan dolay1 yiizey sertligini artirmada
etkili oldugu daha once yapilan bir ¢alismada
vurgulanmisti [6]. En yiiksek sertlik degerleri, t; =100 [Is
degerinde grafitin yiliksek konsantrasyonlu oldugu
deneylerde (C4=10 g/l ve 15 g/) elde edilmistir.

4.3 Variation of surface hardness with t; and Cy

The hardness of the workpiece material (base metal)
before electric discharge machining is measured as 90 HV.
After machining with pure kerosene, hardness of
machined surface is found harder than the initial hardness
for both t; settings. In case of pure kerosene use, the
hardness measured for 100 ps pulse time is higher than 25
[s pulse time (Figure 13). This is mainly due to the
thicker resolidified layer formed by higher energy
discharges during machining. Figure 19 also indicates that
surface hardness values obtained for both graphite and
H;BO; powder mixed machining are higher than pure
kerosene case for all t; settings. As shown in the figure,
surface hardness increases with increasing t; and Cy The
hardness values obtained in graphite powder mixed
dielectric cases are higher than that of H3;BO; powder
case. The higher hardness obtained in graphite case is
attributed to martensite formation on the machined surface
due to high temperature diffusion of graphite powders to
the surface [6]. Maximum hardness values obtained in the
experimentation is in use of graphite powder at long t;
setting (t=100 ps) and at high C4 cases (C4=10 g/l and 15
g/l).

160
140
— 120
_E 100
w i W Base Ietal —Ana malzeme
£ 60 -
5
B 40 - 025 s [H3BOs]
= 100 s [H3EO3]
20 - m 15 ps [Craphte] [Crrafit]
0 100 g5 [Graphite] [Grafit]
o -

E 2545 [Pure Keroseng] [Saf Gazyas]
1005 [Pure Kerosene] [Baf Gazyag)

Figure 13. Variation of machined surface hardness with t; and Cq
Sekil 13. Islenmis yiizeylerin sertliginin t; ve Cq ile degisimi

4.4 Mikroyapinin ile ilgili G6zlemler

Mikro yapmnin incelenmesi sonucunda isparcalarinda
farkli Ozellikte yiizey katmanlarin meydana gelmedigi
goriilmiistir.  Ancak  igparcalarmm  islenmis st
yiizeylerinde beyaz bir tabakanin olustugu tespit edilmistir
(Sekil 14). Grafit tozlu deneylerde yiizeyde goriilen beyaz
tabakanin diizgiin yapida oldugu, t; ve Cq arttik¢a her iki
tip tozda da bu tabakanin kalinliginin arttig1 gézlenmistir.
Bu tabakanin grafit tozlu deneylerde daha diizgiin
olusmast bu deneyler igin Olgiilen kiigiik piiriizliilik
degerleri ile de uyusmaktadir. Olusan beyaz tabaka ¢ok
sert ve kirilgan oldugundan ve tabakanin kalinligimin 2-9
pm araliginda (¢ok ince) degismesinden dolay1 tabakanin
sertlik Ol¢iimil yapilmamustir. Bu tabakanin sertliginin ana
malzemenin sertliginden %50 ile %90 arasinda daha
yiiksek oldugu bilinmektedir [4,11,15].

4.4 Observations about microstructure

Optical investigation of microstructure indicated that
no metallurgically affected surface layers formed under
pure and powder mixed kerosene machining conditions.
However, a thin white layer is observed on top of all
machined workpiece surfaces (Figure 14). It is found that
thickness of the white layer increases with increasing t;
and Cy4 for both graphite and H;BO; powder cases. For
graphite powder case, the white layer is continuous and
evenly distributed in thickness over the surface. Since the
white layer is found very hard and brittle and its thickness
varies between 2 and 9 pm, hardness measurements of the
layer couldn’t be performed. The hardness of this hard
white layer is known to be 50% to 90% higher than that of
the base metal [4, 11, 15].
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e) t=25 us, Cq= 15 g/l H;BO;

2) t=25 ps, C4=10g/1 C
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h) t,=100 ps, C4=10 g/l C

Figure 14. White layer formed on machined work surfaces (x400 magnification)

Sekil 14. Islenen ispargalarinin mikro yapisi (x400)
5. SONUCLAR

Bu caligmada, dielektrik sivi igerisine katilan grafit ve
H;BOs tozlarmin yiizey piiriizliiliigiine, ispargasi isleme
hizina, elektrot asinma hizina, mikro yapiya ve ylizey
sertligine etkileri deneysel olarak incelenmistir.

Gerek grafit ve gerekse H3;BO; toz karisimli
deneylerde, vurum siiresi arttikga yilizey piiriizliliigiiniin
kotiilestigi goriilmistiir. H;BO; tozu kullanildiginda, artan
toz konsantrasyonu ile yiizey piiriizliiliigii degerlerinde saf
gazyagina gore belirgin bir degisim goriilmemistir. Grafit
tozlu caligmada ise ylizey piiriizliligiinde, saf gazyagi
kullanilarak elde edilen ylizeylere gore belirgin bir
iyilesme goriilmiistlir. Grafit tozlu deneylerde elde edilen
R., R,DIN) ve S, pirizlilik parametreleri biitiin
deneylerde elde edilen en kiigiik degerlerdir. Toz karigimli

5. CONCLUSION

In this study, effects of mixing graphite and boric acid
(H3BOs, powders into kerosene dielectric on surface
roughness, workpiece removal rate, electrode wear rate,
micro structure and surface hardness are investigated
experimentally in PM/EDM process.

It found experimentally that increasing pulse time
increases surface roughness for both graphite and H3;BO;
powder mixed kerosene cases. No significant change in
surface roughness compared to pure kerosene is observed
with increasing concentration of H;BO; powder in
kerosene. Mixing of graphite powder into kerosene
dielectric significantly improves surface quality. The
smallest values of R,, R,(DIN) and S,, surface roughness
parameters are obtained in use of graphite powder mixed
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deneylerde, S, ve R,(DIN) piiriizliilik parametrelerinin
artan toz konsantrasyonuyla azalmasi krater boyutlarmin
(capinin ve derinliginin) azaldigini géstermistir. Bu durum
cekilen yiizey profil fotograflarindaki  kraterler
incelendiginde de goriilmektedir.

Sonug olarak, grafit tozlu islemelerde isleme araliginda
olusan toz kopriileri bosalim siiresince daha fazla sayida
bosalim kanali olusturarak H3;BO; tozlu ve tozsuz
dielektrik siviya gére ayni bosalim enerjisini birim isleme
alanina daha diisiik yogunlukta iletmistir. Bu da yiizey
pliriizliliigiinii belirgin sekilde iyilestirmistir. Dielektrik
siviya katilan H3;BO; tozunun kotii iletken olmasindan
dolay1 saf gazyagina gore R,, R,(DIN) ve S,, piiriizliiliik
parametrelerinin degerlerinde iyilesme saglanamamustir.

Grafit tozlu deneylerde toz konsantrasyonun ve vurum
stiresinin  arttirilmasiyla saf gazyagi ve H;BO; tozlu
deneylere nazaran ¢ok daha yiiksek isleme hiz1 degerlerine
ulagilmistir. H;BO; tozlu g¢alismada, isleme hizinda saf
gazyagina gore belirgin bir iyilesme saglanamamigtir.
Elektrot aginma hizinda artan her iki toz konsantrasyonu
ile birlikte belirgin bir artis goriilmiistiir. Grafit tozu
karisimli deneylerde artan toz konsantrasyonu ve diisiik
vurum siiresinde saf gazyagi ve H;BO; tozu ile yapilan
deneylere gore yiiksek elektrot aginma hizi elde edilmistir.
Biitiin deneylerde uzun vurum siirelerinde elektrot
aginmast azalmustir. Grafit tozlu deneylerde vurum
siiresinin artig1 ile saf gazyagi ve H;BOj; tozlu deneylere

gore bagil asmma degerlerinde belirgin bir artis
gorilmiistiir.
Biitin  toz  karisimli  deneylerde  artan  toz

konsantrasyonu ve vurum siiresi ile ylizey sertliginin ana
malzemeye ve saf gazyagi ile islenmis ylizeylere gore
arttig1 goriilmiistiir. Grafit tozunun kullanildig: deneylerde
H;BO; tozuna gore daha yiiksek sertlik degerleri
gozlemlenmistir. Bu sonu¢ karbonun ylizey tabakasinda
martenzit olusumunu artirmasindan dolayidir.

Mikro yap1 fotograflar1 igparcast ylizeyinde farkl
katmanlarin olusmadigini gostermistir. Ancak
igparcalarinin iglenmis yiizeylerinde bolgesel olarak 2-9
um kalinliginda beyaz renkli ¢ok sert ve kirilgan bir
katman olustugu tespit edilmistir. Her iki tozla yapilan
deneylerde toz konsantrasyonu ve vurum siiresi arttikca
beyaz katmanin kalinlig1 artmistir.

Yapilan deneyler, H3;BO; tozlarmin yiizey sertligi
disinda saf gazyag ile yapilan deneylere gore isleme hizi
ve yiizey piriizliiligii acilarindan belirgin bir istiinliik
saglamadigint gostermistir. Bu durum, H;BO; tozunun
kotli elektrik iletken bir toz oldugu gergegi ile izah
edilmistir. Bor esasli tozlarin TK/EEI yonteminde yiizey
alasimlamasinda kullanim verimi daha yiiksek iletkenlige
sahip bor esasli tozlarin veya bor esasli tozlarin diger
iletken tozlarla karistirilarak kullanimi ile artirilabilir.

kerosene. In this study, S, and R,(DIN) surface roughness
parameters are used in place of crater diameter and crater
depth, respectively. It is found that the surface roughness
parameters (i.e. crater diameter and depth) decrease with
increasing powder concentration, especially for graphite
powder. The results are also confirmed by optical
microscope investigation of the surfaces.

In graphite powder mixed cases, increasing powder
concentration and pulse time increases material removal
rate more than pure kerosene and H;BO; powder mixed
cases. H;BO; powder mixing does not improve material
removal rate significantly. Electrode removal rate is
increased with the addition of both powders to dielectric.
Mixing of graphite powder gives higher electrode wear
rate than pure and H3;BO; powder mixed kerosene
especially at high powder concentrations and short pulse
time settings. In all experiments electrode wear rate
decreases with increasing pulse time. Relative wear in
graphite powder case is higher than both pure and H;BO;
powder cases.

It found that for both powders, increasing powder
concentration and pulse time increases hardness of
machined workpiece surface with respect to base metal.
The hardness values for both powder mixed machinings
are higher than pure kerosene case. Graphite powder
mixing gives higher hardness values than H;BO; powder
mixing. This is attributed to the formation of hard
martensite layer on the work surface in use of graphite
mixed kerosene.

Optical microstructure investigations and photographs
taken do not indicate formation of surface layers after
PM/EDM. A thin white layer (2-9 pm thickness) is
observed on top of all machined surfaces and it is found
that thickness of the layer increases with increasing t; and
C for graphite and H;BO3 powder cases.

The experiments conducted indicated that use of boron
based H;BO; powder mixing into kerosene dielectric does
not improve machining results significantly in EDM
process, except hardness of the machined surface. The
alloying effect of boron based powders on PM/EDM
surfaces could be improved by using more conductive
boron based mineral powders or by mixing boron based
powders with conductive powders.
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