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Ni-B electrodeposited coating

Wear mechanism

In this study, mechanical properties and wear behaviors of Ni-B coatings were
investigated. The mechanical and wear properties of the coating change depending
on the nickel boride (Ni,B and Ni,B) phases formed after heat treatment at 400°C
for 2 hours. Nodular structure formed in the surface morphology and columnar
growth in the cross-sectional images of the coating as-deposited and annealed was
examined by scanning electron microscopy (SEM). The amorphous structure at
as-deposited and the nickel boride phases formed in the structure after annealing
were analyzed by X-ray diffraction (XRD). Using the Debye-Scherrer formula,
the effect of the phases formed in the structure on the crystalline grain size after
annealing was calculated. The hardness values of the coating as-deposited and
annealed were calculated by nano-indentation hardness measurement method.
Wear tests of the coatings, which were subjected to heat treatment at 400°C for
2 h, were carried out in dry conditions without the use of lubricants, at different
loads (1N-3N-5N), at a sliding speed of 25 mm/s and at 25°C. After the wear
tests, the wear surfaces of the samples were imaged by SEM and their chemical
compositions were analyzed by energy dispersive spectroscopy (EDS). The
wear rate and coefficients of friction the samples tested under different loads had

compared each other.

1. Introduction

Studies on coating technology to improve the surface
properties of materials have been increasing. Although
hard chrome is the most used in surface coating pro-
cesses in the industry, alternative studies are carried
out due to the lack of mechanical properties of this
coating and the low service life. Mild carbon steels are
used more commonly than alloy and mild steels due
to their low cost, and they are subjected to different
surface treatments since their strength and wear re-
sistance are low [1].

To increase the strength and wear resistance of the
material in the industrial area, surface treatments are
made on mild carbon steels by electrodeposition coat-
ing method. Pure nickel coating produced by elec-
trodeposition method cannot show high resistance
in wear environments due to its low hardness. As is
known, the strength of the material improves with the

alloying [2]. The most concentrated studies as an alter-
native to hard chrome plating are Ni alloy coatings. Ni
alloy coatings are becoming widespread in industrial
areas such as aviation, automobile, and defense due
to their low deposition cost, easy of use industry, high
hardness values, very good friction, and wear proper-
ties. Especially Ni-B alloy coatings are the most pre-
ferred research area due to their superior mechanical
and tribological properties. Ni-B coatings produced
by electrodeposition coating technique are formed in
amorphous structure. The mechanical and tribological
properties of the Ni-B coatings are affected by the ap-
plied heat treatment. Boron element added to improve
the mechanical properties of its alloy dissolves in the
matrix and crystal nickel boride phases are formed af-
ter the coating is subjected to heat treatment [3]. In
annealed coatings, there is a significant increase in
the hardness of the coating with the grain refining ef-
fect resulting from the crystallization of nickel and the

*Corresponding author: drdoganfatih@gmail.com
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formation of Ni,B and Ni,B phases. Thus, increasing
coating hardness also improves the wear properties
of the coating [4]. Although it has been reported in the
previous studies that the formation of Ni,B and Ni,B
crystal phases increases the hardness and wear re-
sistance of the coating, it has not been fully explained
that these phases also improve the strength and wear
behavior of the coating [5,6].

In this study, the microstructure, hardness and tribol-
ogy properties of Ni-B coatings produced by the pulse
current electrodeposition method were investigated.
Particularly, attention was paid to the effect of heat
treatment on the strength increase of the coating. The
results obtained showed that Ni-B coating produced
without using any lubricating reinforcement element is
resistant to the applied wear medium.

2. Methods

Mild carbon steel of 5 mm thickness, 40 mm x 30 mm
size was used for the cathode in Ni-B electrodeposi-
tion coating. The substrate surface was polished us-
ing alumina after mechanically sanded using 200-400-
600-800-1000-1200 grit SiC polishing paper to remove
the roughness of the sample surfaces, increase ad-
hesion and ensure homogeneity of the coating. Then,
samples that cleaned with ethanol in ultrasonic bath
were rinsed with deionized water and dried. Finally,
before starting the coating procedure, the samples
were immersed in HCI:H,O (1:3) solution to clean the
oxide layer that may form on the substrate surface,
then cleaned with deionized water and placed in the
coating solution. After the coating process, the sam-
ples were heat treated under an argon atmosphere at
400°C for 2 hours.

Table 1. Chemical composition and operating conditions of Ni-B
electrodeposition coating.

Chemical composition

Chemicals Composition (g/L)
NiSO4.6H.0 240
NiCl2.6H20 45

H3BOs3 30
TMAB(Trimethylamineborane) 3

Coating bath conditions

pH 3

Temperature ('C) 50

Current density (mA/cm?) 4.5

Stirring rate (rpm) 450

Deposition time (min.) 60

Anode Ni (%99.9)
Cathode S-37 steel (mild carbon steel)

Figure 1 shows a schematic of the electrodeposition
Ni-B alloy coating bath. The chemical composition and
operation conditions of the Ni-B coating bath are given
in Table 1. Electrodeposition of nickel in the Ni-B coat-
ing and reactions with hydrogen discharge are given
below:

Ni+H*+e - Ni—H
Ni—H - 2Ni+H,
Ni—H+H"'+e ->Ni+H,
Additionally, the TMAB compound used as the boron
source in the coating bath is included in the Ni matrix
by the following reaction [7]:

(CH3)3N.BHs + 2H,0 — BHs + 20H™ + (CH3)3HNH*

BHs + 20H™ + (CH3)sHNH* — B + Hy + 2H,0 + (CHs)sHN

o
<1y —> Thermometer

Coating bath cell

Bath solution  <—

Mild steel cathode €] —> Nianode

——> Water

Figure 1. Schematic illustration of electrodeposited Ni-B alloy
coating bath.

The surface morphology and cross-sectional view of
the coating as-deposited and annealed were exam-
ined using the JEOL 6060-LV scanning electron mi-
croscope (SEM). The crystal structures of the coatings
were characterized by the X-ray diffraction (XRD) tech-
nique using the Rigaku D/MAX 2000 X-ray generator
and Cu Ka radiation diffractometer with a wavelength
of 1.54059 A°. Crystalline sizes were calculated by the
formula of Debye-Scherrer. The hardness values of
the coating after heat treatment were measured using
the Nano hardness device (Anton Paar Nanoindenta-
tion tester: NHT?) with Berkhovic indenter under load
of 25 mN. The hardness measurements were made
from the cross-sectional area of the coating and hard-
ness values obtained from five different points were
averaged for each sample. In addition, the load-depth
curves of the samples as-deposited and heat treated
were analyzed by nano-indentation test. Tribological
behavior of the coatings was performed on the Tri-
bometer (CSM Instruments TRB 18-317) by dry sliding
against the AL,O, ball (& 6 mm). The wear tests were
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carried out at 25°C+2 room temperature and 45%+5
relative humidity media. Wear tests were carried out
at different applied loads (1N-3N-5N) at sliding rates
of 25 cm/s over 400 m sliding distance, and wear rate
and friction coefficient values of each sample were
calculated. The image of wear traces on the surface
of the coating after the wear tests were obtained by
SEM. Elemental analysis of sample surfaces abraded
at different loads was performed with EDS. In addition,
the coefficient of friction values and wear rates of the
samples were analyzed after the friction test.

3. Results and Discussion

The surface morphology and cross-sectional images of
the as-deposited and the annealed coatings are shown
in Figure 2. Surface morphologies of Ni-B coatings are
in the form of cauliflower structure and it is seen that
the nodular structure of the coating is refinement after
heat treatment. The void structure seen on the coat-
ing surface before heat treatment decreased after the
heat treatment. This can be explained by the fact that
nickel borides formed after annealed decrease the po-
rous structure of the coating and form a denser layer.
In addition, it can be stated that the smoothness of
the coating surface increases with the decrease in the
nickel crystal's grain size [8]. The columnar growth ob-
served in the coatings was dense and continuous, and
there were no defects in the adhesion of the coating to
the substrate. When the interface between the coating
and the substrate is examined, it is seen that while
significant defects are observed in the coating before

heat treatment, it is seen that defects are reduced and
adhesion is better after heat treatment. The columnar
structure which improves the tribological properties of
the coating prevents adhesive wear by reducing the
contact area between the coating surface and the op-
posite surface. Thus, it can be said that heat treatment
can positively affect the internal tension of the coating,
and the load applied during friction can be distributed
evenly and the load on the Ni matrix phase can be
reduced [9].

The XRD spectra of Ni-B coatings as-deposited and
heat treated are shown in Figure 3. It is seen that the
nickel phase structure, which is semi-amorphous be-
fore the heat treatment, the Ni crystal phase structures
and nickel borides after the heat treatment. This trans-
formation resulted with the formation of (111), (200),
(220) planes at 44.36°, 51.80° and 76.28° peaks,
respectively. In the phase diagram in the literature,
the nickel in the amorphous microstructure crystal-
lizes at different temperatures to form Ni,B and Ni,B
phases [10]. After the coatings annealed, the amor-
phous phase of the nickel crystal peaks decreased,
while crystal nickel boride (Ni,B and Ni,B) phases are
formed. Nickel borides formed in the coating prevent
nucleation of nickel phases. The formation of narrow
and dense peaks of nickel and nickel boride phases
after heat treatment shows that the crystallinity of the
structure increases [11]. With the Debye-Scherrer for-
mula (Eq.1) given below, the average crystallite size
for the nickel crystal was calculated as 41 nm [12].
Nickel borides formed after annealed can reduce the

Substrate — As-deposited

400°C, 2 hour
heat treatment

Columnar structure

Figure 2. Surface morphology and cross-section images of Ni-B alloy coatings (a, b) as-deposited and (c,d) heat treated, respectively.

211



Dogan F. et al. / BORON 6 (1), 209 - 215, 2021

crystalline grain boundaries and dislocation areas and
make the coating more compact. Thus, increased
coating strength can show high wear resistance dur-
ing friction.

0.91
" Bcos@ (1 )

Where, d is mean crystalline size, A is X-ray wave-
length (0.15418 nm), B is the corrected peak width at
half maximum intensity (FWHM) and 6 is Bragg dif-
fraction angle. The crystallinity of the coating, which in-
creases because of heat treatment, can be explained
by the inhibition of crystal grain growth in the matrix.

0 Ni
N Ni,B

—As-deposited
=—Heat treatment

Intensity (a.u.)

30 40 50 60 70 80
2Theta (deg.)

Figure 3. XRD result of Ni-B alloy coating as-deposited and heat
treated.

The hardness measurements and load-depth curve
performed on the coatings as-deposited and annealed
are given in Figure 4, respectively. As can be seen in
Figure 4a, the hardness and elastic modulus of the
coating after heat treatment was increased significant-
ly. While the hardness of the amorphous coating was
610 HV, it increased to 838 HV with the precipitation of
the Ni,B and Ni,B crystals. The increase in hardness
and elastic modulus can be explained by the precipita-

801 (a)

g 8¢

Hardness (HV)
o
8
'

heat treated

as-deposited

tion of Ni,B and Ni,B phases, which are formed after
heat treatment and are compatible with XRD results.
Increased hardness after heat treatment increases
the wear resistance of the coating surface exposed
to wear [13]. Also, the decrease in the grain size of
the crystal after heat treatment can be explained by
the higher hardness of the coating than the Hall-Petch
effect [14]. In addition, the non-porous and dense
structure formed on the coating surface improves both
the hardness and wear resistance of the coating. The
trace images that appear uniformly in the cross sec-
tion of the coating show the nano-indentation hard-
ness test. Only at the beginning of the loading/unload-
ing plot curve of the test performed under a load of 25
mN for 10 seconds, relatively little curvature is seen.
Thus, it can be stated that the samples are not de-
formed too much. According to the results of the nano-
indentation test (Figure 4b), the high indentation depth
that occurs when the load applied on the material is
removed shows that the material is ductile. It has been
observed that the depth decreases with the increase
in the hardness of the material after heat treatment.
The sample, which showed an elastic structure before
heat treatment, became brittle after annealed and in-
creased the coating hardness.

Low and high magnification SEM images of the wear
traces of coatings annealed at 400°C for 2-hours and
tested at different loads are shown in Figure 5. The
wear trace of the sample, which was abraded by ap-
plying 1N load (Figure 5a), is more than the other sam-
ples. In addition, it is seen that there are more cracks
and spills in the wear trace. When the wear trace im-
ages are examined, it was observed that the wear
trace width was the lowest in the wear with 3N load
(Figure 5c¢). The contact surface area is increased by
increasing the applied load to 5N and thus the wear
trace width of the coating is increased (Figure 5e).
Also, the residual particles formed by increasing the
load to 5N increased the wear trace width and rough-
ness [15]. High magnification SEM images were taken
from the regions marked with red to examine the wear
traces in detail. As seen in Figure 5b, when a 1N load

(b)

25 4 —— as-deposited
—— heat treated

20- -

Load (mN)

04 Unloading
0 100 20 300 400 500
Depth (nm)

Figure 4. (a) Hardness and (b) load-depth curve for Ni-B alloy coatings as-deposited and heat treated.
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is applied to the coating surface, the wear trace ob-
served during the sliding indicates that the coating sur-
face can bear the load. Since nickel is a ductile metal,
the boron particles in the matrix are exposed and the
load is reduced by the borides in contact with the hard
surface. Nickel borides with lubricating properties pro-
tect the coating surface against the opposite surface.
In addition, nickel crystal and nickel borides facilitate
the plastic deformation of the coating. As shown in Fig-
ure 5d, when the applied load is increased to 3N, the
roughness of the eroded surface has decreased. [16].
Columnar growth increases wear resistance by reduc-
ing the actual contact area of the coating. When the
applied load is increased to 3N, high contact pressure
caused by the increased load leads to an increase in
temperature. Thus, the increased oxide layer increas-
es wear resistance.

As seen in Figure 6, EDS analysis in wear traces
shows that the Ni and O elements are present in the
worn parts. 3N load sample has more O elements on
the wear surface than other samples. Severe wear oc-
curs by increasing the applied load to 5N and adhesive
wear has occurred in the fragmentation of the wear
trace. Since the protective oxide layer starts to break
at 5N load and the crystal borides with lubricant prop-
erties do not resist sufficiently against the applied load,

the contact area between the coating surface and the
opposite surface increases and resulting with high
wear. The disruption of the adhesive-induced connec-
tion due to chemical interaction between the contact
surface causes the formation of local debris particles
[17]. As the contact interface temperature increases
with increasing the load to 5N, the hardening of the
matrix is reduced by the breakdown of the protective
oxide layer. Thus, the contact of the load with the soft
substrate material causes breaks in the material. De-
tection of the element Fe, which is the element of the
substrate material in EDS analysis (Figure 6), confirms
the cracks that occur in wear [18].

The friction coefficients and wear rates of Ni-B coat-
ings abraded at different loads are given in Figure 7.
Friction coefficients increased at the beginning of each
coating due to surface roughness. Then progressed
steadily throughout the wear test. As seen in the fig-
ure, the lowest friction coefficient and the lowest wear
rate were observed in the abraded coating with 3N
load. High volume nickel crystal and crystal borides
increase the wear resistance of the coating. Nickel bo-
rides formed after heat treatment increase the hard-
ness of the coating, thereby increasing the plastic re-
sistance of the coating. The contact area between the
coating surface and the opposing surface decreases

cracks

185

Crushed nodules

NiO layer

EARY-1-1-] 185, 16 4@ SEI

cracks

NiQ debris

delamination

1. B0a 10w

Figure 5. Low (a,c,e) and high (b,d,f) magnification SEM images of wear marks of Ni-B alloy coatings, which are formed as a result of friction
tests performed under 1N, 3N and 5N load at room temperature, dry shear conditions, respectively.
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Figure 6. EDS analysis of worn surfaces at different loads, respectively.

and the friction coefficient value of the coating decreas-
es. In addition, as described in Figure 6, the oxide layer
formed on the coating surface plays an important role in
reducing the contact area. As seen in the figure, when
the load applied to Ni-B coatings is increased to 5N, the
wear rate and friction coefficient increase due to friction
force is more severe. Thus, increasing the load causes
the protective tribo-oxide layer to break, cracks to form
and increased friction. With the decrease of the plastic
deformation in the contact area at 5N load, direct con-
tact occurs between the coating surface and the op-
posite surface. Also, the volume of the nickel crystal
and the presence of nickel boride phases in the adhe-
sive wear mechanism affect the wear of the coating.
Increasing the load causes the borides in the matrix to
break and an increase in wear rate. Therefore, with in-
creasing the applied load to 5N, because of the high
adhesion between the coating surface and the opposite
surface, the friction coefficient value of the coating in-
creases [19].

o
n

=06 —iN ‘E
2 :;: (a] Z 504 (b)
g % !
8 E 451 ’
w04 N
s © 40 .
£03 X
£02 g g
] -
[+] g 3,04
0 0,1 2
T T T T T 25 T T T
0 100 200 300 400 N N SN
Sliding Distance (m) Load

Figure 7. Coefficient of friction and wear rate of coatings abraded in
different loads.

4. Conclusion

Electrodeposited Ni-B coatings were heat treated at
400°C for 1 hour. While nickel crystallized after heat
treatment, the deposits in the precipitated state were
observed to precipitate the Ni,B and Ni,B phases. The
mechanical and tribological properties of Ni-B coat-
ings have been improved by the precipitation of Ni,B
and Ni,B crystals and formation of smaller grain size
after heat treatment. The hardness of the coating in-
creased significantly after heat treatment. Increased
coating hardness has shown high wear resistance by
reducing the contact area between the coating sur-
face and the opposing surface. The increase in coat-
ing hardness in heat treated coatings increased the
plastic resistance of the coating and reduced the con-
tact area between the coating surface and the oppos-
ing surface. When the coating surface is worn with
3N load, the nickel borides and the Ni-O layer formed
with the increasing temperature due to the contact
pressure during wear increased the wear resistance.
By increasing the applied load to 5N, the separations
formed by the adhesive wear mechanism on the coat-
ing surface and the residual particles increased the
wear rate and friction coefficient of the coating. The
wear rate and coefficient of friction of coatings that
was abraded at room temperature with different loads
increased with increasing higher load.
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Son gunlerde yagsanan COVID-19 salgini, temiz ve yenilenebilir enerji kaynaklarinin
kullaniminin ne derece 6nemli oldugunu birkez daha géstermistir. Bu galismada, gelecegin
enerji kaynagi olarak dustndlen temiz hidrojen, Ni-B katalizorleri kullanilarak NaBH,’Gn
hidrolizi ile Uretilmistir. Hidroliz reaksiyonu esnasinda reaksiyon kinetigine dogrudan
etkisinin oldugu bilinen ortam sicakhgi, karistirma hizi, kati-sivi orani ve kullanilan yakitta
NaBH,-NaOH orani gibi parametrelerin reaksiyon hizina olan etkileri yanit ylizey metodu
ile ayrintili olarak incelenmistir. Kullanilan yanit yiizey metodunda deneysel calismalar
Taguchi L9 ortogonal dizisi kullanilarak gergeklestiriimis ve parametrelerin etkinligi
varyans analizi ile belirlenmistir. Olusturulan model sonucunda, maksimum hidrojen Uretim
hizinin eldesi igin optimum parametreler; ortam sicakhgi 347,17°K; karistirma hizi 200,21
rpm; kati-sivi orani 2,86 mgkatanzbr/mlyakn; ve NaBH, NaOH orani 1,04 olarak belirlenmistir.
Varyans analizine gore hidrojen Uretim hizini etkileyen parametrelerin etkinligi sirasiyla
reaksiyon sicakhgi, karistirma hizi ve NaBH,-NaOH orani olarak belirlenmistir. Buna
karsilik kati-sivi oraninin etkisinin belirgin bir sekilde ortaya c¢ikmadigi goriimustir.
Yanit ylizey yontemi kullanilarak gelistirilen modelden elde edilen tahmin sonugclari ile
deneysel verilerin birbirilerini dogruladigi, yapilan dogrulama deneyleri sonucunda ortaya
konulmustur.
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The COVID-19 pandemic shows once again how important the use of clean and renewable
energy sources is. In this study, clean hydrogen, which is considered as the energy source
of the future, was produced by the hydrolysis of NaBH, using Ni-B catalysts. During the
hydrolysis reaction, the effects of parameters such as reaction temperature, stirring speed,
solid-liquid ratio and NaBH,-NaOH ratio in the fuel used, which are known to have a direct
effect on the reaction kinetics, on the reaction rate were studied in detail by the response
surface methodology. Experimental studies in the response surface methodology used
were carried out using the Taguchi L9 orthogonal array and the efficiency of the parameters
was determined by analysis of variance. As a result of the created model, optimum
parameters for obtaining the maximum hydrogen production rate; reaction temperature
347.17°K; stirring speed 200.21 rpm; solid-liquid ratio 2.86 mg_, /ml,; and the ratio of
NaBH,-NaOH 1.04. According to the analysis of variance, the efficiency of the parameters
affecting the hydrogen generation rate was determined as reaction temperature, stirring
speed and NaBH,-NaOH ratio, respectively. On the other hand, it has been seen that
the effect of solid-liquid ratio does not appear clearly. As a result of the validation tests, it
was revealed that the predictions obtained from the model developed using the response
surface methodology are in good agreement with the experimental results.

1. Girig (Introduction)

Dunya nufusunun hizli artisi ve artan enerji talebinin
yani sira sehirlerin plansiz bir sekilde buytumesi ile bir-
likte ¢cok sayida ¢evre sorununa ve insan saghgi icin
ciddi risklere neden olmaktadir. Hizla artan hava kirli-

ligi, kiresel dlgekte toplum sagligi ve gevre igin ciddi
bir tehdit olusturmaktadir. Yapilan arastirmalar sonu-
cunda ciddi hastaliklarin olusmasina neden olan hava
kirliligi ile solunum hastaligi semptomlari, akciger yet-
mezligi, kronik bronsit ve solunum problemlerine bag-
[I 6lim sayilari arasinda dogrudan bir iligski oldugunu

*Sorumlu yazar: helcicek@subu.edu.tr
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dogrulamistir. Bununla birlikte, Diinya Saghk Orguiti
(WHO) hava kirliliginin kanserinin temel nedenlerinden
biri olarak bildirmistir [1,2]. Son zamanlarda hizla ar-
tis gosteren yeni tip koronavirtis (COVID-19) pandemi
sureci, 6zellikle kronik hastaliklari bulunan Kkisilerin,
COVID-19 enfeksiyonuna yakalanma riski ve hasta
Uzerindeki olumsuz etkisi artmaktadir. Pandemi sure-
ci, insanin temiz su, hava ve enerji ihtiyacini gin yizu-
ne ¢ikarmis ve bu yonde atilacak adimlarin strdurtle-
bilirligi ve iyilestiriimesi hayati dnem tasimaktadir [3].
Ekonomik ve gevresel kaygilar, bununla birlikte fosil
yakitlara bagimlihgin azaltilmasi ve dogaya salinan
zararli emisyonlarin en aza indirilmesi surduralebilir
alternatif enerji kaynaklari ile saglanabilecektir [4]. GU-
nimuzde fosil kaynakl yakitlara alternatif olarak, yuk-
sek verimliligi ve ¢evre dostu olmasi nedeniyle hidro-
jen, umut verici bir enerji kaynagi olarak ve gelecegin
yakiti kabul edilmektedir [5-8]. Bununla birlikte, gliven-
li, verimli ve disuk maliyetli hidrojen Uretiminin henlz
saglanamamasi nedeniyle, hidrojen yaygin olarak kul-
lanilamamaktadir. Hidrojen kaynagi olarak birgok farkl
arastirma gercgeklestirilmis olup, su, dodalgaz, kémdr,
cesitli bitkiler ve kimyasal hidrirler gibi birgok farkl
malzemenin verimliligi arastinimistir. Kimyasal hidrir-
ler (LiBH,, NaBH,, KBH,, NaH, vb.) hacimsel olarak
yuksek hidrojen depolama yogunluguna sahip olmasi
nedeniyle tasinabilir uygulamalar igin en umut verici
depolama kaynaklari arasinda yer almaktadir [9,10].
Ozellikle sodyum borhidrir (NaBH,), ylksek teorik
hidrojen icerigi (%10,8 kutlece), kararli yapisi, disik
sicakliklarda hidroliz yoluyla hidrojen Uretiminin ger-
ceklesmesi, reaksiyon sonrasinda toksik olmayan yan
drtnlerin ortaya ¢gikmasi ve uygun katalizor varliginda
hidroliz reaksiyonunun kolaylikla kontrol edilebilmesi
nedeniyle hidrojen Uretiminde yaygin olarak kullanil-
maktadir. Bununla birlikte, uygun katalizor segimi, Ure-
tilen hidrojenin safligini ve verimliligini dnemli dlgltide
etkilemektedir [11]. Literatiirde, Co-B bazl katalizorler,
dusuk maliyetleri, yiksek aktiviteleri ve yeniden kulla-
nilabilirlikleri nedeniyle NaBH, hidrolizi yoluyla hidro-
jen Uretiminde tercih edilmekte ve etkileri kapsamli bir
sekilde arastiriimistir [9,12-14]. NaBH,'Gn genel hidro-
liz reaksiyon su sekilde tanimlanmaktadir:

NaBH; + 2H,0 — NaBO, + 4H,T  AH = -217 kJ mol!
NaBH,'in kitlece %10,8 hidrojen igeririken, hidroliz
reaksiyonunda (suyun da katkisiyla) normal sartlar
altinda 1 g NaBH, ile 2,37 L hidrojen Uretilmektedir.
NaBH,'in oda sicakliginda kendi kendine hidroliz re-
aksiyonu ile toplam doénisimu %7-8 civarinda ger-
ceklesmektedir [15,16] ve su igerisindeki reaksiyonu
ekzotermiktir. Reaksiyon sonucunda ortaya ¢ikan sod-
yum metaborat (NaBO,) gevreye zararsiz bir (riin ola-
rak olusmakta ve tekrar NaBH,’e donustirilebilmek-
tedir [17]. Hidroliz reaksiyonun hizini ve verimliligini
artirmak i¢in asidik ve metalik katalizorler literatlirde
sikga kullaniimaktadir [18]. Bununla birlikte, sodyum
borhidrir ¢ozeltisinin raf 6mrini uzatmak ve bekletil-

diginde agiga ¢ikan hidrojen gazini 6nlemek amaciyla
¢cOzelti icerisine sodyum hidroksit (NaOH) gibi bazik
cozeltiler eklenerek alkali ¢ozeltileri halinde depolana-
bilmektedir. NaBH, ve NaOH konsantrasyonunun yani
sira, katalizor tlrd, katalizér miktari, karistirma hizi ve
reaksiyon sicakligi gibi birgok parametre hidroliz kine-
tigi Uzerinde dnemli etkileri bulunmaktadir.

NaBH,'in hidroliz reaksiyonunda platin (Pt) [19], ru-
tenyum (Ru) [20] ve paladyum (Pd) [21] bazl katalizor-
ler yaygin olarak kullaniimaktadir. Bu katalizorler, yuk-
sek aktivite gdstermelerine ragmen, yuksek maliyetleri
nedeniyle genis c¢apli uygulamalarda kullanimlarini
sinirlamaktadir [22]. Son zamanlarda yapilan ¢alisma-
larda dusik maliyetli, dayanikli, ve verimli alternatifler
bulma ihtiyacindan dolayi, kobalt (Co) [23], nikel (Ni)
[24], manganez (Mn) [25] ve bakir (Cu) [26] gibi gegis
metalleri birgok ¢alismada tercih edilmistir. Bu metal-
ler icerisinde nikel, ylksek aktivite gostermesi, segici
ve ucuz olmasi nedeniyle en ¢ok tercih edilen metaller
arasinda yer almaktadir [27]. Nikel bazli katalizdrlerin
kullanimi 2000’li yillarin ilk yarisina uzanmaktadir. Hua
vd. (2003) aktif bir nikel borid (Ni B) katalizér kullana-
rak NaBH,'Gn hidrolizi ile hidrojen Gretim verimini ve
hizini farkli NaOH konsantrasyonlarinda ve sicaklik
degerlerinde incelenmislerdir. Elde edilen sonugclar-
dan, NiB katalizérinin150°C'de vakum altinda 1sil
isleme tabi tutulmasi sonucunda katalitik aktivitesinin
ve stabilitesinin dnemli dlgtde iyilesme gosterdigi bu-
lunmustur. Calisma kosullarinda, hidroliz reaksiyonu
45°C’de kutlece %6,75 hidrojen Uretimi gergeklesir-
ken, oda sicakliginda bu oran kitlece %4,0 olarak ra-
por edilmistir [28]. Lee vd. (2019) grafen destekli Ni
katalizori kullanarak hidrojen Uretimini incelemislerdir.
Calisma sonucunda, maksimum hidren tretim hizinin
600-800 ml.dk'.g™" oldugu ve reaksiyon kinetiginin bi-
rinci dereceden oldugu bulunmustur [29]. Ghodke vd.
(2020) termal plazma yoluyla sentezlendikleri nikel na-
nopartikdllerini kullanarak, NaBH, baslangi¢ konsant-
rasyonu, pH ve ¢ozelti sicakliginin hidrojen tretim hizi-
na (HGR) etkisini incelemislerdir. Maksimum hidrojen
Uretimi hizi 320°K sicakhginda 1000 ml.dk'.g™" katali-
z6r olarak bulunmustur. Ni nanopartikdllerinin hidroliz
reaksiyon kinetigi incelendiginde, 305-315°K sicaklik
araliginda birinci dereceden, 300°K sicakliginda ise
sifirinci dereceden reaksiyon kinetigi rapor edilmistir.
Bununla birlikte, birinci dereceden reaksiyon kinetigine
gOre hesaplanan aktivasyon enerijisi 69,76 kJ/mol iken
aktivasyon entalpisi 67,18 kJ/mol olarak bulunmustur
[30]. Son zamanlarda yapilan galismalar incelendigin-
de hidroliz ydntemi ile hidrojen dretiminin verimliligini,
sicaklik, NaOH ve NaBH, miktari, karigtirma hizi ve
katalizor miktari-yakit orani gibi parametreler dnemli
Olgude etkilemektedir. Aydin vd. (2016) yapmis olduk-
lari galismada Co-Ti-B katalizérini kullanarak ¢ozelti
sicakhgi, NaBH,, NaOH ve (Ti) konsantrasyonunun
hidrojen Uretim hizi Gzerine etkilerini arastirmisglardir.
Arastirmacilar, deneysel calismalar sonucunda %5
Ti/(Ti-Co) molar oraninda en yuksek hidrojen Uretim
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oranina ulasgirken bu katalizor i¢in optimum yakit kon-
santrasyonu kitlece %5 NaOH ile %5 NaBH, olarak
bulunmustur [9]. Saka vd. (2015) tarafindan yapilan
calismada, Cu-Co destekli katalizor kullanilarak sod-
yum borhidrir ¢dzeltisinin hidroliz reaksiyonundan
hidrojen Gretiminin verimliligi farkli Cu-Co oranlarin-
da arastinimistir. Deneysel sonuglar, Cu-Co katali-
z6ranun optimal karisim yizdesinin 60:40 oldugunu,
bununla birlikte Cu oraninin asiri artmasi sonucunda
katalitik aktivitenin énemli dlglide kotulestigini goster-
miglerdir [31]. Ekinci vd. (2020) hidrojen Uretimi igin
mikrodalga firin icerisinde Ni-B katalizori kullanilarak
gergeklestiriimistir. Arastirmacilar, Ni-B katalizérinin
katalitik aktivesini, NaOH ve NaBH, konsantrasyonu,
katalizor miktari, mikrodalga sicakligi ve gucu gibi pa-
rametrelerini dikkate alarak incelemislerdir. Deneyler
hem mikrodalgasiz hem de mikrodalga kullanilarak
Ni-B katalizor ile yapilmis ve mikrodalga kullanimi so-
nucunda maksimum hidrojen Uretiminin elde edildigi
belirtiimistir [32]. Literatlr ¢alismalarindan da agikga
goéruldaga gibi birgok parametre hidrojen Uretiminde
etkili olmaktadir. Etkin parametrelerin dogru metotlar
kullanilarak optimize edilmesiyle, hem deneysel calis-
malarda ortaya ¢ikan maliyet hem de deney sureleri
Onemli olcude azalacaktir. Optimizasyon sureci igin
cesitli teknikler kullanilmakla birlikte Yanit yuzey yon-
temi (RSM) ve Taguchi metodu yaygin olarak tercih
edilmektedir. RSM metodunda proses degiskenlerinin
¢iktl Gzerine etkisini ve bununla birlikte parametreler
arasi etkilesimleri dikkate alinarak, olusturulan deney
plani ile proses optimizasyonu gergeklestiriimektedir.
RSM kontrol edilebilir deneysel parametreler ve ¢ik-
tilar arasindaki iligkinin degerlendirilmesi igin bir am-
pirik modelin olusturulmasi esasina dayanmaktadir.
Ortaya ¢ikan ampirik ifade proses performans giktilari
ile (bagiml degisken) prosese etki eden parametreler
(bagimsiz degiskenler) arasindaki iligkiyi tanimlamak-
tadir. Siklikla kullanilan bir diger optimizasyon yontemi
ise Taguchi metodudur. Taguchi optimizasyon metodu
minimum deney ile, kontrol edilebilen ve kontrol edi-
lemeyen parametrelerin ¢ikti Uzerine olan etkilerini
belirleyebilmek icin kullanilan en énemli optimizasyon
yontemlerinden biridir. Bu metot ile birlikte, zaman,
para ve deney malzemelerinien ekonomik bir sekilde
kullanarak kalitekarakteristigini etkileyen en 6nem-
li degiskenleri bulmak hedeflenmektedir. Kazici vd.
(2020) tarafindan yapilan ¢calismada, aktif karbon (AC)
destekli palladyum, kobalt ve gimis nano pargacik
(PdCoAg/AC) katalizériinl kullanarak amonyak boran
(NH,BH,) ile hidrojen (H,) Gretiminin optimizasyonunu
yanit ylzey metodolojisi kullanilarak arastiriimislardir.
Arastirmacilar maksimum hidrojen Gretimini (11414,4
ml.dk".g™"), 2,65 mmol/5 mL NH,BH, konsantrasyonu,
15,50 mg katalizér miktari ve 50°C sicaklik sartlarin-
da elde etmislerdir [33]. Ozkan vd. (2019) yanit yiizey
yontemini kullanarak Box-Wilson metodu ile HCI kon-
santrasyonu ve sicakligin hidrojen tretimi Gzerine etki-
lerini arastirmiglardir. Arastirmacilar, HCI konsantras-

yonunun hidrojen Uretimi Uzerindeki etkisinin, sicaklia
goére daha etkili oldugunu belirtmiglerdir. Bununla bir-
likte, en ylksek dehidrojenasyon verimi (%100) 3,76
M HCI konsantrasyonunda ve sicaklik 157°C’de ve bu
kosullar altinda mininum reaksiyon suresi elde edil-
mistir [34]. Bu ¢alismalara ilave olarak, proton degisim
membran (PEM) yakit hiicrelerinde proses verimliligini
artirmak ve parametrelerin optimizasyonunu yapmak
amaclyla Taguchi metodu yaygin olarak kullaniimak-
tadir [35,36].

Hidrojen Uretiminde alkali NaBH, ¢ozeltisinin hidroliz
tepkimesini hizlandirmak igin kullanilan katalizorlerin
yani sira hidroliz reaksiyonunu etkileyen parametrele-
rin reaksiyon hizi Gzerine etkilerinin arastiriimasi bu-
yuk énem tasimaktadir. Ayrica uygun deney tasarim
modellerinin kullaniimasi ile laboratuvar g¢alismalarin-
da harcanan zaman ve maliyet minimize edilecektir.
Bu calismada, Ni-B katalizort ile hidrojen uretimini
maksimize etmek amaciyla yanit ylzey yontemi kul-
lanilarak sicakhk, karistirma hizi, kati-sivi orani ve
NaBH,-NaOH orani parametrelerinin hidroliz reaksiyo-
nu Uzerine etkileri arastiriimistir. Deneysel ¢alismalar
Taguchi L9 ortogonal deneysel tasarim modeli kulla-
nilarak gergeklestiriimis ve parametrelerin etkinligi ve
birbiri arasindaki etkilesim varyans analizi (ANOVA)
kullanilarak belirlenmigtir. Bu ¢alismada elde edilen
sonuglar, Ni-B katalizori kullanilarak farkh calisma
kosullari altinda gergeklestirilen prosesler icin hidro-
jen Uretiminin optimum kosullarin belirlenmesine katki
saglayacaktir.

2. Malzemeler ve Yontemler (Materials and Methods)
2.1. Katalizor Sentezi (Catalyst Synthesis)

Deneysel calismalarda kullanilan nikel(ll)klortr hek-
zahidrat (NiCl,-6H,0), sodyum hidroksit (NaOH),
etanol (CH,CH,OH) ve sodyum borhidrir (NaBH,,
%95) cozeltileri Sigma Aldrich’ten temin edilmigtir. Ik
olarak 0,02M NiCl,-6H,0O ve 50 ml etanol oda sicak-
hlginda homojen karisim elde edilene kadar (~10 dk)
karistinlmistir. Hazirlanan tim c¢oézeltilerin indirgen-
me reaksiyonu éncesinde pH degerleri kaydedilmistir.
Daha sonra elde edilen karigim, 6°C ayarlanmis olan
termostatl ve sirklilasyonlu bir su banyosu icerisinde
manyetik karigtirici yardimi ile 500 rpm hizinda karig-
tinlmistir. Su banyosu igerisinde bulunan ¢ézeltinin si-
cakhgi 8°C’ye ulastiginda, indirgeyici olarak 500 mg
NaBH, ve 10 ml su karigimi ¢oOzelti igerisine siringa
pompasi ile 5 ml/dk hizinda enjekte edilmistir. Elde
edilen siyah ¢okelti, su ve etanol ile yikanarak santri-
fujle sividan ayristinimigtir. Yikama igslemi sonucunda
cokturilen partikiller vakum altinda 110°C’de 1 saat
sureyle kurutulmustur. Daha sonra katalizor igerisin-
deki nemi uzaklastirmak icin kurutma islemine 110°C
sicakhginda devam edilmis ve katalizOr kurutulduktan
sonra havanda 6guttilmustar.
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2.2. Katalizor Performans Testi (Catalytic Performan-
ce Test)

Hazirlanan Ni-B katalizérd icerisine deneysel tasarim
modelinde belirtilen oranlarda hazirlanan yakit ilave
edilerek hidrojen Uretim hizi (HGR) su hacminin degi-
sim yéntemi ile belirlenmistir [9]. Hazirlanan katalizér
Tablo 2’de verilen oranlarda tartilarak, balon joje iceri-
sine alinmig ve Uzerine taze hazirlanmis yakit ¢ozeltisi
ilave edilmistir. Su banyosu belirlenen sicakhida ulas-
tiginda yakit ilavesi ile birlikte deneyler baglatiimistir.
Uretilen hidrojen gazinin hacmindeki degisiklik 1 daki-
kalik araliklarla kaydedilmistir. HGR, kullanilan toplam
katalizér miktarina gore belirlenmistir. HGR 6lgimlerini
gerceklestirebilmek amaciyla g¢alismalarda kullanilan
deney diizenegdinin sematik gosterimi Sekil 1’de veril-
mistir.

O

Gaz Bilreti

Manyetik
karistiner

Su banyosu

Sekil 1. Hidrojen uretim dizeneginin sematik gosterimi
(Schematic representation of the hydrogen generation setup).

2.3. Deney Tasarimi (Experimental Design)

Bu galismada, Ni-B katalizérl kullaniimis olup hidro-
jen Uretimini maksimize etmek amaciyla L9 Taguchi
ortogonal dizisi kullaniimistir. Calismada dért bagim-
siz parametre kullaniimis olup, bu parametrelerin ara-
liklar1 reaksiyon sicakligi (328-348°K), karistirma hizi
(200-600 rpm), kati-sivi orani (1-3 mgkatanzér/mlyakn) ve
NaBH,-NaOH (1-3) seklindendir. Deneysel ¢alismalar-
da kullanilan parametreler, bu parametrelerin seviye-
leri ve degerleri Tablo 1’de ve L9 Taguchi ortogonal
deney plani Tablo 2’de verilmistir.

Taguchi, deney planinda performans 6lguti olarak sin-
yal-gurGltd (SN) oraninin kullaniimasinin gerekliligini
de ileri sirmus ve yapmis oldugu ¢alismalarda yetmis-
ten fazla SN orani gelistirmesine ragmen, literatlirde
siklikla; hedef de@er en iyi, en kiiclk en iyi ve en buyuk
en iyi SN oranlari kullaniimaktadir. Bu galismada Ureti-
len hidrojenin maksimize etmek amaciyla en blylk en
iyi SN orani kullaniimis olup, matematiksel ifade denk-
lemi asagida verilmigtir.

n
SN = —10log [%z L 1)

=
i=1%i

Taguchi deney tasarim yontemi basitligi ve kullanim
kolayhgdi nedeniyle bircok mihendislik ve endustriyel
uygulamada kullaniimaktadir. Bununla birlikte, deney
tasarim planinin kullaniimasi ile Urtin gelistirme ma-
liyetleri dismekte, Grinln piyasaya surulme slresi
azalmakta ve Uretkenlik énemli élgide artmaktadir.
Ornegin, bu calismada 4 parametreli ve 4 seviyeli bir
calismay!i gergeklestirmek igin 256 (44) deney yapmak

Tablo 1. Deneysel calismalarda kullanilan parametreler ve seviyeleri (Parameters and levels used in experimental studies).

Seviye
Parametre Birim B —
1 2 3
A Sicakhk °K 338 328 348
B Karistirma Hizi rpm 200 400 600
C Kati-Sivi Orani mgkatalizér/mlyaklt 1 2 3
D NaBH4-NaOH orani 1 2 3

Tablo 2. L9 Ortogonal diziye ait deney plani ve sonuglar (Experimental design of L9 orthogonal array and responses).

Kati-Sivi

NaBHs-NaOH

Orani HGR

Orani

D;’;‘_*y Sicaklik Karl'_fltz':r"‘a
1 338 200
2 338 400
3 338 600
4 328 200
5 328 400
6 328 600
7 348 200
8 348 400
9 348 600

N
N

2,41
2,25
1,99
0,98
1,32
1,08
3,13
2,65
2,76

N = W = W N W N
= W NN = W w N
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gerekirken, Taguchi metodunun kullaniimasi ile 9 de-
ney yaparak, parametrelerin optimizasyonu yapilabil-
mektedir. Ayni zamanda hidrojen Uretim parametrele-
rini etkileyen her bir girdi degiskeninin katkisi ANOVA
teknigi kullanilarak belirlenmisti. ANOVA tekniginde
parametrelerin ¢ikti Gzerindeki etkileri genellikle F ora-
ni ile belirlenir ve F orani ne kadar ylUksekse paramet-
renin etkinligi o kadar dnemli oldugu kabul edilir.

Yanit ylzey ydntemi (RSM), girdi parametrelerinin ¢ik-
ti Gzerindeki etkilerinin incelendigi ve ciktiyr optimize
etmeye calistigl uygulamalari modellemek ve deger-
lendirmek icin kullanilan istatistiksel bir ydntemdir. Ya-
nit ylzey yontemi tipik olarak, deneysel tasarim mat-
risinin gelistiriimesi, ¢ikti fonksiyonunun olusturulmasi
ve ciktinin optimizasyonu igin optimum parametre se-
viyelerinin belirlenmesi olarak 6zetlenen ¢ asamadan
olusur. RSM genellikle ¢iktinin giris parametreleri Gze-
rindeki etkilerini iliskilendirmek icin ikinci dereceden bir
polinom kullanir. Bu esitlik Denklem 3’de verilmistir.

Y = Bo+ Iy BiXi+ X, BuX? + le BijXiX; + € (2)

Denklemde, Y ciktiyl, X girdi degiskenlerini (paramet-
reler), X,XJ carpimlari degiskenler arasindaki etkile-
simleri; B katsayilari model parametrelerini, € ise hata
terimini gostermektedir.

3. Sonuglar ve Tartigma (Results and Discussion)

Bu galismada sodyum borhidririn hidrolizi igin Ni-B
katalizérlerinin kullanildigi deney dizeneginin optimi-
zasyonu; reaksiyon sicakhgi, karistirma hizi, kati-si-
vi orani ve NaBH,-NaOH orani parametreleri dikkate
alinarak gergeklestirilmistir. Optimizasyon islemlerinde
Taguchi L9 ortogonal dizisi kullaniimis olup, ¢alisma
kosullari icinde maksimum hidrojen Uretim oranini
belirlemek icin yanit ylizey metodu ile matematiksel
esitlik elde edilmistir. Deneysel ¢alisma plani ve elde
edilen hidrojen uretim hizi (HGR) degerleri Tablo 2’de

verilmistir. Calismada etkileri arastirilan dort bagimsiz
parametre ve bu parametrelerin hidrojen Uretimi Uze-
rindeki etkileri agsagida verilen kodlanmis degiskenler
cinsinden ikinci dereceden matematiksel esitlik ile ifa-
de edilmigtir.

HGR = 2,22 + 0,864 — 0,12B + 0,05C

—0,15D — 0,12AB — 0,23A42 3)
Model denklemde parametrelerin 6ninde yer alan
pozitif veya negatif isaretler, sirasiyla sinerjik ve anta-
gonistik etkiyi gdstermektedir [37,38]. Denklemden de
aclkga goruldugu gibi, parametrelerin birbirleri arasin-
daki etkilesimler de gorulmektedir. Reaksiyon sicakligi
ve karigtirma hizinin bilesik etkisinin hidrojen Uretim
hizi Gzerinde negatif bir etkiye sahip oldugu gorilmek-
tedir. Olusturulan modelde her bir parametrenin kap-
samli olarak anlamliligi varyans analizi (ANOVA) kul-
lanilarak incelenmistir. Bagimsiz girdi parametrelerinin
cikti parametresi Uzerindeki etkilesimleri Tablo 3'de
verilmistir. Her bir parametrenin degiskenligi F testi
kullanilarak grup bulgularinin degiskenligi ile karsilas-
tinlmigtir. F degerinin buyudklugu girdi parametrelerinin
degisimin ¢ikti parametresi Uzerinde etkisini goster-
mektedir. ANOVA analizinde modelin F degeri 959,3
olarak bulunmus olup bu deger modelin 6nemli oldu-
gunu gostermektedir. Bununla birlikte parametrelerin
cikti Gzerindeki etkinligini gdsteren bir diger gosterge,
p-degeri’'dir. 0,05'ten kuglk p degerleri karsilik gelen
parametrelerin ¢ikti Uzerinde 6nemli bir etkiye sahip
oldugunu ve anlamsiz model terimlerinin modelden
cikarilabilecegini gosterir. ANOVA sonuglari, A, B, D,
AB ve A? parametrelerinin 6nemli model terimleri ol-
dugunu gostermektedir (p-degeri <0,0500). Gelistirilen
modele ait korelasyon katsayisi (R?) 0,9997 ve ayar-
lanmis korelasyon katsayisi (Adj-R?) 0,9986 olarak
bulunmustur. Modele ait korelasyon katsayilarinin 1’e
yakin olmasi, ortaya konulan modelin hidrojen Gretimi-
ni tahmin etmede basarili oldugunu ve ayni zamanda

Tablo 3. Deneysel calismalarda kullanilan parametreler ve seviyeleri (Analysis of variance for hydrogen generation rate).

Parametreler SS df MS F-degeri p-degeri
Model 4,82 6 0,8032 959,03 0,0010
A-Sicaklik 4,44 1 4,44  5298,63 0,0002
B-Karistirma Hizi 0,0794 1 0,0794 94,75 0,0104
C-Kati-Sivi Orani 0,0150 1 0,0150 17,91 0,0516
D-NaBH4-NaOH orani 0,1261 1 0,1261 150,63 0,0066
AB 0,0552 1 0,0552 65,94 0,0148
A2 0,1058 1 0,1058 126,33 0,0078
Artik 0,0017 2 0,0008

Toplam 4,82 8

R? 0,9997

Adj-R? 0,9986

Pred- R? 0,9952
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deneysel verilerle model verilerinin uyumlulugunu gos-
termektedir. ANOVA sonuglarina gore her bir paramet-
re incelendiginde, parametrelerin etkinligi sirasiyla,
reaksiyon sicakligi, NaBH,-NaOH orani ve karigtirma
hizi olarak bulunmustur ve reaksiyon sicakliginin kare
degerinin ve reaksiyon sicakhgi ile karigtirma hizinin
bilesik etkisinin HGR (izerinde 6nemli bir etkiye sahip
oldugu da gosterilmistir (p <0,05). Hidrojen tretim hizi-
nin modelden elde edilen verilerle karsilastirma grafigi
Sekil 2'de gosterilmistir.

Model verileri

Sekil 2. Hidrojen Uretim hizi tahmin edilen verilerle deneysel
verilerin karsilastiriimasi (Predicted versus experimental values
plot for hydrogen generation rate).

HGR

B EE EEH] 343 34

Steaklik [K)

Kati-Svi Oram

3.1. Girdi Parametrelerinin HGR Uzerindeki Etkisi
(Effect of Input Parameters on HGR)

Sekil 3’'te her bir parametrenin HGR Uzerindeki etkisi
gOsterilmektedir. Bu grafiklerde, her parametre seviye-
si icin bir gizginin veya bir egrinin ortalama tepkisi go-
rulmektedir. Sekil 3'te goéruldugu gibi, HGR, reaksiyon
sicakhiginin degisimi ile 6nemli farkliliklar gosterirken,
karistirma hizi, kati-sivi orani ve NaBH,-NaOH orani
gibi parametrelerin degisiminin HGR Uzerinde énem-
li bir etkisinin olmadigi goérilmektedir. Beklendigi gibi
hidrojen Uretim hizi, reaksiyon sicakliginin 328°K’den
348°K’e artmasiyla 6nemli Olglide artis gosterirken
buna karsilik kati-sivi orani degisiminin hidrojen Ure-
tim hizi Gzerinde énemli bir etkisinin olmadig1 gorul-
mektedir.

Yanit ylzey yontemi kullanilarak olusturulan deney ta-
sarimina gore, reaksiyon sicakligi, karistirma hizi, ka-
ti-sivi orani ve NaBH,-NaOH orani degiskenlerin degi-
siminin hidrojen uretim hizi (HGR) ile degisimlerini ¢
boyutlu olarak gosteren 3-boyutlu model egrileri Sekil
4’'de verilmistir. Sekil 4a’da kati-sivi orani (3) ve ka-
ristirma hizi (400 rpm) sabit tutularak, hidrojen Gretim
hizinin reaksiyon sicakhgi ve karistirma hizina bagl
degisimi gorilmektedir. Sekilden de agikg¢a goruldugu
Uzere, karistirma hizi sabit tutularak sicaklik artirildi-
ginda 6nemli 6lgiide HGR degerinin artid1 bununla bir-

HGR
1

Kanstirma Hiz: [1pm]

NaBH4-NaOH orani

Sekil 3. Girdi parametrelerine bagli olarak HGR degerinin degisimi (Changing HGR value depending on input parameters).
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HGR

HGR

D NaBH4-NaOH oram A: Sicakhilk

HGR

HGR

Sekil 4. Girdi parametrelerine gére HGR degeri degisiminin i¢ boyutlu grafigi (3D surface plots of the HGR as a function of interac-

tion with input parameters).

likte sicaklik 348°K’de sabit tutuldugunda, karistirma
hizinin artmasina bagh olarak HGR degerinde azal-
manin meydana geldigi ve maksimum HGR degerinin
348°K reaksiyon sicakliginda ve 200 rpm karistirma
hizinda elde edilmistir. Sekil 4b’de kati-sivi orani ile
sicaklik degisiminin HGR Uzerindeki etkisi gorulmekte-
dir ve bu grafige gore kati-sivi orani sabit bir degerde
tutuldugunda sicaklik degerinin artmasina bagl olarak
HGR degderinin 6nemli dl¢tde arttigi géralmdstur. Bu-
nunla birlikte sicaklik sabit bir degerde tutuldugunda,
kati-sivi oraninin artmasi sonucunda HGR degerinin
¢ok az miktarda artis gosterdigi ve maksimum HGR
degerinin 348°K reaksiyon sicakliginda ve 3 mg, ../
mIyaklt kati-sivi oraninda elde edildigi belirlenmistir. Se-
kil 4c’'de NaBH,-NaOH orani ile sicaklik degigiminin
HGR uzerindeki etkisi gosterilmektedir ve verilen yanit
yuzey egrisine gore, tim NaBH,-NaOH orani degerle-
rinde sicaklik artisinin HGR degisimi ile dogrusal ola-
rak degistigi goralmastir. Bununla birlikte sicakligin
sabit tutuldugu durumlarda, NaBH,-NaOH orani artigi
ile birlikte HGR degerinin azaldigi gézlemlenmistir. Si-
caklik artisi ile birlikte NaBH, hidroliz oranini 6nemli
Olclude artigi ve eszamali olarak HGR degderinin de art-
masina neden oldugu belirlenmigtir. Karigtirma hizinin

artmasi ile birlikte, mevcut katalizériin deney dizene-
gindeki reaktdrin cidarlarina yapismasindan kaynakl
performans kayiplari gerceklesmis ve katalizoriin et-
kinligi tam olarak goérilememis oldugundan hidrojen
Uretim hizinda da digls meydana gelmistir. Bununla
birlikte, ¢cozelti icerisine NaOH eklenmesi kendi kendi-
ne hidroliz reaksiyonunu 6nlemektedir ve artan NaOH
konsantrasyonu ve dolayisiyla pH degerindeki artis
hidroliz hizini azaltmaktadir [11]. Bununla birlikte OH-
iyon konsantrasyonu artis gostermekte ve katalizor yu-
zeylerini kaplayarak katalizor BH,- etkilegimini engel-
lemektedir. Bilindigi tzere, konsantrasyonun artmasi
reaksiyon Urlnu olarak agiga gikan NaBO, ¢6zUnrlG-
glnin azalmasina neden olmaktadir. Cozelti igerisin-
de ¢oziinemeyen NaBO,'larin ¢okelmeleri sonucunda
katalizér yuzeyinde birikmeye neden oldugundan hid-
rojen olugsum hizi 6nemli dlgiide azalma gdstermekte-
dir. Cozelti igerisinde NaBH, oraninin belirli bir orana
kadar artisi hidrojen dretim hizini artirirken, bu oran-
dan daha yiksek degerler de NaBH, konsantrasyonu
olumsuz etki géstermektedir. Bu durum artan NaBH,
konsantrasyonu ile birlikte, disuk ¢dzundrlige sahip
NaBO, olusumunun ve viskozite degerinin artmasi-
na neden olacaktir. Bunun sonucunda katalizér aktif
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Tablo 4. Hidrojen Uretim hizi i¢in yanitlarin optimizasyon kriterleri (Optimization criteria of responses for hydrogen generation rate).

Parametre Hedef  Altlimit UstLimit Altagirhk Ustagirhk Onem derecesi
Sicakhk Aralkta 328 348 1 1 3
Karistirma Hizi Aralikta 200 600 1 1 3
Kati-Sivi Orani Aralikta 1 3 1 1 3
NaBH4-NaOH orani Aralkta 1 3 1 1 3
HGR Maksimum 0,98 3,13 1 1 5

yluzeyine veya aktif ylzeyden ¢ozelti icerisine kutle
transferi daha yavas gercgeklesecektir [9,39,40]. Bu
calismada maksimum hidrojen uretim hizi kitlece %5
NaBH, ve %5 NaOH degerlerinde elde edilmistir. Elde
edilen bu sonucun literatr verileriyle uyum igerisinde
oldugu goérilmektedir [9]. Sekil 4d’de gdérilen yanit
yuzey egrisine gore, karistirma hizinin kati-sivi orani
ile degisimi verilmistir ve Sekilden de goéraldigu tze-
re tUm kati-sivi orani degerlerinde karistirma hizinin
artmasiyla hidrojen Uretim hizi azalma gostermekte-
dir. Ayni zamanda, karistirma hizinin sabit tutulmasi
durumunda, kati-sivi oraninin artmasina baglh olarak
hidrojen Uretim hizinin ¢ok fazla bir degisim goésterme-
digi belirgin bir sekilde gortlmektedir. Bu sartlar altin-
da maksimum hidrojen Uretim hizi i¢in, kati-sivi orani
3, karistirma hizi 200 rpm olarak belirlenmistir.

Optimizasyon, ama¢ fonksiyonlarinin 0,0 ile 1,0 ara-
sinda oldugu arzu edilebilirlik parametresi tarafindan
kontrol edilir [41]. Tablo 4, her bir ¢iktinin hedeflerini,
alt ve Ust limitleri, kullanilan agirlik degerlerini ve de-
giskenlerin 6nem dereceleri olmak Uzere optimizasyon
kriterlerini vermektedir. Onem derecesi, sirasiyla en
az onemi temsil edecek sekilde 1°den 5’e kadar de-
gismektedir. Agirliklar 0,1-10 araliginda degismekte ve
1’den blyuk bir agirlk hedefe daha fazla vurgu yapar-
ken 1’den klguUk bir agirlik daha az vurgu yapmakta-
dir. Hidrojen dretim hizinin optimum kosullarini belir-
leyebilmek igin girdi parametrelerine gore elde edilen
tahmin verileri Tablo 5'te verilmigtir. Tahmin verilerinde

arzu edilebilirlik 1 olarak belirlenmis ve maksimum hid-
rojen uretim hizi; reaksiyon sicakligi 347,17°K; karis-
tirma hiz1 200,21 rpm; kati-sivi orani 2,86 mgkatamrmlya_

i » ve NaBH,_-NaOH orani 1,04 sartlarinda bulunmus
ve maksimum hidrojen dretimi 3,22 L.dk'.g" olarak

hesaplanmistir.

3.2. Sonuglarin Dogrulanmasi (Validation of the Re-
sults)

Yanit yizey metodu sonucunda olusturulan modelden
elde edilen sonuglari dogrulamak amaciyla tahmin
edilen kosullar altinda deneyler gergeklestirilmigtir.
Optimize edilmis sonuglarin dogrulanmasi igin hidro-
jen uretim hizinin optimal bir kosulu secilmistir. Tablo
5’te birinci satirda yer alan deneysel ¢alisma paramet-
releri dogrulama deneyi igin tercih edilmistir. Bu sart-
lar altinda iki deney gerceklestiriimis olup ve bu de-
neylerin ortalama degerleri kullaniimigtir. Elde edilen
ortalama deney sonucu ve HGR’nin RSM tahminleri
Tablo 6’da verilmistir. Sonuglar tahmin edilen sonugla-
rin kabul edilebilir hata araliginda deneysel sonuglarla
iyi bir uyum igerisinde oldugunu gdstermektedir. RSM
modelinden elde edilen sonuglarin deneysel sonug-
larla uyum icerisinde oldugunu ve bu calisma kosul-
larinda elde edilen regresyon modelinin %95 glven
diizeyinde guvenilir olabilecegini gostermektedir. Ya-
pilan deneylerde hidrojen tretim hizina iliskin sonuglar
3,13 L.dk'.g" olarak bulunmustur. Bulunan deneysel
verinin kabul edilebilir tahmin araliginda (3,07 ile 3,37)

Tablo 5. Yanit yuzey metoduna gére olusturulan modelin tahmin sonuglari (Prediction results from response surface methodology).

No Sicaklk Karistirma Hizi K(a)tr';?"lv' NaB(I)-I:;ﬁIaOH HGR [ dii::)zilljirlik
1 347,17 200,21 2,86 1,04 3,22 1,000
2 347,40 221,39 2,86 1,09 3,20 1,000
3 347,38 211,93 2,60 1,11 3,19 1,000
4 347,70 239,27 2,72 1,07 3,19 1,000
5 347,49 210,10 1,61 1,00 3,17 1,000
6 347,80 214,46 2,41 1,16 3,19 1,000
7 347,70 204,55 2,50 1,22 3,20 1,000
8 347,86 214,71 2,80 1,20 3,21 1,000
9 347,80 214,46 2,41 1,16 3,19 1,000
10 347,47 235,72 2,62 1,04 3,18 1,000
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oldugu belirlenmistir.

Tablo 6. Tahmin edilen ve deneylerde olgilen HGR

degerlerinin karsilastirilmasi (Validation results for comparison
of the HGR predicted and experiments).

Cikti Std Sap. 95% Pl alt Deneysel 95% Pl iist
HGR 0,03 3,07 3,13 3,37

Tahmin Degeri
3,22

4. Sonuglar (Conclusions)

Bu calismada. alkali NaBH, ¢ozeltisinin hidrolizi igin
kimyasal indirgeme yontemi ile hazirlanan Ni-B katali-
zorindn kullanildigi deney diizenegindeki HGR Uzeri-
ne etkisi bilinen parametrelerin optimizasyonu Taguc-
hi L9 ortogonal dizisi kullanilarak gerceklestirilmistir.
Deney sartlarinin optimizasyonu, reaksiyon sicakligi,
karigtirma hizi, kati-sivi orani ve NaBH,-NaOH orani
parametreleri dikkate alinarak yanit yuzey ydntemi
(RSM) kullanilarak arastiriimisti. RSM modelinden
elde veriler ile deneysel verilerin birbiri ile uyum ice-
risinde oldugu ve bununla birlikte, yapilan dogrulama
deneylerinde tutarli sonuglarin elde edildigi gortlmus-
tur. Deneysel ¢alismalar sonucunda elde edilen ¢ikti-
lar asagida 6zetlenmigtir:

*  Gergeklestirlen ANOVA analizi sonucunda reak-
siyon sicakhgi, karistirma hizi ve NaBH,-NaOH
orani parametrelerinin énemli oldugunu bununla
birlikte calisma deney kosullarinda HGR Uizerinde
reaksiyon sicakhginin ve NaBH,-NaOH oraninin
en 6nemli katki yapan parametreler oldugunu gos-
termektedir.

+ Deneysel calisma parametreler araliginda, kati-
sivi orani degisimlerinin HGR Uzerinde énemli bir
etkisinin olmadigi géraimustar.

*  Calisma parametreleri icerisinde, maksimum HGR
degeri; reaksiyon sicakhgr 347,17°K; karistirma
hizi 200,21 rpm; kati-sivi orani 2,86 mgkatanzér/mlya_
v ve NaBH,-NaOH orani 1,04 sartlarinda bulun-

mustur. Maksimum hidrojen Uretimi 3,22 L.dk.g™

olarak hesaplanmistir.

* Yapilan dogrulama deneyi sonuglarinda, model-
den elde edilen tahmin verileri ile deneysel ¢alis-
malardan elde edilen verilerin birbiri ile uyum ige-
riside oldugu ve ortaya c¢ikan hata degerinin kabul
edilebilir sinirlar igerisinde oldugu gérilmustir.

Yanit ylzey yontemi, girdi parametrelerinin ve bu pa-
rametrelerin etkilesimlerinin ¢ikti parametresi Uzerin-
deki etkinligini tanimlamada istatistiksel olarak basa-
rili sonuglar verdigi géraimustur. Bununla birlikte yanit
yuzey yontemi ile birlikte kullanilan Taguchi ortogonal
deney tasarimi optimum parametrenin belirlenmesin-
de gerceklestirilecek olan deney sayisini azaltmasi ile
hem zamansal hem de ekonomik agidan ¢ok blylk
kayiplar yaganmasinin éniine gegmektedir.
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The formation of the first membrane, the swelling of the crystal by incoming
water from the semipermeable membrane and the formation of irregular shaped
branches were observed by optical microscopy, when zinc sulfate heptahydrate
crystals were immersed in saturated borax solution. The powders obtained by
mixing dilute aqueous borax and zinc sulfate solutions had B, O, Na, S and Zn
elements. Presence of Na Zn, ,B,0..xH,0 was indicated by EDX analysis. The
molar ratio of B,0,/Zn0O in powders was around 2. FTIR analysis indicated the
ratio of absorbance values of asymmetric stretching vibrations of B ,-O at 1351
cm™ to that of B 4)-0 at 1026 cm' increased with their heating time at 90°C during
their preparation. X-ray diffraction patterns indicated the presence of Zn(OH),
and Zn,(OH),(SO,)-4H,0. The zinc borate compounds in the powders were not
crystalline since no sharp peaks related to zinc borates were present in x-ray
diffraction diagram. There were two mass loss steps in TG curves of the powders.
The first step at 150-350°C and the second step at 700-950°C were due to
elimination of water and due to decomposition of sulfate ions respectively. The
submicron powders were a mixture of zinc borate, Zn(OH),, Zn,(OH),(SO,)-4H,0

and Na zn,, B,O

1247

xH,O and they could be used as lubricant additive due to their

small particle size of 600 nm.

1. Introduction

Chemical gardens are the hollow fibers formed by im-
mersion of a soluble metal-salt particle in an aqueous
solution containing either of the silicate, phosphate,
carbonate, oxalate, sulfide or hydroxide ions. The pos-
sible reactants in chemical gardens and their mecha-
nism of formation are summarized by Barge et al. [1].
The gelatinous precipitate formed around the salt par-
ticle acts as a membrane and allows the passage of
small water molecules and does not allow the passage
of large metal ions [1]. Membrane bursts when the
osmotic pressure inside becomes higher than its ten-
sile strength. The metal-ion solution from crystal side
ejects into outer solution and tubular precipitates form
around the flow creating hollow chemical garden tubes
[2]. Crystals of cations of group Il [2] and the transition
metals [3-7] were used as salts added to silicate solu-
tion. The kinetics of formation of silica garden tubes
prepared using different metal salts were investigated
by Glaab et al. [8]. Other solutions other than silicates

were also used in chemical gardens. Hexacyanofer-
rate Fe(CN)," [9,10], OH- [11] anions are examples for
this case. Real time X-ray fluorescence (XRF) movie
technique was used to monitor chemical garden fiber
formation [12].

Zinc borates are commercially important chemicals
[13]. They can be obtained either by reaction of ZnO
and H,BO, [14] or reaction of borax with zinc salts [15-
23].

The reactions of borate anion with zinc cation are
shown below:
B4Os(OH)4*"(aq) + Zn**(aq) + HoO(1) =
Zn[B4Os5(OH)41-H20(s) (1)

Zn[B405(0H)4]- H,0(s) + 2H,0(1) >
Zn[B303(OH)s] H2O(s) + B(OH)s(s) (2)

Zn[B;05(0OH)s]-H,0(s) >
Zn[B303(OH)s](s) + H20(1)  (3)

*Corresponding author: devrimbalkose@iyte.edu.tr
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Kipgak et al. [19] synthesized zinc borate using tincal-
conite mineral according to the following reaction in
Equation 4.

ZnSO4-7TH,O+NayB,07-5H,0+
3H;BO3+xH, 0>
1/3 [ZH3B6012'3.5H20]+
Na,S04+5H3BOs+yH,O (4)

Zn(H,0)B,0,-0.12H,0 was obtained fromZnSO,-7H,0,
K,B,0,4H,0, and NH,HB,O,-3H,0 in H,O with pH
regulated to 9.5 with 3 mol dm= NaOH solution by Li-
ang et al. [22].

4Zn0-B,0,'H,0O having 2D and 3D nano/microstruc-
tures were obtained by hydrothermal method in the
presence of surfactant polyethylene glycol-300 from
Na,B,0.-10H,0 and ZnSO, [21,24]. Nano discs of
2Zn0-3B,0,-3H,0 were obtained from aqueous bo-
rax and zinc salt solutions by the addition of oleic acid
[25]. Lubricant additive zinc borate nanoparticles were
obtained from borax decahydrate and zinc nitrate
hexahydrate solutions by addition of sodium dodecy-
Ibenzenesulfonate [15], PEG 4000 and Span 60 [26],
phosphate ester [27] as templates.

Parallel to zinc borate formation the possibility of
Zn(OH), formation according to Equation 5 was indi-
cated by Savrik et al. [26].

Zn”" (aq)+ OH (aq) = Zn(OH); (s) (5)

Polat and Sayan [28] investigated the change of prop-
erties of zinc borate with stirring rate, temperature
and reactant feed rate. For zinc borate crystalliza-
tion, sodium tetraborate decahydrate and zinc sulfate
heptahydrate were used as reactants. The results
showed that the obtained crystals were in the form of
Zn,B,O,,-7H,0 and the operating conditions change
the size, morphology, and filtration characteristics of
the zinc borate crystals. Box-Behnken design with
response surface methodology showed that the data
sufficiently fit the second-order polynomial model for
the variables of stirring rate, temperature, and reactant
feed rate. The minimum particle size (3.3 ym) was ob-
tained at 450 rpm stirring rate, 85°C temperature and
300 cm® h' reactant feed rate.

In this study, it was aimed to obtain and monitor the
formation of chemical garden fibers by immersing zinc
sulfate heptahydrate crystals in borax decahydrate
solution prepared from purified Kirka tincal mineral. It
was also aimed to characterize purified tincal mineral
and to identify products in the powders formed by the
reaction of dilute borax solution with dilute zinc sulfate
heptahydrate solution. Elemental analysis (EDX), Fou-
rier transform infrared spectroscopy (FTIR), X-ray dif-

fraction (XRD), thermal gravimetric (TG) analysis and
scanning electron microscopy (SEM) techniques were
used for this purpose.

2. Materials and Methods
2.1. Materials

Tincal mineral from Etibank Kirka Mines, anionic floc-
culant SP100A (American Cynamid Company) and
zinc sulfate heptahydrate (99%) from Merck were
used in the experiments.

2.2. Purification of Tincal Mineral

Tincal mineral was purified from impurities by floccu-
lation. 80 cm?® 20% tincal mineral solution was mixed
with 3 cm? of 0.1% SP100A anionic flocculant at 80°C.
70 cm? of the clear solution on top of the settled par-
ticles were transferred to another beaker and the crys-
tals obtained by cooling were separated by filtration.
They were dried at 20°C and used in zinc borate syn-
thesis. The flocculated particles were characterized as
dolomite by Akdeniz et al. [29].

2.3. Chemical Garden Preparation and Characteri-
zation

Zinc sulfate heptahydrate crystals were immersed
in saturated borax decahydrate solution at 20°C for
the formation of zinc borate chemical garden. Since
it was not possible to record the photographs of the
very small diameter transparent fibers by conventional
photography, the same process was repeated using
an optical microscope. A small crystal of zinc sulfate
heptahydrate was placed on a drop of saturated borax
solution at 20°C having 4.71% borax on a microscope
slide and its photographs were captured in transmis-
sion mode by a digital camera fitted to Olympus, CH40
optical microscope at different time intervals.

2.4. Preparation of Zinc Borate

50 cm?® of 0.1 mol.dm™ borax decahydrate solution
was mixed with 50 cm® 0.1 mol dm? with zinc sulfate
heptahydrate at 90°C in a thermostatic shaking water
bath up to 120 minutes. Samples withdrawn at differ-
ent periods were filtered and the obtained precipitates
were washed with water and dried at 105°C till con-
stant mass was obtained.

2.5. Characterization Methods

FTIR of the samples were obtained with KBr disc
method in 400-4000 cm™" wavenumber range by using
Shimadzu 8601 PC FTIR spectrophotometer. Setaram
LABSYS TGA/DTA was used for thermal gravimetric
analysis of the samples. The samples were heated
from room temperature to 1000°C at 10°C min™ rate
under 40 cm® min” N, gas flow rate for this purpose.
The powder X-ray diffraction (XRD) diagrams of the
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samples were obtained by using Philips Xpert-Pro X-
ray diffractometer. CuK  radiation with 0.154 nm wave-
length at 45 kV and 40 mA was used and the data
was recorded in 26 range of 2-70°. Philips XL30 SFEG
scanning electron microscope was used at accelerat-
ing voltage of 5 or 6 kV to obtain the SEM micrographs
of the samples coated with gold. EDX analyses of the
pristine samples were made using the same instru-
ment.

3. Results and Discussion
3.1. Characterization of Purified Borax
3.1.1. X-ray diffraction diagram of borax

X-ray diffraction diagram of borax sample used in the
present study seen in Figure 1 had identical peaks
with borax decahydrate (with JCPDS card number 01-
75-1078) [30]. The 26 values of the peaks were the
same but their relative intensities were different than
reported in the reference [30] due to orientation of the
crystals. The most intense peak is at 20 value of 34°
indicated that crystals were oriented perpendicular to
(024) plane [30].

1200
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Figure 1. X-ray diffraction diagram of borax decahydrate.

3.1.2. FTIR spectrum of borax

The FTIR spectrum of borax from purified tincal mine-
ral shown in Figure 2 confirms with the FTIR spectrum
of borax decahydrate reported in literature [31,32].

Absorbance

T T L I T T T I
4000 3600 3200 2800 2400 2000 1600 1200 800 400
wavernmber, em”

Figure 2. FTIR spectrum of borax decahydrate.

3.1.3. Morphology of borax

The SEM micrograph of borax decahydrate crystals
seen in Figure 3 indicated they are in needle shape
with length 5-10 ym and diameter 0.2-1 ym. The X-ray
diffraction diagram also indicated one dimensional
orientation of borax decahydrate crystals. This could
be due to templating effect of the flocculant (Superf-
loc100A) used for the removal of impurities in borax
mineral by flocculation.

Det Wb ———— 5ym

ot Magn
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Figure 3. SEM micrograph of borax decahydrate.

3.2. Chemical Garden

Zinc sulfate heptahydrate particles were immersed in
saturated borax solution at room temperature. Nearly
transparent short chemical garden fibers formed in 30
minutes. Good photographs of the fibers could not be
taken since they were transparent. Long fibers similar
to the ones formed by immersion of zinc salts [5] and
copper salts [11] to aqueous sodium silicate solution
were not observed in the present case of aqueous bo-
rax zinc salt system. For this reason, it was attempted
to monitor the fiber formation using an optical micros-
cope. A small crystal of zinc sulfate heptahydrate was
placed on top of a drop of saturated borax solution and
the photographs were taken at different times. When
zinc sulfate heptahydrate is placed in aqueous solu-
tion of borax solution it starts to dissolve to give Zn?
and SO, ions which react with the OH-and B,O,* ions
in solution. A semipermeable membrane made out of
possible solid reaction products such as Zn(OH),,
Zn,(OH),(S0,),"4H,0 and 2Zn0-3B,0,3H,0 covering
the surface of sodium sulfate crystal is formed. Water
can easily diffuse through the membrane creating a
very high osmotic pressure in the crystal side. A sa-
turated sodium sulfate solution forms on the surface
of the crystals beneath the semipermeable membrane
formed. Considering the solubility of sodium sulfate
heptahydrate in water at 20°C (3.143 mol kg™) [33] the
osmotic pressure created inside of the membrane is
calculated as 22.95 MPa using Equation 6.
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m=icRT (6)

where 1T is osmotic pressure, i is number of ions for-
med by the dissociation of one mol substance, c is
concentration in mol m3, R is the gas constant in J
mol' K'and T is temperature in K. This high osmotic
pressure first swells, then ruptures the membrane and
saturated salt solution flows through the holes created
on its surface into borax solution resulting formation of
a new membrane with the reaction of borax and zinc
sulfate. The membrane ruptures and reforms repea-
tedly. In crystal side of the membrane there is a con-
centrated zinc sulfate solution and at the other side of
the membrane aqueous borax solution is present. The
inside solution is ejected into outside solution at points
ruptured on the membrane and thus a new membrane
emanating from the center membrane is formed. Thus
hollow fibers with Zn(OH),, Zn,(OH),(SO,),"4H,0 and
2Zn0-3B,0,-3H,0 would form. The micrographs of
the process taken from optical microscope at different
time periods are shown in Figure 4. The crystal immer-
sed in solution is covered immediately with a memb-
rane. At zero time the size of the membrane coated
crystal is 100 ym as observed in Figure 4a and 4b.
The size expanded by swelling due to the inflow water
through the membrane to 277 pym in 302 seconds as
seen in Figure 4c. The surface of the membrane is not
smooth. The growth is not the same in all directions.
Two branches in 108 um size emanated from a body of

Figure 4. Optical micrographs of zinc sulfate hepta hydrate im-
mersed in saturated borax solution at room temperature after im-
mersion time ofaand b. 0.0, ¢. 302, d. 357, e. 1129, f. 1245, 9.1475,
h.1529, i. 1704, j.1823, k. 1837 seconds (scale bar represents 100

pm)

153 umin 1475 s in Figure 4g. A branch with 107 pym at
the bottom, 61 um in the middle and 15 um at the tip is
seen in 1704 s in Figure 4i and particles having 31-138
pm with very tiny branches with 15 ym diameter forms
in 1837 s in Figure 4k. The optical microscope had
shown the formation and expansion of branches of
with irregular shapes. Filtering of the fibers formed by
immersing zinc sulfate heptahydrate in borax solution,
washing and drying would give hallow fibers having
zinc borates, Zn(OH),, Zn,(OH).(SO,),"4H,0.

3.3. Characterization of Powders Obtained by Mi-
xing Aqueous Tincal Mineral and Aqueous Zinc
Heptahydrate Solutions

3.3.1. Elemental analysis of the powders

EDX analysis gives information about the elemental
composition of the surface of the powders. The ele-
mental composition of the samples excluding hydro-
gen is shown in Table 1. In the same table molar ratios
of B,0,/Zn0O, Na/S and Na/Zn are shown. Free wa-
ter molecules in the surface of the powders would be
separated since the system operates under vacuum.
Thus the oxygen content of the surface would be lower
due to water evaporation. The samples obtained by
heating for different periods at 90°C during their pre-
paration contained B, O, Na, S and Zn elements as
shown in Table 1. The molar ratio of B,O,/ZnO was
close to 2. The presence of S and Na elements in the
samples could be due to incomplete removal of the by
product sodium sulfate or due to formation of double
salts. However, there was higher amount of sodium
element than that is equavalent to S element to form
sodium sulfate. This indicated that sodium element
was present in double salts formed during the reacti-
ons. Equation 7 represents formation of a double salt
by the reactants in the mixture.

Na* (aq)+ B4O7 > (aq) +
1/2 Zn**(aq) +xH,0-> (7)
Na Zl’l]/z B407 .XHzO(S)

3.3.2. FTIR analysis of the powders

The FTIR spectra of the powders are shown in Figu-
re 5. The presence of the absorption maxima at 3400
cm" for hydrogen bonded OH and at 1640 cm" for H,0

Table 1. The elemental composition of the samples heated for different time periods at 90°C during their preparation.

Time, B, mass O,mass Na,mass S,mass Zn,mass B,03:/ZnO Na/S Na/Zn
minutes (%) (%) (%) (%) (%) Mol ratio Mol ratio
0 14.49 37.91 20.35 3.32 23.93 1.83 8.52 2.41
30 17.70 34.88 15.27 0.94 31.22 1.71 22.60 1.39
60 19.30 41.55 16.47 1.07 21.61 2.70 21.41 2.16
920 15.58 39.91 19.53 0.90 24.09 1.95 30.19 2.30
120 15.58 40.00 19.53 1.16 25.79 1.98 23.42 2.34
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bending vibrations indicated presence of OH groups
and H,0 in the samples. In the spectra of all samples
the vibrations of O-B-O in planar (B(3)-O) and vibra-
tions of O-B-O in tetrahedral (B(4)-O) geometries and
vibrations of B-O-H are seen [19]. The ratio of absor-
bance of B ,-O vibrations at 1351 cm™ to absorbance
of B ,-O vibrations at 1026 cm™ increased with heating
period at 90°C during preparation of the powder samp-
les as shown in Table 2. This indicated the formation
of planar borate ions with the expense of tetrahedral
borate ions with time. Bending vibrations of B-O-H that
should be observed in 1221 and 1108 cm' range over-
lapped with tetrahedral O-B-O vibrations. The bending
vibration of planar O-B-O in (B(3)-O) is observed at 660
cm™ [19].

0.5

FTIR spectroscopy indicated presence of planar and
tetrahedral borate groups, Zn(OH), and sulfate gro-
ups. The FTIR spectrum of the powder formed at the
first instant of mixing two reactant solutions indicated
higher sulfate content than the powders obtained by
further heating.

3.3.3. X-ray diffraction

X-ray diffraction diagram of the samples obtained for
different heating periods are depicted in Figure 6.
Sharp peaks at 26 values of 9.4°, 18.8°, 21.6°, 25.9°,
27.4°,29.5°, 32.9°, 34.8°, and 59.8° were observed in
the X-ray diffraction diagram (curve e in Figure 6) of
the sample heated for 120 minutes in its preparation.
The peaks for sodium sulfate by product were also in-
vestigated since the EDX analysis indicated the pre-
sence of sulfur element. The peaks expected at 22.5°,

s | b 23.6°, 25.5° 37.9° 46.3° 48.9° for sodium sulfate
v A J i\ (JCPDS card number 36-0397) [36] were not present
0.5 A\ e in Figure 6. Thus sodium sulfate was present as only
o {° i \AW in small amount as impurity. The presence of peaks at
oa I/a e 26 values of 31.7°, 34.3° 36.2° (JCPDS card number

Taado0 " isdee | radoo | looon | e000
Wavenumber, cm?

Figure 5. FTIR spectrum of the samples heated at 90°C during

preparation for heating times of a) 0, b) 30, c) 60, d) 90, e) 120

minutes.

Canono | 32000

Table 2. The ratio of absorbance of B ,-O asymmetric stretching
vibrations at 1351 cm™ to BW-O asymmetric stretching vibrations

79-0206) would indicate the presence of ZnO in the
samples [37]. ZnO also was not present since these
peaks were absent. Zn(OH), crystals have peaks at
26 values of 15.4°, 15.8°, 26.0°, 27.0°, 27.8°, 29.6°,
30.9°, 31.8°, 34.2°, 36.0°, 36.3°, 37.0° 38.4° 39.1°,
42°, 47.1°, 48.5° and 49.3° in its XRD pattern. [34].
B-Zn(OH), was present in the samples since most of
these peaks were present in the x-ray diffraction diag-
ram in Figure 6.

70
at 1026 cm™ for samples heated for different time periods at 90°C
during their preparation. 50 1 i
Time Intensity of 1351 cm™ / s M .
(minutes) Intensity of 1026 cm"" . _
£ w
0 0.67 Z .
-
30 0.88 ©
60 0.88 ® b
90 0.98 104 a
120 0.99 0 - . -
1] 10 2 20 40 50 60 0

The presence of the bands for Zn(OH), at 1086 cm'
and 1029 cm™' due to asymmetric stretching vibrations
of Zn-O-Zn and at 717cm™ due to bending vibrations
of OH groups in Zn(OH), indi-cated that the Zn(OH),
was also present in the powders [34]. The small sharp
band observed at 600 cm™ in Figure 5 could be att-
ributed to the bending vibrations of sulfate ion that
must be observed at 617 cm™ [35]. The antisymmet-
ric stretching vibrations of sulfate groups that should
be observed at 1106 cm™' [35] overlaps with the broad
band observed for antisymmetric stretc-hing vibrations
of 0-B-Oin B,-O.

Angle 26.°
Figure 6. X-ray diffraction diagrams of the samples heated at 90°C
during preparation for heating times of a) 0, b) 30, c) 60, d) 90, e)
120 minutes.

Formation of Zn,(OH),(SO,)-4H,0 [38] is another pos-
sibility in the system according to Equation 8.

4Zn2+(aq) + 60H (aq) + SO + 4H20(1)'9
Zn4(OH)6(SO4)-4H20(S) (8)

The observed X-ray diffraction peaks of the samp-
les partially coincides with X-ray diffraction peaks of
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Zn,(OH),(S0O,)-4H,0 with ASTM Powder file 9-204
[39]. Also 2Zn0-3B,0,-3H,0 and 2Zn0-3B,0,-7H,0
peaks [40] were not present. X-ray diffraction diagrams
of the samples indicated the presence of Zn(OH), and
Zn,(OH),(SO,)-4H,0O crystals in the samples. Even if
2Zn0-3B,0,-3H,0 and 2Zn0-3B,0,7H,0 were pre-
sent in the samples they were not in crystalline form or
they had very small crystals that caused line broade-
ning and overlapping.

3.3.4. Thermal analysis of the samples

The TG curves of the samples in Figure 7 showed two
steps of mass decrease as tabulated in Table 3. The first
step in 150-350°C range is most probably due to elimi-
nation of H,O from Zn(OH), and Zn,(OH),(SO,)-4H,0
and possible zinc borate hydrates. The second step
in 700-950°C range could be due to decomposition of
sulfate ions as shown below [38].

SO42'9 SOz(g)+Oz(g)+2e‘ (9)

80 +

75

70

400 GO0 800

Temperature,*C

0 200 1000

Figure 7. TG curves of crystals obtained after heating at 90°C dur-
ing preparation for heating times of a) 0, b) 30, c) 60, d) 90, e) 120
minutes.

TG analysis showed that the compounds with high
water and sulfate content forms at the first instant of
the reaction and the water content and sulfate content
decrease as the heating period at 90°C increases. The
change in the water content of the compounds is smal-

ler than the decrease in sulfate content with heating
period. While the water content decreases from 12%
to 9%, the sulfate content decreases from 10 to 1%.

3.3.5. Morphology of the samples

The SEM micrograph of the sample heated for 30 mi-
nutes at 90°C in Figure 8 showed that it consists of
agglomerated primary particles of 600 nm average di-
ameter. The primary particles should have adhered to
each other during drying process.

-
Det wp —
49 IYTE-MAM

2 pm

Si

Figure 8. SEM micrograph of the sample heated for 30 minutes at
90°C during its preparation.

3.4. Discussion

Producing zinc borates either in hallow fiber form or
powder form from tincal mineral and zinc sulfate hep-
tahydrate was investigated in this work. Since in the
aqueous reaction medium OH-, Na*, SO,> were also
present besides B,0,? and Zn* ions the formed pow-
ders were not pure zinc borates but they also contai-
ned Zn(OH),, Zn,(OH),(S0O,)-4H,0 and Na Zn, , B,O,.
xH,O. The x-ray diffraction diagrams showed the pre-
sence of crystalline Zn(OH), and Zn,(OH),(SO,)-4H,0
phases and FTIR spectroscopy and EDX analysis indi-
cated presence of hydrated zinc borates and Na Zn, ,
B,0,.xH,0. Using dilute borax decahydrate and dilute

Table 3. The temperature range and the mass % range for the step 1 and step 2 in TG curves in Figure 7 for the samples heated for different

periods at 90°C during their preparation.

Heating Step 1 Step 2
m::ztees Temperature Mass Range Mass Temperature Mass Mass
range (°C) (%) Loss (%) Range (°C) range (%) Loss (%)
0 150-300 100-88 12 700-850 84-74 10
30 150-260 100-91 9 650-760 88-84 4
60 150-350 100-93 7 730-940 88-85 3
90 150-350 100-92 8 730-760 91-90 1
120 150-350 100-91 9 730-760 92-91 1
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zinc sulfate heptahydrate solutions (0.1 mol dm) in
the present study resulted in formation of submicron
particles since there were not enough borate, zinc and
OH- ions for the growth of the nucleated zinc borate,
Zn(OH), and Zn,(OH),(S0O,)-4H,O particles. In studi-
es made with higher of borax concentrations resulted
well defined micron sized crystals of Zn,B,O,,-3.5H,0
[24,40] or Zn,B,O,,-7H,0 [27]. When boric acid was
added to the mixture of aqueous sodium sulfate and
borate with excess zinc ions resulted in well-defined
crystals of Zn,B.O,,-3.5H,0 were obtained by sonoc-
hemical method [40]. Even if the submicron particles
obtained in the present study was not pure zinc borate,
they can be easily dispersed in mineral oil to increase
the lubrication efficiency of the mineral oil for reduction
of wear of metal parts as in the study of Savrik et al
[26].

4. Conclusions

The formation of chemical garden from zinc sulfate
heptahydrate crystals immersed in saturated borax
solution was monitored with optical microscope. The
formation of the first membrane, the swelling of the
crystal by incoming water from the semipermeable
membrane and the formation of branches with irregu-
lar shapes were observed by optical microscopy. Thus
it would be possible to obtain hallow zinc borate fibers
by immersing zinc sulfate heptahydrate in saturated
borax solution.

The solid reaction products obtained by mixing dilute
aqueous borax and zinc sulfate solutions were attemp-
ted to be characterized in the present study. Elemental
analysis indicated the presence of B, O, Na, S and Zn
elements. The B,0,/Zn0 ratio was changing around 2.
Double salt formation was also possible as indicated
by the high Na content of the powders. FTIR analy-
sis showed that the ratio of absorbance of asymmetric
stretching vibrations of (B(3)-O) at 1351 cm™' to absor-
bance of asymmetric stretching vibrations of (B( 4)—0) at
1026 cm™ increased during heating of the powder du-
ring its preparation indicating tetrahedral borate ions
were transformed to trihedral borate ions. Presence of
Zn(OH), and SO,> ions in the first precipitate formed
was indicated by FTIR analysis. The samples contai-
ned Zn,(OH),(SO,)-4H,O as indicated by TG analysis.
X-ray diffraction confirmed the presence of Zn(OH),
and additionally presence of Zn,(OH),(SO,)-4H,0.
The zinc borate compounds formed were not crystalli-
ne or had very small crystals since no sharp x-ray diff-
raction peaks of zinc borate species were observed.
The two mass loss steps at 150-350°C and 700-950°C
ranges were due to elimination of water and the de-
composition of sulfate ions respectively. The precipita-
te formed initially had 10% sulfate and the sulfate con-
tent decreased to 1% for the sample produced in 90
minutes heating time at 90°C. The precipitated powder
from tincal mineral and zinc heptahydrate solution was

not pure. Its composition was changing with heating
time during its preparation and it contained Zn(OH),,
Zn,(OH),(S0O,)-4H,0, Na Zn, , B,O,.xH,O besides zinc
borates. The powder could be used as a lubricant ad-
ditive, since it could be easily dispersed in mineral oil
due to 600 nm diameter primary particles.
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In this study, a preliminary theoretical investigation on lithium-zinc-calcium-silicate
(LZCS) glass with a composition of (75-x)Li,0-10ZnO-10Ca0-65Si0,-xB,0,
where x: 0, 3, 6, 9, 12, and 15 mol% was performed to understand the effect of
B,0, on physical, optical, and radiation shielding properties. For this purpose, the
L15B0 to LOB15 glass series was designed for evaluating glass density (pg,ass),
refractive index (n), mass attenuation coefficient (u,_ ), and half-value layer (4, )
parameters. The theoretical calculations showed that the increasing amount of
B,O, increased the overall p ,  from 2.9195 to 2.9865 g/cm®. Further, the addition
of B,O, in substitution for Li,O enhanced the n parameter from 1.6882 to 1.7626.
Additionally, BatchMaker software aided to investigate viscosity behavior with the
increasing temperature. We found out that the melting point of LZCS glass series
ascends with the addition of B,O,, namely from 1309 to 1624 °C. On the other
hand, the newly developed Phy-X/PSD software computations paved the way for
ascertaining p_and 4, .. According to the y computations, one can clearly state
that an increasing trend is observable against the increasing photon energy, but
the LOB15 possessed an enhanced shielding ability than that of the remaining at
all photon energies. Moreover, we found out that the 4, increased with respect
to the ascending photon energies, however, the 4, was effectively improved
with the addition of B,O, in the order of LOB15<L3B12<L6B9<L9B6<L12B3<L1
5B0. Lastly, a comparison for 4, variations between LOB15 and commercially
available RS253 G18 evidently demonstrated that LOB15 achieves 4.11 cm while
RS253 G18 fulfills 4.95 which in turn confirms that the proposed glass system can
be utilized in radiation shielding applications. All in all, B,O, has promising effects
on radiation shielding features in LZCS glass series.

1. Introduction

Radiation shielding material can, therefore, minimize
the incoming photon energy thanks to the attenuation

In today's world, the radiation term has become a
major concern among the scientific community since
artificial radiation sources have been exponentially in-
creasing with the developing technological areas [1,2].
From medical diagnosis to industrial non-destructive
tests, or from food sterilizations to communication sys-
tems the humanity has been facing with variety of irra-
diation including alpha, beta, gamma, or the like [3-5].
In fact, these rays have a strong probability of damage
to human health with respect to time, exposure, and
duration parameters. DNA mutations, skin burns, or
even cancer problems may raise as a result of expo-
sure to these irradiations [6,7]. From this point of view,
the usage of a radiation shielding material against in-
coming rays has become a major action in order to
be protected from the above-mentioned health risks.

characteristics they have, and thus workers and/or pa-
tients can be safeguarded [8].

Conceptually, attenuation of incoming photon energy
is directly associated with the atomic mass, atomic ra-
dius, and density value of the substance used. This is
because higher molecular mass or higher atomic radi-
us can contribute enhacing the attenuation competen-
cies of the radiation shielding material, which in turn
facilitating the interaction between incoming rays and
materials. Within the scope of practically preferred ra-
diation shielding materials, metallic lead finds a broad
application area due to its appreciable density value
(11.32 g/cm?®) [9,10]. The rooms where these devices
with the capability of irradiations are placed have been
covered with the use of metallic lead in accordance

*Corresponding author: tkavas@aku.edu.tr
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with the regulations. Despite the great benefits of
metallic lead in terms of advanced attenuating char-
acteristics in particular to the higher photon energies
(i.e. gamma-rays), the toxicity issue on humans and
the environment has recently begun to be restricted its
wide preference [11]. An alternative material, heavy-
weight concrete containing aggregates, has become
of interest because the building blocks can be fabricat-
ed by considering the possible effects of photon ener-
gies [12,13]. In fact, heavy-weight aggregates such as
barite can be inserted in concrete blends for improv-
ing radiation shielding features [14]. Nevertheless,
the cracking problem during operation is the primary
deficiency of heavy-weight concrete materials. Even
though the mentioned problems are valid for these
shielding materials the employment has still in prog-
ress due to the lack of alternative materials. That's why
scientists have extensively been continuing to search
for more options.

Glass materials offer spectacular features in many dif-
ferent applications including from daily needs to ad-
vanced optical fibers. One of the most essential prop-
erties of glass materials is the transparent appearance
which metallic lead and heavy-weight concrete could
not have. Additionally, compositional flexibility, be-
ing environmentally-friendly, well-known melting and
shaping techniques, as well as relatively lower produc-
tion costs make glass materials preferable in radiation
shielding applications [15]. Commercially, there are
diverse glass types involving silicates, borates, phos-
phates, and so on. Among these, lithium-zinc-silicate
(LZS) glass is regarded as an essential system for var-
ious applications such as sealing, dental, and dielec-
trics. This is because, wide thermal expansion range
(5 to 20x10°°C"), ability for glass-ceramic formations,
relatively good glass viscosity behavior, high electri-
cal insulation, and considerable density values can
be obtained with the use of LZS glasses which in turn
possessing great potential for radiation shielding ap-
plications [16,17]. Furthermore, calcium oxide (CaO)
which has a relatively high density value (3.34 g/cm?)
can aid to improve radiation shielding characteristics
in the LZS glass system since its positive effect on dif-
ferent glass system has been confirmed by numerous
literature studies [18,19]. On the other hand, boron ox-
ide (B,0,) can ensure a lot of benefits including low
thermal expansion coefficient, facilitating melting con-
ditions, increasing chemical durability, and good glass
formation ability [20]. From the perspectives of radia-
tion shielding features, B,O, presents superior shield-
ing abilities, particularly against neutron scatterings.
Additionally, Turkey is the leading country in terms
of boron reserves, and hence value-added applica-
tions involving boron compounds can bring countless
benefits both economically and strategically [21, 22].
In conclusion for the selection of LZS glass system
and B,O, content, it is worth to investigate the role of
B,O, in the LZS glass systems for enhancing radiation

shielding competencies.

Literature is generally focused on the understanding
the characteristics of LZS glass system with respect to
physical, chemical, mechanical, and thermal proper-
ties. However, it is evident that the radiation shielding
competencies is lack of investigation, in this regard.
From the perspective of lithium-zinc-added glass sys-
tems, we come forward numerous studies on radiation
shielding properties [23-25]. Moreover, silicate-based
glass systems are of interest by many researchers for
doping and adding various oxide contents [26-28]. As
can be appreciated from the literature works, no fur-
ther investigations have been made on LZS or LZCS
glass systems. Indeed, the role of B,O, in the LZCS
glass system has not been experiences both theo-
retically and experimentally. Therefore, the authors
strongly believe that any findings will make difference
in the literature for further explorations.

In the present study, a lithium-zinc-calcium-silicate
(LZCS) glass system reinforced with B,O, was ex-
amined with the use of Phy-X/PSD software. For this,
the dopant was designed in the glass system of (15-x)
Li,0-10Zn0O-10Ca0-65Si0,-xB,0, where x: 0, 3, 6, 9,
12, and 15 mol% to obtain the L15B0 to LOB15 glass
series. Glass density (pg,ass) and refractive index (n)
calculations were conducted to determine the possible
alterations. Furthermore, viscosity versus temperature
profiles was drawn with the use of BatchMaker soft-
ware for understanding glass melting characteristics.
Lastly, a comparison between the LZCS series and
commercial radiation shielding materials were done to
make a deeper sense for our study. As a result, this
study reported the new results on LZCS containing
B,0O, glass system which has not previously been in-
vestigated in the literature studies.

2. Materials and Methods
2.1. Compositional Design

To understand the role of B,O, in LZCS glass system,
we designed a distinct composition series as listed in
Table 1. L15B0 represents the oxide content with mo-
lar percentage for lithium oxide and boron oxide as 15
and 0 mol%, respectively. The remainings are also sig-
nified with respect to these codes.

Table 1. The compositional design for LZCS glass system in mol%.

Code Li:O ZnO CaO SiO2 B203
L15B0 15,00 10,00 10,00 65,00 0,00
L12B3 12,00 10,00 10,00 65,00 3,00
LI9B6 9,00 10,00 10,00 65,00 6,00
L6B9 6,00 10,00 10,00 65,00 9,00
L3B12 3,00 10,00 10,00 65,00 12,00
LOB15 0,00 10,00 10,00 65,00 15,00
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2.2. Calculations for Physical and Optical Proper-
ties

Glass density (pg,ass) parameter plays an essential cha-
racteristics on the investigated glass systems. To find
out the changes in Pyiass with the insertion of B,O, in
LZCS glass system, it is beneficial to apply emprical
relation stated by Inaba and Fujino [29] as expressed
in Equation 1. Here, M, V. and x, indicate molecular
weight (g/mol), packing density factor (cm3/mol), and
molar fraction of " component, respectively.

_ & Mjx;)

Another essential parameter, refractive index (n), is
the key factor determining optical properties of glass
materials. To calculate this parameter, energy band
gap (E,) values of each oxide is employed throughout
the Equation 2 [30].

R @)

2.3. Glass Viscosity Behavior

Estimating the glass viscosity behavior with respect to
temperature changes takes great importance before
experimental studies. In literature, there are few works
focusing on viscosity alterations for glass systems in
the perspective of computational aspects. For this re-
ason, BatchMaker software which utilizes numerous
property calculations based on glass oxide contents
emerges as an efficient tool for determining viscosity
versus temperature profiles [31]. The software takes
into consideration the findings of Lakatos et al. [32]
and Fluegel [33] in this respect. We employed a cal-
culation set up for our LZCS glass series, and drawed
viscosity versus temperature profiles to make a dee-
per understanding on B,0, insertion in substitution for
Li,O.

2.4. Radiation Shielding Computations

Owing to the newly developed user-friendly software,
Phy-X/PSD, the radiation shielding parameters can
be computed in an efficient way. Within the scope of
Phy-X/PSD, one can simply input glass composition
and the related glass density to the software. After
this, the software begins for computing the variables
for figuring out the different radiation shielding para-
meters [19]. Here, we evaluated some essential pa-
rameters including mass attenuation coefficient (u_)
and half-value layer (4,,). As is known, the u _ defines
the interaction between incoming ray and the matter
of unit mass per unit region whereas 4 ; indicates the
thickness where the energy of incoming photon is atte-
nuated to its half value. Equations 3 and 4 were used

aid to calculate the parameters.

£ 3)

Pglass

Um =

where y is the linear attenuation coefficient, and p
is the overall glass density for each samples.

glass

2

l
Bos= == @)

3. Results and Discussion
3.1. Physical and Optical Properties

In literature, almost all researchers have identified the
one of the most important parameter, glass density
(0,ss)- This is because radiation shielding competen-
cies are straight-forwardly associated with the p_,
value. As a general concept, it is expected to have
higher Pyjass value as possible for enhancing the radia-
tion shielding features [34,35]. From this point of view,
the authors calculated the theoretical pglass values for
the examined glass series. On the other hand, refrac-
tive index (n) is a measure of the interaction between
incident ray and the matter. The incident ray may be
encountered with refraction, absorption, or transmis-
sion with respect to the interaction phenomenon. We
know that the higher the n value for the glass system
the more efficient the radiation shielding will [36]. For
understanding the possible alteration in n value for our
glass systems, we evaluated the theoretical n calcula-
tions for each glass samples. Furthermore, since both
Py.ss aNd N parameters have a parallel behavior Figure
1 depicts the changes in these properties with regard
to the B,O, addition. One can firmly deduce that both
parameters are in increasing trend with the increas-
ing insertion ratio of B,O,. For instance, L15B0 sam-
ple has a Pyiass value of 2.9195 g/cm?® whereas LOB15
sample gains 2.9865 g/cm?. This situation may be at-
tributed to the higher molecular mass of B,0, (69.62

3,0000 1,7900
[
2,9700 . * L 17600
/N
L] ®
- [
S .
20 29400 » F 17300 >
[ ]
b .
a’ a
2,9100 . - 1,7000
L ]
2,8800 1,6700

L15B0 L12B3 L9B6 L6B9 L3B12 LOBIS
Glass series

Figure 1. Alteration of pglass (blue dots) and n (red dots) with re-
spect to the B,O, addition for the investigated LZCS glass series.
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Figure 2. Viscosity versus temperature profiles for the investigated LZCS glass series.

g/mol) in comparison to Li,O (29.88 g/mol). Similar
findings were also stated with some literature studies
conducted by [37,38]. On the other hand, the contribu-
tion of B,O, in place of Li,O enhance the n parameter
in the order of LOB15>L3B12>L6B9>L9B6>L12B3>L
15BO. This is because the E, value for B,0O,-added
series are becoming lower, and thus the |nC|dent rays
could not transmitted throughtout the glass substance.
In other words, much more incoming photon energy
becomes interacted with the glass substance, particu-
larly, herein, boron atoms. Therefore, the insertion of
B,O, possesses successful conclusions on both pa-
rameters.

3.2. Viscosity versus Temperature Profiles

The investigated LZCS glass series are evaluated in
terms of viscosity behaviour with respect to the varying
temperature via using BatchMaker software in Figure
2. For making a sensible comments on the behavior
of the LZCS series, a well-known glass type as soda-
lime-silica (SLS) is also depicted. From the profiles, it
is obvious that the increasing amount of B,O, has an
adverse effect on melting temperature. To exemplify,
L15B0 specimen has a value of 1309°C for melting
point whereas LOB15 acquires 1624°C. At this point,
SLS glass possesses nearly 1450°C as a melting
point. The reason behind this phenomenon may be re-
ferred to the glass-forming characteristics of B,O, rath-
er than fluxing agent behavior of Li,O. The decrease in
the amount of fluxing agent in the LZCS glass system
ascends the liquidus point through lack of sufficient
liquid phase. Therefore, we can report that the inser-
tion of B,O, in substitution for Li,O in the LZCS glass
system elevates the glass melting point.

3.3. Radiation Shielding Features

For highlighting the radiation shielding features of the

examined LZCS glass series, we evaluated the most
essential parameters as y, and 4, . Figure 3 displays
the mass attenuation coefficients (u_) with respect to
incoming photon energies. It can be observed that
the u_ is found to be in increasing trend as a function
of the increasing photon energy. In the lower photon
energy levels, i.e. <0.015 MeV, the u_ values range
around 15 cm?/g. However, a sudden decrease can be
observable towards the increasing photon energy, i.e.
0.1 MeV. In this case, the y _ descends through 0.20
cm?/g. For the higher photon energies, i.e. >1 MeV,
we gain the y_around 0.02 cm?g. Such a behavior
may be attributed to the well-known three mechanisms
as photoelectric absorption at low energy, Compton
scattering at intermediate energy, and pair production
process at high energy. On the other hand, when it
comes to evaluate the effect of B,O, in replacement
for Li,O, it is apperant that the B,O, is directly enhanc-
ing the y_ values at all photon energy levels. The u
is increased from 0.628 to 0.631 cm?/g with the inser-
tion ratio of B,O, from 0 to 15 mol% at 1.30 MeV. This

——L15B0
—a—L12B3
—a—L9B6
L6B9
—a—L3B12
—o—LO0B15

Figure 3. Mass attenuation coefficient of LZCS glass series with
respect to photon energies.
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increase is associateed with the higher density value
of B,O, (2.46 g/cm®) than that of Li,O (2.01 g/cm?). The
higher the glass density the better the radiation shield-
ing competencies were confirmed by various studies
in the literature [39,40]. Since an increasing trend is re-
quired for improving radiation shielding competencies
we can report that B,O, can provide this enhancement
in an efficient way.

Yet another significant parameter, half-value layer
(4,,), signifies the required thickness value to attenu-
ate the half of incoming energy. From this perspeti-
ve, Figure 4 reveals the variations in A, for different
photon energies. It is clear that the required thickness
value for all LZCS glass series ascends with the incre-
asing photon energy. However, LOB15 dominates over
the remaining in all photon energies. For instance,
L15B0 requires the A, value of 3.39 cm while LOB15
yields 3.30 cm. That means the lesser thickness can
attenuate the half of the incoming energy owing to the
contribution of B,O.. In fact, the higher molecular mass
of B,O, (69.62 g/mol) compared to Li,O (29.88 g/mol)
is the reason facilitating this advancement. Moreover,
a comparison between LOB15 and commercial radiati-
on shielding glasses (i.e. Schott RS series) can make
a better understanding of the figured out 4, values.
Schott RS series have distinct type of glasses for the
required photon energies [41]. Here, it may be more
plausible to highlight the higher energy levels such as
gamma-rays occurred at 1.25 MeV (%°Co). Besides, it
may be more meaningful to select the lead-free RS
series such as RS 253 G18 since our LZCS glass se-
ries do not contain any lead oxide substance. When it
comes to compare A, values, LOB15 specimen pro-
vides 4.11 cm while RS 253 G18 ensures 4.95 cm.
From these values, we can firmly report that LOB15
sample achieves better radiation shielding features
than that of commercially available RS 253 G15 glass.
Therefore, our glass system can make a difference in
a commercial manner.

—a— L15B0
—o—L12B3
—a— L9B6
L6B9
——L3B12
—a— LOB15

Figure 4. Half-value layer alterations with respec to photon energies
for the LZCS series.

4. Conclusions

The present study focused on the theoretical calcula-
tions for evaluating the effects of B,O, addition on the
physical, optical, and radiation shielding properties of
the lithium-zinc-calcium-silicate (LZCS) glass system.
For this, (715-x)Li,0-10Zn0O-10Ca0-65Si0,-xB,0,
where x: 0, 3, 6, 9, 12, and 15 mol% glass system
was designed, and L15B0 to LOB15 glass series were
examined. The glass density (pg/ass) calculations pre-
sented that B,O, insertion is an efficient way to increa-
se the overall pglass. Additionally, the refractive index
(n) value was enhanced owing to the B,O, contribu-
tion. For understanding the viscosity behavior of the
investigated glass series, BatchMaker software was
utilized. It showed that the addition of B,O, increased
the melting point of the glass series due to the glass-
forming role. In the perspective of radiation shielding
features, the newly developed Phy-X/PSD software
provided to compute mass attenuation coefficient (u_)
and half-value layer (4,,). We found out that the inc-
reasing content of B,O, increased the y  and decre-
ased the A, . These alterations ensured to improve
radiation shielding characteristics for B,O_-reinforced
LZCS series. More essentially, the LOB15 sample
can compete with the commercial radiation shielding
glass, particularly the lead-free series of RS 263 G18.
In conclusion, the authors reported that the insertion
of B,O, is a good candidate for the LZCS glass system
for the obtainment of advanced physical, optical, and
radiation shielding features in comparison to the undo-
ped situation.
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Kordiyerit esasl cam-seramikler, yiksek termal direng Ozellikleri ile birlikte disuk
dielektrik sabiti ve dugik termal genlesme katsayisina sahip muhendislik malzemeleridir.
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kullanilabilmekte ve ayrica cok katmanli devre kartlarinin, katalitik konvertorlerin ve isi
yalitim malzemelerinin tretiminde de alternatif bir malzeme olarak degerlendirilebilmektedir.
Kordiyerit esasli camlar dar bir sinterleme sicaklik araligina ve yuksek viskoziteye sahip
olduklarindan, ¢ekirdeklenme katalisti olmadan 1000°C’nin altinda kristallestirilebilmeleri
zordur. Diglk sicaklikta ve yuksek yogunlukta cam-seramiklerin Uretimi igin viskoziteyi
azaltici flukslagtirici 6zellikteki ve gekirdeklenmeyi saglayici katkilarin (ZrO,, TiO,, CeO,,
Y,0,, Ca0, Zn0O, P,O,, B,O, gibi) ve miktarlarinin segimi oldukga 6nem arz etmektedir.
Bu calismada, kordiyerit sitokiyometrisine uygun bilesimde hazirlanan karigimlarin
camlastirildiktan sonraki kristallesebilme kabiliyeti Gzerinde kolemanit katkisinin etkileri
arastinlmistir. Magnezya, kaolen ve kuvars hammaddelerine agirlikga % 0, 1, 2 ve 3
oranlarinda kolemanit ilavesi ile olusturulan karigimlarin endustriyel kosullarda 1500°C’de
ergitilerek sonrasinda ani sogutma ile cam yapi elde edilmistir. Kirma ve 6gitme
islemlerinden gegirilerek elde edilen cam tozlarin termal analiz teknigi ile camsi gegis (Tg)
ve kristalizasyon (T ) sicakliklari belirlenmistir. 1000°C’de yapilan sinterleme sonrasinda
cam-seramik faz yapisindaki degisimler incelenmistir.

Investigation of the effects of colemanite addition on the crystallization
behaviour of cordierite glass-ceramics
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Cordierite based glass-ceramics are engineering materials with high thermal resistance
properties, as well as low dielectric constant and low thermal expansion coefficient.
Cordierite glass-ceramics can be produced at low costs and have good electrical properties.
They can be used as a substrate instead of alumina in the electronics sector, as well as
an alternative material in the production of multilayer circuit boards, catalytic converters,
and thermal insulation materials. Since cordierite based glasses have a narrow sintering
temperature range and high viscosity, it is difficult for them to be crystallized below 1000°C
without a nucleation catalyst. For the production of low temperature and high-density glass-
ceramics, it is crucial to select the additives (ZrO,, TiO,, CeO,, Y,0,, CaO, ZnO, P,O,, B,O,,
etc.) and their amounts that have the fluxing properties that reduce viscosity and provide
nucleation. In this study, the effects of colemanite addition on the crystallization ability after
vitrification of mixtures prepared in a composition suitable for cordierite stoichiometry were
investigated. Colemanite at 0, 1, 2 and 3% wt. ratios were added to the mixtures of magnesia,
kaolin, and quartz raw materials were melted at 1500°C in industrial conditions, and then
glass structure was obtained by sudden cooling. Glass transition (Tg) and crystallization
(T,) temperatures of glass powders obtained by crushing and grinding were determined
by thermal analysis technique. The changes in the phase structure of glass-ceramic after
sintering at 1000°C were examined.
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1. Girig (Introduction)

1950’lerin ortalarinda kesfedilen cam-seramikler, ca-
min kontrollli ¢ekirdeklenmesi ve kristalizasyonu yo-
luyla olugsan polikristalin seramik malzemelerdir [1].
Cam-seramikler, uygun bilesimdeki bir cam harma-
nindan kontrolll 1sil islemler neticesinde kalinti cam
matris icerisinde elde edilen ¢ok kristalli katilar olarak
da tanimlanir. Cogu durumda kristallizasyon prosesi
tamamen gercgeklesse de bazi durumlarda kiguk kris-
tallerin yani sira, 1sil islem kosullarina ve camin bile-
simine bagli olarak, kalinti cam fazi da (<%50) bulun-
maktadir. Isil islem, amorf yapidaki camdan bir veya
daha fazla kristal fazin ¢ekirdeklenmesine ve blyu-
mesine neden olur. Cam-seramiklerin geleneksel ¢cok
kristalli seramiklere gore sifir gézenekli yapida Uretile-
bilmeleri, daha iyi termal, mekanik ve kimyasal dirence
sahip olmalari gibi bazi 6nemli avantajlari vardir [1,2].

Cam-seramiklerin Gretimi icin dncelikle istenilen kom-
pozisyonu olusturacak hammaddelerden homojen bir
cam harmaninin hazirlanmasi gereklidir. Mikron alt
boyutta kristal fazlarin gelisimi, yiksek sicaklikta kris-
tal blUylUme asamasi 6ncesi bir gekirdeklenme asama-
sI ile saglanir. Bu asama, iyi mekanik mukavemet igin
gerekli ince boyutlu kristallerin cam matriste homojen
dagihmini saglamak icin dikkatli bir kontrol agsamasi
gerektirir. Cekirdeklenme, ana cam yapinin kontrollG
bir oranda ve gerekli sayida ¢ekirdek olusana kadar
tutuldugu 6nceden belirlenmis bir ¢ekirdeklenme si-
cakligina isitilmasiyla gergeklestirilir [2,3].

Yeterli ¢ekirdeklenme bolgeleri saglamak icin kata-
list gbrevi Ustlenen bazi katki maddeleri gerekebilir.
Bu katki maddeleri ¢ekirdeklendirici ajanlar olarak da
adlandirilir. Cekirdeklendirici ajanlarin bazi drnekleri
TiO,, ZrO,, Zn0O, Ca0, B,0, ve P,O'tir. Cekirdeklen-
dirici ajanlar cam icinde ¢6zunur, ancak sogutulduk-
tan veya tekrar 1sitildiktan sonra kristal blylUmesinin
meydana gelebilecegi ¢cekirdeklenme bdlgeleri olarak
cokeltilebilir ve hareket edebilir [2]. Cekirdeklenmenin
ardindan islem sicakligi kristal fazlarin optimal blyu-
mesini saglamak icin arttirilir ve hedeflenen kristalles-
me derecesine ulasilincaya kadar o sicaklikta tutulur.
Cekirdeklenme ve kristallesme icin isitma rejimleri
cam bilesimlerine gore degisir ve asamalari ¢ekirdek
ve kristal buyimesi kontrolinin yani sira islem za-
manlarini ve maliyetlerini iyilestirmek icin optimize edi-
lebilir [3].

Cam-seramiklerin karakteristik 6zellikleri, kristallerin
tird ve boyutu degistirilerek, taneler arasinda baglan-
ma, kristal yoni ve kristallesme derecesi veya yuzdesi
ile kontrol edilebilir. Bu 6zellikler, ana cam bilesiminde-
ki degisiklikler, ¢cekirdeklendirme katki maddesinin se-
¢imi ve 1sil islem rejiminin ayarlanmasi ile belirlenebilir
[4].

Cam-seramikler genellikle ya tek asamali isil islem
(cekirdeklenme ve kristal blylmesinin ayni anda

gerceklestigi) veya iki asamali isil islem (gekirdek-
lenmenin ardindan kristal blylimesinin gerceklestigi)
kullanilarak ana camdan elde edilir. Camlarin bazilari
homojen, yani hacimsel kristallesme sergilerken, ba-
zilari da heterojen, yani cam yiginindaki kristallerin
cekirdeklenmesinin zor oldugu yuzey c¢ekirdeklenmesi
davranisli sergiler [5].

Cam-seramiklerin kristal boyutlari genel olarak mikron
alti seviyesinde olup ortalama kristal boyutlari 20-30
nm dolaylarindadir. Geleneksel seramiklerin aksine
cam-seramikler, Uretildikleri camin gaz kabarcikla-
rindan tamamen arindiriimasi dolayisiyla gézenek
icermezler. Camdan seramige dénisim asamasinda
gbzenek olusmaz, toplam hacimdeki degisiklik ise ¢ok
kUguktur. Cogu zaman camin seramige dénlisiminde
hacimsel degisim kugulme seklinde gerceklesse de,
hacim artisi durumunda bile malzeme igcinde gézenek-
ler olusmaz. Cam-seramiklerde gézeneklerin olmayi-
sl, iyi 6zelliklerin gelismesine yardimci olan bir 6zellik-
tir, cink(U gbzenekler, malzemenin yararli kesit alanini
azaltarak mekanik mukavemeti azaltmaktadir [2].

Cam-seramikler firin althklari, sofra takimi, elektrik
yalitkanlari, ingsaat malzemeleri ve protez malzemeleri
gibi uygulamalar icin cam sekillendirme teknikleri kul-
lanilarak seri Uretilebilmektedir [6,7]. Cam-seramikler
ayni zamanda yuksek teknoloji uygulamalari igin de
kullanihr. Ornegin, ugak ve fiizeler igin radomlar, yo-
gun atmosferlerde yliksek hizl ugus igin isil sok diren-
ci ve mekanik dayanim gereksinimini karsilayabildikle-
rinden cam-seramikten imal edilmigtir [2].

Kordiyerit ve kordiyerit esasli cam-seramikler, disuk
termal genlesme, dusuik dielektrik sabiti ve ylksek me-
kanik mukavemet gibi essiz 6zellikler sergilemektedir.
Bu tlr cam-seramikler radar uygulamalardan elektro-
nik althga kadar birgok alanda kullanilirlar [8].

Kordiyerit (2MgO.2Al,0,.58i0,), MgO-ALO,-SiO, sis-
teminde yer alan fazlardan birisidir. Kordiyerit, disik
dielektrik sabitine (¢=4,8-6), yUksek elektrik direncine
(p>10"? Qcm) ve gok dislk termal genlesme katsayi-
sina (a=1-2x10*%/°C) sahiptir [9]. Kordiyeritin bilinen g
polimorfik formu (a, B ve y-kordiyerit) vardir. Hekzago-
nal a-kordiyerit (indiyalit) 1450°C ile 1460°C arasinda
stabildir ve ylUksek sicaklik polimorfu olarak da adlan-
dirihr. Ortorombik B-kordiyerit, 1450°C’nin altinda sta-
bildir ve diisik sicaklik polimorfu olarak da adlandirilir.
Yari kararli form olan p-kordiyerit ise elde edilmesi zor
bir fazdir ve 800°C ile 900°C arasinda kristallesmesi
icin saatler gereklidir [10].

inorganik malzemeler arasinda en disiik dielektrik
sabitine sahip malzemeler SiO, bakimindan zengin
olanlardir. Kristalin ve amorf formdaki SiO,, ¢ok di-
stk dielektrik sabitine (¢=4) sahiptir. Ancak, SiO,'nin
en O6nemli dezavantaji, sinterleme sonrasi sogutma
sirasinda faz dondsumlerinin eslik ettigi buyuk hacim
degisiklerinden kaynakli kirilganhgidir. Kordiyerit, mul-
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lit, willemit, diyopsit gibi dusiUk dielektrik sabitine sahip
diger seramik malzemelerin cogunun dezavantaji ise
yuksek sinterleme sicakhgidir. Hem istenen dielektrik
hem de mekanik 6zelliklerin elde edilmesini ve sinter-
leme sicakhdinin diglrulmesini saglayan iyi bir ¢o-
zim, cam-seramik kompozitlerde seramik bilesenlerin
uygun bir cam ile birlestirilmesidir [11].

Kordiyerit (€=4,8-6) ve miillit (€=6-7,2), dusuk dielektrik
sabitli cam-seramik kompozitlerin seramik bilesenleri
icin en iyi adaylardir. Kordiyeritin i1sil genlesme kat-
sayisi 1-2x10%/°C iken, mulitin 1sil genlesme katsa-
yisi 4,5-6x10%/°C’dir [11]. Kordiyeritin 1sil, kimyasal
ve elektriksel olarak Ustiin 6zelliklerine ragmen, bazi
yuksek sicaklik uygulamalarinda yetersiz mekanik
Ozellikler gosterir, diger yandan goreceli yuksek isil
genlesme katsayisi nedeniyle mullit bazi uygulamalar
icin dUsuk 1s1l soka dayanim goésterir. Ayrica, dusuk di-
elektrik sabiti, yliksek elektrik direnci ve iyi termo-me-
kanik 6zellikleri ile kordiyerit, elektronik endustrisinde
alimina substratlarin (¢=9-10) yerini almaya uygun
bir aday malzemedir, ancak silikon ¢ip ile karsilastiril-
diginda ¢ok disuk termal genlesme katsayisi bir de-
zavantajdir. Bu da, olasi yonga ayrilmasina ve cihaz
arizasina neden olabilir. Mullitin kordiyerite eklenme-
sinin, kompozit malzemelerin 1sil genlesme katsayisi-
nin silikonla eslesecek sekilde daha iyi uyarlanmasina
izin verdigi ve ayrilma sorunlarini 6nledigi gérilmustir
[12]. Ayrica, uygun oranlarda mullit ve kordiyeritin mik-
royapida birlikte bulunmasi yogunlagsmayi kolaylastirir,
gOzenekliligi azaltir ve kompozitin mekanik 6zelliklerini
iyilestirir Bu tlr kompozitler, silikonunkine ¢ok yakin
olan disuk dielektrik sabiti (4,7-5,8) ve dusuk isil gen-
lesme katsayisi (3,8-4,2x10/°C) nedeniyle elektronik
paketlenme malzemesi igcin umut vericidir [11].

Ancak, bu iki malzemenin yiksek refrakterligi nede-
niyle, kordiyerit-muillit kompozitlerinin geleneksel sin-
terleme yolu ile Gretimi zordur. Sinterleme katkilari,
kompozit malzemenin termal ve elektriksel 6zelliklerini
olumsuz etkileyebilir. Cam-seramik tretim sureci, kor-
diyerit-mallit kompozitlerinin Gretimi i¢in ¢ok ilging bir
alternatif sunabilir, cinkd bu slregte gézenekliligin or-
tadan kaldiriimasi, tane blylimesinin engellenmesi ve
mikroyapisal Ozelliklerin kontroll sayesinde sorunlar
daha kolay ve etkili bir sekilde ¢ozulebilir [12].

Mikro elektronik sistemler icin paketleme ydntem-
lerinden birisi olan “Duslk sicaklikta beraber sin-
terlenen seramik (LTCC)” uygulamalari esas olarak
MgO-ALO,-Si0,, Ca0-ALO,-Si0,, Ca0-B,0.-SiO,
vb. cam-seramik sistemlerine dayanmaktadir. Kor-
diyerit esasli cam-seramikler, dusuk dielektrik sabiti
ve tek kristal silikonun termal genlesme katsayisina
uyumlulugu nedeniyle LTCC uygulamalari igin ilgi ce-
kici malzemelerdir. Ancak, kordiyerit camlar ytksek
erime sicakligina (21600°C), yuksek viskoziteye ve
dar bir sinterleme sicaklik araligina sahip oldugundan
1000°C’nin altinda yogun cam-seramik eldesi zordur

[13-15]. Yuksek mekanik dayanim ve dusUk dielekt-
rik sabiti degeri elde etmek igcin tam yogunlastirma
gereklidir. Bununla birlikte, y-kordiyerit olusumu, cam-
seramigin mekanik, termal ve dielektrik 6zelliklerini
kotllestirir. Bu nedenle, dusuk sicaklikta tamamen
yogunlasmis a-kordiyerit cam-seramik eldesinde sin-
terleme kabiliyetini gelistirmek icin sinterleme yardim-
cilarinin eklenmesi ve stokiyometrik olmayan camlarin
kullaniimasiyla ilgili arastirmalar yapilmistir [14]. Cam
tozlarinin sinterlenmesi viskoz akisla ilerlediginden,
azalan cam viskozitesi sinterlenebilirlik Gzerinde iyi bir
etki gosterir. Yogun cam-seramik Uretimi igin, uygun
cam bilesimi ve cam viskozitesini azaltan eriyik segi-
mi kritik bir faktérdir [15]. Literatlirde, kordiyerit cam-
seramiklerin ¢ekirdeklenme, kristalizasyon ve dusuk
sicaklikta sinterleme davraniglari (zerine ZrO, [16],
TiO, [17], CeO, [18,19], Y,0, [19, 20], CaO [15,21],
Zn0 [22,23], P,0O, [24], Na,0 [25] ve B0, [26] gibi kat-
kilarin etkileri arastiriimistir.

Chen calismasinda [15], CaO igeren MgO-Al,0O.-SiO,
sistemindeki cam-seramiklerin sinterleme ve kristal-
lesme davranislarini incelemistir. MgO’nun CaO ile
degistirilmesi cam-seramiklerin erime sicakligini (T)
ve camsl gegis sicakligini (Tg) azaltmistir. Kristalize
a-kordiyerit ve az miktarda anortit iceren tam yogun
cam-seramik, dusuk bir sicaklikta (£900°C) basariyla
Uretilmigtir. DUsUk sicaklikta sinterlenebilirlik, disik
termal genlesme katsayisi, ylksek egilme dayanimi
ve dusuk dielektrik 6zellikler, agirlikga %5 CaO igeren
MgO-AlO,-SiO, sistemindeki cam-seramik tozundan
hazirlanan yogun numunede basariyla elde edilmistir.

Chen ve Liu galismasinda [23], MgO-Al,O,-SiO, cam
sistemini incelemis ve ZnO katkisinin camin erime ve
kristallesme sicakliklarini azalttigini gézlemlemistir. in-
celenen cam sistemindeki en 6nemli kristal fazlardan
birisinin willemit (Zn,SiO,) oldugu ve willemit fazinin
yaklasik 2,6x10%/°C gibi diistik bir termal genlesmeye
sahip olmasi ile LED uygulamalari i¢in uygun oldugu
rapor edilmistir.

Oprea ve arkadaslari [27], kaolinit, kalsine aliimina
ve talktan hazirlanan karigimlara ilave edilen TiO,,
ZrO,, CeO, gibi bazi gekirdeklestirici ajanlarin kordi-
yerit cam-seramigin isisal genlesme katsayisi degerini
azalttigini tespit etmislerdir. Sarigliizel ve Glinay [26]
calismasinda, kaolin, talk ve alimina karisimina %3’e
kadar B,O, ilavesinin kordiyerit cam- seramigin camsi
gecis sicakhgini (Tg) arttirdigini ve termal genlesme
katsayisini da azalttigini tespit etmislerdir.

Torres ve Alarcon [29], CaO-MgO-ALO,-SiO, cam
sisteminde B,O, katkisinin a-kordiyerit kristalizasyo-
nu Uzerindeki etkisini arastirmiglardir. B,O, katkisi-
nin kristallesme 6ncesi viskoz akisla yogunlastirmayi
kolaylastirarak p-kordiyerit olusumunu baskiladigi ve
a-kordiyerite donusumde olumlu etki yaptigi belirtil-
mistir. 1160°C’de 1sitilan camdaki a-kordiyerit kristal-
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lesme orani yaklasik %70 olarak tespit edilmis ve artik
cam fazdaki hekzoganal a-kordiyerit kristallerinin 3 um
dolaylarinda oldugu rapor edilmistir. Ayni yazarlar bir
bagka calismasinda [30], CaO-MgO-Al,0O.-SiO, siste-
minde olugan kristal fazlari anortit, kordiyerit, millit ve
diyopsit fazlari olarak tanimlamiglardir.

Synkiewicz ve arkadaslarinin ¢alismasinda [31], kor-
diyerit, CaO-B,0,-Al,0,-SiO, cami ve grafit iceren
bir stispansiyondan serit dékim/laminasyon/pigirime
yontemiyle Uretilen ¢ok katmanh LTCC yapilari igin, 1
MHz'de dielektrik sabiti (¢) 3-5,6 olarak rapor edilmis-
tir. Bu dUsuk dielektrik sabiti degeri LTCC malzemeler-
de silikonunkine ¢ok benzerlik gostermektedir.

Torres ve arkadaslar [32], CaO-MgO-Al,O,-SiO, sis-
temindeki bir cam bilesiminde AL,O,’ln B,0, ile yer de-
gistirmesinin etkisi incelenmistir. Artan bor oksit miktari
ile camlarin erime oOzelliklerinin iyilestigi gorilmus ve
%6'dan fazla B,O, igerikli camlarda 1160°C'de hiz-
I 1sitma ile sadece millitin kristallestigi gorulmustur.
1160°C’de hizli isitilan %9 B,O, iceren camda gelisen
muillit faz1 miktari Rietveld analizi ile %19,5 olarak be-
lilenmistir.

Wu ve Hwang galismasinda [33], kordiyerit cama B,O,
ilavesinin artik camin kristallesmesini ve p-kordiyeritin
a-kordiyerite déntisimuni tesvik ettigine dikkat gek-
miglerdir.

Literatlr galismalarinda elde edilen bulgular 6zellik-
le B,O,'Un kordiyerit cam-seramiklerin kristalizasyon
davranigi Uzerinde olumlu etkileri oldugunu goster-
mektedir. Literatlr bulgulari CaO’'un da kordiyerit
esasli cam-seramiklerin erime sicakhgini ve camsi
gecis sicakligini azalttigina dikkat gekmektedir. Ayri-
ca B,0,'n p-kordiyeritin a-kordiyerite donlgimuini
ve cam-seramik yapisinda kordiyerite ilaveten mullit
fazi olusumunu da destekledigi anlasiimistir. TUm bu
bulgular 6zellikle mikro elektronik endiistrisinde LTCC
uygulamalari igin disUk dielektrik ve termal genles-
me katsayisina sahip ve mekanik olarak dayanikl
kordiyerit-mullit kompozit cam-seramiklerin Gretiminin
kordiyerit stokiyometrisindeki cam bilesimine B,O, ve
CaO katkilari ile mimkin olabilecegini gostermistir.
Ancak kordiyerit sitokiyometrisindeki cam bilesimine
B,O, ve CaO katkilarinin birlikte gergeklestirildigi ve
kristallesme davranisinin incelendigi bir calismaya li-
teratlirde rastlanilmamistir. Bu calismada ise literatlr
¢alismalarindan farkli olarak bor oksit (B,O,) ve kalsi-
yum oksit (CaO) kaynagi olarak kolemanit hammad-
desinin kordiyerit cam-seramiklerin eldesinde camsi
gecis sicakhgr ve kristalizasyon sicakliklari Gzerine
etkileri arastinimistir.

2. Malzemeler ve Yontemler (Materials and Methods)
2.1. Hammaddeler (Raw Materials)

Bu ¢alismada kordiyerit esasli cam-seramik malzeme

Uretimi icin seramik fabrikalarindan temin edilen Kao-
len ve Kuvars ile Konya-Krom Manyezit isletmesinden
temin edilen Sinter Magnezya hammaddeleri kullanil-
mistir. Katki maddesi olarak ise Eti Maden isletmele-
rinden temin edilen 75 mikron alti tane boyutuna sahip
Kolemanit hammaddesi kullaniimigtir. Deneysel ¢alis-
malarda kullanilan hammaddelerin kimyasal bilesimi
ve bazi 6zellikleri Tablo 1’de sunulmustur.

Tablo 1. Hammaddelerin kimyasal bilesimleri ve bazi 6zellikleri
(Chemical composition and some properties of raw materials).

Oksit (%) Kaolen Magnezya Kuvars Kolemanit
SiO: 47,30 3,23 97,50 4,00
ALO3 36,30 0,17 1,21 0,40
Fe203 0,85 0,49 0,05 0,08
TiO2 0,05 - 0,05

CaO 0,10 3,73 0,02 27,00
K:0 2,29 - 0,03

Na:0 0,05 - 0,02 0,50
MgO 0,38 92,31 0,48 3,00
B20s - 40,00
Kizdirma Kaybi 12,21 - 0,28 25,00
Tane boyutu (dso) 5,57 23,34 15,83

Yiizey Alami (m?/g) 11,8 1,98 0,59

2.2. Receteler (Recipes)

Kordiyerit cam-seramik Uretiminde kullanilan ham-
maddelerin karisim orani kordiyerit sitokiyometrisine
(2Mg0.2A1,0,-5Si0,) uygun olarak tasarlanmistir. Bu
tasarimda hammaddelerin bilesimindeki sadece MgO,
ALO, ve SiO, dikkate alinmistir. Magnezya, kaolen
ve kuvars iceren Uclu karisimlar, hem teorik kordiyerit
bilesimindeki oksit oranlarina ve hem de hammadde-
lerin kimyasal bilesimine (Tablo 1'de goruldigu gibi)
bagh olarak hazirlanmistir. Teorik hesaplamaya ilis-
kin olarak, karigimdaki MgO:AlO,:SiO, agirlik orani
13,7:34,9:51,4 olarak belirlenmigtir. Baslangic ham-
maddeleri olarak, karigimlarin hazirlanmasinda agir-
likca %82,71 Kaolen, %12,42 Magnezya ve %4,87
Kuvars hammaddeleri kullaniimistir.

Kordiyerit sitokiyometrisine gore olusturulan karisim-
lara agirhkga %0, 1, 2 ve 3 oranlarinda kolemanit
hammaddesi ilave edilerek katkili receteler olusturul-
mustur. CaO ve B,0, cam-seramik Gretiminde gekir-
deklenme katalisti/flukslastirici olarak etkileri ayri ayri
arastirilmis olmasi ve ayrica her iki oksitin seramik
sirlarinda ergitici 6zellikleri dolayisiyla kullaniimalari
bu calismada her iki oksitin cam-seramik Uretimin-
deki etkilerini incelemek igin itici gu¢ olusturmustur.
Kolemanit, bilesiminde CaO ve B,O, oksitlerini birlik-
te bulundurmasi nedeni ile bu ¢alisma ile kordiyerit
cam-seramik Uretiminde ilk kez kullaniimis ve etkileri
arastiniimistir. Kolemanit katkisi ile olusturulan recete-
lerin karisim oranlari Tablo 2°de sunulmustur.
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Tablo 2. Kordiyerit cam-seramik Uretimi igin olusturulan receteler
(Recipes for cordierite glass-ceramic production).

Hammadde RO R1 R2 R3
Kaolen (%) 82,71 81,88 81,06 80,23
Magnezya (%) 12,42 12,30 12,17 12,05
Kuvars (%) 487 482 477 472
Kolemanit (%) 0 1 2 3

2.3. Cam-Seramik Uretimi (Glass-Ceramic Producti-
on)

Kolemanit katkisinin kordiyerit cam-seramiklerin cam-
Sl gecis (Tg) ve kristallesme (T ) sicakliklari Gzerindeki
etkilerini arastirmak igin kordiyerit sitokiyometirisine
uygun oranda karistirilan baslangic hammaddelerine
%0, 1, 2 ve 3 kolemanit ilavesi ile katkili receteler olus-
turulmustur. Hammaddeler tartimlari alindiktan sonra
kuru olarak karistirilmistir. Hazirlanan nihai karisimlar
alimina pota icerisine doldurularak Gizem Frit (Sakar-
ya, Turkiye) fabrikasina ait fritlestirme firininda ergi-
tilmigtir. Ergitme sicakligi, katkisiz karisim igin daha
onceden DTA-TG analizi ile 1440°C olarak belirlenmis
ve tim karigimlarin homojen bir eriyik hale dénustiri-
lebilmesi icin 1500°C olarak secilmistir. Pota icerisin-
deki eriyik haldeki karisimlar sonrasinda ani sogutma
ile sogutularak cam yapi elde edilmistir. Sekil 1°de elde
edilen cam yapi gorulmektedir.

Sekil 1. Kolemanit katkili kordiyerit esasl karisimin 1500°C’de ergit-
me sonrasi ani sogutma ile elde edilen cam yapi goérintisu (Glass
structure image of colemanite-added cordierite-based mixture ob-
tained by instant cooling after melting at 1500°C).

2.4. Karakterizasyon (Characterization)

Ergitilerek oda sicakligina sogutulmus kolemanit katki-
[l camlar, dijital mikroskop altinda gortntuleri gekilerek
karsilastirmali olarak gértnusteki farkliliklari incelen-
mistir. Daha sonra, cam 6rneklerin Arsimed prensibiyle
yogunluklari hesaplanmigtir. Yogunluk hesaplamalari
icin cam numunelerin kitlesi dncelikle hava ortamin-
da kuru agirliklari tartilarak olgilmustir. Daha sonra
saf su igerisine daldirilan cam numunelerin su igindeki

agirhiklan élgilmustir. Cam 6rneklerin havadaki agir-
iginin, hava ve su ortamindaki kitle farkina oranti-
lanmasi ve sonrasinda saf suyun yogunluk degeri ile
¢arpimi sonrasi cam 6rneklerinin yogunluklari hesap-
lanmistir.

Karakterizasyon caligmalari igcin cam ornekleri bilyali
degirmende etanol ortaminda 1 saat sure ile tane bo-
yutlari 100 mikron alti incelige oguttiimustir. Ogutme
islemi sonrasi tozlar kurutma islemine tabi tutulmustur.
Kurutulmus cam tozlarin Netzsch marka Diferansiyel
Taramali Kalorimetre (DSC) cihazi ile 20°C isitma hi-
zinda normal atmosfer kosullarinda 1250°C’ye kadar
Isitilarak camsi gecis (Tg) ve kristalizasyon sicakliklari
(T) belirlenmigtir. DSC analizi ile kristallesme baslan-
gi¢ sicakligi belirlenen cam tozlarindan kuru presleme
yontemiyle tablet numuneler sekillendiriimis (Sekil 2)
ve DSC analizi ile belirlenen uygun bir kristallesme si-
cakliginda sinterleme ile 1sil islem uygulanmigtir. Pisi-
rim islemi sonrasinda numunelerdeki kristal faz olusu-
mu X-isinlart kirinimi (XRD) analizleri ile incelenmistir.
Analizler Bruker marka D8 Advance model cihazda 26
tarama agisi1 5-70° arasinda, Cu Ka=1,54A° dalga bo-
yuna sahip X-i1sini kullanarak ve 0,02 derece/dakika
tarama hizi sartlarinda gercgeklestirilmistir.

3. Sonuglar ve Tartisma (Results and Discussion)

Kolemanit katkili cam o6rneklerin Inskam-315 dijital
mikroskop (40X, 7 inch IPS HD display, 4032x3024 P)
altinda ¢ekilen gorantileri Sekil 3’de verilmistir. Mik-
roskop goruntilerinden RO kodlu katkisiz cam drnegi-
nin transparan goérinimde, kolemanit katkili R1, R2 ve
R3 kodlu cam &rneklerinin ise kismen opak gérinim-
de oldugu anlagiimistir.

Kolemanit katkili cam 6érneklerinin Arsimed prensibiyle
hesaplanan yogunluk degerleri sirasi ile, katkisiz cam
ornegi icin (RO) 2,55 g/cm?, %1 kolemanit katkili cam
ornegi icin (R1) 2,45 g/cm?®, %2 kolemanit katkili cam
ornegi igin (R2) 2,46 g/cm® ve %3 kolemanit katkil

"ol a o PR .

Sekil 2. Kolemanit katkili iyerit cam tozlarinin sinterleme
sonrasi goruntlleri (Images of colemanite-added cordierite-based
glass powders after sintering).
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Sekil 3. Kolemanit katkili cam 6rneklerin mikroskop goéruntileri; a) RO, b) R1, c) R2, d) R3 (Microscope images of colemanite-added glass
samples).

cam 6rnegi icin (R3) 2,51 g/cm®dir. Kolemanit katkili
cam oOrneklerinde yogunluk degerlerinin 2,45-2,55 g/
cm® araliginda degistigi, kolemanit katkisi ile birlikte
once azaldidi, sonra ise katkisiz cam yogunlugu dege-
rine dogru arttig1 goralmustar.

3.1. Diferansiyel Taramali Kalorimetri (DSC) Analizi
(Differential Scanning Calorimetry Analysis)

Kordiyerit bilesiminde hazirlanan cam érneklerinin cam-
sl gecis ve kristallesme sicakliklarini belirleyebilmek
icin yapilan DSC analizi sonuglari Sekil 4’de verilmigtir.
Sekilde gorildigi gibi kolemanit katkisi ile numunele-
rin camsi gegis sicakliklarinin %2 katkisina kadar azal-
dig1 belirlenmistir. %2 katkisindan itibaren camsi gegis
sicakliklarinin arttigi gortlmektedir. Katkisiz kordiyerit
numunesinin camsi gegis sicakligi (Tg) 774,3°C olarak
Olctlmis iken kolemanit katkili numunelerin Tg sicaklik-
lari sirasi ile 740,8°C (%1 katkili), 747,9°C (%2 katkili)
ve 762,1°C (%3 katkili) olarak belirlenmistir. Tablo 3'de
numunelerin dlglilen cam gecis sicakliklari (Tg) ve kris-
talizasyon sicakliklari (T ) ayrintili olarak verilmistir.

Cam drneklerinin kristalizasyon sicakliklari incelendi-
ginde camsi gegcis sicakligina benzer sekilde %2 kole-
manit katkisina kadar kristallesme sicakliginin azaldigi
ve bu katki miktarindan sonra tekrar artmaya basladigi
belirlenmistir. Tablo 3'de goéruldugu gibi katkisiz cam
numunenin kristalizasyon sicakhgi 1027°C’den %1 ko-
lemanit katkisi ile 969,5°C’ye azaldigi ve bdylece %1
oraninda kolemanit katkisinin cam-seramik kristalles-

me sicakligini yaklasik 60°C azalttigi anlasiimistir.
%1’den fazla kolemanit ilavesinde ise katkisiz hal-
dekine gore kristallesme sicaklidinda yine de azal-
ma gozlenmekle birlikte (~35°C) katki madde miktari
arttikga katkisiz cam érnegin kristallesme sicakligina
dogru yaklastigi anlasilmaktadir. Sonu¢ olarak %1

DSC/(mWimg)

feo
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Onset7479°C. T

Onset: 992.4°C
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" Onset 5095°C
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RO -
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Sekil 4. Kolemanit katkili cam 6rneklerinin DSC grafikleri (DSC
graphs of colemanite-added glass samples).

Tablo 3. Kolemanit katkili cam Orneklerinin cam gegcis (Tg) ve
kristalizasyon (T ) sicakliklar (Tg and T, temperatures of coleman-
ite-added glass samples).

Numune Kodu Tg, (°C) Te, (°C)
RO 774,3 1027,6
R1 740,8 969,5
R2 747,9 991,3
R3 762,1 992,4
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kolemanit katkisinin kordiyerit esasli cam-seramik
malzemenin hem camsi gegis sicakligini hem de kris-
tallesme sicakligini azalttigi belirlenmisgtir.

Literatlirdeki benzer konulu calismalarda, kordiyerit
esasli cam sisteminde CaO [15], ZnO [16] ve CeO,
[19] katkilarinin camdan seramige gegcisteki Tg sicak-
hgini azaltirken B,O, ve Y,0, katkilarinin ise arttirdigi
belirtilmistir. Bu ¢alismada ise B,0O, ve CaO igerikli ko-
lemanit katkisinin disik oranda (%1) kullanildi§inda
T, sicakligini azalttigr ancak %2 ve uzeri katki oranin-
da kullanildiginda ise arttirdigi gérulmustur. Bu sonug,
kolemanit bilesimindeki B,O,'ln Tg sicakligini artan
yonde CaO’nun ise azalan yonde etkiledigini ortaya
koymaktadir. Literatlr bulgularinda ZnO [23] ilavesi
ile kordiyerit esasli cam-seramiklerin kristalizasyon si-
cakhigi (T) azalrken, CeO, [19], Y,O, [20] ve CaO [21]
ilaveleri ile kristalizasyon sicakliginin arttiyi sonucuna
ulasiimistir. Bu galismadaki %2 ve Uzeri oranda ko-
lemanit katkisi ile T_sicakliginin artigi irdelendiginde,
kolemanitteki CaO’nun bu artista etkili oldugu soylene-
bilir. Diger yandan, %1 kolemanit katkisinda en disuk
T, degerinin elde edilmesinde de B,O,’un etkili oldugu
disundulebilir.

3.2. X-Iginlar1 Kirinimi (XRD) Analizi (X-ray Diffracti-
on Analysis)

Cam-seramik yapisinda elde edilen numunelerin DSC
analizleri ile belirlenen kristalizasyon sicakliklari bul-
gularina dayanarak cam tozlarindan sekillendirilmis
tabletler 1000°C’de sinterlendikten sonra numunelerin
faz yapisinin belirlenmesi igin XRD analizleri yapiimigs-
tir. Kolemanit katkili cam-seramik drneklerinde tespit
edilen kristalin fazlar Sekil 5’deki XRD sonuglarinda
verilmigtir.

T T T T T T T
i m: mullit
1 k: kordiyerit
R3
Km m
m mm k k
_ LRre mml|m mm m
7} Y
e
b=
(72}
R1
RO W‘ 'M )
T T T T T T T
10 20 30 40 50 60 70
20 (°)

Sekil 5. Kolemanit katkili cam-seramiklerin X-iginlari kirinimi (XRD)
analiz sonuglan (X-ray diffraction (XRD) analysis results of cole-
manite-added glass-ceramics).

XRD analizlerine goére faz analizi degerlendirmesi ya-
pildiginda 1000°C’de sinterleme sonrasi katkisiz cam
ornegdinin kristallesemedigi gorilmektedir. Kolemanit
katkisi ile % 1 ve 2 katkilarinda kristallesmenin ger-
ceklestigi ancak %3 katkisinda ise kristallesmenin

katkisiz cam o6rneginde oldugu gibi gerceklesmedigi
gorilmektedir. Bu sonuglar hem DSC analizi ile belir-
lenen kristallesme sicakliklarini hem de %Z2’ye kadar
kolemanit ilavesinin kordiyerit cam-seramik eldesinde
kristallesme sicakhgini azalttigini dogrulamaktadir.
XRD analizi ile %1 ve 2 kolemanit katkili cam-seramik
drneklerinde belirlenebilen kristal fazlar mallit (PDF-
00-001-0613) ve a-kordiyerittir (PDF-00-048-1600).
Diger taraftan, kordiyerit esasli cam yapidan sinterle-
me ile ilk olarak daha ¢ok mudillit kristallerinin olustugu
gOrulmektedir.

Kolemanit katkili cam o6rneklerinden sinterleme ile
elde edilen cam-seramik tozlarinda kordiyerit fazin-
dan ziyade daha g¢ok mullit fazinin olusmasi, benzer
konuda yapilmis bir galismada ifade edildigi gibi cam
faz igerisinde CaO varliginin [28] dusuk sicaklikta
kordiyerit kristalleri olusumunu baskiladigi sonucu ile
Ortismektedir. Ayrica yine bir baska calismada [22]
kordiyerit sitokiyometisindeki bir cam yapinin dusik
sicakliklarda cam seramige donistimiinde ilk olarak
mullit kristallerinin olustugu goérualmustar.

Torres ve Alarcon [29] ile Wu ve Hwang [33], kordiye-
rit esash cam sisteminde B,0O, katkisinin kristallesme
Oncesi viskoz akisla yogunlastirmayi kolaylastirarak
p-kordiyerit olusumunu baskiladigi ve a-kordiyerite
doéndsimde olumlu etki yaptidi belirtmistir. Torres ve
arkadaslari [32], kordiyerit esasli cam sisteminde, ar-
tan bor oksit miktari ile camlarin erime 6zelliklerinin iyi-
lestigini gormus ve B,O, igerikli camlarda artan kristali-
zasyon sicakliginin cam fazda miuillitin kristallegsmesini
arttirdig1 sonucuna ulagmiglardir. Tim bu sonuglar, bu
¢alismadaki elde edilen bulgulari desteklemektedir.

Kolemanit katkisinin %1’den 2’ye arttirildiginda kris-
tal fazlara ait pik siddetlerinin gok az azalmasi disinda
yapisal bir degisim gézlenmemistir. Sonu¢ olarak %1
oraninda kolemanit katkisinin kordiyerit sitokiyomet-
risindeki bir cam harmaninin kristallesme sicakhigini
Onemli derecede azaltarak cam-seramik eldesinde
onemli bir fayda sagladigi anlasiimistir.

4. Sonuglar (Conclusions)

Bu calismada kolemanit katkisin MgO-AlO,-SiO, sis-
temi cam-seramiklerinin sinterleme ve kristalizasyon
davraniglari Uzerine etkileri arastirildi. %1 oranindaki
kolemanit katkisinin kordiyerit sitokiyometrisine sahip
cam harmaninin camsi gegis sicakligini yaklasik 25°C,
kristalizasyon sicakhgini da yaklasik 60°C azalttig
belirlenmistir. Ayrica kolemanit katkisinin 1000°C’de
kordiyerit cam-seramik yapida kristallesmeyi sagladigi
gOrulmastir. Bu sonug 6zellikle mikro elektronik en-
distrisinde LTCC uygulamalari i¢in kordiyerit ile mal-
litin kristal faz olarak bir arada yer aldi§i cam-seramik
kompozit malzemelerin eldesi agisindan énem arz et-
mektedir. Sonug olarak kolemanit hammaddesinin kor-
diyerit cam-seramik Uretiminde katki maddesi olarak
degerlendirilebilecedi sonucuna ulagiimigtir.
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ABSTRACT

The purpose of this study is to synthesize new boron containing carrier compound
for Boron Neutron Capture Therapy (BNCT) which is two-component radiation
therapy method that especially is promising for the treatment of brain tumors and
is being actively researched in many countries. For this research hyperbranched
polyester (HBP), bifunctional p-carborane and carborane-functionalized HBP
were synthesized. Dipentaerythritol was chosen as a core molecule of the HBP
and esterified with dimethylol propionic acid. Observed characteristic ester bands
and OH stretching band in the FTIR spectrum and the methyl & methylene peaks
in the '"H NMR spectrum of HBP indicated that hyperbranched polyester synthesis
was done successfully. A bifunctionalized p-carborane containing an acid group
and a benzyl ether protected alcohol was prepared in three-step reactions. As a
result of these reactions, a bifunctionalized p-carborane compound was produced
with 60% vyield. Then, the HBP was esterified with the bifunctional p-carborane.
The characterization of the synthesized compounds was determined by FTIR and
NMR spectra. The synthesis of carborane-functionalized HBP was confirmed by
disappearance of HBP’s OH groups and B-H stretching band observed in the
FTIR spectrum of carborane-functionalized HBP and in addition, appearance of
proton signals of HBP core, carborane linker and peripheral-protecting groups in
the 'H-NMR spectrum. Finally, synthesized water-soluble carborane-containing
HB carrying many boron atoms should be served as potential BNCT agents.

1. Introduction

Carboranes are polyhedral clusters consisting of car-
bon, hydrogen and boron. They have been widely used
in many areas such as carboraneous nano-material in
electrochemical, semiconductor, drug delivery, boron
neutron capture therapy (BNCT), molecular imaging,
molecular sensors, catalysis and gas storage applica-
tions. Carboranes have a highly electron-delocalized
hydrophobic surface, spherical geometry and conve-
nient molecular size. Carboranes can readily be re-
acted with other organic groups because of relatively
acidic protons of the two carbon atoms of carborane.
Besides, carboranes are notably charming because of
their high stability and charge neutrality. In particular,
use of carborane derivatives in the field of medicinal
chemistry has become more attractive day by day.
Carboranes are mainly used to design BNCT agents
in medicinal applications [1-2].

Boron neutron capture therapy is a binary radiation
therapy method which becomes a significant treatment
for numerous types of tumors. Boron compound is the
main component of BNCT method. The basis of BNCT
is neutron capture and fission reactions. Nonradioac-
tive boron-10 (°B) compounds accumulated in tumor
cells are irradiated with low energy thermal neutrons.
As a result of neutron caption reaction, alpha particles
(*He) and lithium-7 (’Li) nuclei are released. In order
to be successful, boron compound containing approxi-
mately 20-50 ug/g (~109 atoms/cell) of '°B must be se-
lectively delivered to the tumor and adequate amount
of thermal neutrons must be absorbed by '°B atoms.
Thus, a lethal '°B(n,a)’Li capture reaction is occurred.
High LET particles (“He) have limited path lengths in
tissue, so destructive effects of these particles are re-
strained to boron in tumor cells.

*Corresponding author: gulten.ozcayan@tenmak.gov.tr
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Boron delivery agents such as (L)-4-dihydroxy-boryl-
phenylalanine (BPA) and sodium mercaptoundeca-
hydro-closo-dodecaborate (BSH) are used in clinical
BNCT trials. Lots of boron delivery agents have been
designed and synthesized over the last few decades
but only a few have been approved in preclinical tri-
als. As a result of clinical experiences and outcomes
in the development of BNCT delivery agents, many
researchers have described five golden principles for
ideal BNCT agents. These are: (1) '°B atoms/tumor cell
are required more than 10° (2) boron tumor/normal tis-
sue and high tumor/blood concentration ratios = 3 (3)
low intrinsic toxicity (4) clearance rate from normal tis-
sue and blood is fast and tumor retention is enhanced
(5) good with hydrophobic and hydrophilic balance
[2-5]. Functional delivery agents containing functional
end groups which are associated with tumor targeting
moieties such as receptor, peptides, folic acid, amino
acids, monoclonal antibodies (MAbs), lipids, nucleo-
sides, carbohydrates, liposomes have become the
most interesting compounds among synthesized new
BNCT agents.

Recently, the conjugation of carborane to dendritic
molecule has been investigated to fulfill these require-
ments. The synthesis of dendrimer and hyperbranched
polymers of dendritic molecules is one of the most
studied topics because these highly branched poly-
mers have a large number of branching points and
functional end groups that can be easily modified with
functional groups [6-14]. The dendrimers have well-
defined shape and size. Multi-step reactions and com-
plicated purifying processes are used in the prepara-
tion of dendrimers [15-18]. In contrast, their structures
of the hyperbranched polymers are not organized
as properly as dendrimers’. They contain randomly
branched and some linear structures. They were firstly
synthesized by simple one-pot polymerizations. Later,
a chain growth mechanism e.g self-condensing vinyl
polymerization and self-condensing ring-opening po-
lymerization were used in the preparation of hyper-
branched polymers [7,19-22]. Reaction strategies in
the preparation of hyperbranched polymer resemble
polymerization reactions of classical lineer polymers
rather than dendrimers. The production of dendrimers
is very complex for use as engineering materials and
large scale industrial purposes and also costly. On
the other hand, the preparation of large quantities of
hyperbranched polymers is much easier and cheap-
er than dendrimers but control cost of their structure
and molar mass is high [22]. However, hyperbranched
polymers are very attractive for industrial applica-
tions such as blend, resin and additive components
and also, high-tech fields like nanomaterials in electric
and electronic device, catalysis, biomedicine, etc. [22].
Terminal functional groups of hyperbranched polymers
can be easily modified with other compounds to ob-
tain new materials for specific applications [23]. These
modifications bring in extra dissolution, thermal, elec-

trochemical and luminescence properties of synthe-
sized new materials.

Various hyperbranched polymers are obtained
from different core and chain extender molecules.
Hyperbranched polyester (HBP) based on 2,2
bis(hydroxymethyl)propanoic acid, which is one of the
first synthesized hyperbranched polymers, has been
commercially available over years [22,24]. Mishra et.
al. [25] studied the modification of second generation
aliphatic hyperbranched polyester polyol with isofo-
ronediisocianate for coating film. Kutyreva et. al. [26]
synthesized 2™ generation HBP polyol with succinic
anhydride used as a chelating agent. Murillo and co-
workers [27] synthesized hyperbranched alkyd resins
from 4" generation HBP modified with tall oil fatty ac-
ids. Murillo and Mesias [28] also modified second gen-
eration HBP with polylactic acid to obtain a compatibil-
izer agent for plasticized tapioca starch/polylactic acid
blends. Hyperbranched polyesters having end hydrox-
yl groups were combined with fatty acids or acrylate
used as various resins in coating applications [6,29-
31]. As most of the studies published in the literature
have concentrate on the synthesis and characteriza-
tion of aliphatic hyperbranched polyester for various
applications, it can’t be seen any literature study about
modifying aliphatic hpyerbranced polyester with car-
borane as a biomaterial. But, many studies about use
of dendrimers as boron carriers have been found in the
literature. Firstly, Barth and coworkers [32] attached
isocyanato polyhedral borane [Na(CH,),NB, H,NCO]
to the outer shells of second- and fourth-generation
poly(amidoamine) (PAMAM) dendrimers. In subse-
quent studies, dendrimers, aimed to attach it with the
epidermal growth factor receptor, were designed by
using boron compounds and PAMAM [33-35]. Carbo-
ranes modified to outermost groups of various den-
drimers such as PAMAM [32], poly(propylene imine)
[36], carbosilane [37], polylysine [38] and metalloden-
drimers [39] were investigated. On the other hand,
these are not an ideal boron delivery agent because
of their solubility and cytotoxicity. Newkome and co-
workers reported that dendrimers functionalized with
water-soluble carborane were synthesized [40]. Aque-
ous solubility was accomplished by using peripheral
sulfate groups and thus, a unimolecular micelle-type
structure was synthesized. Aliphatic polyester den-
drimers synthesized from 2,2-bis(hydroxymethyl)
propanoic acid [41] by Frechet and coworkers were
biocompatible, nonimmunogenic, nontoxic and water-
soluble as drug delivery agents [42-44]. Parrott et. al.
studied the development of alike aliphatic polyester
dendrimers for the incorporation of functionalized car-
borane compound [2]. In the study, the least amount of
peripheral alcohol groups required per carborane was
determined to evaluate the aqueous solubility of each
of their synthesized structures for potential therapeutic
applications of carborane-containing compounds. Car-
borane modified second generation dendron contain-
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ing forty boron atoms from a 2,2 bis(hydroxymethyl)
propanoic acid scaffold for BNCT were synthesized by
Galie and coworkers. The outer shells of these den-
drimers were designed to combine with targeting func-
tionality which would be provided at the focal point or
solubilizing groups [45]. Later, the tricarboranyl build-
ing block was also attached to 2,2-bis(hydroxymethyl)
propionic acid with a succinimidyl linker and thus, a
hexacarborane modified dendron containing 60 boron
atoms was synthesized by Mollard and Zharov [46].

The terminal groups (such as peripheral alcohol) of
dendrimers or hyperbranched polymers provide an at-
tractive platform to modify these with other compounds
for synthesizing new specific application materials like
diagnostic and therapeutic modalities into tumors. Tri-
functional theranostic agent which has diagnostic and
therapeutic modalities was synthesized for targeting
solid tumors by Dubey et.al. In this study, photophysi-
cal properties of dendritic molecule modified with car-
borane, a monomethine cyanine dye and an integrin
ligand were evaluated. Thus, these dendritic molecule
has been acquired modalities both diagnostic such as
visible-light fluorescent imaging and therapeutic such
as BNCT [47].

Studies about the synthetization of aliphatic hyper-
branched polyesters containing carborane have not
been enough although hyperbranched polymers are
prepared much easier and cheaper than dendrimers
[22]. Taking all of these factors into consideration, we
described the synthesis and characterization of carbo-
rane-functionalized hyperbranched aliphatic polyester
in this study. Firstly, aliphatic hyperbranched polyester
was synthesized with dipentaerythritol as the core mol-
ecule that was twice esterifed with dimethylol propionic
acid as the chain extender according to study of Bat et.
al. [30]. Afterwards, this aliphatic hyperbranched poly-
ester was modified with functionalized p-carborane. p-
carborane was bifunctionalized with n-butyllithium and
trimethylene oxide by three-step reaction taken into
the consideration of previous study [2] in order to eas-
ily incorporation into the synthesized hyperbranched
polyester. Finally, the peripheral alcohols of these syn-
thesized hyperbranched were reacted with carboxylic
acid of bifunctional p-carborane by esterification reac-
tion to obtain carborane-functionalized hyperbranched
polyester. All synthesized compounds were character-
ized by FTIR and NMR techniques.

Hydroxy functional aliphatic hyperbranched polyesters
synthesized from a dimethylol propionic acid mono-
mer and a dipentaerythritol core molecule have mostly
been studied to be used as resin in coating applica-
tions [6,29-30] but not to evaluate as biomaterial car-
rier. The important part of our work is that the hydroxyl
groups at the outer shells of aliphatic hyperbranched
polyester were modified with functionalized p-carbo-
rane compound by esterification to be evaluated as a

biomaterial. As a result of this study, carborane-con-
taining hyperbranched polyester carrying many boron
atoms and functional groups is successfully synthe-
sized as a candidate BNCT agent.

2. Materials and Methods
2.1. Materials

Dipentaerythritol and dimethylol propionic acid (DMPA)
(synomym: bis(hydroxymethyl)propanoic acid, bis-
MPA) were supplied by Aldrich. p-Carborane, (1,12-D-
dicarbadodecaborane, 1,12-C,B, H,,) (MA=144.23)
was purchased by KATCHEM spol. s r.o., Czech
Republic. Butyllithium solution (n-BuLi) (Aldrich) was
used as 1.6°M solution in hexanes. N,N-Dimethylfor-
mamide (anhydrous-99.8%) (DMF), Ethyl acetate,
TEMPO (2,2,6,6-Tetramethyl-1-piperidinyloxy, free
radical), lodobenzene |,I-diacetate, pyridine, sodium
hydride (NaH) and benzyl bromide were supported
from Aldrich. Trimethylene oxide, magnesium sulphate
anhydrous and metalic sodium were purchased from
Fluka. 4-(Dimethylamino)pyridine (DMAP) and Tetra-
butylammonium iodide, 299% were supplied by Sig-
ma. p-toluene sulfonic acid and N-Ethyl-N-(3-dimeth-
ylaminopropyl)carbodiimide hydrochloride (EDAC) as
a catalyst was supported from Aldrich-Sigma. All sol-
vents and reagents were of analytical grade and used
without purification.

Fourier transform infrared (FTIR-ATR) spectra were
recorded using FTIR Nicolet 8700 spectrometer model
in the 3700-600 cm™ range. 'H and "*C NMR spectra
were performed on a Bruker Avance (300 MHz) and
Varian (400 MHz) spectrometer with Deutero dimethyl
sulfoxide(DMSO-d,) or Deutero chloroform (CDCI,) as
a solvent at 25°C.

2.2. Synthesis of Aliphatic Hyperbranched Polyes-
ter

Aliphatic hyperbranched polyester was synthesized
from dipentaerythritol and DMPA according to the lit-
erature [30-31]. In this research, the aliphatic hyper-
branched polymer was synthesized by a pseudo-one
step polymerization. Dipentaerythritol as core mol-
ecule and dimethylol propionic acid as chain extender
were used. Appropriate quantities of dipentaerythritol,
dimethylol propionic acid and p-toluene sulfonic acid
as a catalyst were placed in a five necked flask. The
flask was placed in an oil bath preheated to 140°C.
After all of materials were melted, the reaction was
carried out under nitrogen atmosphere and the me-
chanical stirrer was started (Reaction condition: Mole
of DMPA=50 mmol, Mole of Dipentaerythritol=5.55
mmol, m_,...=0.5 wt% of DMPA). After 2 h, the nitro-
gen gas stream was turned off, vacuum line was con-
nected to the flask and vacuum was applied from time
to time in an hour. After the pressure was increased
to atmospheric, the required amount of DMPA (66.7
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HOzHC- C H,C-O- CH2—C CHOH + 6 HO- C~C CH;

CHQOH CH20H CHZOH

Dipentaerythritol DMPA

Figure 1. Synthesis of 2" g

mmol) and p-TSA (44.8 mg) were added and the nitro-
gen gas flow was restarted for 2 h and vacuum was ap-
plied for an hour. Then prepared powder product was
dried at 50°C under vacuum (Yield=83.75%). The re-
action scheme of the aliphatic HBP synthesis is given
in Figure 1. FTIR-ATR spectrum of aliphatic HBP, cm™:
3500-3200 (strong, broad) O-H stretching, 2960-2885
(weak, broad) C-H stretching vibration in CH, and CH,,
1710 (very strong C=0 stretching vibration, 1459 (me-
dium) C-H stretching vibration in CH,, 1362 (medium)
C-H deformation in CH, and 1227-1024 (medium) C-
O-C stretching vibration.

2.3. Preparation of the Bifunctional Carborane

p-carborane was bifunctionalized as a carboxylic acid
and a protected alcohol in order to incorporation of p-
carborane cages with the peripheral alcohols of this
synthesized aliphatic hyperbranched polyester. Then,
the protected alcohols of carborane-functionalized hy-
perbranched polyester would subsequently be opened,
and polyethylene glycol and targeting moieties should
be attached to regeneration peripheral alcohol groups
for use in BNCT.

OH

HO ?J O=‘/&(OH
e 74 7< A
Ho% HOKOH

O CHyOH
12 HO-C-C-CHy
CH,OH

p TSA
140 “c

HO
HO b OH
HO' OH
&)
HO /_;o
HO OH
HBP

eneration aliphatic HBP.

The bifunctional p-carborane was prepared in three
steps according to the literature procedures [2] (Figure
2).

2.3.1. 1t step: Synthesis of 1,12-bis(3-
hydroxypropyl)-1,12-dicarbadodecaborane (com-
pound 1):

Two carbon vertices of p-carborane were reacted with
two equivalents of n-butyllithuim and trimethylene ox-
ide to obtain long tails containing diol group. The re-
action in THF (tetrahydrofurane) solution medium (50
mL) carried out in a well dried round bottom flask in a
magnetic stirrer under argon atmosphere. The reac-
tion mixture was stirred approximately 14 h at room
temperature. THF was evaporated in vacuum at the
end of reaction time and crude product was dissolved
with 1M hydrochloric acid (HCI). The organic layer
was separated, washed with 80 ml of acid and dried
in vacuum. At the end of the 1% step procedure, prod-
uct was obtained as white needles with 70% yield. 'H-
NMR (400 MHz, CDClI,, 300 K): =1.3 and 1.4 (dd, 4H,
CH,-p-Carbor.), 1.6 and 1.7 (dd, 4H, CH,CH,OH), 1.9-
3.2 (br., H, p-Carbor.) and 3.3 and 3.4 (s, 4H, CH,OH)
(Figure 3).
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Figure 2. Synthesis steps of bifunctional p-carborane.

2.3.2. 2'step: Synthesis of 1-(3-(benzyloxy)
propyl)-12-(3-hydroxypropyl)-1,12-dicarbadode-
caborane (compound 2):

One hydroxyl group of the compound 1 was protected
using NAH, Tetra-butylammonium iodide and benzyl
bromide according to the literature [2]. The protected
alcohol of the resulting product would be opened to re-
build peripheral alcohol functionalities or attach to tar-
geting moieties for its intended purpose. In this step,
the reaction solution was firstly cooled down to 0°C and
stirred for 2 h. All necessary chemicals were added,

CéCl;

A

the mixture was kept until it reached room tempera-
ture and stirred for an additional 12 h. After all volatiles
were removed by vacuum, the residue was taken up
in 80 mL of diethyl ether and transferred into a separa-
tory funnel. Then, 80 mL of HCI was rigorously add-
ed to dissolve crude product. After drying procedure,
1-(3-(benzyloxy)propyl)-12-(3-hydroxypropyl)-1,12-
dicarbadodecaborane (compound 2) was obtained
as white solid with 50-55% yield. '"H-NMR (400 MHz,
CDCl,, 300 K): 5=1.2 and 1.3 (dd, 4H, CH,-p-Carbor.),
1.6 and 1.7 (dd, 4H, CH,CH,0), 2.0-3.1 (br., H, p-Car-
bor.), 3.2 (d, 2H, CH,OH), 3.4 (d, 2H, CH,0), 4.3 (s,

o

m
2}
(]

p-carborane
ring

PP

Figure 3. "H-NMR (400 MHz, CDCI,, 300 K) spectra of 1,12-bis(3-hydroxypropyl)-1,12-dicarbadodecaborane.
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Figure 4. "H-NMR (400 MHz, CDCI,, 300 K) spectrum of 1-(3-(benzyloxy)propyl)-12-(3-hydroxypropyl)-1,12-dicarbadodecaborane.

2H, OCH,-Ph), 7.3 (m, 5H, Ph) (Figure 4).

2.3.3. 3" step: Synthesis of 12-(benzyloxy)pro-
pyl-1,12-dicarbadodecaboranyl-1-(3-propionic
acid) (Compound 3):

The remaining free alcohol of compound 2 was react-
ed with TEMPO and iodobenzene diacetate accord-
ing to the steps in the literature [2]. At the end of this
procedure, the product was crystallized from ethanol
and p-carborane containing carboxyl group (Com-
pound 3) was obtained as colorless crude product with
60% yield. "H-NMR (400 MHz, CDCI,, 300 K): 5=0.8-
2.3 (br., H, p-Carbor., one above the other), 1.29 (t,
2H, CH,-p-Carbor.), 1.47-1.51 (dt, 4H, CH,-p-Carbor

4962

T T
6.0

50

and CH,COOH), 1.72-1.76 (q, 2H, CH,CH,-p-Carbor.),
3.30 (t, 2H, CH,0), 4.43 (s, 2H, OCH,-Ph), 7.30 (m,
5H, Ph), 9.62 (s, H, COOH) (Figure 5).

2.4. Synthesis of Carborane-functionalized
Hyperbranched Polyester

The peripheral alcohols of the synthesized aliphatic hy-
perbranched polyester were reacted with bifunctional
p-carborane by esterification reaction to obtain carbo-
rane-functionalized hyperbranched polyester. All syn-
thesis was carried out under airless medium. In this re-
action, a small excess of bifunctional p-carborane (the
carborane acid) (1.25 equiv. per alcohol) was used to
complete functionalization. Appropriate quantities of

443 ®

T
45

Chemical Shift (ppm)

Figure 5. "H-NMR (400 MHz, CDCI,, 300 K) spectrum of 12-(benzyloxy)propyl-1,12-dicarbadodecaboranyl-1-(3-propionic acid).
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aliphatic HBP and compound 3 were placed in a flask
and vacuum was applied to remove air and humidity.
4 mL of dichloromethane (CH,Cl,)and 0.4 mL of dried
pyridine were added to this mixture, respectively. Solu-
tions of EDAC and DMPA in CH,CI, were prepared into
dried tapped bottom flask equipped. These solutions
were added into reaction mixture drop by drop under
argon atmosphere. Reaction solution was mixed for
40 hours. After all volatiles were removed by vacuum,
residue colorless solid was washed by distilled water
three times in order to provide neutral solid product
and thus, pyridine was removed. 8 mL of cooled pen-
tane was added to the residue and unreacted organic
impurity was removed by filtration. The product was
crystallized from hexanes at -30°C and the colorless
needles crystal product was obtained with 60% yield.
'"H and C NMR spectra of final product were per-
formed with CdCl.-d, as a solvent at 25°C.

3. Results and Discussion

Aliphatic hyperbranched polyester was synthesized
according to esterification reaction with acid catalyst
and by azeotropic distillation method with toluene in
the literature [30,31]. The FTIR and 'H NMR spectra of
aliphatic HBP are given in Figure 6 and 7, respectively.
In the FTIR spectrum of aliphatic HBP, the characteris-

S l

/

o

AN JU

tic ester bands (C=0 and C-O-C stretching vibrations)
are observed at 1710 cm™ and 1227-1024 cm™, re-
spectively. Also, the broadest and the most intense OH
stretching band is observed at 3350 cm™" in Figure 6.

HBP

Transmittance

3500 3000 20 2000

Wavenumbers (om')
Figure 6. FTIR spectrum of aliphatic hyperbranched polyester.

1 L}
40 1500 oo 700

As it was seen from 'H NMR spectrum of aliphatic
HBP, observed characteristic peaks of CH, and CH, at
1.1-1.3 ppm and 3.4-4.3 ppm (a, b, c and d, e, f, res-
pectively) show a clear indication of aliphatic hyperb-
ranched polyester synthesis in Figure 7.

T (Il T
7 6 5

Figure 7. "H NMR (in DMSO-d,) spectrum of aliphatic HBP.

a

3 2 1
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The most important point in the modification of carbo-
rane cages into the aliphatic hyperbranched polyes-
ter is the preparation of a bifunctionalized carborane
containing a carboxylic acid and a protected alcohol.
The bifunctional p-carborane was synthesized in three
steps according to the literature procedures [2].

Amounts of used acids (HCI) and the crystallizati-
on medium in the synthesis of compounds 1, 2 and
3 were slightly different from the literature [2]. At first,
p-carborane was reacted with two equivalents of
n-butyllithium and trimethylene oxide to produce the
long tails compound 1 containing two -OH groups with
70% yield. Then, benzyl bromide was attached to one
of two -OH groups in compound 1 by protonation un-
der basic condition to obtain compound 2. Finally, the
remaining free alcohol of compound 2 was oxidized
with TEMPO and IBDA to yield compound 3 contai-
ning carboxylic acid in 60% yield. The synthesis of
12-(benzyloxy)propyl-1,12-dicarbadodecaboranyl-1-
(3-propionic acid) (bifunctionalized p-carborane, com-
pound 3) is confirmed by the evaluation of 'H NMR
spectrum (Figure 5). The observed proton signals of
phenly group at 7.29 and 7.73 ppm, -CH,O- at 4.43
ppm, -OCH,CH, at 3.31-3.28 and -CH, at 1.76-1.72
ppm are confirmed the formation of bifunctionalized
p-carborane cages.

The peripheral alcohols of this aliphatic hyperbranched
polyester were reacted with bifunctional p-carborane
by esterification reaction under airless medium to
synthesize carborane-functionalized hyperbranched
polyester. The FTIR spectra of aliphatic HBP, bifunc-
tionalized p-carborane and carborane-functionalized
hyperbranched polyester are given in Figure 8. Com-
parative analysis of FTIR of these compounds indi-
cates that the broad band of OH group of aliphatic
hyperbranched polyester at 3361 cm™ disappearance
in the spectrum of carborane-functionalized hyperb-
ranched polyester. However, B-H stretching band of
bifunctionalized p-carborane and C=0O stretching in
ester groups of aliphatic HBP are observed at 2597

1822

cm™ and 1739 cm, respectively in the spectrum of
carborane-functionalized hyperbranched polyester.

()

Transmittance —————p>

%0 50 200 150 1000
Wavenumbers (cm")
Figure 8. FTIR spectra of (1) aliphatic HBP (2) bifunctional p-car-

borane and (3) carborane-functionalized hyperbranched polyester.

T
3000

The synthesis of carborane-functionalized hyperbranc-
hed polyester is confirmed by *C and 'H NMR spectra
(Figure 9 and 10). As it was seen from *C NMR spect-
rum of carborane-functionalized hyperbranched pol-
yester o-, m- and p-C atoms of phenyl group at 128.4
ppm and 127.6 ppm as overlapping and also ipso C
atom at 138.2 ppm are observed in the aromatic area.
The peaks of -O-CH, in bifunctionalized p-carborane
group are observed at 72.8 ppm, 69.2 ppm and 61.9
ppm (C;, C, and C,), respectively. The five peaks bet-
ween 34.5 ppm and 29.6 ppm indicate that 34.5 and
34.2 ppm for O-CH, (C, ve C,), 32.5 ppm for carbon
resonances in methyl groups (CH,) and 29.7-29.6 ppm
for CCH,CH, group (C_ ve C,) are observed in the °C
NMR spectrum of carborane-functionalized hyperb-
ranched polyester. However, the peaks of carbon atom
in the carborane cage and C-atom bound to branched
oxygen atoms have not been exactly identified in *C
NMR spectrum, carbon atoms of carbonyl are obser-
ved as a weak peak at ~168.8 ppm.
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Figure 9. *C NMR (100 MHz, CDClI,, 300 K) spectrum of carborane-functionalized hyperbranched polyester.
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Figure 10. "H NMR (400 MHz, CDCl,, 300 K) spectrum of carborane-functionalized hyperbranched polyester.

The 'H NMR spectrum for carborane-functionalized
hyperbranched polyester indicates all of the expected
resonances that show the aliphatic hyperbranched
polyester center, the carborane bond and outer-pro-
tecting groups (Figure 10). '"H-NMR (400 MHz, CDCI,,
300 K): 6=0.7-2.8 (br., H, Carbor., one above the ot-
her), 1.20 (s, 3H, CH,, polyester), 1.38 (t, 2H, CH.-
CH,-p-Carbor.), 1.63-1.67 (m, 4H, CH,CH,-p-Carbor),
2.96 (br., 2H, OCH,), 3.23 (t, 2H, CH,COO0), 3.41 {(t,
2H, CH,0), 4.35 (s, 2H, OCH,-Ph), 7.30 (m, 5H, Ph)
respectively in Figure 10 (A, B, C, G, H, E, F, D and |,
respectively in Figure 10).

The 'H-NMR of carborane characteristically exhibits a
broad signal between -0.75 and 3.00 ppm coming from
the protons next to the boron atoms of the carborane
cage. The observed broad B-H resonances related to
carborane in this spectrum inhibit accurate integration
of signals between 0.7 ppm and 2.8 ppm. However,
the appearance of proton signals of phenly group at
7.29-7.25 ppm, -OCH,-Ph at 4.35 ppm, -OCH, at 3.41
ppm, -CH,CH, at 1.67-1.63 ppm and -CH, at 1.20 ppm
is also confirmed the synthesis of carborane-functio-
nalized hyperbranched polyester.

As a result of this study, the functionalization of the
p-carborane compound and the synthesis of the alip-
hatic hyperbranched polyester structure were made
according to the literature. The characterization results
(FITR and NMR data) closely matched those in the
literature [2,6,24,29]. A compound containing hydrop-
hilic and multi-functional groups should be chosen as
a carrier in order to use p-carborane as a biomaterial.
There are many studies in the literature showing that
the water solubility of carborane, which has a hydrop-
hobic surface, is increased by modification of dendri-
mer structure [2,32,36-39,45-48]. These studies indi-
cate that aliphatic hyperbranched polyester structures
are synthesized more easily, cheaply and in large
quantities than dendrimers. Also, aliphatic hyperbran-
ced polyester provides good hydrophobic and hydrop-
hilic balance, low viscosity, solubility etc. to structure
which is modified [22-31]. For these reasons, aliphatic

hyperbranched polyester was chosen as the carrier
for p-carborane used as a biomaterial. The peripheral
-OH groups of the synthesized aliphatic hyperbranc-
hed polyester were reacted with carboxylic acid group
of bifunctionalized p-carborane by esterification reac-
tion to get a water-soluble material containing many
boron atoms. Synthesized carborane-functionalized
hyperbranched polyester can be evaluated for use in
many different areas (flame-retardant material, radia-
tion shielding material, biosensor), especially biome-
dicine.

4. Conclusions

This work presents the synthesis and characteriza-
tion of aliphatic hyperbranched polyester, bifunctio-
nalized p-carborane and carborane-functionalized
hyperbranched polyester. The synthesized water-so-
luble aliphatic hyperbranched polyester containing 24
hydroxyl groups at the outer of its periphery can be
modified with different functional materials for different
purposes. In this study, water-soluble aliphatic HBP
was used as boron carrier agent. It is necessary to
overcome steric hindrance of carborane compound in
order to easily incorporation of p-carborane cages with
peripheral alcohols of carrier agent. A space between
the carborane cage and the acid functionality is for-
med by bifunctional process to reduce this hindrance.
The peripheral alcohols of the synthesized aliphatic
hyperbranched polyester were reacted with carboxylic
acid group of bifunctionalized p-carborane, thus car-
borane-containing hyperbranched polyester carrying
many boron atoms was synthesized to fulfill the requi-
red boron amounts for a successful BNCT application.
Future studies will focus on determining the amount of
boron in the carborane-functionalized hyperbranched
polyester compound, deprotonation of this compound
and the attachment of polyethylene glycol and targe-
ting moieties such as folic acid for use in BNCT and
the evaluation of its toxicity by cell culture studies. This
study will contribute to the synthesis and use of end
products containing boron compounds in our country.
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