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Abstract

In the present study, the effects of cerium oxide (CeO,) additive on the sinterability, microstructural, mechanical and in-vitro bioactivity
properties of a commercially synthetic hydroxyapatite (HA) was investigated. HA without CeO, additive started to decompose at 1100
°C, but the decomposition temperature of the CeO, added samples decreased up to 900 °C. Decomposition rate of the sintered samples in-
creased by increasing sintering temperature. It was about 5.8% for pure HA, and increased to 11.4% when the CeO, additive to HA reached
to 2.5 wt%. SEM images showed that an excessive grain growth as well as microcracks occured on the surface of pure HA when it was
sintered at the temperatures than that of 1100 °C. The microcracks were also observed on the surface of HA-CeO, composites, when they
were sintered at 1300 °C. The composite of HA-0.5CeO, sintered at 1100 °C possess the higher fracture toughness (Kic) (2.510 £ 0.225
MPam/2) and the higher compressive strength (152.73 + 6.31 MPa) compared to other HA-CeO, composites, and its mechanical proper-
ties are higher than that of pure HA at about 2-3 times. In-vitro bioactivity test results showed that apatite layers on the surface of the sam-
ples were in the different morphologies.
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Oz

Bu ¢aligmada, seryum oksit (CeO,) ilavesinin ticari safliktaki bir sentetik hidroksiapatitin (HA) sinterlenebilme, mikroyapisal, mekanik
ve in-vitro biyoaktivite dzelliklerine etkileri incelenmistir. CeO, ilavesiz HA 1100 °C sicaklikta dekompoze olmaya baslamis, CeO, ilave
edilmis numunelerde dekompoze olma sicakligi ise 900 °C’ ye kadar diigmiistiir. Sinterlenmis numunelerin dekompoze olma oran1 sinter-
leme sicakligmin artmastyla artmistir. Saf HA” nin dekompoze olma oran1 yaklasik % 5.8 iken, HA’ ya yapilan CeO, katki maddesi agir-
likga% 2.5 e ulastiginda %11.4’ e ylikselmistir. SEM goriintiileri 1100 °C’ nin stiindeki sicakliklarda sinterlenen saf HA’ nin ylizeyinde
asir tane biiyiimelerinin yani sira mikrogatlaklarin meydana geldigini gostermistir. Mikrogatlaklar ayrica HA-CeO, kompozitlerinin yiize-
yinde, 1300 °C sicaklikta sinterlendiklerinde gézlemlenmistir. 1100 °C” de sinterlenmis HA-0.5CeO, kompoziti, diger HA-CeO, kompozit-
lerine kiyasla daha yiiksek kirtlma toklugu (Kic) (2.510 + 0.225 MPam™!/2) ve daha yiiksek basma dayanimina (152.73 = 6.31 MPa) sahip-
tir ve mekanik 6zellikleri saf HA’ dan yaklagik 2-3 kat daha yiiksektir. In-vitro biyoaktivite testi sonuglari, numunelerin yiizeyindeki apatit
katmanlarmin farkli morfolojilerde oldugunu gostermistir.

Anahtar Kelimeler: Hidroksiapatit, Seryum oksit, Sinterleme

I. INTRODUCTION

Owing to the ageing populations worldwide, there is a strong need for developing biomaterials for tissue engineering app-
lications. Accordingly, hydroxyapatite (HA) is considered as the most common bioceramic which can be used extensively

Sorumlu yazar/Corresponding Author: Serdar PAZARLIOGLU, Tel: +902163365770/1364, e-posta: spazarlioglu@marmara.edu.tr,
Gonderilme/Submitted: 13.01.2019, Diizenleme/Revised: 31.08.2019, Kabul/Accepted: 16.10.2019


https://orcid.org/0000-0002-7870-8418

Int. J. Adv. Eng. Pure Sci. 2019, 4: 295-304

HA/CeO, Composites

for repairing as well as reconstructing diseased or damaged
hard tissues as a result of its excellent chemical similarity
with the mineral phase of bone over other biomaterials [1].
However, the advantage of the HA chemical similarity with
the mineral phase of bone is outweighed by its poor mecha-
nical properties that prevent its bulk use in orthopedic imp-
lants. It has been investigated that load resistant HA biocera-
mics reinforced with other second-phase ceramic materials
with moderate tolerable compressive strengths powders (for
instance, zirconia, titania, magnesia or alumina) [2].

As an oxide ceramic, cerium oxide (CeO,), is a promising
material that has potential use in a number of applications
such as high-temperature ceramics, catalysts, capacitor de-
vices, UV blocking materials, oxygen sensor, fuel cells,
and biodiesel production [3-6]. Apart from these applicati-
ons, because of it’s excellent biological properties such as
protection of primary cells from the detrimental effects of
radiation therapy, prevention of retinal degeneration indu-
ced by intracellular peroxides and neuroprotection to spinal
cord neurons, anti-inflammatory, it can be also used as a co-
ating material and also an additive material to hydroxyapa-
tite, which has derived from bovine femur bone [7-12]. The
study about the bovine derived hdroxyapatite-cerium oxide
composites has the experimental datas on the density, hard-
ness, and compressive strength of that bioceramics, depen-
ding on the sintering temperatures as well as cerium oxide
ratio. However, the effect of cerium oxide additives were not
investigated on the phase stability, fracture toughness, grain
growth, porosity, and in-vitro bioactivity properties of com-
mercially available hydroxyapatite in Ref [12].

The aim of the present study was to investigate the effect of
cerium oxide on a commercially available hydroxyapatite. A
series of test were applied to physical and mechanical pro-
perties of sintered HA with and without cerium oxide addi-
tive. The type and amount of phases and grain size measure-
ments were carried out using X-ray diffraction patterns and
scanning electron microscope. In-vitro test were also perfor-
med to the samples having best mechanical properties.

II. EXPERIMENTAL PROCEDURE

I1.1 Sample Preparation

The raw materials used in the present study were HA (Ac-
ross Organics, Belgium) and CeO, (Sigma Aldrich, Ger-
many) powders, and CeO, powder were added to HA to ob-
tain the composites as shown in Table 1. The composite
powders were mixed by a ball milling device at 180 rpm for
2 h. The mixed powders were uniaxially pressed to prepare
the pellets according to our previous study [13]. Sintering
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process was performed at 900 °C, 1000 °C, 1100 °C, 1200
°C, and 1300 °C for 4h.

Table 1. Abbreviation and composition of the samples.

Name Abbreviation  Composition (wt/wt %)

Hydroxyapatite and HA HA (100)

cerium oxide composites HA-(0.5C HA (99.5) + CeO, (0.5)
HA-1.5C HA (98.5) + CeO, (1.5)
HA-2.5C HA (97.5) + CeO, (2.5)

11.2 Microstructural Characterization

Microstructural characterization of the samples were analy-
zed by a Philips X’Pert XRD machine using Cu-Ka as the
radiation source in the range of 26 values between 25° and
50°. The percentage of the phases detected by XRD analy-
sis was determined by Rietveld analysis. The changes in the
surface morphology of the sintered samples were determi-
ned by FEI Sirion XL30 SEM machine. The changes in the
average grain size of the sintered samples were determined
by the linear intercept method.

I1.3 The Determination of Physical and Mechanical
Properties

While the green and sintered densities of the samples were
calculated according to Equation 1, the porosity ratios were
calculated using Equation 2.

q= 1)
v
p = 100 — dr 2

Where; d is the green and/or sintered density (g/cm?), m is
the weight (g), v is the volume (cm?), p is the porosity (%),
dr is the relative density of the sintered sample.

The theoretical densities of the pelletized and sintered samp-
les were calculated according to Equation 3, and the rela-
tive density values of the samples were calculated according
to Equation 4.
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Where; d, is the theoretical density (g/cm?), m, is the total
weight (g), m, is the weight of HA in mixture (g), d, is the
theoretical density of HA (3.156 g/cm? [14]), m, is the we-
ight of CeO, in mixture (g), d, is the theoretical density of
CeO, (7.220 g/cm? [15]).
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The shrinkage rate of the sintered samples were calculated
using Equation 5.

L1 —-L2
L1
Where; L1 and L2 are the lengths of green bodies and sinte-

red bodies, respectively.

Q)

Shrinkage = ( ] = 100

The micro (p) — hardness of the samples was calculated
using Equation 6 by Shimadzu HMV2 microindentor at
load of 200 g for 20 s. The fracture toughness (K ) of the
samples were calculated by Equation 7 according to Ref
[16] using load of 300 g for 10 s.

HV = 0,0018544*(P/d?) (©6)

Where; HV is the vickers hardness (GPa), P is the app-
lied load (g), and d is the diagonal indent length (mm)

Kic = 0.203(c/a) 1 S(HV)(a)" )

Where; a is the half diagonal of the indentation (m), ¢ is the ra-
dial crack dimension (m) measured from the center of the in-
dent impression, and L is the crack length (m). Compression
tests were done using an universal testing machine (Devotrans
FU 50kN, Turkey) under a loading rate of 2 mm.min~!. The
in-vitro bioactivity properties of the samples, which had the
higher compressive strength of HA with and without CeO,,
were determined by simulated body fluid (SBF) prepared ac-
cording to Ref [17]. The apatite layers on the surface of samp-
les immersed in SBF solutions were investigated by SEM.

III. RESULTS & DISCUSSION

Figure 1 shows the XRD patterns of pure HA. The extra peak
observed at 20 angle of 31.03 was attributed to the B-TCP,
when pure HA sintered at 1100 °C, and 1200 °C. At 1300 °C,
a-TCP and CaO peaks were detected in addition to HA and
B-TCP phases. The XRD patterns revealed that HA powder
used in the present study started to decompose at 1100 °C.
Table 2 summarizes the decomposition rates of HA to se-
condary phases. While pure HA started to decomposition at
1100 °C, the decomposition of CeO, started at dissimilar tem-
peratures depending on additive ratios. The increase in sinte-
ring temperatures led to an increase in decomposition rates
of HA-CeO, composites, as in pure HA. The decomposition
in HA ceramics can be explained as following reactions [18].
(Ca,(PO4), is B-TCP, and Ca,P,0,is a-TCP)

Ca,(PO,)(OH), =>Ca,(PO,)(OH), +xHO, (R. 1)
Ca,(PO,)(OH),, = 3Ca,(PO,), + CaO + (1-x)H,0 (R.2)
Ca, (PO,)(OH), ==>2Ca,(PO4),+ Ca,P,0,+CaO+H,0 (R.3)

Previous studies have reported that the decomposition tem-
peratures of HA begin at different sintering temperatures
between 700 °C and 1400 °C [19-24], depending on the
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production process and the water vapor in the furnace at-
mosphere. The pure HA used in the present study started to
decompose at 1100 °C. The decomposition rate of pure HA
also agreed with previous reports [25-27].

1:HA 3: Alpha-TCP
11 2: Beta-TCP 4: CaO

1y

HA 1300

HA 1200

HA 1100

HA 1000

HA 900

28

Figure 1 XRD analyzes of pure HA depending on the sintering
temperatures

Table 2. The amount of HA and its decomposition rates in the

sintered samples

Sample Phase  Sintering temperature (°C)
900 1000 1100 1200 1300
HA 100 100 97.8 96.2 94.2
HA B-TCP - - 2.2 3.8 4.1
a-TCP - - - - 1.6
Ca0 - - - - 0.1
HA 99.2 925 90.5 90.6 90.2
HA-0.5C B-TCP - 7.0 8.8 8.9 8.8
a-TCP - - - - -
CaO - - - - 0.4
HA 98.3 92.1 90.2 89.7 87.9
HA-1.5C B-TCP - 7.6 8.9 9.1 9.6
a-TCP - - - - 1.1
CaO - - - - 0.3
HA 96.8  91.1 89.1 88.7 86.9
HA-2.5C B-TCP 1.0 8.2 9.2 8.3 9.5
oa-TCP - - - 0.9 1.3
CaO - - - 0.1 0.6
HA-CeO, composites consisted of CeO,, Ce O,,, Ce O,

Ca,,Ce, PO, and Ca Ce(PO,),, in addition to HA, B-TCP,

0.167
a-TCP and CaO, as shown Figure 2 (a)-(c). The CeO, phase
detected at all sintering temperatures in the composites, re-
gardless CeO, ratio, and its peak intensities at 20 of 28.544°,
and 47.479° increased as CeO, ratio. The Ce O, ,, and Ce, O,
phases were only detected up to 1100 °C, which had due to
the formation of oxygen vacancies in CeO,, as stated in pre-
vious reports [28-30]. The Ca Ce PO, and Ca Ce(PO,) ,
phases detected at dissimilar temperatures depending on the
additive ratios. The Ca_,_Ce PO, and Ca Ce(PO,) , pha-

ses are formed due to the ion radii of the elements are close
to each other. The ionic radii are 0.97 A for Ce**, 0.99 A
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for Ca®*, 1.07 A for P>*, and 0.66 A for O*, respectively
[31,32]. In the CeO, added samples, the decomposition rates
increased with increase in the sintering temperatures as well
as CeQ, ratios. The decomposition of HA composited with
CeO, at amount of 1.5 and 2.5wt % sintered at 1300 °C can
be explained by Reaction 4.

3Ca, (PO,)(OH), + CeO,=>Ca Ce(PO,), + Ca,(PO,), + Ca,P,0 +
5Ca0 +3H,0 R. 4)

The amount of HA% phase in HA-CeO, composites decreased
to the minimum value of 86.9% at 1300 °C, as shown in Table
2. Although the addition of CeO, led to an increase in the de-
composition rates of HA, it was found to be lower than that
of previous studies. For example the amount of HA phase in a
commercially available HA-SiO, composites decreased to the
minimum value of 18.2% at 1200 °C [33], whereas it decreased
to the minimum value of 57.0% for HA composited with ZrO,
[34]. The low decomposition rate of HA-CeO, composites than
that of the other HA based composites are due to the following
reasons. 1 — The difference in sintering regime and methods. 2
— The difference in the average grain size of the raw materials.
3 — The difference in the ionic radii of the additives. The ionic
radii of the Si is 0.40 A [35], Zr** is 0.84 A [36].
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Figure 2. XRD analysis of (a) HA-0.5Ce02, (a) HA-1.5Ce0O2,
and (a) HA-2.5CeO2 composites

HA-2.5C 900

25
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HA-1.5CeO, HA-0.5CeO; HA

HA-2.5CeO,

Figure 3 SEM microstructure images of samples sintered between
1100 °C and 1300 °C

Figure 3 shows the SEM images of samples sintered between
1100°C and 1300°C. As shown in Figure 3 the samples sin-
tered at 1100 °C showed a high amount of pores that rema-
ined between the grains. These observations corresponded
to the low shrinkage and the low density of sintered samp-
les. The SEM micrographs of pure HA sintered above 1100
°C evidence a significant grain growth. For these tempera-
tures, the average grain sizes of pure HA were measured as
7.955£1.616 pm and 17.167+2.156 pum, respectively. The
microcracks on the surface of pure HA was in transgranu-
lar form. Furthermore, microcracking was also observed on
the surface of pure HA. This is related to the thermal expan-
sion anisotropy (TEA) of the HA, which leads to the gene-
ration of thermal and residual stress fields as well as it re-
sults in contraction of individual grains from neighboring
grains at different rates when the pure HA ceramics sinte-
red using conventional sintering process. If the differences
in thermal contraction rates are large enough, the induced
stresses can cause microcracks [37], when the grain size, G,
of the HA exceeds, Ger, the critical grain size [38].As re-
ported by Ref [39], the critical grain size is about 0.4 um to
the formation of microcracking in HA ceramics. In the pre-
sent study, no microcracking observed for the pure HA at
about the average grain size of 0.473 £ 0.035 um, which is
good agreement with that paper. The microcracks were also
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observed to the CeO, added samples sintered at 1300 °C,
when the grain sizes reached to 3.565 + 0.411 um in HA-0.
5Ce0,, 4.114 £ 0.456 pm in HA-1.5CeO, and 4.283 + 0.541
um in HA-2.5Ce0,, respectively. As can be seen in the re-
sults for grain size, the presence of CeO, inhibited the grain
growth of HA particles. However, microcracks in CeO, ad-
ded samples were found to in a shorter form than that of
pure HA, and they were trapped in the grains. The microcra-
cks on the surface of CeO, added samples mainly are caused

by the difference in thermal expansion coefficient (TEC) of
the HA, CeO,, B-TCP, a-TCP, CaO, Ca_, Ce PO, and Ca-
,Ce(PO,) , phases (HA = 16.9 x 10 ~6°C1 [40], CeO, ~ 14
x 10 ~6°C1 [41], B-TCP= 14.2 x 10°°C1 [42], CaO = 13.8
x 1076 «C~1[43]). Table 3 summarizes the green and relative
density values of pelleted samples. It is obviously seen that
the green and relative density values of the pelleted samples
decreased, as the CeQ, ratio increase. This may be related to
the harder structure of CeO, than that of HA.

Table 3. The green and relative density values of pelleted samples

Sample ID Theoretical density (g/em®)  Green density (g/cm?) Relative density of green bodies (%)
HA 3.156 1.651£0.016 52.316+0.529
HA-0.5CeO, 3.165 1.606+0.054 50.755+1.723
HA-1.5CeO, 3.184 1.596+0.071 50.133+£2.257
HA-2.5CeO, 3.203 1.577+0.064 49.258+2.006

Table 4. The physical properties of HA with and without CeO, additive, depending on the sintering temperatures

Property T(C) HA HA-0.5CeO HA-1.5CeO, HA-2.5CeO

900 5.333£0.571 48170315 4.70320.310 4.438+0.179

& 1000 8.940+0.383 7.240%0.180 7.230:0.163 6.797:0.315

=S 1100 13.53420.505 12.0740317 11.739:0.906 11.202+0.435

Z 1200 17.7340.704 18.4440.619 17.8911.537 17.8731.083

1300 18.2090.622 18.82620.869 18,7421 413 18.459:0.541

900 39.8680.406 42.658+1.329 43.701£1.041 45.05421.552

z 1000 34.978+1.722 39.585£1.516 40.642+2.128 40.94020.642
g 1100 21.910£1.541 30.496+3.172 31.617:4.520 32.2.951

= 1200 6.832£0.224 6.79751.690 7.930:1.477 90033 361

1300 6.304£0.469 3.793£0.370 71571786 8.661£1.366

900 1.897:0.012 1.825:0.042 1.822:0.051 1.80320.033

2o 1000 2.052£0.054 1.95820.021 1.92320.048 1.90120.068

z5 1100 2.46420.043 2.30520.105 2.177:0.143 2.163£0.094

| = 1200 2.940:0.070 2.988=0.11 2.97320.057 2.048£0.053

1300 2.957:0.077 3.06320.045 30290043 2.967£0.047

900 58.061:£0.570 57.575£1.627 57.341:1.329 56.298+1.041

e . 1000 65.5570.848 59.05920.642 6041451516 59.35742.128

FES 1w 73.4100.895 69.503£3.172 68.382:4.520 67.5432.951

& S 1200 95.981::0.595 93.202£1.690 92.069:1.786 90.096:3 361

1300 97.087+0.769 96.206+1.370 92.842+1.477 91 338£1.366

Table 4 shows the physical properties of the sintered
samples. Table 4 showed that little improvements in the
physical properties were achieved up to 1100 °C. For
the pure HA, the final shrinkage was 18.209 + 0.622%,
whereas the final shrinkage was about 18.459-18.826%
for CeO, added samples. The densities after sintering at
or above 1200 °C reached to 2.940 + 0.071 g/cm? and
2.957 £0.077 g/cm? for pure HA. However, although the
grain sizes were lower, the HA-CeO, composites had hi-

gher densities than pure HA at these temperatures. This
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can be related to the higher theoretical densities of CeO,
(7.220 g/em?), CaO (3.37 g/cm?), Ca,, Ce PO, (4.40 g/
cm?), and Ca Ce(PO,) ,(3.23 g/cm?) phases than that of
HA (3.156 g/cm?). The relative density of pure HA was
higher than the CeO,-HA composites regardless of the
sintering temperature used, which is due to the low the-
oretical density of HA than that of CeO,. Taking theore-
tical density of HA as 3.156 g/cm?, the relative density
of its attained to 97.087 + 0.769% after sintering at 1300
°C, which is higher than that of the data in literature. For



Int. J. Adv. Eng. Pure Sci. 2019, 4: 295-304

HA/CeO, Composites

example in Ref. [44] the authors claimed that relative
density after sintering at 1300 °C was about 87%; cont-
rary to authors of [45] who reported a relative density
of = 62-76% for samples sintered at 1300 °C. The hig-
her relative density of pure HA used in the present study
could be attributed to the various reasons: First is the
utilization of higher pelletizing pressure in the present
study. Second is the HA used in this study decomposed
to secondary phases at a lower rate than that of others.
Third is the lower starting particulate size of HA pow-
der. Fourth is the difference in the sintering regime and
sintering time. As reported by Ref [46], the sintered den-
sity of the compacts increased with applied pelletizing

pressure because a comparatively rapid grain growth oc-
cured. It is well-known that increase in the decomposi-
tion rates of HA leads to the decreasing in the final den-
sity because of the lower density values of the B-TCP
(3.07 g/ecm3 [47]), and a-TCP (2.86 g/cm3 [48]) phases.
As reported Ref [49] that the difference in the particle
sizes of the HA powders leads to the difference in the
degree of packing during compaction. Even if the same
pelletizing pressure applied to the HA powders derived
from meleagris gallopova in our previous study [50], the
difference in the degree of packing during compaction
are reflected in the relative density values of the final
products.

Table 5. The mechanical properties of HA with and without CeO, additive, depending on the sintering temperatures

Property T (°C) HA HA-0.5CeO, HA-1.5CeO, HA-2.5CeO,
900 0.76+0.06 0.78+0.01 0.76+0.03 0.73+0.02
2 1000 1.11£0.03 0.83+0.03 0.82+0.02 0.79+0.02
E 1100 1.51+0.08 1.79+0.09 1.43+0.09 1.12+0.06
;‘? 5 1200 4.76+0.22 4.89+0.22 4.83£0.15 4.78+0.16
== 1300 4.87+0.09 4.99+0.44 4.89+0.25 4.74+0.19
900 91.00+6.80 84.41+5.34 77.58+16.50 60.5446.61
1000 102.00£10.20 91.99+11.89 99.10+6.47 86.92+21.18
1100 130.00+6.22 152.73+15.58 123.06+23.76 115.86+18.21
%g 1200 101.00+5.01 139.08+6.31 116.32+11.62 112.36+8.28
©= 1300 65.00+5.59 107.04+5.98 69.71£3.43 58.76+10.14
900 0.68+0.05 0.69+0.03 0.68+0.09 0.67+0.08
& 1000 0.88+0.09 0.70+0.13 0.70+0.10 0.69+0.09
E 1100 0.96+0.05 2.51+0.22 2.32+0.15 2.02+0.14
§ 9;; 1200 0.92+0.06 1.86+0.23 1.65+0.29 1.45+0.26
~ 1300 0.71+0.13 1.45+0.28 1.22+0.09 0.8+

Table 5 shows the mechanical properties of the sintered
samples. Although the O mpressive of pure HA reached the
maximum value of 130 + 6.22 MPa at sintering tempera-
ture of 1100 °C, it decreased to 101.8 = 5.01 and 65.6 +
5.59 MPa, when it was sintered at 1200 °C and 1300 °C.
Given the significant improvement in densification achie-
ved at 1300 °C, the reduction in O mpressive A1 be attributed
to the presence of microcracks, and increasing in the ave-
rage grain sizes. Microcracks reduce the mechanical stren-
gth of HA ceramics, so HA ceramics containing TCP is not
the proper material for surgical implants that require high
mechanical strength [51]. It has been well established that
a decrease in grain size increased the mechanical proper-
ties according to the Hall-Petch equation (c = 6, + kd ~ 1/2)
[52]. The maximum o© value of pure HA obtained

compressive
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at sintering temperature of 1100 °C increased to 152.73 +
15.58 MPa with 0.5 CeO, additive. However, the O ompressive

HA-0.5CeO, composites decreased to 115.86 + 18.21 MPa
with increase in the amount of CeO, ratio at the same tempe-
rature. The o

compressive

of HA-CeO, composites decreased with
increasing temperature even if the relative densities of their
reached to above 90%.

compressve VAlUE Of 152.73 £ 15.58
MPa for HA-0.5CeO, composites obtained in the present
study is higher than that of a previous study (107 MPa), at
about 42% [12]. Increasing the sintering temperature from
900 °C to 1100 °C significantly improved the Kic values of
samples, but the more temperature caused to reduction the
Kic values. The peak Kic value of pure HA of 0.967+0.056

Hovewer; the maximum o
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MPam!’2 is inside the range of 0.6-1.5 MPam!/2, as stated
Ref [18]. The maximum Kic value of pure HA significantly
improved to 2.510 + 0.225 MPam!/? by the CeO, additive at
amount of 0.5 wt%. The higher Kic values of HA-0.5CeO,
composite compared to pure HA can be attributed to two
major factors: (i) grain size refinement and (ii) crack bri-
dging by CeO,. The addition of CeO, to HA more than 0.5
wt% led to reduction the Kic values of the composites at
all temperatures. It can be explained by decreasing the de-
composition ratio of the samples depending on the decre-
asing CeO, content as shown in Table 2. The peak value
of 2.510+0.225 MPam!/? measured to HA-0.5CeO, is also
compatible with the Kic value of human cortical bone (2-6
MPam!/?). The samples sintered at below 1100 °C had the
low p-hardness values than 2 GPa. Increasing in the sinte-
ring temperature from 1100 °C to 1200 °C contributed to the
sharply improvement in p-hardness values and reached to at
above 4.7 GPa. The lower hardness observed for the compo-
sites is associated with the lower density of the sintered bo-
dies as depicted in Table 4. The hardness of ceramics is ty-
pically a function of porosity, density, relative density and
average grain size [53]. The hardness increase with decrea-
sing grain size is typically attributed to the reduced free path
for dislocations in both metals and ceramics [54]. Figure 4
shows the relationship between hardness and the porosity,

HA-0.5C
2 HA-1.5C
HA-2.5C

Hardness (GPa)

45 40 35 30 25 20 15 10 5 0O

Porosity ratio (%)

Hardness (GPa)
o = n (=2

3]

&

0
55 60 65 70 75 80 85 90 95 100
Relative density (%)

density, relative density and average grain size of sintered
samples. The figure showed that hardness of the sintered
samples increased with increasing density and relative den-
sity. Moreover, the decrease in porosity and average grain
size of the sintered samples led to increasing the hardness.

Figure 5 shows the SEM images of pure HA and HA-0.
5Ce0, samples after SBF test. The surface morphology of
the samples changed with the soaking time, and for 7 day of
SBF immersion a layer consisted of dendritic apatitic struc-
tures on the materials could be observed. The dendritic apa-
tite structures on the surface of pure HA were found to the
more thickness after 15 days of waiting time. Hovewer, the
dendritic apatite layer on the surface of HA-0.5CeO, compo-
site changed to flake like layers at same waiting time. When
the immersing time reached to 30 days, all of the surfaces of
pure HA and HA-0.5CeO, composite were covered by apa-
tite layers. The micrographs clearly exhibited that the apatite
crystals has dissimilar morphologies on the surface samples.
It is obviously seen that the apatite crystals on the surface
CeO, added sample has a thicker and smooth without dr-
ying cracks. The same structures were also imaged in a pre-
vious study [55]. The positive effect of CeO, on the in-vitro
bioactivity of hydroxyapatite may also related to the Ca
Ce, PO, phase, which accelerate the increasing intracel-

167
lular calcium ions (ubiquitous intracellular messenger) by

£ uh

Hardness (GPa)
o W

6 1§ 2 22 24 26 28 3 32
Density (g/enr’)

.

——HA
HA-0.5C
HA-1.5C
HA-2.5C

Hardness (GPa)
w

[

0 3 10 15 20
Average grain size (um)

Figure 4. The relationship between microhardness and (a) the porosity, (b) the density, (c¢) the relative density, and (d) the average grain

size of sintered samples
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activation of Ca?* receptor found in the membranes up-regu-
lating signaling pathways speeding up the adhesion and pro-
liferation of osteoblasts, as reported Ref [36]. As stated in
Table 2 that HA-0.5CeO, composites include B-TCP phase
at amount of 8.0% in addition to HA peaks. That type com-
bination known as biphasic calcium phosphate, which has
the more bioactivity property compared to pure hydroxya-
patite

Figure 5 SEM images of pure HA and HA-0.5CeO, samples after
SBF test

IV. CONCLUSION

In this research hydroxyapatite/CeO, composites were sinte-
red at various temperature by pressureless sintering. X-ray
diffraction and scanning electron microscopy results clearly
revealed that the pure decomposed at 1100 °C, and when
sintering temperatures at elevated temperatures an excessive
grain growth with microcracks observed. By adding CeO,
the grain growth was inhibited, but the decomposition tem-
perature decreased to 900 °C depending on the increasing
CeO, ratio. The mechanical properties of hydroxyapatite
could be improved when it was doped with CeO, at amount
of 0.5 wt%. The composite of HA/0.5CeO, can be used in
human body, because it has enough fracture toughness, com-
pressive strength and in-vitro bioactivity properties.
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