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ABSTRACT

This paper focuses on the development of high-quality bioceramic foams for the treatment of hard tissue defects,
which are a widespread clinical problem worldwide. In this experimental study, a-alumina (Al,O3) ceramics with
boron carbide (B4C) additives, intended for use in biomedical applications, were produced and characterized as
highly porous using the replication method. The thermal properties of open-pore polyurethane sponges, with a
pore size of 20 ppi, used as an economical polymer model material, were determined by thermo-gravimetric (TGA)
and derivative thermogravimetric analysis (DTG). Ceramic foams based on Al,Os, with varying B.C ratios, were
obtained by high-temperature sintering and were thoroughly examined using high-resolution field emission gun
scanning electron microscopy (FEG-SEM) for homogeneity, high porosity, and interconnected pore
microstructure. X-ray diffraction (XRD) analyses confirmed the presence of B4C within the structure and phase
changes. The compressive strength values of sintered ceramic foams containing 0%, 3%, and 5% B4C by weight
were measured as 1.92 MPa, 2.05 MPa, and 2.38 MPa, respectively. In vitro tests were performed to evaluate the
biological response that biomaterials intended for use in living environments would produce. Satisfactory results
were obtained from cell viability experiments, demonstrating that the addition of B4C to Al,Os-based ceramic
foams supports cell proliferation, which is an important advantage in hard tissue defect treatment.
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Sert Doku Uygulamalari icin Makro Gozenekli Aliiminyum OXksit-Bor

Karbiir Seramikleri

0z

Bu ¢aligma, diinya ¢apinda yaygin bir klinik problem olan sert doku defektlerinin tedavisi igin yiiksek kaliteli
biyoseramik kopiiklerin gelistirilmesine odaklanmaktadir. Bu deneysel caligmada, biyomedikal alanlarda
kullanilmasi hedeflenen bor karbiir (B4C) ilaveli a-aliiminyum oksit (Al,O3) seramikler replika yontemi ile yiiksek
gozenekli olarak iiretilmis ve karakterize edilmistir. Ekonomik polimer model malzeme olarak kullanilan agik
gozenekli, 20 ppi gozenek boyutunda poliliretan siingerlerin termogravimetrik (TGA) ve derivatif
termogravimetrik analizleri (DTG) ile termal 6zellikleri belirlenmistir. Yiiksek sicaklikta sinterlenerek elde edilen,
farkli B4C oranlart iceren AloOs esasli seramik kopiikler homojen, yiiksek gozenekli ve birlestirici gdzenek
mikroyapisinda oldugu yiiksek alan emisyon tabancali taramali elektron mikroskobu (FEG-SEM) ile detayli olarak
incelenmistir. X-1sinlar1 (XRD) analizleri ile B4C’nin yap1 igerisinde varligi ve faz degisimleri dogrulanmustir.
Yapisinda agirlikca %0, %3 ve %5 BaC igeren sinterlenmis seramik kopiiklerin basma mukavemeti degerleri
sirasiyla 1,92 MPa, 2,05 MPa ve 2,38 MPa olarak 6l¢iilmiistiir. Canli ortamlarda kullanilacak biyomalzemelerin
olusturacagi biyolojik cevabin 6nceden degerlendirilmesi amaciyla yapilan in vitro testlerde tatmin edici sonuglar
elde edilmistir. Hiicre canliligi deneyleri, Al,O3 esasli seramik kopiiklere B4C ilavesinin sert doku defektlerinde
onemli bir avantaj olan hiicre proliferasyonunu destekledigini gostermistir.

Anahtar Kelimeler: Al,Os, B4C, Seramik kopiik, In vitro, Makro gbzenek, Mikroyapi
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1. Introduction

Biomaterials have been the subject of extensive
research due to their capacity to treat bone defects,
a common clinical problem that has become more
widespread around the world (Xue et al., 2022).
Bone defects can arise from various factors such
as trauma, cancer, infection, and arthritis
(Turnbull et al., 2018). These materials can
consist of biometals (Zheng et al.,, 2020),
biopolymers (Luo et al., 2021), bioceramics
(Oksiiz, 2019), and biocomposites (Ozer and
Oksiiz, 2019). Bioceramic materials, which are
made of ceramics that are biocompatible with the
body, have a wide range of medical applications
and can vary in their level of reactivity with
biological tissues, from inert to active (Oksiiz et
al., 2023). Bioactive materials interact with body
tissues through chemical bonding (Silva et al.,
2022), while biodegradable bioceramics serve as
a temporary scaffold to allow the regeneration of
new bone tissue, after which they are naturally
replaced by the body without requiring removal
surgery (Chen et al., 2021). In contrast, bioinert
materials do not have any chemical interaction
with the biological environment or the body
tissue, but they play a crucial role in bone implants
due to their superior mechanical properties and
high chemical stability (Kido et al., 2013). Alpha-
alumina (0-Al,O3) is one of the bioinert
bioceramics that has been extensively studied in
dental and medical implants for several decades
(Ahmed et al., 2020).

Dental bioceramics have gained significant
attention due to their biocompatibility, excellent
long-term aesthetics, and ability to be shaped
precisely. The two most commonly used dental
bioceramics are Alumina (Al.O3) and Zirconia
(Zr0O,), as they exhibit favorable mechanical
properties and biocompatibility. Although Al,O3
is highly biocompatible and wear-resistant, it
possesses low flexural strength and toughness
(Marti, 2000). In order to enhance its mechanical
properties, two composite materials have been
developed by incorporating a second phase (Jang
etal., 1995; Oksiiz and Ozer, 2017) or embedding
whisker (Tan et al., 2020) into an AlO; matrix.
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B.C is another promising material with attractive
properties such as low density, good
wear/corrosion resistance, and extremely high
hardness (Tian, 1999; Suri et al., 2010).
Moreover, B4C finds recent applications in
medicine, specifically in Boron Neutron Capture
Therapy (BNCT) (Yoshie Ishikawa, 2014; Gosset
et al.,, 2016; Mirzayev et al., 2020). The main
benefit of B4C is its abundance of natural boron in
the compound, ranging from 80 to 91 at %
(Werheit, 2016), which is highly advantageous for
BNCT therapy (Gosset et al., 2016; Bute et al.,
2016; Barth et al., 2012). The possible application
of materials in the medical field is determined by
how the powder particles interact with biological
materials, including their surface chemistry
(Mortensen et al., 2006).

The current experimental study has focused on
examining the structural behavior of Al,O3-B4C
biocomposites and the impact of B,C on various
properties such as microstructure, grain growth
mechanism, pore structure, phase evolution and
thermal properties. Additionally, the mechanical
and in vitro properties of the biocomposites have
also been investigated and assessed.

2. Materials and Methods
2.1. Chemicals and Materials

The commercial Aluminum oxide powder (a-
Al,O3 > 98.9 %, < 10um, p =3.99 g/cm®) and
commercial Boron carbide powder (B4C > 99 %,
< 10um, p =2.52 g/cm® were purchased from
Merck (Germany) and H.C. Stirck (Germany)
company respectively. Commercial polyurethane
sponges obtained from Urosan Kimya Sanayi
Company (Tirkiye) were used. Polyurethane
sponges with an open porosity of around 20 pores
per inch were selected from commercial sources
(D/22 20 PPI ESTER). Polyvinyl alcohol polymer
(PVA-(C2H40)x; Mw=60.000 g/mol),
polyethylene imine (PEI) thickening agent,
ammonium  polyacrylate  dispersing  agent
(DARVAN® 821-A), were purchased from
Sigma-Aldrich (St. Louis, USA). The solvents
used were double deionized (dH0O, resistivity of
18.2 MQ cm™) water, 200 proof ethyl alcohol.
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The reagents were utilized in their original form
without undergoing any additional purification
processes. All other in vitro experimental supplies
and reagents procured from Merck (Germany),
Thermo Fisher Scientific (Massachusetts, USA),
and Bayer AG (Leverkusen, Germany) were of
analytical quality.

2.2. Preparation of Ceramic Foams

Boron carbide (B4C) powders at 3 wt. % and 5 wt.
%, respectively, were blended with aluminum
oxide powders (a-Al.Os, 95 wt. %) using a
planetary high-energy ball mill (Retsch PM 100-
Germany) at room temperature. To ensure
adequate blending, a ZrO- vessel was filled with
Al>03/B4C powders and ZrO, balls and secured
onto a high-energy milling device. The powders
were then milled at 600 rpm for 3 hours with a
ball/powder ratio of 10:1, to obtain each
homogenous compositions separately. To prepare
the slurry, PVA was dissolved in dH.O at 60 °C
to obtain 5% (w/v) PVA solution. The PVA
solution and Al;O3/B4C ceramic powders were
mixed and mechanically stirred at a rate 1400 rpm
for 1 hour. PEI and DARVAN® 821-A solution
were added to the slurries and mixed for an

additional hour to achieve a slurry with 70-80
wt.% solid loading (Han et al., 2002). To create
cubic specimens with dimensions of 1 cm x 1.5
cm X 1 cm, high-density polyurethane sponge
pieces were cut and immersed in the ceramic
slurry. The slurry coated the sponge and filled its
voids. After impregnation, the sponge was
compressed using parallel plates with a constant
gap, expelling approximately 80 % of the ceramic
slurry. The sponge coated with the slurry was left
to dry for a minimum of 24 hours at room
temperature. The resultant samples were dried for
a minimum of 12 hours in a muffle furnace at 120
°C. A gradual heating rate of 2 °C per minute was
applied to reach a temperature of 600 °C, where
water was evaporated and the polyurethane fibers
were allowed to vaporize or burn out, while
preserving the filamentary structure of the
ceramic material. The sintering process was then
conducted in air at a heating rate of 5 °C per
minute until it reached 1500 °C, and then held for
an hour. This allowed the fused ceramic foam to
have interconnected voids that were surrounded
by a network of bonded or fused foam ceramic
filters (Naga et al., 2013). Figure 1 shows the
physical and apparent properties of the sintered
porous ceramic foams.

Figure 1. Real phtos after sintering of 0 wt.% B4C, 3 wt.% B4C and 5 wt.% B4C reinforced Al;Os3

based ceramic foams, respectively
2.3. Characterization of Samples

2.3.1. Differential Thermogravimetry Analyses
(DTGITGA)

TGA/DTG analysis is essential for characterizing
the thermal behavior, stability, and composition
of polymers, enabling researchers and industry
professionals to make informed decisions
regarding  material  selection,  processing
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conditions, and product performance. To analyze
the thermal and degradation profiles of
commercial polyurethane sponges, DTG/TGA
was performed using a DTG 60 series TG/DTA
thermal analyzer (Schimadzu, Japan). The
samples were scanned at a rate of 10 °C min? in
an air atmosphere at temperatures between 50 °C
and 650 °C, and measurements were collected
over three repeats using a 4 mg sample mass.
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2.3.2. Field Emission Gun-Scanning Electron
Microscopy (FEG-SEM) Examinations

To analyze the morphologies of the Al,Os,
Al,0s/3B4sC and Al,O3/5B4C ceramic foam
samples, field emission gun scanning electron
microscopy was used. The FEG-SEM instrument
used was the Tescan® Mira3 XMU, Brno,
Czechia, with an accelerating voltage of 15-25
kV. To prepare the samples, the foam samples
were transferred onto a sample stage with carbon
tape conductive film and coated with gold using
an ion sputter coater (SCM-200 (Polaris),
Republic of Korea).

2.3.3. X-ray Diffraction (XRD) Analysis

XRD analysis was performed using a Cu-Ka
diffractometer (Rigaku D/MAX/2200/PC, Japan).
The scan range was 10° to 90° with a step size of
0.01° and a speed of 1 s/step. The resulting data
were evaluated using computer software (Jade;
Materials Data Inc., Livermore, CA) to
characterize the crystal structure of the ceramics
foams that were sintered was analyzed by
comparing the diffractograms with the standards
provided by the International Centre for
Diffraction Data (ICDD).

2.3.4. Compressive Strength of Samples

Sintered ceramic foams were subjected to
compressive strength tests using a universal
mechanical testing machine (AGX™-V2
Universal/Tensile testing machine, Schimadzu,
Japan) at a crosshead loading speed of 0.5
mm/min. The arithmetic average of data obtained
from six samples (n=6) was taken, and the
standard deviation was calculated.

2.3.5. In Vitro Cytocompatibility

L929 cells were cultured in DMEM supplemented
with 1% (v/v) pre-made penicillin (100 units/mL)
and streptomycin (100 units/mL) solution, as well
as 10% (v/v) fetal bovine serum (FBS). 1 g of the
Al,O3, Al,03/3B4C and Al,O3/5B4C ceramic foam
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samples were added to 24-well plates, with some
wells left empty as controls. L929 cells with a
density of 1x10* cells/mL (200 pL) were then
added to each well and incubated for 48 hours.
Afterward, MTT (3-(4,5-Dimethylthiazol-2-yl)-
2,5-Diphenyltetrazolium  Bromide)  solution
(0.5% wi/v) and fresh DMEM were added to each
well and incubated for 4 hours at 37 °C. OD
values of the resulting purple solutions were
measured at 490 nm using a Multiskan™
Photometer (Thermo Scientific™, U.S.A.).
Triplicate conditions were included in each
experiment, and three independent experiments
were conducted (Oksiiz et al., 2021).

2.3.6. Statistical Analysis

An ANOVA method followed by a post-hoc
Tukey test was employed to conduct statistical
analysis, and a significance level of p < 0.05 was
applied to establish statistical significance. The
data were marked with * to denote p < 0.05 and
** to indicate p < 0.01.

3. Results and Discussion

3.1. Thermal Stability of Polyurethane (PU)
Sponges

Figure 2a and Figure 2b present the
thermogravimetric analysis (TGA), differential
thermogravimetry (DTG) analysis curves for
commercial PU foams. The decomposition onset
temperature (Tonset), designed as the temperature
at which the sample loss 5 wt.% weight, and the
temperature at which the sample has the
maximum degradation rate (Tmax) for rigid PU
foams were determined as 285.5 °C and 357 °C
respectively. As depicted in Figure 2a, the TGA
thermogram indicates that heating triggered two
degradation phases. The initial phase, at 285.5 °C,
possibly relates to the breakdown of urethane
bonds, whereas the second phase, at 357 °C, may
be due to the decomposition of polyol esters
(sharp peak in Figure 2b) (Sulyman et al., 2021).



Macro-Porous Aluminum Oxide-Boron Carbide Ceramics...

Oksiiz / RTEU-JSE 4(2) 65-75 2023

-

100
80

60 -

Weight (%)

40

20 (a)

0

T T T T T
200 300 400 500 600

Temperature (°C)

T
100

1
700

0.2 4

0.0

0.2 4

0.4 4

0.6

Derivative Weight (%)

(b)

T
200

T T T T T T
250 300 350 400 450 500

Temperature (°C)

Figure 2. (a) TGA and DTG (b) curves of pure PU foams

3.2. Micro and Macrostructure of Al,O3-B4C
Ceramic Foams

Figure 3 presents the macro and micro structures
of sintered ceramic foams that have been
reinforced with varying amounts of B4C. These
foams are composed of a 3D array of struts with
polyhedral cells that exhibit preferential
orientation in the direction of polyurethane rise.
Some cell windows are covered with a thin
ceramic membrane, while the struts and pore
walls consist of well-sintered ceramic foam
material with a pore size of 1-1.5 mm. The
microstructure of the ceramic foams may display
some typical defects such as triangular voids
inside struts and long cracks between walls
(Oliveira et al., 2006).

All samples have been found to possess
completely open porosity with interconnected
pores. The pore size, evenly distributed pores,
interconnectivity of pores, and the ability to
facilitate the growth of newly formed hard tissues
and cell migration are crucial factors to consider
in obtaining macroporous scaffolds (Wu et al.,
2021).

Upon close inspection using high magnification
FEG-SEM photographs, it is evident that ceramic
foams produced without B.C additives have
different grain sizes than those with B.C
additives. The intercept method was used to
analyze the grain size evolution, and the average
grain size of Al,Os ceramic foam was
approximately 6.75 um, while that of Al,03/3B4C
and Al,03/5B.4C was approximately 6.22 um and
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5.46 um, respectively. The addition of B4C to
Al,O3 matrix during sintering can act as a grain
growth inhibitor, effectively retarding grain
growth in Al;Oz matrix by inhibiting the
migration of grain boundaries and nucleation of
new grains (Akbari beni et al., 2014).
Incorporating 3 wt.% to 5 wt.% B4C in Al,Os
during sintering at 1500 °C may aid in limiting the
growth of Al,Os; grains, resulting in a finer
microstructure and improved  mechanical
properties. Furthermore, the greater hardness of
B4sC compared to Al:Os likely contributed to
grinding during mechanical activation, resulting
in a finer grain size.

3.3. X-ray Diffraction (XRD) Analysis

The XRD patterns of the as-prepared ceramic
foams in Figure 4 prove that BsC-reinforced
Al,O3 ceramic foams are successfully prepared by
this process. It is observed that for the sintered
ceramic foams at 1500 °C for 1 hour, all the
intensive peaks correspond to Al,Os (JCPDS: 01-
075-1865), whereas less intense ones correspond
to B4C (JCPDS: 00-001-1163). Additionally, new
small peaks appear, indicating the formation of
B4C in Al,03/3B4C and Al,03/5B4C ceramic foam
samples. The obtained XRD patterns clearly
indicate that the dissolved and high-energy milled
B4C particles react with Al,Os, confirming the
effective incorporation of B4C into the AlO;
matrix. Furthermore, the X-ray analyses show that
upon adding B4C to the Al.O; matrix, the
corresponding peaks exhibit a slight expansion,
which suggests that the B4C particles penetrate
into the matrix. It is worth mentioning that no
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traces of undesirable phases were observed inthe  reinforced Al,O; ceramic foams, which are
XRD patterns during the sintering process. This  suitable for various applications in fields such as
confirms the high purity of the resulting B4C-  tissue and biomedical engineering.
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Figure 3. (a) FEG-SEM images of surface morphology and pore structure of Al.Os; based ceramic
foams, and magnified images of pore ridge and pore wall surface
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Figure 4. XRD patterns of sintered ceramic foams

3.4. Compressive Strength of Samples

To investigate the characteristics of the ceramic
foams that were sintered for 1 hour at 1500 °C, the
compressive strength of the samples was
evaluated. As shown in Figure 5, the compressive
strength of the ceramic foams has enhanced with
the addition of B4C to the Al,O; matrix. When the
B4C content increased to 5 wt.%, the compressive
strength of the ceramic foams increased from 1.92
MPa to 2.38 MPa. The improvement can be

attributed to the strengthening of sintering necks
between the ceramics that form when exposed to
the sintering temperature (Oliveira et al., 2006).
The increase in B4C content promotes the
formation of stronger necks, resulting in an
increase in compressive strength (Chen et al.,
2018). These results demonstrate the
effectiveness of incorporating B4C into the Al,O3
matrix for improving the mechanical properties of
ceramic foams.
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Figure 5. Compressive strength of sintered ceramic foam samples. Values represent the mean and + SD
of six independent experiments. (p < 0.05; *Statistically significant differences between groups)
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3.5. In Vitro Cytotoxicity Assay the control groups after 48 hours of incubation,
suggesting that porous Al,O3z ceramic is beneficial
for cell growth. However, cell viability increased
with decreasing pore size due to the
contamination of B4C particles with the Al.O;
matrix at high temperature. Al:O; is a
biocompatible material commonly wused in
medical implants because of its high mechanical
strength and biocompatibility.
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The viability of L929 cells on various ceramic
foam samples was evaluated using an MTT assay.
Figure 6 shows the representative cell viability
(%) of the samples. The results indicated that cells
cultured on porous Al,O3 ceramic foams with
either 3 wt.% B4C or 5 wt.% B4C (p < 0.05)
exhibited significantly higher cell viability than

=
WY

Cell viability (%)

Control ALO, ALO,/3B,C  ALO,/5B,C

(b) Ceramic foams

Figure 6. (a) L929 in vitro cell viability real photographs of ceramic foams (x20 magnification), (b) Cell
viability diagram by MTT assay. Values represent the mean and + SD of six independent experiments.
(p < 0.05; *Statistically significant differences between control groups)

Several studies (Marchi et al., 2009; Karlsson et energy are all factors that can affect cell
al., 2003) have shown that cells can attach, attachmentand growth. Therefore, the preparation
proliferate, and differentiate well on pure Al:20s and  modification  of  Al:Os  ceramics
ceramics, but the surface properties of Al.Os;  microstructure with reinforcing additives may
ceramics can affect cell behavior and viability.  have an impact on cell viability. Boron, which is
Surface roughness, surface chemistry, and surface  a dopant element, has caught the interest of
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biomaterial researchers because of its innate roles
in the hard tissues of the human body. Its
biological impacts include advancing wound
healing, improving the body's response to injuries
or infections, altering calcium and bone
metabolisms, and exhibiting advantageous effects
on central nervous function. Furthermore, it has
an impact on the function or presence of hormones
such as thyroid hormone, insulin, estrogen,
progesterone, and even in vitamin D (Nielsen,
2008; Bose et al., 2013; Dzondo-Gadet et al.,
2002). In this study, the ceramics produced by
combining with B4C exhibited no cytotoxic
effects in any of the samples. As a matter of fact,
it can be concluded that the prepared foams,
especially Al,03/5B4C have great
cytocompatibility, which makes ceramic foams
suitable to be used in biomedical applications.

4. Conclusions

In conclusion, the addition of 3 wt.% B4C to 5
wt.% B4C to the Al.O; matrix during sintering at
1500 °C resulted in ceramic foams with improved
mechanical properties and fine microstructure.
The interconnectivity and pore size of the
resulting ceramic foams make them suitable for
use as macroporous scaffolds for facilitating the
growth of newly formed hard tissues and cell
migration. The X-ray analyses confirmed the
effective incorporation of B4C into the Al.O;
matrix, and the compressive strength of the
ceramic foams was enhanced with the addition of
B4C. The prepared foams, especially Al,O3/5B4C,
exhibited great cytocompatibility and no
cytotoxic effects, making them suitable for
biomedical applications. Overall, the use of B4C
as a reinforcing additive in the microstructure of
Al,O3 ceramic foams can lead to improvements in
their mechanical properties and
cytocompatibility, making them a promising
material for a range of applications in the fields of
biomedicine and tissue engineering.
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