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Abstract The preparation and characterization of bovine hy-
droxyapatite (BHA) and clinoptilolite—alumina composites
are studied. Clinoptilolite (Cp) and aluminium oxide (Al,O3)
(at varying concentrations 5, 10 and 15 wt% ) were added to
calcinated BHA powder. Green cylindrical samples were
sintered at several temperatures between 1000 and 1300 °C
for 4 h in air. Compression strength, Vickers microhardness
and elastic modulus, as well as density, were evaluated.
Scanning electron microscopy (SEM), Fourier transform in-
frared spectroscopy (FTIR) and X-ray diffraction (XRD) stud-
ies were also performed. The experimental results showed that
varying concentrations 5, 10 and 15 wt% Cp—Al,O; to BHA
and difference in the sintering temperature between 1000 and
1300 °C increase in the microhardness (67 and 305 HV, re-
spectively), compression strength (between 31 and
105.6 MPa, respectively) and elastic modulus (between 540
and 1275 MPa, respectively). The experimental results gained
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optimal parameters to be utilized in the preparation of BHA
and Cp—Al,O3 composites. These natural Cp—Al,O3/BHA
composites have the potential to be used in several advanced
biomedical engineering applications.
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Introduction

Every year, millions of people suffer from a bone loss caused
by trauma or illnesses. The standard treatment of bone defect
comprise of in filling the bone defect with a material to sup-
port new bone structure. In most cases, autologous bone trans-
plant is applied. Unfortunately, extracting this material needs a
second surgery and may lead to complications for instance
infections or long-lasting pains [1]. It is known that proce-
dures involving bone materials conclude about 4,000,000
per annum globally [2]. Besides, the secondary graft source
can be animal bones such as bovine-derived grafts. The pro-
duction processes usually consist of freeze-dried method or
preparation of the bone graft with diluted acids which may
not be very safe since some deadly prions can survive the
production processes. Since the 1980s research, prion diseases
like mad cow disease have led to very serious results up to
brain damage [3, 4]. Calcination method (850 °C) seems to be
much better and safer when compared to the other methods
underlined above [3, 4].

Although hydroxyapatite (HA) shows great biocompat-
ibility, applications are limited to load-bearing areas and
coatings, due to its low mechanical properties. These me-
chanical properties can be improved with addition of vari-
ous materials [5, 6].
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In the world, there are more than 50 types of natural zeo-
lites. Clinoptilolite (Cp) is one of the most widely used natural
zeolite for medical and industrial application [7-9], as well as
antibacterial agents [10].

There are few studies about HA—Zeolite composites pre-
sented in the literature. Igbal et al. added 5, 10, 25 and 50 wt%
zeolite to hydroxyapatite (HA). However, they processed HA
and zeolite composites by using microwave synthesizing
method. The nanostructured zeolite—HA composites they pro-
duced have resulted very good bioactivity and in vitro bio-
compatibility. This zeolite-HA may be considered potential
candidates for bone tissue engineering applications [11].
Ceyhan et al. tested zeolites for stimulated body fluid for test-
ing the bioactivity of zeolites as a biomaterial and obtained
some encouraging results, including cell culture tests. It was
observed that the lower and higher silicate and potassium
content in zeolite did not affect the results of cell culture via-
bility study [10]. Shainberg et al. compared zeolite and bone
HA in terms of biomaterial properties [12]. Especially in some
in vivo studies on dogs and rats, it was reported that several
zeolite compounds have blocked the growth of some cancer
cells [13].

Having SiO, and P,O5 compositions in its structure, Cp
shows similarity to bioglass (45S5) (bioglass includes as
45 wt% Si0,, 24.5 wt% Na,0, 24.5 wt% CaO and 6 wt%
P,0s5) [14]. There are many reviews in recent literature
about the benefits of using original Hench’s 45S5 bioglass
and various bioglass types [15, 16]. Boron added bioglass
reveals another large family of bioglasses (i.e. borat
glasses) [17]. There are also some interesting studies about
cell culture results of such boron (adding boron plays also
an important role by manufacturing bioglass taking the
very high temperatures from 1450 down to 950 °C added
bioglasses tested by Valério et al. reporting on the in-
creased bioactivity rates compared to other biomaterials,
i.e. hydroxyapatite (HA) [18].

Alumina (Al,O3) is one of the most widely investigated
materials, which are used as an ideal reinforcement oxide. It
is also stated that when used the fine alumina, which effects on
high strength [19]. Oktar et al. conducted a study adding 5—
10 wt% Al,O3 to BHA. Al,Oj; is typical representatives of
inert bioceramics with very good mechanical performance
[20]. Tt is also known that Al,O5 leads to chemical inertness
[21]. Tt has also been reported by Paveli¢ et al. that those
aluminosilicate particulates interact with specific cells and
modify their pathways [13].

In this study 5, 10 and 15 wt% Cp, and 5, 10 and 15 wt%
Al,O3 were mixed with bovine hydroxyapatite (BHA). Using
the above compositions, compression (MPa), elastic modulus
and Vickers microhardness (HV) samples were prepared and
sintered between 1000 and 1300 °C. In addition, Archimedes
densities, X-ray diffraction and scanning electron microscopy
(SEM) studies were performed for the composites resulted
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optimum mechanical tests. The aim of this study is to find
out the most load resistant composite structure for future bio-
medical applications.

Materials and methods
Materials

In this study, femoral parts of bovine are used as BHA source.
Bovine bones were collected from a chain store (CarrefourSA
Haramidere, Istanbul, Turkey). It is known that this chain store
never uses imported meat. In many EU reports, it is declared
that mad cow disease is not detected in Turkey (up to 2007)
[22]. “Rota Mining Company” Gordes, [zmir, supplied the Cp
used in our experiments. The purity of mineral is about 90—
95% (<40 um). Foreign materials such as ferric oxide and
mica were eliminated by using a magnetic field separator.
The chemical analysis of the Cp is shown in Table 1. The
Al,O5 used in our composites was supplied by Alfa Aeser
42572 (<1 um).

Preparation of composites

Both heads of the femoral bones were cut off, and the bone
marrow was taken out (Fig. 1a). The cleaned bone parts
(Fig. 1a) were deproteinized with NaOH solution [23]. The
bone parts were cleaned from chemicals under running water.
After this process, the bone parts were subjected to calcination
at 450 °C for 4 h (Fig. 1b), smashed into smaller pieces and
sintered for 4 h up to 850 °C (Fig. lc, d). The sintered BHA
parts were grinded into smaller particles with wet ball milling
and dried. BHA powders were sieved through a 75-um sieve,
and then mixed with 5, 10 and 15% in weight with Cp and
Al,O3 (the powder combinations of BHA—Cp—Al,O5 are giv-
en in Table 2). These dried combinations were uniaxial
pressed (at 350 MPa) to cylindrical pellets (11 mm of height
and 11 mm in diameter) according to British Standards for
compression tests [2], number 7253 [24, 25]. The pressed
BHA composite green bodies were sintered between 1000
and 1300 °C for 4 h [2].

Characterization of clinoptilolite—alumina—bovine
hydroyapatite composites

The mechanical properties were evaluated using a univer-
sal compression-testing (with 2 mm/min displacement)
machine DVT (Devotrans Inc., Istanbul, Turkey). Vickers
microhardness (HV) test was conducted at 200-g load with
20 s of dwell time (Shimadzu HMV-2, Kyoto, Japan). The
density of sintered samples was applied using an
Archimedes method. Scanning electron microscopy
(SEM) (Jeol 590, Tokyo, Japan), X-ray diffraction tests
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Table 1 Chemical analysis of the Cp

Molecule SiO, Al,O4 Fe, O3 MgO CaO MnO P,Os K,0 Na,O SO, TiO, Loss of ¥
ignition

Cp 66.77 11.86 1.44 1.48 430 0.04 0.04 2.39 0.14 0.02 0.11 11.2 99.72

(XRD) (XRD-6000, Shimadzu, Kyoto, Japan) and Fourier
transform infrared spectroscopy (FTIR) tests (AIM-8800,
Shimadzu, Kyoto, Japan) were performed to analyse mi-
crostructure and phases.

Results and discussions

Table 2 reveals the densities and compression strength (MPa)
of various samples fabricated using different concentrations of
Cp and Al,O3 along with the sintering temperatures. For all
samples, as the sintering temperature of each concentration is
increased, the density is increased as well. In all cases, when
the sintering temperature is increased to 1000 to 1300 °C, the
density is increased by 10-20 wt%. Hence, for each specific
sintering temperature, the density of each sample concentra-
tion is equivalent. Sintering method is the most crucial phase
in ceramic powder processing used to produce density-
controlled ceramic, causing the particles to form bonds that
are needed to hold mass together during very high temperature
[26].

In previous work, Oktar et al. conducted compression
strength and microhardness testing for sintered synthetic hy-
droxyapatite. The highest compressive strength of 30.47 MPa
(1100 °C) and 29.13 MPa (1300 °C) were obtained [27].

Fig. 1 Preparation of BHA. a
The cleaned bone parts with
NaOH (sodium hydroxide)
solution. b After cleaning
process, the bone parts were
calcinated at 450 °C for4 h. ¢, d
After the bone parts were
calcinated at 850 °C for 4 h

Goller et al. used a similar study but using BHA instead of
using synthetic hydroxyapatite. The best compression
strengths were of result 67 (1200 °C) and 62 MPa (1300 °C)
[28]. Oktar et al. prepared Al,O5 with BHA composites. The
highest compressive strength for 10 wt% Al,O5 content was in
the range 87.81 MPa (1300 °C) [20].

Demirkol et al. utilized a similar study adding 5-10 wt%
commerce inert glass (CIG) to synthetic sheep-derived HA
(SHA) and synthetic hydroxyapatite (HA). The best compres-
sive strength of 76 MPa value was obtained by 5 wt% CIG in
addition to SHA as 76 MPa. The best compression strength
value was obtained by 5 wt% CIG addition to HA as 95 MPa
[29].

Table 2 shows the compression strength of various BHA
composites (5, 10 and 15 wt% Cp and Al,O3) prepared at
different temperatures (1000, 1100, 1200 and 1300 °C). The
maximum value for compression strength was found for sam-
ples prepared at 1300 °C in the order 15 wt% Cp—15 wt%
Al,O5 (105.6 MPa). Although there is a big difference be-
tween 5 and 10 wt% Cp and Al,O5 samples results in com-
pression strengths that are significantly higher than samples
containing the low concentration of Cp and Al,O; by over
31 MPa. The elastic modules behaved in a similar manner to
the compression strength the highest value (1275 MPa) ob-
tained in the 15 wt% Cp—15 wt% Al,O5 in Table 3.
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The best results for microhardness (Table 3) were measured
at 15 wt% Cp-15 wt% Al,O5 content at 1300 °C (305 HV).
By comparison, this is also relative to density values at the
sintering temperature (2.337 g/cm’®), showing that compres-
sion strength is also affected by density, despite the fact that
this is not the only factor [2]. It is clearly known that Cp and
Al, O3 are natural material and there are limited studies in the
previous studies relating to it as a bioceramic composite with
hydroxyapatite. So, when comparing compression strength
and microhardness values of composite BHA and BHA mere-
ly, (Tables 2 and 3) the doping role of Cp and Al,O3 becomes
intensely valuable.

X-ray powder diffraction patterns of the starting pure BHA,
Al,O5, natural clinoptilolite and varying composite of BHA
are shown in Figs. 2 and 3. Figure 2¢ was clearly indicated that
it was similar to the hydroxyapatite standard XRD pattern of
the sample BHA [4]. The main XRD peaks of clinoptilolite
are generally observed at 11.190, 130, 17.50, 22.430, 26.80
and 30.500 in Fig. 2b [30]. The XRD pattern of the as obtain-
ed Al,O; powders (Fig. 2a) shows the reference XRD pattern
(42-1468 JCPDS file).

XRD patterns of samples are shown in Fig. 3. Varying Cp
and Al,O; reinforcement concentrations (5, 10 and 15 wt%)
and sintering temperatures (1000 and 1300 °C) are revealed.

Figure 3a and b presents the XRD patterns of 5 wt% Cp—5 wt%
Al,O3/BHA composite samples, exhibiting strong diffraction
peaks belonging to the hydroxyapatite (JCPDS card number:
98-008-9679) and whitlockite (JCPDS card number: 98-000-
2071) stable phases. Furthermore, whitlockite phase amount
decreases sharply with increasing sintering temperature. Cp
are observed at 22.430 and 30.500 26. In addition, three peaks
at 34.90, 43.20 and 57.50 were attributed to the characteristic
peaks of Al,O5 [31], indicating the corporation of Al,O3 and
clinoptilolite into BHA. Figure 3¢ and d shows the XRD pat-
terns of 10 wt% Cp and 5 wt% Al,Oz/BHA composite sam-
ples. It is also obvious that hydroxyapatite, tricalcium
bis(orthophosphate), whitlockite, Cp and Al,Oj3 stable phases
peaks were clearly observed. Cp phase amount increases
sharply with increasing sintering temperature from 1000 to
1300 °C. Moreover, tricalcium bis(orthophosphate) and Cp
phase amount increase gradually with increasing sintering tem-
perature and increase in phosphate peak height after sintering
process. 5 wt% Cp—10wt% Al,O;/BHA composite samples
consisting of diffraction peaks belonging to hydroxyapatite,
tricalcium bis(orthophosphate), whitlockite, Cp and Al,O3
phases depending upon sintering temperature changing be-
tween 1000 and 1300 °C are revealed in Fig. 3e and f.
Figure 3g and h reveals the XRD patterns of 10 wt% Cp and
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Fig. 2 X-ray diffractograms of raw materials (unprocessed). a ALO3. b Cp. ¢ BHA
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Fig. 3 X-ray diffractograms of BHA composites doped with a, b 5 wt% and 1000 °C. g, h 10 wt% of Cp—10 wt% of AL,O5 at 1300 and 1000 °C. j,
of Cp—5 wt% of Al,05 at 1300 and 1000 °C. ¢, d 10 wt% of Cp—5 wt% of k 15 wt% of Cp—15 wt% of Al,05 at 1000 and 1000 °C. 1, m 15 wt% of
AL O; at 1300 and 1000 °C. e, f 5 wt% of Cp—10 wt% of AL,O5 at 1300 Cp—10 wt% of AL,O5 at 1300 and 1000 °C
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10 wt% Al,O3/BHA composite samples. It is noticeable that
hydroxyapatite, tricalcium bis(orthophosphate), whitlockite,
clinoptilolite and Al,O5 phases peaks were indicated. Also,
whitlockite (JCPDS card number: 98-008-0800) phase amount
increases gradually with increasing temperature and increases
in Cp and Al,O5 peak height after sintering heat treatment.
15 wt% Al,O3—15 wt% Cp/BHA composite samples
consisting of diffraction peaks belonging to tricalcium
bis(orthophosphate), whitlockite, clinoptilolite and Al,O3
phases depending upon sintering temperature changing be-
tween 1000 and 1300 °C are revealed in Fig. 3h and j.
Although any new phase was not observed in the samples for
15 wt% clinoptilolite—10 wt% Al,Os—BHA in Fig. 31 and m.

Observation of the microstructure of the sintered sam-
ples, typically indicated in the SEM images of Figs. 4 and

Fig. 4 SEM images of the BHA
composites doped with a, b

5 wt% of Cp—5 wt% of Al,O; at
1300 and 1000 °C. ¢, d 10 wt% of
Cp—5 wt% of Al,O; at 1000 and
1300 °C. e, f 5 wt% of Cp—

10 wt% of Al,O3 at 1000 and 5wt. % Cp
1300 °C; the corresponding low 5wt. % Al,O5
magnification (x1000) SEM
images
10 wt. % Cp,
5 wt. % ALO,
5wt. % Cp,

10 wt. % Al,0,

1000 °C

5, reveals that trend. Specifically, a high densification re-
gime is suggested after sintering at 1300 °C whereas rath-
er a poor densification characterizes the samples sintered
at 1000 °C. A peculiar microstructure was revealed after
sintering 1300 °C (Fig. 4b—f). Especially, at the high tem-
perature, cubic-like configuration converted. Similar
structures were also observed in the SEM images of
Fig. 5b—f, which correspond to higher than 10 wt% of
Cp—Al,O3;-BHA powder composite sintered at 1300 °C.
Perfect grain growth of 1300 °C sintered higher than
10 wt% doping with BHA was notable at low and high
magnification (Fig. 5a—f). From the SEM images, samples
containing 15 wt% Cp—Al,O5; demonstrate the best com-
promise between quantity and uniform distribution (re-
duced clustering).

1300 °C

@ Springer



98

J Aust Ceram Soc (2017) 53:91-99

Fig. 5 SEM images of the BHA
composites doped with a, b

10 wt% of Cp—10 wt% of Al,03

at 1000 and 1300 °C. ¢, d 15 wt%
of Cp-15 wt% of Al,O3 at 1000

and 1300 °C. e, f 15 wt% of Cp—

10 wt% of Al,O5 at 1000 and 10 wt. % Cp
1300 °C; the insets showing 10 wt. % Al,0;
corresponding low magnification
(x1000) SEM images
15 wt. % Cp,
15 wt. % Al,0,
15 wt. % Cp,
10 wt. % Al,0,
Conclusions

It is seen that the increase of density is proportional to increase
of Al,O3 and reverse proportional with increase of heat. While
the increase of Al,O; the microhardness, compression and
elastic modulus values were increasing the hardness, it is de-
tected that those values did not interfere with increasing of Cp
content at lower temperatures. The optimum microhardness
values were obtained at 10% equal composition value and at
1300 °C heat. It is seen, if the increase of Al,O5 and or Cp
exceeded over 10%, the mechanical values were decreasing.
BHA-Cp composites are presenting mechanical values with
bioglass composites. Beside all this, the biocompatibility test
must be conducted.
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