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A B S T R A C T

The Taguchi methodology was utilized to determine the influence of three factors, namely nanostructured
alumina (A) and micro-structured titanium (B) weight percents and sintering temperature (C) on the phase
stability, mechanical and structural properties of hydroxyapatite (HA) composites. HA nanosized powder was
synthesized via wet precipitation method. According to L9 orthogonal array, different combinations of powder
mixtures were cold isostatically pressed and pressure-less sintered in a reducing atmosphere. XRD analysis
confirmed the presence of HA phase and metallic Ti after sintering. Analyze of Variance (ANOVA) method was
used to specify the percentage contributions of three factors. Addition of 5–10wt% titanium contributed to
increasing the decomposition of HA and the amount of open porosity by 43.07% and 55.40%, respectively and
caused a decrease in the strength by 44.67%. Alumina nanoparticles consistently inhibited the grain growth but
showed a negligible effect on the decomposition of HA. It also caused enhancements in the strength and
toughness by 14.61 and 23.70% contributions. According to ANOVA, sintering temperature illustrated con-
siderable effects on the properties of HA composites. It exhibited more than 56% contribution to the grain
growth and decomposition of HA. Structural investigations led to a total optimum condition with a combination
of 7 wt % alumina/3 wt % titanium/1150 °C.

1. Introduction

Hydroxyapatite (HA) is the major constituent of bone and teeth
structures with a composition of Ca10(PO4)6(OH)2, used to produce
various types of implants due to its bioactivity, chemical stability in
body fluid, and similarity to natural bone [1,2]. Due to its poor me-
chanical properties, it cannot endure practical uses and hence it is ei-
ther used as a bioactive coating on implants or reinforced by metal or
ceramic phases [2]. Investigations revealed that mechanical properties
of HA ceramics could improve by distributing various reinforcing
agents in HA matrix, including ceramic [3,4] and metal particles [5,6],
platelets [7] and fibers [8].

Alumina (Al2O3) has been utilized as an implant material because of
its excellent compatibility with living tissues and good friction and
wear properties [1]. It has also been widely used as reinforcement in

HA composites to improve mechanical properties [9–11]. Experiments
illustrated that incorporation of particulate and platelet alumina
markedly improves the strength of HA composites, however, in order to
inhibit the formation of micro-cracks at HA/alumina interfaces, it is
preferred to distribute fine alumina particles instead of platelets
[12,13]. Additionally, the distribution of metal particles exhibits a
substantial effect on improving mechanical properties of HA composites
due to their high ductility and strength [13,14]. However, metallic
particles can potentially react with HA [6,15]. So, in order to achieve
maximum effect by second phases, those reactions should be prevented.
Ti and its alloys are favorable materials for implant applications
[15,16], but there are few studies performed on sintering of HA/Ti
composites in which titanium remained in metallic form. It is reported
that Ti particles substantially enhanced the fracture toughness [17,18].
Limitations in reinforcing HA by Ti arise from the reaction of HA with
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Ti particles during sintering at elevated temperatures [6,17,18], which
leads to the decomposition of HA into tricalcium phosphate (TCP) and
deteriorates mechanical properties of HA composites for load-bearing
applications [19]. The most important factors which control the stabi-
lity of HA during sintering and hence the final properties of HA com-
posites are synthesis route [20], Ca/P ratio in HA [21], calcination of
starting powders [22], the amount of second phase(s) [4], sintering
method and temperature [19,23] and sintering atmosphere [6,24].

The Taguchi method has been widely used in materials research
[25–28]; it is an approach for designing experiments so that the effects
of multiple factors on final properties can be considered at once [29]. In
Taguchi method, orthogonal arrays are used to design a limited number
of experiments which remarkably reduce the total cost of experiments
compared to full factorial design [30–32]. Moreover, Taguchi analysis
is able to depict general trends of variations of properties with control
factors, indicating the contribution of individual factors and predicting
the optimum condition [29]. Taguchi experimental design and analysis
involves 5 steps [33] including: (A) defining the variables (quality
characteristics), (B) identifying control factors affecting the quality
characteristics, (C) choosing levels for control factors, (D) selecting an
orthogonal array according to the number of factors and levels, and
finally, (E) performing the designed experiments and analyzing the
results. Furthermore, analysis of variance (ANOVA) could be applied to
determine the percentage contribution of individual control factors
[29].

It is desirable to combine the advantages of nano-structured alu-
mina and ductile titanium particles as reinforcements in HA matrix;
however, less information is available on the simultaneous effect of
sintering temperature and the addition of nano alumina and Ti on
properties of HA composites. The purpose of the present work is to
prepare HA/nano structured alumina/titanium composites and to in-
vestigate the effects of different amounts of alumina and Ti particles
and sintering temperature on phase stability, physical and mechanical
properties of HA composites. Another aim is to hinder the reaction of
HA and Ti during sintering which involves controlling the powder
preparation process and sintering conditions. Taguchi method is used to
design the experiments and analyze the effect of individual parameters
on quality characteristics.

2. Experimental procedures

2.1. Taguchi experimental design

The process parameters influencing the quality characteristics of
HA/Al2O3/Ti composites were chosen. To determine the nonlinear ef-
fects of control factors on quality characteristics of final composites,
three levels were considered for each factor as shown in Table 1.

The total degree of freedom for 3 factors at three levels each is 8.
Therefore, the L9 orthogonal array with nine experimental positions
and up to four factors was selected and experiments were designed
accordingly (Table 2). Taguchi terms and quantities were used in this
study are given in Supplementary Material.

2.2. HA synthesis

Nanosized hydroxyapatite powder was synthesized via wet pre-
cipitation method. 0.29M (NH4)2HPO4 (Merck No. 1205) solution was
added dropwise to 0.24M Ca(NO3)2.4H2O (Analar No. 10305) at 25 °C.
The solution pH continuously adjusted at 11 using pH meter (Metrohm
691) and ammonia solution (Merck No.5432). The precipitated HA was
removed from the solution using centrifuge (Sigma 2–15) at a rotation
speed of 3000 rpm. The precipitated powder was washed three times by
distilled water to remove the remained ions and then dried at 100 °C.
Fourier transform infrared spectrum (FT-IR) of the synthesized HA was
recorded using a Perkin–Elmer 2000 FTIR spectrometer on dry powder
spread over a KBr pellet in the 4000–400 cm−1 range. Finally, HA

powder was calcined at 1200 °C.

2.3. Sample preparation and characterization

Various amounts of synthesized and calcined HA, nano structured α-
alumina powder (PlasmaChem pl-a-alo), and titanium powder (MERCK
1.12379) were mixed according to the designed experiments and me-
chanically milled in a ball mill for 4 h to break down agglomerates.
Mixed powders were uniaxially pressed at 60MPa, followed by cold
isostatic pressing at 180MPa. Prepared bodies were subsequently
pressure-less sintered in silicon carbide furnace in a reducing atmo-
sphere (using carbon black bed) at predefined temperatures for 1 h
(heating rate of 10 °C/min).

Physical and mechanical properties were considered and measured
as quality characteristics. In order to investigate the sintering behavior
of composites, the open porosity of sintered bodies was measured ac-
cording to ASTM C373-88 standard. Bending strength measurement
was done via a three-point bending test on 20*6*5 mm samples ac-
cording to ASTM D790 standard with a crosshead speed of 0.5mm/min.
In order to reduce the effect of primary cracks, specimens’ edges were
polished prior to strength test. Hardness test was done on polished
surface samples according to ASTM-C1327-08 standard utilizing 100 gf
during 15 s, followed by fracture toughness (KIC) calculation via Lawn
and Fuller equation [34]:

=K 0.0726 P

3C
IC 3

2 (1)

where P is the indentation load and C is the average length of cracks.
Five indentations were done on each specimen and the mean values
were calculated.

The phase compositions of raw materials and sintered bodies were
identified using X-ray diffractometer (Siemens, 30 kV and 25mA) with

Table 1
Factors and levels used in the experiment.

Levels

1 2 3

Control factors A (Alumina weight
percent)

3 5 7

B (Titanium weight
percent)

5 10 15

C (Sintering temperature
°C)

1100 1150 1200

Property

Quality characteristics 1- Phase transformation The smaller the better
2- Grain size The smaller the better
3- Open porosity The smaller the better
4- Toughness The larger the better
5- Bending strength The larger the better

Table 2
Design of experiments according to L9 orthogonal array.

Trails A (Alumina weight
percent)
%

B (Titanium weight
percent)
%

C (Sintering
temperature)
°C

1 3 5 1100
2 3 10 1150
3 3 15 1200
4 5 5 1150
5 5 10 1200
6 5 15 1100
7 7 5 1200
8 7 10 1100
9 7 15 1150
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Cu Kα radiation (λ=1.5405 A°) and analyzed using X'Pert HighScore
software. The morphology of synthesized HA powder was observed by a
transmission electron microscope (TEM Philips CM200). The mor-
phology of synthesized HA, initial Ti and the microstructure of sintered
bodies were observed by scanning electron microscope (SEM
Cambridge S360 operating at 25 kV), followed by measurement of
mean grain size by Clemex software. Optical microscope (Olympus BX)
was used to observe the distribution of Ti particles on polished surfaces
of specimens.

3. Results and discussion

3.1. Characterization of raw materials

Fig. 1a provides the XRD diffraction patterns of purchased alumina
and titanium powders and shows that all peaks are corresponding to α-
alumina (JCPDS card #01-075-1865) and titanium (JCPDS card #00-
005-0682), and both raw materials are mono-phase. SEM micrograph of
titanium powder indicated that the mean particle size was around
60 μm (Fig. 1b). The TEM image from purchased alumina powder was
provided by the supplier and is given in Supplementary Material (Fig.
S1).

3.2. Characterization of synthesized HA

The FT-IR spectrum of synthesized HA powder is given in Fig. 2a.
Librational and stretching bands of OH−in the apatite were observed at
632 cm−1 and 3571 cm−1 [35]. Also, bands corresponding to PO4

−3

group appeared in the regions 560-610 cm−1 and 1040-1100 cm−1

[35,36]. The presence of OH− and PO4
−3 revealed the formation of

hydroxyapatite structure [32,36]. The formation of HA in this experi-
ment could be expressed according to the following equation [37]:

+ + →

+ +

10Ca(NO ) . 4H O 6(NH ) HPO 8NH OH Ca (PO ) (OH)

20NH NO 10H O
3 2 2 4 2 4 4 10 4 6 2

4 3 2 (2)

It is reported that HA synthesized by this method has a Ca/P ratio of
1.67 ± 0.002 [4] which results in the stability of HA structure up to
1200 °C [2,21].

TEM micrograph of dried HA is presented in Fig. 2b illustrating the
successful synthesis of 10–25 nm HA particles via precipitation method.
The XRD spectra of dried (at 100 °C) and calcined (at 1200 °C) HA
powders are illustrated in Fig. 2c. It shows that in both powders HA is
the only present phase and contains no other phases. The stability of HA
after calcination process indicates the formation of near stoichiometric
hydroxyapatite, while calcium deficiency in non-stoichiometric hydro-
xyapatite motivates the formation of TCP and other undesired calcium
phosphate phases at above 1000 °C [2,21]. The broad peaks related to
two main surfaces of hydroxyapatite crystal (2 1 1 and 0 0 2) corre-
sponds to the small size of dried HA crystals, and crystal growth during
calcination process is responsible for substantial changes in peaks
sharpness [4]. The wide angle x-ray diffraction patterns showed in-
creased crystallization of HA powder after calcination (Fig. 2c). SEM
graph of calcined HA powder is shown in Fig. 2d which illustrates the
agglomerates of HA powder with a mean grain size about 100 nm.

3.3. Taguchi results and analysis

X-ray diffraction patterns for 9 Taguchi experiment positions were
analyzed by X'Pert HighScore V. 1.0d software and are shown in Fig. 3.
TCP and CaTiO3phases appeared at some trail positions by different
peak intensities. The presence of CaTiO3 in final composites indicated
the partial decomposition of HA to TCP and formation of CaTiO3. De-
composition of HA and its transformation to TCP or other calcium
phosphate phases has always been one of the most important challenges
during sintering of HA composites [21,37]. Extensive studies have been
done to conduct sintering process of HA composite bodies in a way that
no or minimum decomposition occurs [37–39] since high content of
TCP has negative effects on mechanical properties and chemical sta-
bility of artificial bone for load bearing applications [19]. TCP char-
acteristic peaks are recognized in almost all trail positions (Fig. 3)
which is due to dehydration and decomposition of hydroxyapatite ac-
cording to the following equations [35,37]:

1 Dehydration: formation of oxyhydroxyapatite and water

→
> °

+−

CCa (PO ) (OH) 800 Ca (PO ) O (OH) xH O10 4 6 2 10 4 6 x 2 2x 2 (3)

2 Decomposition and formation of other calcium phosphates:

→
> °

+ +
CCa (PO ) (OH) 800 2Ca (PO ) Ca O(PO ) H O10 4 6 2 3 4 6 4 4 2 2 (4)

Although partial decomposition of HA occurred in this research, HA
characteristic peaks appeared in all patterns (Fig. 3), indicating the high
level of stability of synthesized HA. Structural stability of HA could be
influenced by different factors such as impurities, the presence of
second phase(s), Ca/P atomic ratio, sintering temperature, sintering
atmosphere [21,22,37]. It is expected that the presence of other phases
in composite provokes the dehydration and decomposition of HA at
elevated temperatures. In other words, for a particular HA powder and
under the same sintering conditions, the temperature at which the de-
composition initiates is reduced with an increase in the amount of the
second phase(s) [6]. HA potentially reacts at its interface with alumina
at elevated temperatures according to the following equation [10,40]:

Fig. 1. Characterization of alumina and titanium: (a) X-ray diffraction patterns
of alumina and titanium powders and (b) SEM micrograph of Ti powder.
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+ → + +Ca (PO ) (OH) Al O 3Ca (PO ) CaAl O H O10 4 6 2 2 3 3 4 2 2 4 2 (5)

On the other hand, Ti could actively make the decomposition of HA
initiate at lower temperatures. Due to its high tendency to react with
structural water in HA, Ti firstly motivates HA dehydration and forms
TiO2 (Eq. 23), and then reacts with calcium oxide in HA structure (Eq.
24) [41].

+ → +Ti 2H O TiO 2H2 2 2 (6)

+ → + +Ca (PO ) (OH) TiO 3Ca (PO ) CaTi O H O10 4 6 2 2 3 4 2 2 5 2 (7)

One of the critical challenges in this work was to keep titanium in
metallic form during the sintering process. Experiments showed that
sintering in a controlled atmosphere leads to more stability of HA,
which in turn could postpone the reaction of HA with second phases
[20,21,39,42]. On the other hand, pre-calcination of HA powder would
result in removing extra water and other oxygen-containing composi-
tions remained from the synthesis process; hence, it could hinder the
oxidation of Ti metallic particles [22]. In this research, the synthesized
hydroxyapatite was calcined prior to combining with alumina and ti-
tanium powders and samples were sintered in an extremely reducing

atmosphere. It could be suggested that during the sintering process Ti
particles have less oxygen available to form TiO2and this, in turn pro-
hibits the decomposition of HA. The diffraction peak of Ti appeared in
trails in which Ti weight percentage was 10 or 15 depicting that re-
sidual Ti metallic particles could be found within the sintered bodies.
Characteristic peaks of alumina could not be distinguished from HA and
Ti characteristic peaks.

In order to compare the level of decomposition of HA to TCP in
different composites and to find out the effect of control factors on the
amount of TCP formed in final bodies, materialized phases obtained
from all tests are summarized in Table 3. Although it is hard to find the
exact amount of each phase by XRD analysis, a comparison between
main peak intensities could be utilized to deduce the relative amount of
TCP/HA formed during the sintering process. It is expected that
stronger TCP peaks would appear as the temperature and consequently,
the amount of the second phases raise [39]. The mean values for TCP/
(TCP + HA) peak intensities were calculated to quantify the decom-
position level.

The average response of all trail positions for each quality char-
acteristic as well as factors and levels are given in Table 4. In order to

Fig. 2. Characterization of synthesized hydroxyapatite: (a) FT-IR spectra of pure HA synthesized via wet precipitation method, (b) TEM micrograph of synthesized
HA powder, (c) X-ray diffraction patterns of dried (at 100 °C) and calcined (at 1200 °C) HA powders, and (d) SEM micrograph of HA powder calcined at 1200 °C.

Fig. 3. X-ray diffraction pattern for sintered HA/Al2O3/Ti composites at different temperatures for trails number 1–9 according to Taguchi experimental design (L9).
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evaluate the effects of control factors on quality characteristics, the
average effects of the control factors at different levels were calculated
and are illustrated in Fig. 4(a–e).

According to Table 4, the maximum relative amount of decom-
position of HA is for trail number 3 in which Ti weight % and sintering
temperature are at their third levels. This is in agreement with Fig. 4a
showing the average effects of control factors at different levels. There
is a very sharp increase in the decomposition of HA with a raise in Ti
weight percent from 5 to 10wt %. Further increase in Ti content from
10 to 15 wt % showed a moderate increase in HA decomposition. Sin-
tering temperature caused a near linear and a sharp increase in the
decomposition of HA. Considering “the smaller the better” property for
decomposition of HA, Fig. 4a suggests the first level of factors B and C
to obtain the lowest level of decomposition of HA in sintered compo-
sites. In other words, titanium wt. % and sintering temperature ex-
hibited negative effect on the decomposition of HA composites. The
effect of alumina addition on the decomposition of HA was negligible.

One of the most important considerations in the sintering process is
controlling the grain growth process since it significantly affects the
mechanical properties of composites. Generally, the strength of many
ceramic materials decreases with grain size (G) according to 1/G1/2

[43]. Different ways have been introduced to achieve maximum den-
sification with little grain growth, such as fast sintering methods and
optimization of sintering temperature [44]. It is also reported that
distribution of second phase fine particles could markedly inhibit the
grain growth and consequently improve the mechanical properties
[19]. The SEM micrographs of sintered bodies for all trail conditions are
shown in Supplementary Material (Fig. S2). According to the result of
grain-size analysis reported in Table 4, the mean grain size of HA in 9
trail conditions varies between 0.3 μm for trail number 6, and 2 μm for
trail number 3. Calculation of the average effects of control factors at
different levels shows that variations in temperature and alumina wt. %
significantly affect the grain size (Fig. 4b). Ti wt. % has a minor effect
on the mean grain size of sintered bodies since it does not exhibit any
meaningful effect. Temperature as one of the most important process

variables remarkably influenced the grain size of HA, since sintering is a
thermally activated process. As expected, increasing the temperature
from 1150 °C to 1200 °C, sharply increased the mean grain-size of HA.

It could be suggested that alumina nanoparticles inhibited grain
boundary migration and hence hindered the grain growth within the
HA bodies during the sintering process. Therefore, as a result of dis-
tributing more alumina particles, the final mean grain size decreased.
The mechanism by which alumina nanoparticles affect the grain growth
in HA bodies is known as Zener effect [45]. Fig. 5 suggests that fine
alumina particles inhibited migration of grain boundaries. Considering
“the smaller-the-better” property for grain size investigation and ana-
lysis, the optimum condition for grain size would be A3B1C1.

In Fig. 4c, the amount of open porosity increased slightly with
alumina wt. %, while an increase in titanium wt. % resulted in a rapid
rise in the formation of open porosity in sintered bodies. According to
Table 4, the maximum open porosity is 24% for trail number 6 in which
titanium weight % is at level 3, indicating that the addition of Ti had a
dramatic negative effect on sintering process. Furthermore, the tem-
perature brought about a dip at 1150 °C. The decrease in the amount of
open porosity at this temperature could be the result of progress in
sintering [45]. The formation of open porosity in composites rose by a
further increase in sintering temperature to 1200 °C. The reaction of HA
with the second phases at their interface could be the most probable
reason for the formation of new open porosities during sintering. Phase
transformation of HA during sintering considerably affects the densifi-
cation of composites due to the formation of holes and defects at the
interface of HA and the second phase [41].

Improving the mechanical properties of HA composites has been the
subject of several investigations [4–6,17]. It is expected that the addi-
tion of alumina and Ti particles could potentially provide HA bodies
with an enhancement in toughness and bending strength [46]. On the
other hand, There are pieces of evidence that bending strength de-
creases with an increase in pores and microcracks per unit volume [47].
Table 4 gives bending strength values for sintered bodies. The values of
strength vary between 8.4MPa (minimum) to 26.4 MPa (maximum) for
tests number 6 and 4, respectively. Average effects show that all control
factors strongly affect the bending strength. Fig. 4(d and e) shows the
trends of variations in the average effect of bending strength and
toughness as a function of different levels of the control factors. Alu-
mina wt. % brought about a near linear upward trend for both strength
and toughness, while Ti wt. % presented a sharp downward trend for
strength and a strong positive effect on toughness.

It is known that nano-sized dispersed particles substantially improve
the fracture strength of ceramics [48]. As can be seen in Fig. 4(d and e),
alumina had a positive effect on both bending strength and toughness of
HA composites. This is due to high resistance to crack propagation by
addition of Al2O3 [47]. The addition of Al2O3 causes a considerable
crack resistance of the matrix, because crack deflection and bridging
occur by relocating Al2O3 throughout the matrix [47]. In a similar
study, Zhang et al. reported that intergranular fracture mode con-
tributed to an improvement in bending strength and fracture toughness

Table 3
Detected phases in sintered HA/Al2O3/Ti composites by XRD for each trail
condition.

Trails Factors and levels Detected phases

A B C

1 1 1 1 HA
2 1 2 2 HA-TCP-Ti-TiO2

3 1 3 3 HA-TCP-Ti-CaTiO3-TiO2

4 2 1 2 HA-TCP
5 2 2 3 HA-Ti-TCP-TiO2-CaTiO3

6 2 3 1 HA-TCP-Ti-TiO2

7 3 1 3 HA -TCP
8 3 2 1 HA-TCP-Ti
9 3 3 2 HA-TCP- Ti- CaTiO3-TiO2

Table 4
Mean values of measured quality characteristics against trail numbers according to Taguchi experimental design (L9).

Trails Factors and levels Average responses

A B C Decomposition TCP/(TCP + HA) Grain size μm Open porosity % Toughness MPa.m1/2 Bending strength MPa

1 1 1 1 0 1.2 14 0.81 11.2
2 1 2 2 0.23 1.4 9 1.63 19.4
3 1 3 3 0.4 2 19 2.19 8.6
4 2 1 2 0.1 0.7 8 1.42 26.4
5 2 2 3 0.38 1.5 15 2.11 17.8
6 2 3 1 0.2 0.3 24 1.72 8.4
7 3 1 3 0.24 1.3 12 1.89 24.6
8 3 2 1 0.17 0.35 20 1.59 16.8
9 3 3 2 0.28 0.55 18 2.41 18.6
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of hydroxyapatite/alumina/diopside composites [11]. In another re-
search, it is shown that mechanical strength of hydroxyapatite can in-
crease by the addition of alumina, since fine alumina particles or pre-
cipitated CaAl2O4 particles change the propagation path of crack,
leading to the strengthening of HA/alumina composite [49]. Moreover,
as discussed earlier, nanosized alumina particles could influence the
mechanical properties by inhibiting the grain growth. This is in
agreement with grain size assessment of composites indicating a sig-
nificant reduction in mean grain size by the addition of more alumina
nanoparticles (Fig. 4b).

Although in the present research Ti particles remained in a metallic
form in all trail conditions due to the pre-calcination of synthesized HA
powder and the control of sintering atmosphere, partial reaction of Ti
with HA matrix and formation of pores and microcracks around Ti
particles occurred which affected the mechanical properties of the
sintered bodies (Fig. 6).

Formation of TCP plays a dominant role in the mechanical proper-
ties of HA composites [50]. Heating of HA in the presence of Ti led to
the formation of porous surfaces and pore spaces at HA-Ti interface,
which increased with grain growth caused by high temperature. One
possible toughening mechanism is based on energy absorption by pores
and microcracks which are formed at HA and Ti interface due to the
reaction between HA and Ti and their inhomogeneous thermal expan-
sion coefficients [48,49,51]. Severe debonding at the interface can be
observed in Fig. 7, suggesting that this could make a significant con-
tribution to the toughening of the composites. Generally, pores may
make intergranular fracture easier [51]. Porous structure around the

matrix/second phase interface is able to consume more crack tip energy
and leads to an increase in resistance to crack propagation [48]. Near
the interface, bonding between HA and Ti is comparatively weak due to
the appearance of pores and micro-cracks. If a crack meets a Ti particle,
it propagates along the HA/Ti interface. Furthermore, a study on HA-Ti
composites indicated that crack deflection and crack bridging at sites of
titanium particles are effective toughening mechanisms in HA/Ti
composites [52]. Chu and partners also reported that pull out of Ti
particle in HA matrix could contribute to toughening. Scanning electron
microscope observations demonstrated the occurrence of different
toughening mechanisms in HA/Al2O3/Ti composites (Fig. 7).

Although toughness is an important quality characteristic in HA-
based ceramics, bending strength must also be taken into consideration
while preparing load bearing composites for bone replacement. The
interface of ductile Ti particles and brittle HA matrix is an extremely
important factor affecting the bending strength. The highest strength
composites are those whose thermal expansion of second phase parti-
cles matches the matrix and therefore, no cracks extend from or around
particles [51]. Although weak bonding of the interface between the
brittle matrix and the ductile phase might be favorable for the tough-
ening of the composites, partial debonding is expected to show negative
effect on bending strength.

According to a discussion by Chang et al. [14], fracture strength
varies directly with toughness and inversely with flaw size. They con-
cluded that as a consequence of increasing the amount of Ti, flaw size
grew substantially, while the toughness increased slowly and overall,
causing lower composite strength. This could well explain the increase
in toughness and the decrease in bending strength by adding more Ti.
The result of the addition of Ti particles on the bending strength of HA
bodies in this research does not agree with that of some other re-
searches. Chu et al. reported a remarkable increase in bending strength
due to the addition of Ti metallic particles to HA matrix which is at-
tributed to sintering conditions. It is revealed that pressure-assisted
sintering leads to the elimination of pores and hence maximum densi-
fication of HA/Ti composites [52]. Moreover, it is known that hot
pressing could decrease the optimum sintering temperature and hence
significantly decrease the decomposition of HA in the presence of Ti.

3.4. Percentage contribution

In order to determine the significance of each parameter, ANOVA
was performed. ANOVA could provide a quantitative analysis of control
factors and their effects on properties of the final products. Fig. 8

Fig. 4. Average effects of control factors at different levels on: (a) decomposition of HA, (b) HA grain size, (c) open porosity, (d) toughness of HA composite, and (e)
bending strength of HA composite.

Fig. 5. Grain growth inhibition by alumina fine particles. SEM micrograph of
HA/7 wt% Al2O3/5wt % Ti composite sintered at 1200 °C for 1 h.
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depicts the percentage contribution of control factors on quality char-
acteristics. Apparently, the sintering temperature is the most affecting
parameter which represented the major effect on final properties,
showing its maximum effect on grain size (by 56.73%), and its
minimum effect on strength (by 37.64%). Ti wt. % occupied the next
seat with its maximum effect on open porosity (55.40%) and its
minimum effect on grain growth (1.16%), which is not considerable.
Moreover, it exhibited a dominant influence on decomposition and
toughness by 43.07% and 44.67%, respectively. It also had a con-
siderable deteriorating effect on strength (38.57%). Besides, alumina
showed a significant effect on grain growth (41.68%) and played a

remarkable role in improving both strength and toughness by 23.70%
and 14.61%, respectively. As seen in Fig. 8, the effect of the addition of
alumina on the decomposition of HA and formation of porosity is
negligible confirming its overall positive effect on the properties of final
composites.

The above analysis of percentage contributions could provide an
overview to find out the best composition of the final composite which
probably could be utilized in the production of HA composite for
practical uses. It is clear that the incorporation of Ti metallic particles
did not exhibit a total positive effect on mechanical properties.
Therefore, other sintering methods such as hot pressing should be uti-
lized to achieve maximum densification and improve mechanical
properties.

Fig. 6. Formation of micro cracks and pores at HA-Ti interfaces: (a) OM image from the distribution of Ti particles in HA/7wt % Al2O3/5wt % Ti composite sintered
at 1200 °C for 1 h, and (b) SEM image from a Ti-rich zone accompanied with an EDS analysis of HA/Ti interface.

Fig. 7. SEM micrograph of the crack propagation path in HA/7 wt % Al2O3/
5 wt % Ti composite sintered at 1200 °C for 1 h, (a) crack deflection, (b) and (c)
crack energy absorption, and (d) and (e) crack bridging by Ti particles.

Fig. 8. Percentage contribution of factors in quality characteristics according to
ANOVA.
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3.5. Optimum condition

In this research, bending strength was considered as the most im-
portant factor for HA-alumina-Ti composites for bone replacement ap-
plications. From this point of view, the optimum condition regarding all
quality characteristics could be discussed as follows: From Fig. 4e, in
order to achieve maximum bending strength, the optimum condition
for the three control factors is A3B1C2. This could be in accordance
with the optimized conditions obtained regarding other quality char-
acteristics (Fig. 4). Addition of alumina showed a negative effect on
“decomposition” by 0.54%, which is not considerable, and also on
“open porosity” by 4.86%, which could be neglected because of its high
positive effect on “bending strength”, “toughness”, and “grain size”
(Figs. 4 and 8). The only positive effect of increasing Ti weight % was
on toughness attributed to a dramatic increase in open porosity in
sintered bodies, which in turn led to a deterioration in bending
strength. So, the minimum amount of Ti would show the lowest impact
on the properties of the sintered bodies. Although partial decomposi-
tion of HA occurred at above 1100 °C (Fig. 4a), the sintering process
took place at 1150 °C. This can be clearly seen in Fig. 4c where it shows
a dip in the amount of open porosity at 1150 °C as the optimum con-
dition for temperature. Further increase in temperature led to HA de-
composition and formation of more pores and microcracks which de-
teriorated the strength of composites. Therefore, the optimum condition
obtained for bending strength agrees with the results for other quality
characteristics.

4. Conclusions

HA/Al2O3/Ti composites were prepared according to the Taguchi
experimental design method to investigate the simultaneous effect of
alumina and Ti content and sintering temperature on the characteristics
of sintered bodies. The following results were obtained:

1 Residual Ti metallic particles and HA phase revealed the successful
preparation of HA/Al2O3/Ti composites, resulting from precise
synthesizing of the HA; pre-calcination of HA powder; and sintering
in carbon black bed which hindered the decomposition of HA at
elevated temperatures.

2 Addition of alumina did not exhibit a significant change in the
amount of open porosity and decomposition of HA. It remarkably
inhibited the grain growth. The strength and toughness of the
composites effectively increased due to significant resistance to
crack propagation by the addition of nanostructured Al2O3.

3 Addition of titanium resulted in a significant increase in the amount
of open porosity. Also, the decomposition of HA increased rapidly
with Ti content in the final composites which was the result of re-
action with HA matrix. Ti wt. % did not show a meaningful effect on
grain growth, but it significantly deteriorated the bending strength.
Toughness rose by the addition of more Ti particles with an increase
in the amount of porosity and microcracks at the interface with HA.
Ti particles are responsible for crack propagation through crack
deflection, crack energy absorption, and crack bridging mechan-
isms.

4 Sintering temperature consistently induced the decomposition,
grain growth, and toughness. However, it indicated an optimum
level (1150 °C) for the formation of open porosity and the bending
strength of composites. Further increase in sintering temperature
raised the amount of open porosity and hence took down the
strength.

5 Pressure-less sintering led to inadequate densification of HA/Al2O3/
Ti composites since the severe surface reaction of Ti particles with
HA matrix provoked the decomposition of HA and therefore, more
pores formed and the strength was deteriorated.

6 The optimum condition to achieve the maximum bending strength
in HA/nanostructured alumina/titanium could be estimated as

A3B1C2 (7 wt % nanostructured alumina, 3 wt % titanium, and
sintering at 1150 °C).
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