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Abstract Composites of calcinated bovine bone-derived
hydroxyapatite (BHA), doped with 2.5, 5, and 10 wt.%
ZnO were produced by sintering. Scanning electron
microscopy (SEM) and X-ray diffraction analysis together
with measurements of density, compressive strength, and
Vickers microhardness were carried out in the sintered
samples. The experimental results showed that the best
mechanical properties were achieved in the samples with
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5% addition of ZnO. The highest value of compression
strength was achieved after sintering at 1200 °C (72 MPa)
and of microhardness at 1300 °C (548 HV). Prolong heat
treatment at 1300 °C results in vulnerable BHA-ZnO
composites to over-firing effect.

Introduction

Hydroxyapatite (HA) is one of the most popular, widely
accepted, and clinically used biomaterial for skeletal and
dental restorations and treatments. Biological HA features
in several substitutions at the Ca>", PO43_, and OH™ sites
of its lattice, which also accommodates several trace ele-
ments of high importance in biological performance of HA
after implantation [1-6]. Our team has addressed its recent
systematic studies on biologically derived HA, either from
bovine bones or human teeth, to reduce the high cost of
synthetic HA and provide safe HA [7-13] from biological
source [14—17]. Moreover, we have tried to face the second
tough challenge of the brittleness of pure HA materials,
which does not allow their direct use in heavy load-bearing
biomedical applications [3, 18]. Accordingly, we have
investigated the influence of incorporation of several pha-
ses in HA matrix on the properties of the resultant
composite materials.

In this study, we investigate the influence of ZnO on
mechanical properties and microstructure of HA, derived
from bovine bones (BHA) [19]. ZnO is very popular in the
daily dental practice, because it is the main substitute of
some polycarboxylates [20], in temporary dental cement
powders, or in the formula of dental impression materials.
Zinc content normally ranges between 0.012 and
0.025 wt.% in human bone, which is relatively higher than
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the Zn content in adult tissues and plasma. In vitro studies
have shown that Zn has direct, specific proliferative effect
on osteoblastic cells and a potent and selective inhibitory
effect on osteoclastic bone resorption. Recent studies have
also demonstrated a clinical relationship between osteo-
porosis and Zn deficiency in elderly subjects [19]. Many
studies have been carried out on Zn-containing tri-calcium
phosphate and apatite cements [21, 22]. The results have
shown that Zn has a stimulating effect on osteoblastic cell
proliferation and bone formation.

Materials and experimental procedure

The HA powder (BHA) was derived from calcinated
bovine bone according to a method described in an earlier
study [14]. In brief, freshly cut femurs were deproteinized
with NaOH solution and after re-irrigation the samples
were subjected to heat treatment at 850 °C for 4 h in air.
Calcinated samples were properly ball-milled until fine
BHA powder was obtained. This powder was mixed with
2.5, 5, and 10 wt.% ZnO (separately). The mixtures were
planetary ball-milled in acetone media. The suspensions
were dried and the powders were uniaxially pressed at
350 MPa to cylindrical pellets with diameter of 6 mm and
height of 11 mm, according to British Standard for com-
pression tests [23]. The pellets were sintered at 1000, 1100,
1200, and 1300 °C for 4 h in air.

Compressive tests were carried out with a universal test-
ing machine (displacement 2 mm/min). Hardness tests were
done with a Vickers microhardness testing unit (load 200 g).
The density of the sintered samples was measured by
Archimedes method by using mercury. The microstructure
of the produced materials was observed by field emission
scanning electron microscopy (FE-SEM, Hitachi S-4100,
Japan, 25 kV acceleration voltage, beam current 10 pA)
under secondary electron mode, using carbon-coated sam-
ples. The crystalline phases of the bulk (not powder) samples
were identified by X-ray diffraction analysis (XRD, Rigaku
Geigerflex D/Mac, C Series, Cu K, radiation, Japan). Copper
K, radiation (1 = 1.5406 nm) produced at 30 kV and
25 mA scanned the range of diffraction angles (20) between
20° and 60° with a 20-step of 0.02°/s. Identification of the
phases was performed by comparing the experimental XRD
patterns to standards complied by the Joint Committee on
Powder Diffraction Standards (JCPDS) using the cards 15-
0876 for fluorapatite (whose XRD patterns are similar to
HA), and 36-1451 for ZnO (TCP).

Results and discussion

Table 1 presents the experimental results of densification
(density), compressive strength, and Vickers microhardness

Table 1 Influence of sintering temperature and the amount (wt.%) of
ZnO on density, compressive strength, and Vickers microhardness of
the produced BHA-ZnO composites

T(CC)  2.5wt% 5 wt.% 10 wt.%

d (g/lem?)

1000 2.77 £ 0.060 2.86 £ 0.004 2.94 £ 0.002
1100 2.82 £ 0.002 2.17 £ 0.03 2.94 £ 0.002
1200 2.66 + 0.036 2.76 + 0.06 2.99 + 0.058
1300 2.74 + 0.004 2.82 + 0.06 2.93 + 0.069
o (MPa)

1000 21.00 + 2.24 37.67 + 10.41 28.36 + 1.97
1100 39.45 4+ 2.38 3731 + 2.38 27.99 + 5.03
1200 5224 + 7.12 71.96 + 10.90 53.22 + 3.36
1300 3541 + 7.88 37.45 + 12.60 32.99 + 8.68
HV

1000 49.02 + 6.99 58.84 + 5.57 67.87 £+ 10.87
1100 94.39 + 13.89 71.12 + 28.43 95.13 + 10.79

1200 208.20 + 40.87
1300 302.82 £ 29.8

226.88 + 11.30
545.67 + 45.70

203.10 £ 22.00
338.10 £ 32.49

of the BHA-ZnO samples sintered at different tempera-
tures. For comparison purposes, the relevant values of pure
BHA samples, produced with the same procedure and
reported in earlier studies [15, 24, 25], are presented in
Table 2. It is clearly seen that sintering occurs at tempera-
tures between 1100 °C and 1200 °C, where significant
increase of condensation and mechanical properties is
observed, while the presence of ZnO does not shift sintering
temperature. This conclusion is also confirmed with the
SEM images of Fig. 1, where poor sintering is suggested at
1000 °C, while microstructures of well-sintered bodies are
observed in the samples heat treated at 1300 °C. The high
density of ZnO (5.6 g/cm?, as compared with BHA) does
not allow us to draw out firm conclusions about sintering
ability from the density values of Table 1.

The comparison of the values of Tables 1 and 2 indi-
cates that ZnO did not increase the compressive strength of
BHA but only the hardness. The highest values of com-
pressive strength were observed after sintering at 1200 °C
for all ZnO additions, but among them, the best was that
one with 5% ZnO. Apparently, 2.5% ZnO seems to be a
small addition to BHA, whereas 10% is too high. The
microstructure of BHA-5% ZnO in Fig. 1d, which com-
prised well-developed crystals (likely ZnO) dispersed in
the BHA matrix, perhaps provides the high compressive
strength to materials. The X-ray diffractograms at that
temperature (1300 °C), shown in Fig. 2, indicate well-
crystallized materials, where no crystalline phase, resulted
from reaction between BHA and ZnO, was registered.

Furthermore, the presence of ZnO narrows the sintering
temperature range because the resultant BHA-ZnO
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Table 2 Mean values of density and mechanical properties of BHA samples sintered at different temperatures obtained from earlier similar

studies [15, 24, 25]

T (°C) [15] [24, 25]

d (g/em®) o (MPa) HV d (g/em?) o (MPa) HV
1000 1.98 + 0.01 1242 4242 246 + 0.04 48.17 + 20.02 85.37 & 9.43
1100 2.59 + 0.01 2343 92 + 4 234 + 0.04 22.16 + 5.09 74.20 £ 19.80
1200 2.62 £ 0.01 67 +7 138 + 3 2.59 + 0.04 75.20 + 18.30 148.50 & 10.5
1300 2.72 £ 0.01 62 + 11 145 £+ 3 2.48 + 0.08 65.01 + 41.57 130.68 & 17.9

Fig. 1 Typical microstructures
of the BHA-ZnO produced
composites. (a) 2.5 wt.% ZnO,
1000 °C; (b) 2.5 wt.% ZnO,
1300 °C; (¢) 5 wt.% ZnO,
1000 °C; (d) 5 wt.% ZnO,
1300 °C; (e) 10 wt.% ZnO,
1000 °C; (f) 10 wt.% ZnO,
1300 °C

materials are vulnerable to over-firing effect at 1300 °C,
indicated by the dramatic decrease of compressive strength
values at that high temperature. At 1300 °C, more glass
phase (than at 1200 °C) is expected to exist, which should
advance sintering by closing porosity. Hence, higher values
of hardness were measured at 1300 °C (Table 1), which
actually resemble microhardness values of glasses but not
HA (Table 2). Nevertheless, the resultant material seems to

@ Springer
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be intrinsically (presumably by its nature, itself) vulnerable
to over-firing, which means that secondary porosity
(Fig. 1f) together with microcracks (Fig. 1b, perhaps
developed during cooling due to the glassy phase) resulted
in the dramatic decay of compressive strength of the
samples sintered at 1300 °C.

In our earlier studies [15, 26], we have presented SEM
images of sintered BHA samples, similar to the one
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Fig. 2 X-ray diffractograms of Intensity (cps)
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prepared in the present study. Comparison of those images
with the SEM images of the Fig. 1b, d, and f would suggest
that the BHA-ZnO composites apparently exhibit better
densification behaviour over sintering than in BHA.
Therefore, it is suggested that shorter dwelling of BHA—
ZnO samples at sintering temperatures may result in
stronger samples. In any case, the fact is that ZnO is cur-
rently a heavily investigated oxide in biology [21, 22, 27—
33], and therefore it features high potential in biomedicine,
as briefly outlined in the Introduction. Hence, the investi-
gation of incorporation of ZnO in BHA matrix, which, as
produced in this study, anticipates low production cost and
high safety regarding elimination of any risk of transmit-
ting fatal diseases [7-13, 16,], must continue in a
systematic and thorough way.

Conclusions
ZnO attracts great interest in biology research because it is

postulated that it can influence and control many cells’
biological expressions, related to the general health of

I
40,000
Ztheta (deg)

80.000

humans or healing processes. Therefore, the incorporation
of ZnO in the matrix of HA materials emerges as a realistic
challenge in the field of biomaterials. The experimental
results of this study showed that the optimum addition of
ZnO in the matrix of biologically derived HA, which is
5 wt.% ZnO, negligibly affects the compressive strength
but increases the microhardness of the resultant materials,
compared to pure BHA. It is clear, however, that addition
of ZnO narrows the sintering temperature range because
the produced BHA-ZnO composite materials are more
vulnerable to over-firing effect at 1300°C. Hence, it is
suggested that shorter dwelling of samples at sintering
temperatures may result in stronger BHA-ZnO composite
materials.
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