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Abstract

In the present paper, the effect of La,0; (0.25, 0.5 and 1 wt.%) addition on the phase stability, porosity, den-
sity, hardness, fracture toughness, compressive strength and brittleness index of hydroxyapatite modified with
Iwt.% of MgO was investigated. Hydroxyapatite (HA) without additives sintered at 1300 °C has mixture
of dominant hydroxyapatite phase with beta-tricalcium phosphate (B-TCP), alpha-tricalcium phosphate (a-
TCP) and calcium oxide (CaO) phases. The microstructure is characterized with transgranular microcracks
and oversized grains. Although the density and hardness of the pure HA increased with increasing temper-
ature, a steady decrease in fracture toughness (from 0.96 to 0.71 MPa-m'?) and compressive strength (from
130.2 to 65.6 MPa) was observed. For the HA modified with 1 wt.% of MgO the highest compressive strength
(183.2 MPa) and fracture toughness (1.47 MPa-m'?) were obtained at 1200 °C and at this temperature the brit-
tleness index was 3.24 um™”. Increase in the sintering temperature led to the increase of the brittleness index of
the pure HA, MgO modified HA and La, O ;-MgO modified HA samples. The addition of 1 wt.% La,0; to 1 wt.%
MgO-HA contributed to the increase in the compressive strength of about 10% (from 183.2 to 202.0 MPa), frac-
ture toughness of about 69% (from 1.37 to 2.32 MPa-m'?) and also decrease of the brittleness index from 3.24
to 2.18um™”. The best performance after sintering at 1300 °C was obtained for the MgO-HA sample with
0.25wt.% La,0;. As a result of this study, a new candidate material for biomedical application with superior
mechanical properties and the phases that do not cause adverse reactions in the human body could be 1 wt.%
MgO-HA modified with 1 wt.% La,O; and sintered at 1200 °C.

Keywords: hydroxyapatite, magnesium oxide, lanthanum oxide, sintering, mechanical properties

I. Introduction as Al,O, [2], ZrO, [3] or TiO, [4] to HA contributes

. . to the performance of HA in load-bearing applications,
Hydroxyapatite (HA) is commonly used as the bulk they cause the reduction in its decomposition tempera-

implant material, bone spacer and/or filler in load- e 4nd bioactivity property. The human body contains
bearing areas of the body, because of its biocompatibil-  Jiferent elements. such as Zn. Cu. Fe. Mn Mg, Ni, Cr.
ity and bioactivity. However, the poor mechanical prop- ¢ Mo, Se etc. and each of them has different vital im-
erties of HA restrict its use in load—bea.rmg applications. portance. Thus, 60-65% of the total amount of Mg in
Various techniques have been used to increase the poor o human body is found in bones and teeth, while the
mechanical properties of HA such as making compos- emaining 35-40% is found in muscle tissues, nerves,
ites by the addition of inert oxides, and using differ- ¢ issues and body fluid. Studies have shown that
ent pressing/sintering methods (e.g. underwater shock g, fficient Mg causes various problems such as mus-
compaction, hot press sintering, and pressureless sin- 1o gpasmg, cardiovascular disease, diabetes, high blood
tering) [1]. Although the addition of inert oxides such . osqure anxiety disorders, migraine, osteoporosis and
cerebral infarction [5,7].

Magnesium oxide is used in a wide range of prod-
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ucts such as refractory, paints, paper, plastics, rubber,
oil, pharmaceutical, fertilizer, animal feed and the waste
treatment agent for neutralizing acids [8]. It is also used
as the source to compensate for Mg deficiency in the
human body [9]. As stated by Gautam et al. [10] MgO
modified HA is widely used as bone graft materials
due to faster recovery of the host material (bone) by
gradually releasing Mg ions from implanted materials.

Several studies on binary composites of HA with dif-

ferent amount of MgO have revealed that the addition

of 1 wt.% MgO enhances the mechanical properties of

HA and promotes its cell attachment [11-14]. It has

been also proven that the addition of 1 wt.% MgO also

increases thermal stability of HA-based ternary com-
posites [15,16]. However, the addition of higher MgO
amount (>1wt.%) was found to annul the positive ef-
fect in HA-ternary composites and cause an increase in
the decomposition rate of HA to beta and/or tricalcium
phosphate (3- and/or o-TCP) phases. For instance, the
addition of 5wt.% MgO increases the decomposition
rate of HA/(10-40 wt.%)ZrO, binary composite from

4% to 80% [17]. Human femur bone, which is the part

of the body that requires the most load resistance, have

a hardness of 4.8 GPa, compressive strength of 100—

230 MPa and the fracture toughness of 2—12 MPa-m'/?

[18]. However, the properties of HA modified with

1 wt.% MgO are not compatible with human femur

bone, as summarized in Table 1.

Recently, it has become attractive to add two different
oxide ceramics in the production of HA-based bioce-
ramics. So, we assumed that the mechanical properties
of the HA modified with 1 wt.% MgO could be made
compatible with human femoral bone by adding an ex-
tra material, which has the following properties:

o The melting temperature of the additive material must
be lower than MgO in order to increase the densifica-
tion of 1 wt.% MgO-HA composite.

e The additive material must have an effect on reducing
the decomposition rate of 1 wt.% MgO-HA compos-
1te.

e The additive material must have a reducing effect on
the grain growth of 1 wt.% MgO-HA composite.

e The additive must have a reducing effect on the brit-
tleness index of 1 wt.% MgO-HA composite.

La,O; is one of the materials used in various tech-
nological applications such as light-emitting phosphors,
solid oxide fuel cells, catalysis, automotive exhaust-gas
converters and sorbent materials [25]. In the biomedical

industry, it can be used as an optical sensing system for
measuring variations in human body temperature and in
the magnetic field-controlled targeted release of drugs
within the body. It has the ability to suppress bacteria
and viruses [26]. La,O, additive in between 0.3 and
2 wt.% both helps to increase the hardness and trans-
verse rupture strength of advanced ceramics (such as
B,C [27], WC [28], etc.) and increase the creep resis-
tance of metallic materials [29]. As stated in previous
studies [30,31], the mechanical and physical properties
of HA can be made more attractive by adding La,O; for
load-bearing applications in the human body. The effect
of La,0, additive on HA-ZrO, [32], HA-AL,O, [33]
and HA-B,0; [34] binary composites was also stud-
ied. However, no study has been reported for the co-
substitution of MgO and La,O, to HA.

The aim of the present study was to investigate the
effect of La,O; additive on microstructure and mechan-
ical properties of HA modified with 1 wt.% MgO. For
this purpose, 1 wt.% MgO-HA composites with and
without La, O, addition were subjected to sintering be-
tween 1100 and 1300 °C and characterized using differ-
ent techniques.

I1. Experimental

2.1. Sample preparation

In the present study HA (commercial purity, Across
Organics; Belgium), MgO (99.5% in purity; Sigma
Aldrich, USA) and La,O; (99.5% in purity; Sigma
Aldrich, USA) powders were used as starting materials.
HA was in irregular form with the average grain size
of 7.10 um, MgO and La,O; powders were in spherical
form with the average grain size of 3.27 and 3.14 um, re-
spectively. The starting materials were mixed at 180 rpm
for 2 h using a ball milling device in a zirconia coated
stainless steel jar with the addition of ethyl alcohol and
zirconia balls to prepare the composites, as tabulated in
Table 2.

Both zirconia balls and stainless steel container were
cleaned with ethyl alcohol to prevent contamination be-
fore the mixing process. The mixed powders were dried
in an oven at 105 °C for 1 day and then the composite
powders at a weight of 1.810 g were pelleted using uni-
axial press at 350 MPa to obtain the samples, as in our
previous study [35]. Finally, the green bodies were sin-
tered in air at 1100, 1200 and 1300 °C at a ramp rate
of 5°C/min and soaking time of 4h, and then cooled

Table 1. Properties of HA modified with 1 wt.% MgO - the literature data

Density Hardness

Compressive strength  Fracture toughness

[g/em3]  [GPa] [MPa] [MPa-m!/2] Ref.
- 7.66 ; 1.48 [19]
3.03 - 111.20 1.36 [20]
3.29 3.8 281 ; [21]

: 5.46 - 1.23 [22]

: 4.05 - 0.95 [23]

_ ~6.0 - ~1.15 [24]
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Table 2. Composition of the prepared samples

HA MgO La,O; Total additives
SampleID Lo we ] [wt %] [wt.%]
HA 100 ; ; -
HA/IM 99 1 - 1
HA/IM/0.25L  98.75 1 0.25 1.25
HA/IM/O.SL 985 1 0.5 1.5
HA/IM/IL 98 1 1 2

to room temperature at a ramp rate of 5 °C/min in air
atmosphere.

2.2. Characterization

In order to evaluate the physical and mechanical
properties of the sintered samples, theoretical and rel-
ative density, porosity, hardness, fracture toughness,
brittleness index and compression strength were deter-
mined. Sintered density (p) and porosity (p) of the sam-
ples were calculated by the Archimedes method using
Egs. 1 and 2, respectively:

Mk 0
P =Ma—Ms

Ma — Mk

NS 2
p Ma—Ms>< 00 2

Here Mk is the dry weigh, Ma is the wet weight of the
sample and Ms is the wet weight of the suspension in
distilled water. Theoretical density (p,) of the sintered
samples was calculated using Eq. 3:

( )

Here m; is the total weight of the mixture, m; is the
weight of HA in the mixture, m; is the weight of MgO in
the mixture, mj3 is the weight of La,O, in the mixture,
whereas p1, po and p; are theoretical densities of HA
(3.156 g/em? [36]), MgO (3.580 g/cm? [37]) and La,O,
(6.510g/cm® [38]), respectively. The relative density
(o,) values were determined by Eq. 4:

m;

pr = 3)

my
P1

my
P2

m3
P3

o, =2 %100
Pt

“)

The hardness and fracture toughness of each sample
were calculated according to our previous study [39].
For hardness and fracture toughness measurements, the
samples were firstly ground with 800, 1200 and 2500
mesh SiC paper and then polished with 10, 5, 3 and
1 wm diamond paste until mirror-like surfaces are ob-
tained. They were measured by a Future Tech FM301
microhardness device using loads of 200 and 300 g for
20 and 10s. The average and standard deviation values
were taken from 10 indents. The hardness was calcu-
lated by Eq. 5:

&)
Here, HV is the hardness, P is the applied force and d

P
HV = 1'854E
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is the average indentation diameter. The fracture tough-
ness was calculated by Eq. 6:

-15
Kic = 0.203 (2) HV - (©)
Here, K¢ is the fracture toughness, c is the radial crack
dimension measured from the centre of the indent im-
pression and a is the half diagonal of the indentation.
Compression tests were carried out on ten samples
using a universal testing machine (Devotrans FU 50 kN,
Turkey) under a loading rate of 2 mm/min. The brittle-
ness index (B) was determined by Eq. 7 [40]:

H

B=—
Kic

(7

In order to understand the effect of additive materials
on the stability and sintering behaviour of HA, X-Ray
diffraction (XRD) and scanning electron microscopy
(SEM) examinations were used in the present study.
XRD analysis was done by Philips X’Pert machine us-
ing Cu Ke as the radiation source in the range of 26 val-
ues between 25° and 50°. The percentage of the phases
was determined by the Rietveld analysis. The changes
in the surface morphology of the sintered samples were
determined by FEI Sirion XL30 SEM machine. The
changes in the average grain size of the sintered sam-
ples were determined by the linear intercept method.

IT1. Results and discussion

XRD patterns of hydroxyapatite without additives
(the sample HA) sintered at 1100, 1200 and 1300 °C are
shown in Fig. 1. The XRD peaks at 26 of 31.30° are at-
tributed to S-TCP (JCPDS #98-007-6896), which indi-
cates that HA started to partially decompose at 1100 °C.
According to the literature, decomposition temperatures
of hydroxyapatite range from 700 and 1300°C [42].
The XRD peaks detected at 26 position of 30.7° and
37.4° were related to a-TCP (JCPDS #98-007-8499)
and CaO (JCPDS #98-003-4977) phases. The decompo-
sition of the HA without additives when it was sintered
at 1300 °C can be explained by the following reaction
(Ca4(PO,), is B-TCP, and Ca,P,Oq is a-TCP):

Ca,((PO,)s(OH), — 2 Ca,(PO,), +Ca,P,0, +CaO + H,0

XRD patterns of hydroxyapatite with 1 wt.% MgO
(the sample HA/1M) sintered at 1100, 1200 and 1300 °C



S. Pazarlioglu et al. / Processing and Application of Ceramics 15 [3] (2021) 226-237

1 1:HA 3:a-TCP
2:B-TCP 4:Ca0
1y
1
Ll oot
) 32 14 1 11 .U{L
1 \.A_J\A_‘_‘_J
HA 1300
1
1
2|1 1 1
1NNy ’|‘|'Hlll 0o 11“|1|1
ELL '~-_M?J1‘" UL NI WY |
HA 1200
1 1 1
1 1 1 1
1 2 1 1 1 11 L
HA 1100
T T T T T
25 30 35 40 45 50

Figure 1. XRD analysis of HA without additives

are shown in Fig. 2. In addition to the dominant HA
phase, presence of whitlockite and farringtonite can be
seen. The peaks at 26 of 27.8°, 31.1°, 34.5° and 41.8°
were attributed to whitlockite (JCPDS #98-000-0800)
and at 26 of 25.9°,29.8°,37.2° and 42.5° to farringtonite
(JCPDS #98-001-7130). Whitlockite is formed due to
the diffusion of Mg ions into S8-TCP [43], as shown in
the following reaction:

Ca,(PO,), + xMgO — Ca,_ Mg (PO,),

Whitlockite has a hexagonal R3C type crystal lattice
structure and provides the stabilization of the S-TCP
phase. Therefore, it contributes to the densification, bio-
compatibility and mechanical properties of HA. More-
over, its solubility in the body is lower than S-TCP [44].
One third of the inorganic part of human bone consists
of whitlockite. Whitlockite enhances the osteogenic dif-
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Figure 2. XRD analysis of 1 wt.% MgO-HA composite
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ferentiation and has a negatively charged surface that al-
lows the attraction of osteogenic proteins [45]. So, the
co-existence of HA and whitlockite is a desirable as-
sociation in biomedical applications. The phases of -
and/or @-TCP and CaO detected in the pure HA were
generally not detected in both MgO modified HA and
MgO-La, 0, modified HA. However, in previous studies
on HA-MgO [46,47], hydroxyapatite had decomposed
to B-TCP, a-TCP and CaO phases. The reason is that the
amount of MgO in the related studies was above 1 wt.%.
Farringtonite has a monoclinic crystal lattice structure
[48]. It exhibits a highly stable behaviour in the body
fluid environment and has an accelerating effect on the
formation of bone tissues [49,50]. So, it is used in the
production of magnesium phosphate cement, which is
one of the mineral bone adhesives [51].

XRD patterns of hydroxyapatite with 1 wt.% MgO
and addition of La,O, (the samples HA/1M/xL, where
x =0.25,0.5 and 1) sintered at 1100, 1200 and 1300 °C
are shown in Fig. 3. The presence of HA, whitlock-
ite, farringtonite and some La-P-based phases can be
detected. These phases are HLaP,O, (JCPDS #98-
005-3428), LaPO, (JCPDS #98-007-8649), LaP,0,
(JCPDS #98-004-3800) and LaP;0,,, (JCPDS #98-005-
6216). It is seen that La,O; fully reacts with HA,
but there is no other phase formed between MgO and
La,0;. This is due to the dissimilarity of ionic ra-
dius of Mg>* (0.72A [52]) and La** (1.16A [53]),
and also dissimilarity of the distance between Mg—
O (1.819A [54]) and La-O (2.45A [55]). H,LaP,O,
was also detected in our previous study when only
La, 0O, added HA had been sintered below 1200 °C [56].
There are four different lanthanum phosphate phases in
the La,0,-P,0; binary-phase diagram, namely LaPO,,
(orthophosphate), La,P,0,; (tetraphosphate), LaP,O,
(metaphosphate/polyphosphate) and LaP;O,, (ultra-
phosphate) [57]. In the present study, the La,P,O,,
phase has not detected in any HA/1M/xL sample since
it forms above 1300 °C. LaP;0, has the base-centred
orthorhombic structure [58]. The presence of LaP;0,
increases the electrical conductivity of glass-ceramics
and accelerates the healing of damaged tissues [59].
LaPO, forms at temperature above 900 °C as a result of
the thermal decomposition of LaP;O, and has a mon-
oclinic crystal structure (space group P2;/n) with the
lattice parameters of ¢ = 0.6812nm, » = 0.7049 nm,
¢ = 0.6484nm and B = 103.6° [60,62]. It increases
the machinability of calcium phosphate ceramics. Be-
cause of its chemical stability, non-toxicity and bio-
compatibility, it can be used in biomedical applications
[63,65]. LaP;O,, exhibits a monoclinic structure with
space group P2;/c. Unit cell parameters of LaP;O,, are
a = 0.878nm, b = 0.904nm and ¢ = 1.308 nm [66]. It
contributes to the sterilization of biomaterials because it
is not affected by UV [67].

Figure 4 shows SEM micrographs with the cor-
responding average grain sizes of the HA with and
without additives. Sintering carried out below 1200 °C
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Figure 3. XRD patterns of MgO-La,0; modified HA with addition of: a) 0.25, b) 0.5 and ¢) 1.0 wt.% La, 0,

caused porous structures, but when it was above 1200 °C
microcracks on the surface were observed. The average
grain size of the pure HA was measured as 7.95 and
17.16 um after sintering at 1200 and 1300 °C, respec-
tively. A reduction in the grain size of 82% and 84%
was achieved by the addition of 1 wt.% MgO in compar-
ison to the pure HA after sintering at 1200 and 1300 °C,
respectively. This increased to 92% and 94% by the ad-
dition of 0.25wt.% La,O,. Microcracks on the surface
of HA ceramics are related to three main reasons. The
first is the dissimilarity of the thermal expansion coef-
ficient of trace phases with HA [68]. The second is the
dissimilarity of crystal lattice structure and/or parame-
ters of trace phases with HA [69]. The third is that the
microcracks occur if a critical grain size is exceeded
[70]. Microcracks in the MgO modified HA and MgO-
La,0; modified samples were also observed when sin-
tering was carried out at 1300 °C. However, not only the
intensity but also the size of microcracks in these sam-
ples was lower than the pure HA. This is due to two
main reasons: i) MgO and La, O, additives prevent the
excessive grain growth and ii) whitlockite, farringtonite,

LaP,O,, and LaP,0, phases detected in the HA/1M and
HA/1M/xL samples have the reducing effect on the lat-
tice strain that occurs in HA.

Figure 5 shows changes in the porosity, density and
relative density of the HA with and without additives
depending on the sintering temperature. The porosity of
the HA without additives decreased from 26.58 £0.89%
to 2.91 + 0.76%, when the sintering temperature in-
creased to 1300 °C, as shown in Fig. 5a. These values
are in good agreement with Yashima et al. [71]. The
porosity of the HA/1M modified with 1 wt.% MgO was
lower than the pure HA at all sintering temperatures.
Moreover, La,O, additive contributed to a reduction at
around 50% in the porosity of the 1 wt.% MgO-HA,
when sintering was carried out at 1200 and 1300 °C.
That reduction in the porosity of the sample HA/1M/1L
with 1 wt.% La,0; is also higher than in previous stud-
ies [72,73].

The density of the pure HA increased from 2.31+0.02
t0 3.06+0.02 g/cm?. The density of the pure HA sintered
at 1300 °C is reasonably close to the theoretical den-
sity of 3.156 g/cm? for the HA ceramics [74]. Its relative
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Figure 4. SEM micrographs and the average grain sizes of HA with and without additives

density was 72.42 + 0.11% at 1100 °C, but increased to ~ [75]. Figure 5b shows that the densities of the MgO and
94.99+0.46% at 1200 °C and plateaued at 96.09+0.17%  co-MgO-La,0, added HAs are higher than density of
when sintering was carried out at 1300 °C. A plateaued  the pure HA at all temperatures. This is due to four
relative density of ~95% was reported by Ruys et al.  main reasons. The first is that not only MgO but also
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Figure 5. Changes in the (a) porosity, (b) density, and
(c) relative density of pure HA and composites
depending on the sintering temperatures

MgO-La, 0O, additives suppress the abnormal growth of
HA grains and promote the densification of HA. The
second is the stabilization of g-TCP phase by the ad-
dition of MgO. The stabilization of S8-TCP is advanta-
geous to the sintering because the formation of solid
solution restricts the grain growth and eliminates the
residual pores along grain boundaries [76]. The third
is that secondary phases detected in the pure HA have
lower theoretical density values than most of the phases
detected in the MgO and co-MgO-La,0; modified
HAs (B8-TCP: 3.07 g/cm® [77], @-TCP: 2.86 g/cm? [78],
CaO0: 3.40 g/cm? [79], whitlockite: 3.12 g/cm? [80], far-
ringtonite: 2.74 g/cm® [81], LaP;O,,: 3.25 g/cm® [82],
LaPO,: 5.11 g/cm? [83], LaP;Oy: 3.46 g/cm® [84]). The
fourth is that besides the effect of grain refinement,
La,0; addition to the 1 wt.% MgO-HA enhances the
sintering activity and diffusion during sintering, thus in-
creasing the density of the MgO-HA sample. La,O; as-
sisted the formation of more dense ceramics due to the
inhibition of excessive grain growth [85]. Densification
at around 90% is desirable because of the presence of
a certain degree of porosity as well as of reabsorbable
phases contributing to bone intergrowth and a subse-
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quent implant-bone interfacial adhesion [86]. This has
been successfully achieved in the present study.

Figure 6 shows changes in the hardness, fracture
toughness, compression strength and brittleness index
of the HA with and without additives depending on the
sintering temperatures. The hardness of the HA with-
out additives increased from 154.1 + 5.40 to 499.2 +
12.39 HV with increase in sintering temperature. Even
if the HA without additives is composed of three types
of trace phases as shown in Fig. 1, its hardness after
sintering at 1200 and 1300°C is higher than in pre-
vious studies [87,88]. This is due to the low poros-
ity, low grain size and low decomposition ratio of HA
used in the present study compared to others. As we
explained in our previous study, the decomposition ra-
tio of HA in secondary phases was lower than 5% [35]
compared to about 40% in other reports [89]. Accord-
ing to Minimum Solid Area (MSA) model that has been
proposed by Case et al. [90], the increase in porosity
leads to lower hardness. The hardness is also correlated
to the grain size distribution, according to Hall Petch
equation and it increases with the decrease in the grain
size distribution [91]. The increase in sintering tempera-
ture caused increase in hardness values of the pure HA,
MgO modified HA and MgO modified HA with 0.25
and 0.5wt.% La,O, samples. However, the hardness
value of the sample HA/IM/IL with 1.0wt.% La,O,
sintered at 1300 °C was lower than the hardness value
at 1200 °C. This is related to two main reasons. The first
is the high porous structure of the MgO modified HA
with 1 wt.% La,O, compared to other La,O; modified
samples. The second is that the introduction of 1 wt.%
La, 0, into 1 wt.% MgO-HA promoted the bond weak-
ening between grains, when sintering was carried out
at 1300 °C. The maximum hardness of the HA with-
out additives was in good agreement with human femur
bone, but its mechanical properties decreased with in-
creasing sintering temperature. The hardness of the co-
MgO-La,0; modified HAs was also higher than other
ternary composites such as HA-ZrO,-Al,O; [92] and
HA-CaO-ZrO, [93]. This is due to the both MgO and
La, O, additives in amount lower than 5 wt.% inhibit the
grain growth of HA compared to ZrO,, Al,O; and CaO.

The maximum fracture toughness (0.96 =+
0.05 MPa-m'/?) and the maximum compressive strength
(130.2 + 6.22 MPa) for the pure HA were measured
at 1100 °C. Increment in the sintering temperature led
to the reduction in the fracture toughness and com-
pressive strength of the pure HA. The decrease in the
mechanical properties of the pure HA with increasing
sintering temperature is due to the grain growth and the
formation of microcracks. The same behaviour for the
pure HA had also been confirmed by Zou and Lee [94].
The fracture toughness of the MgO and co-MgO-La, 0,
modified HAs firstly increased with increasing sintering
temperature and then decreased as in the pure HA.
The maximum fracture toughness of the MgO and
co-MgO-La, 0, modified HAs was obtained at 1200 °C
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as 1.47 + 0.04, and 2.32 + 0.67 MPa-m'/2, respectively.
Although an increment of about 53% was achieved by
the addition of 1 wt.% MgO to HA, it cannot be used
in the human body due to its fracture toughness value
being lower than that of human femur bone. It has
become usable in the human body by adding 1 wt.%
La,O,. The fracture toughness of a material depends
on the various parameters, such as: volume fraction,
size, shape and properties of phases, grain boundaries,
pores and etc. [95]. It is seen that three main factors
affect the fracture toughness values in the present study.
The first is the double-effect of additives, i.e. while
lanthanum phosphate phases mitigate the localized
stress concentrations at grain boundaries [96], the
migration of Mg?* into 8-TCP not only stabilizes the
B-TCP phase but also provides resistance to cracking
[97]. The second is the inhibition of grain growth in HA
by the additives. Smaller grain size improves energy
dissipation during indentation [19]. It appears that
reduction in the grain size increased the grain-boundary
area and the fracture toughness of the pure HA.

The maximum compressive strength of 130.2 +
6.22 MPa of the pure HA was measured at 1100 °C, but
it steadily decreased to 101.8+5.01 and 65.6+5.59 MPa
by increasing the sintering temperature. However, a vis-
ible increase in the compression strength of HA was
achieved by the additions of MgO and MgO-La,0,
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when it was sintered at 1200 and 1300 °C. The com-
pression strength of 101.8+5.01 MPa of the pure HA ob-
tained at 1200 °C increased to 183.2+25.09 and 202.0 +
14.14 MPa when it was modified with 1 wt.% MgO and
1 wt.% La,05-1 wt.% MgO, respectively. These values
are higher than the compression strength of the pure HA
for about 79.96% and 98.42%, respectively. The com-
pression strength of 65.6 + 5.59 MPa of the pure HA
obtained at 1300 °C increased to 108 MPa when it was
modified with 1wt.% MgO. However, the addition of
La,O; caused a decrease in the compression strength
of the HA/IM sample at 1300 °C. For this temperature,
the highest compression strength of 98.0 + 12.34 MPa
was obtained for the sample with 0.25 wt.% La,O;. The
highest compression strength of 202.0 + 14.14 MPa ob-
tained for the sample HA/IM/1L with 1 wt.% La,0;, is
higher than that of other ternary composites in literature
[98].

The brittle index displayed an increase with sintering
temperature. Although the brittle index of the pure HA
attained 6.86 + 0.21 um'/? with increasing temperature,
it was lower than that of cold sintered HA [99] and syn-
thetic HA, which were sintered with heating and cooling
rate of 10 °C/min [100]. This is because of the two main
reasons. The first is the Van der Waals forces have the
tendency to slow down the packing of the HAp powder
in cold sintering process. The second is that the high
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temperature sintering regime causes the high decompo-
sition in HA ceramics. The brittleness index of the MgO
and co-MgO-La,0; modified samples was lower than
that of the pure HA, when sintering was carried out at
1200 °C. A reduction at about 58% was achieved by in-
creasing the amount of La,O5. The brittleness index of
2.18 + 0.70 um™'/? obtained for the sample HA/IM/IL
with 1 wt.% La,O, is much lower than that of glasses
and ceramics, whose values are in the range from 3 to
7um2 [101]. A good machinable dental/bone implant
should have a brittleness index lower than 4.3 um™'/2, as
reported by Linet et al. [102]. It is seen that the sample
HA/IM/1L with 1 wt.% La, O, sintered at 1200°C is a
candidate material for biomedical applications in which
load-bearing is required, because its superior properties
and the phases do not cause adverse reactions in the hu-
man body.

IV. Conclusions

The effects of La203 additive on microstructural and
mechanical properties of the HA modified with 1 wt.%
of MgO were evaluated by XRD and SEM as well ae by
measurements of density, shrinkage, hardness, fracture
toughness, brittleness index and compressive strength.
The following results were obtained:

HA without additives exhibit high physical properties
and hardness, but its mechanical properties decrease
with increasing temperature, and increase its brittle-
ness index.

Extremely grain growth with the formation of micro-
cracks was observed to the pure HA by increasing
temperatures, but they were eliminated by the addi-
tives.

With additions of MgO and MgO-La, O, stress con-
centrations at grain boundaries were reduced and the
migration of Mg”* into 8-TCP leads to stabilization
of HA.

It is noted that the samples modified with MgO and
La,O; exhibited very high density, implying that the
binary sintering additives can effectively promote the
densification of HA.

The mechanical properties of the HA modified with
1 wt.% of MgO was significantly improved in com-
pressive strength (47.7%), and in hardness (39.2%)
by the addition of 1 wt.% La,O,, when sintering was
carried out at 1200 °C.

The HA modified with 1 wt.% of MgO and 1 wt.%
La,O; and sintered at 1200°C can be used as a
biomedical material due to its superior properties, and
the phases do not cause adverse reactions in the hu-
man body.
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