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Fabrication and characterization of hydroxyapatite
reinforced with 20 vol % Ti particles for use as hard
tissue replacement
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Hydroxyapatite(HA)-based composite reinforced with 20 vol % titanium (Ti) particles was
fabricated by hot pressing based on the studies of the structural stability of HA phase in HA-
Ti composite by means of FTIR spectrometry and X-ray diffractometry. The mechanical
properties and biological behaviors of the composite were investigated by mechanical and in
vivo studies. The existence of Ti metal phase can promote the dehydration and
decomposition of HA ceramic phase into the more stable calcium phosphate phases, such as
a—Caz(PO,), (a~TCP) and Ca,O(PO,), at high temperatures. Comparing with pure HA ceramic
manufactured under the same conditions, HA-20 vol % Ti composite with higher fracture
toughness (0.987 MPa m'/2), bending strength (78.59 MPa), work of fracture (12.8J/m?),
porosity (9.8%) and lower elastic modulus (75.91 GPa) is more suitable for use as hard tissue
replacement. Crack deflection is the chief toughening mechanism in the composite.
Histological evaluation by light microscope shows HA-20 vol % Ti composite implant could
be partially integrated with newborn bone tissues after 3 weeks and fully osteointegrated at
12 weeks in vivo. The excellent biological properties of HA-20vol % Ti composite may be
contributed to the coexistence of high porosity and the decomposition products of HA phase

in the composite.
© 2002 Kluwer Academic Publishers

1. Introduction

From the point of view of biocompatibility, hydro-
xyapatite (HA) seems to be the most suitable ceramic for
hard tissue replacement. HA (chemical formula
Ca,;(PO,)s(OH),) is the main mineral constituent of
teeth and bones. It does not exhibit any cytoxic effects
and shows excellent biocompatibility with hard tissues
and also with skin and muscle tissues [1]. Moreover, HA
can bond to bone directly [1]. Unfortunately, HA ceramic
cannot presently be used for heavy load-bearing
applications, like artificial teeth or bones because of its
poor mechanical properties and low reliability, especially
in wet environments [2]. Some reviews written by Hench
[3], Williams [4] and Suchanek and Yoshimura [5] have
also discussed these topics. Fabrication of HA ceramic
composites can partially solve this problem [5, 6]. Avery
good example is polyethylene (PE)-HA composite
developed by Bonfield [7], which has mechanical
properties similar to those of bones.
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In recent years, many reinforcements, including
particles [8], whiskers [9] and long fibers [10] have
been used in HA ceramic to improve its mechanical
reliability. Although significant toughening effect has
been reported for whisker-reinforced HA-based compo-
sites [5], many commercially available whiskers do not
pass the so-called Stanton and Pott criterion [11, 12] and
are considered as potentially carcinogenic materials.
(According to this criterion, the carcinogenic effect of
the fibrous materials is restricted to long and thin fibers:
diameter < 1 um, length < 10 um). Additionally it is
very difficult to be fabricated for long fiber-reinforced
HA-based composites [5]. Therefore, particle reinforce-
ment is the relatively preferable choice for HA-based
composites. Particle reinforcement materials should have
high strength and toughness, good biocompatibility and
corrosion resistance. Some bioinert metals, such as silver
[13,14], and ceramics, such as ZrO, [15,16], Al,O3
[17,18] and SiC [19] can meet these requirements.
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Among them, metal particle reinforcements present
significant toughening effect by energy-absorbing
mechanism due to the plastic deformation of ductile
metal particles at the tips of cracks [13, 14].

As we know, titanium (Ti) and its alloys are the
preferred metal materials for orthopedics and dentistry
because of their good biocompatibility [20,21].
Therefore, the utilization of Ti particles as the
reinforcement can improve mechanical properties of
HA biomaterials and has little influence on its biological
properties. At present, systematic studies on HA-based
composites reinforced with Ti particles have not been
reported. The purposes of this study were to fabricate
HA-based composite reinforced with 20 vol % Ti parti-
cles by hot-pressing based on the studies of the structural
stability of HA phase in HA-Ti composite by means of
FTIR spectrometry and X-ray diffractometry. The
mechanical properties and biological behaviors of the
composite were investigated by mechanical and in vivo
studies.

2. Materials and methods

2.1. Raw materials and powder processing
The raw materials used were Ti powders and HA
powders. The chemical composition of Ti was (wt %):
Ti 99.3, Fe 0.039, O 0.35, N 0.035, C 0.025, CL 0.034, H
0.024 and Si 0.0018. HA powders were prepared by the
reaction between Ca(NOs), and (NH,),HPO,. Their Ca/
P ratio was 1.67 + 2.0%. Sizing by means of Laser
Particle Sizer (OMEC LS-POP(III)) showed Ti particles
had a average size of 45.2 um (93.64 wt % of Ti particles
were in the range 37.0-60.0 pm), whereas the average
size of HA particles is 1.75pum (82.12wt% of HA
particles were found to be between 0.35-3.70 pm). There
are significant agglomerations of HA powders shown by
scanning electron microscopy (SEM). The mixed
powders of HA and Ti with 20vol% Ti in volume
fraction were first blended by ball milling for 12h and
then compacted at 200 MPa. Finally, green compacts
were hot-pressed at different temperatures under a
pressure of 20 MPa in nitrogen atmosphere for 30 min
with a heating rate of 10°C/min and a cooling rate of
6 °C/min.

2.2. Characterization

The IR spectra of pure HA and HA-Ti composites were
recorded using FTIR spectrometry (Nicolet 800).
Pelleted samples (1 mg spalling composite mixed with
100mg KBr) were prepared to determine whether
OH " ions of HA phase were lost during the sintering
process. The phase constitution was analyzed by X-ray
diffraction (XRD). The density of sintered samples was
measured accurately using distilled water by Archimedes
method. The relative density was calculated using the
measured density divided by the theoretical one. Samples
for microstructural observations were cut with a diamond
saw, and their surfaces were ground and polished.
Vickers’ hardness was tested on polished surfaces
under a load of 98 N. Three-point bending tests were
performed to determine elastic modulus, bending
strength and fracture toughness. The fracture surfaces
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Figure 1 Schematic configuration of the implant model. (a)
Rectangular specimen for implantation; (b) Cross-sectional view of
the predrilled hole with implant in the skull (DB-defective bone region).

of the samples were covered with a thin film of gold by
vacuum-deposition and then examined by SEM.

2.3. In vivo study
2.3.1. Implant preparation and surgical
operation
Pure HA ceramic and HA-Ti composite were cut into
rectangular specimens about 3.3mm X 3.3mm X
15mm in dimension using a diamond saw as shown in
Fig. 1(a). The rectangular implants were inserted into
predrilled holes of 4.76 mm diameter using sterile
surgical techniques. The cross-sectional view of the
predrilled hole with implant in the skull is illustrated in
Fig. 1(b). The defective bone (DB) region was designed
for bone healing. Prophylactic antibiotic was given once
during operation. Before implantation, all implants were
cleaned with distilled water and sterilized by autoclaving
at 121 °C for 30 min. A total of 48 implants (24 each of
pure HA ceramic and HA-Ti composite) were inserted
into the skull of eight New Zealand White rabbits of
2.5 kg weight. With implants randomly distributed, each
rabbit contained six implants (three each of pure HA
ceramic and HA-Ti composite). After 2, 4, 8§ and 12
weeks, two rabbits were sacrificed.

2.3.2. Specimens for histological evaluation
The harvested samples were fixed in 10% buffered
formalin. The fixed samples were decalcified in an acid
compound (1000 ml solution containing 8.5 g sodium
chloride, 100 ml formalin, 70 ml 37% hydrochloric acid,
80ml formic acid, 40 g aluminum chloride and 25ml
acetic acid glacial). Dehydrated in alcohol and embedded
in paraffin, decalcified sections were stained with
haematoxylin and eosin (HE) for light microscopic
observation. Two samples were used for each histo-
logical evaluation at each condition.

3. Results and discussion
3.1. Structural stability of HA phase in HA-
20vol % Ti composite
Manufacture of HA materials by thermal processing
involves ionic transport through the apatite structure. The
presence of OH™ ions within the structure enables
stoichiometric HA to be heated to temperatures as high as
1400 °C [22]. Dehydration due to a lower partial pressure
of water at high temperatures can produce oxyhydroxy-
apatites and also lead to decomposition products of
tricalcium phosphate and tetracalcium phosphate
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Figure 2 FTIR spectra of pure HA ceramics and HA-20vol % Ti
composites. (a) Raw HA powder; (b) Pure HA bioceramic, 900 °C; (c)
Pure HA bioceramic, 1100 °C; (d) HA-20 vol % Ti composites, 900 °C;
(e) HA-20vol % Ti composites, 1000 °C.

[22,23]. Moreover, the existence of reinforcements can
degrade the structural stability of HA crystal and
promote the dehydration and decomposition of HA
phase, which can block the densification behaviors of HA
composites [8].

Fig. 2 shows FTIR spectra of pure HA and HA-
20vol % Ti composites sintered at different temperatures
for 60min. The infrared spectra of raw HA powders
shown in Fig. 2(a) exhibit most bands that have been
reported by Baddiel et al. [24]. Vibrational frequencies
observed of raw HA powders were listed in Table 1. For
raw HA powders, the vibration peaks of OH ™~ group are
very sharp. Due to hydrogen bonding, the internal
antisymmetric stretching vibration of OH™ ions (vgy)
is observed at 3561 cm !, while the swaying vibration
mode of OH ™ ions is corresponding to 631cm~'. A
small quantity of CO3~ groups (corresponding to
1410cm~! vibration peak) and (HPO,)*” groups
(corresponding to 875cm~! shoulder shape peak)
could be found in raw HA powders. Peak at 1640 cm ~!
is due to H,O absorbed by HA. Other vibration peaks are
created by PO; ~ groups in HA. Carbonate ions (CO% ™)
substitutes are reported to enhance sinterability of HA
ceramic if they replace only phosphate groups in HA
lattice [25,26]. This effect is partially due to coupled
substitution with Na and subsequent formation of Na,
Ca-phosphates that accelerate the sintering process. On
the other hand, CO%‘ for -OH™ substitution has no
effect on sintering [26]. CO3~ do not affect the grain
growth of HA during sintering [27]. The presence of
various substitutes in HA ceramics significantly affects
its performance, not only by influencing the processing
conditions, but also by changing chemical properties of
the materials, as discussed in detail by LeGeros [28].

Fig. 2(b) shows the IR spectra of pure HA after
sintered at 900°C. It is obvious that the stretching
vibration intensity of OH ™ ion decreases slightly, while
the swaying vibration intensity has no changes. The
results show that the HA ceramics begin to lose OH ™
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Figure 3 XRD spectra of HA ceramics. (a) Raw HA powders; (b) Pure
HA ceramic, treated at 1300 °C for 3 h.

ions at 900°C. Fig. 2(c) indicates that the stretching
vibration intensity of OH™ ion in HA ceramics after
sintered at 1100°C decreases markedly, while the
swaying vibration cannot already be distinguished. For
the latter, only a faint shoulder-shape peak at 630 cm ~!
appears. It is illuminated that HA ceramics have almost
lost all OH ™ ions. Fig. 2(d) shows the IR spectra of HA—
20vol % Ti composites sintered at 900 °C. It could be
found that although its intensity is very low, the
stretching vibration of OH™ ions still exists. A weak
shoulder-shape peak corresponding to the swaying
vibration presents at 630cm~'. These indicate that
OH ™ ions in HA phase have escaped clearly. Fig. 2(e)
shows the IR spectra of HA-20vol % Ti composites
sintered at 1000 °C. The stretching vibration of OH™
ions could not already be detected. Only a very faint
shoulder-shape peak appears at 630cm~! due to the
swaying vibration, which shows OH ™~ ions in HA phase
have almost escaped entirely. Obviously the existence of
Ti metal phase promotes the dehydration reaction of HA
phase in HA-20 vol % Ti composites.

Fig. 3 shows XRD spectra of raw HA powders and
pure HA ceramic after being sintered at 1300 °C for 3h in
argon atmosphere. Both of them have no impurity phases
existing. It is obvious that there are no new phases
appearing in pure HA ceramic after sintered at 1300 °C
for 3 h. Moreover, each diffraction peak is narrower and
sharper and has a higher intensity than that of raw HA
powders, which indicated that the crystallinities of
treated pure HA ceramic is higher than that of raw HA
powders according to Scherrer’s theory [29]. Obviously
the critical decomposition temperature of raw HA
powders used in this paper is above 1300 °C, which is
similar to that of HA powders used by Zhou et al. [30]
and higher than that of HA powders (about 1100-
1200 °C) used by Wang and Chaki [31].

Fig. 4 shows XRD spectra of HA-20vol % Ti
composites sintered at different temperatures for

TABLE 1 Vibrational frequencies observed of raw HA powders (cm ~ 1)

Vibrational frequencies v, PO, v3F, PO,

v,F, PO, Vou

Vop stretch P-OH stretch

HA 959 1120-980

605-550 631 3561 870
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Figure 4 XRD spectra of HA-20vol % Ti composites sintered at
different temperatures for 60 min. (a) 1000 °C; (b) 1100°C.

60 min. It is found that a small quantity of decomposition
phases, such as a—Ca;(PO,), (¢—TCP) and Ca,O(PO,),
(TCPM) appear in the composite sintered at 1000 °C for
60min as shown in Fig. 4(a). The intensity of the
diffraction peaks due to the decomposition phases in the
composite sintered at 1100°C for 60min increases,
namely, the quantity of decomposition phases increase as
shown in Fig. 4(b). At the same time, there were no
chemical reactions between HA ceramics and Ti metals,
that is to say, no new compounds present. The
experimental results are consistent with those reported
by the literatures [32,33]. What kinds of decomposition
phases appearing depend on the chemical compositions
of HA powders [34,35]. If Ca/P ratio of HA exceeds
1.67, CaO will emerge during the sintering process.
Otherwise, a—p-TCP and Ca,O(PO,), will appear. The
measured value of Ca/P ratio of HA powders used in this
paper is 1.66. The decomposition products are consistent
with the theoretical results. TCP phase can promote the
growth of bone tissue because its degradation rate in the
biological environment is faster than that of HA ceramic.
Unfortunately, the mechanical instability of the implant
increases in this way [3]. In order to improve the
bioactivity of the implant materials, a small quantity of
TCP phase is allowed to appear in the implant by
decomposition reaction of HA phase on the premise of
the mechanical guarantee [3, 36].

Among all calcium phosphate ceramics, HA phase is
unstable at high temperatures, which is correlative with
the features of its crystal structure. Fig. 5 shows the
projection of HA structure (S.G. P6;/m) with
a=0.943nm, ¢ =0.688nm on the (00 1) plane, which
consists of columns of skewed 3 Ca(Il)-O trigonal
prisms around the 6; axis. It could be found that HA
phase has a loosely packed hexagonal structure. A
distinct feature of the structure is that the PO, tetrahedra
do not share the oxygen atoms among them and are held
together by the Ca(I) atoms. According to the calculated
results of the electrostatic binding energies of different
ions present in HA structure by Senger et al. [37], the
binding energy of OH™ ions in HA structure is the
lowest. As a result, OH™ ions can escape from HA
lattices first after they acquire enough energies at a high
temperature and the dehydration of HA occurs. After the
creation of vacancies in the crystal cell, in particular by
the departure of two hydroxyl ions, calcium ions become
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Figure 5 The projection of HA structure on the (00 1) plane.

more loosely bound and can then also be displaced,
which will lead to the further decomposition of HA phase
into the more stable calcium phosphate phase. Obviously
both dehydration and decomposition reactions of HA
phase are the processes controlled by the kinetics. Their
reaction rates are affected by the diffusing rates of the
ions in HA lattices. Thus the promoting action of Ti
phase on the dehydration and decomposition reactions of
HA phase is possibly correlative with the microscopic
tensile stress fields in HA matrix induced by Ti particles
with a lower sintering shrinkage. Such microscopic
tensile stress fields in HA matrix can accelerate the
diffusion of the ions in HA lattices and are of benefit for
the dehydration and decomposition processes of HA
phase controled by the kinetics.

The dehydration and decomposition of HA phase play
an important role on the sintering ability of the materials.
Oxyhydroxyapatite, the product of dehydration has a
better sintering ability than HA phase [31]. So if the
decomposition reaction has not happened, the dehydra-
tion of HA phase can improve the sintering ability of the
materials. On the other hand, the decomposition reaction
of HA phase with the generation of new phases can block
the sintering densification and deteriorate mechanical
properties of the materials [31, 38]. Thus the influence of
the Ti metal phase on the dehydration and decomposition
of HA phase should be taken into account during the
sintering preparation of HA-Ti composites.

3.2. Fabrication and mechanical properties
of HA-20vol % Ti composite

Table II shows the characteristics of HA-20vol % Ti
composite and pure HA ceramic. It could be found that
the relative density of pure HA ceramic fabricated by
pressureless sintering at 1200 °C reaches 87.6%, while
the one of HA-20vol % Ti composite is only 66.9%.
Obviously the sinterability of HA-Ti composite com-
pacts is inferior to that of pure HA powder compacts.
This may be due to the promotion of Ti phase on the
decomposition of HA ceramics and the difference of
sintering shrinkages between HA particles and Ti ones. If
the powder compact is isotropic and the relative density
of the sample sintered can reach 100%, the linear



TABLE II Characteristics of HA-20 vol %Ti composites and pure HA ceramic

Materials Prer.(p-)) (%) p(h-p) (g/cm?) Prer. (h-p) (%) E (GPa) G5 (MPa) Kic (MPam'/?) HV (GPa)
Pure HA 0.876 3.161 98.23 110.89 36.86 0.663 4.72
HA-Ti composite 0.669 3.141 90.17 7591 78.59 0.987 3.13

Pre1. (p-1) — relatively density of materials fabricated by pressureless sintering at 1200 °C.

p(h-p) — density of materials sintered by hot-pressing at 1100 °C.

Pre1. (h-p) — relatively density of materials sintered by hot-press at 1100°C.

E, 6}, Kjc and HV — Young’s modulus, bending strength, fracture toughness and Vickers hardness of materials sintered by hot-pressing at 1100°C.

shrinkage of the compact (L%) could be acquired by the
following expression [39],

L% =1-/p% (1)

where p% is the relative density of the powder compact
under a certain pressure. Under a pressure of 200 MPa,
the relative densities of pure HA powders and pure Ti
powders are 54.6% and 65.3% respectively. Thus the
average linear shrinkages of HA and Ti powders in HA—
Ti composite compacts are 18.3% and 13.2% respect-
ively. The former is 38.6% larger than the latter.
Therefore, to achieve a high sintering density and
avoid or reduce the decomposition reaction of HA as
much as possible, the sintering temperature of HA-Ti
composite should be chosen near the beginning
temperature of the decomposition of HA phase. At the
same time, hot pressing technique (HP) could be used for
this purpose. Based on above studies on the structural
stability of HA phase in HA-Ti composite, combining
the sintering characteristics of HA matrix and Ti particle
reinforcement, the sintering technics for HA-Ti compo-
site was optimized, namely hot pressing at 1100 °C under
a pressure of 20 MPa for 30 min [40].

As shown in Table II, the tested density of hot-pressed
pure HA ceramic at 1100 °C is close to the theoretical
one of HA ceramic. The relative density of this pure HA
ceramic reaches 98.13%. The actual density of hot
pressed HA-20vol % Ti composite is 90% of its
theoretical density. Fig. 6 shows the microstructure of
HA-20vol % Ti composite, in which the white phase is
Ti and the dark one is HA. Obviously Ti metal particles
distribute homogeneously in HA ceramic matrix. HA and
Ti phases mainly exist in their simple substance in
sintered HA-20 vol % Ti composite as shown in Fig. 7,

Figure 6 Microstructure of HA-20vol % Ti composite.

and no reactions between HA and Ti are detected.
However, a small quantity of decomposed phases of HA,
such as a—Ca;(PO,), and Ca,O(PO,), can be found.

Vicker’s hardness of this HA-20 vol % Ti composite is
3.13 GPa, which is lower than that of pure HA ceramic
due to the lower relative density of HA-20vol % Ti
composite and the lower hardness of Ti phase comparing
with pure HA. Elastic modulus of HA-20vol % Ti
composite is 75.91 GPa, which is lower than that of
pure HA (110.89 GPa) and far lower than that of ZrO,
(210 GPa) and Al,0O5 (380 GPa). From the point of view
of the requirements towards the materials for hard tissue
replacement implant, a biomaterial with low elastic
modulus is anticipated [3]. Because the modulus of
natural bones is low (7-25 GPa), an implant with high
modulus can cause severe stress concentration, namely
load shielding from a natural bone, which may weaken
the bone and deteriorate the implant/bone interface.

Bending strength of pure HA is only 36.86 MPa.
Strengthened by Ti particle reinforcements, bending
strength of HA-20vol%Ti composite reaches
78.59 MPa, which is twice that of pure HA. Fracture
toughness of pure HA is only 0.663 MPam'/2, while the
one of HA—20vol % Ti composite is 0.987 MPam'/2.
Work of fracture of the materials (Gy¢) could be gained
by the following expression from fracture toughness
(Kyc) and elastic modulus (E),

Gic = Kic/E 2)

Work of fracture of pure HA with relatively low fracture
toughness and high elastic modulus is only 4.0J/m?,
which is far lower than that of Al,O5 ceramic (38 J/m?)
with E =380 GPa and K;c = 3.8 MPam!/2. By contrast,
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Figure 7 XRD pattern of HA-20vol%Ti composite. (A)
o — Caz(PO,),, () Ca,O(PO,),, (O) Ti, (<) Ti and HA, (unmarked)
HA.
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Figure 8 SEM fractographs show fracture surface characteristics of (a)
Pure HA ceramic and (b) HA-20 vol % Ti composite.

work of fracture of HA-20vol % Ti composite with
relatively high fracture toughness and low elastic
modulus reaches 12.8J/m?.

Fracture surface characteristics of pure HA and HA—
20vol % Ti composite were observed by SEM as shown
in Figs 8 and 9. It could be found that pure HA presents
typical intergranular fracture without macroscopic
plastic deformation as shown in Figs 8(a) and 9(a).
Cracks propagate on the chief fracture surface and no
secondary cracks appear, which indicated that pure HA is
very brittle. In HA-20vol % Ti composite, HA matrix
also presents intergranular fracture. Most Ti particles
protruding from the fracture surfaces are intact (Fig.
8(b)). Detailed examination (Fig. 9(b)) shows there are
many cracks in the HA matrix and large pores left behind
due to the pull-out of Ti particles. First, the presence of
many cracks in the HA matrix indicates that the HA
matrix is very weak. As a consequence, a crack may
easily be deflected into the matrix when encountering Ti
particles. Second, the pull-out of Ti particles is the result
of the crack propagation along the interface, which
indicates the interface bonding appears to be weak. If the
interface bonding can be improved, the plastic deforma-
tion of Ti particles may act more effectively as an
energy-absorbing mechanism and toughen the material
further. It is obvious that crack deflection is the chief
toughening mechanism. The contribution of crack
deflection to the toughness can be predicted according
to a model [41], to be only about 22-35% of the matrix
toughness, while the experimental results show that the
toughness of HA-20vol % Ti composite is 1.56 times
that of pure HA, which suggests some other toughening
mechanisms, such as the energy-absorbing mechanism of
defects which may also arise in HA-20vol % Ti
composite.

Figure 9 SEM fractographs with high magnification show fracture
surface characteristics of (a) pure HA ceramic and (b) HA-20vol % Ti
composite.
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Additionally it should be pointed out that mechanical
properties of this biological composite can be improved
further by composite fabricating techniques, such as hot-
pressing combined with liquid phase sintering by the
addition of sintering aids [5]. These are our future
studying work.

3.3. Biological properties of HA-20vol % Ti
composite

Histological observations after three weeks of the
implantation indicate the DB regions between both
kinds of implants and host bone were filled with newborn
osteoid as shown in Fig. 10(a) and (b), which suggests
the biocompatibility and osteoconductivity of HA-
20vol % Ti composite may be very good like those of
pure HA bioceramic. On the other hand, it could be found
that pure HA implant was fully osteointegrated with
newborn bone tissues (Fig. 10(a)). Although the majority
of the composite implant could contact with newborn
bone directly, the composite implant was only partially
integrated with newborn bone because of some fibrous
tissues existing at the partial interface between the
implant and newborn bone (Fig. 10(b)). This may be due
to the decrease of osteointegration ability of the
composite implant induced by the existence of bioinert
Ti metal phase in the composite during the beginning
period of the implantation. As shown in Fig. 11(b), the

Figure 10 Optical micrograph of bone—implants interface after 3 weeks

in vivo. (a) Pure HA; (b) HA-20vol % Ti composite. m, implant;
b, newborn bone; *, fibrous tissue.
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Figure 11 Optical micrograph of bone—implants interface after 12
weeks in vivo. (a) Pure HA; (b) HA-20 vol % Ti composite. m, implant;
b, newborn bone.

full osteointegration with newborn bone tissues for the
composite implant could be attained like pure HA one
(Fig. 11(a)) at 12 weeks in vivo.

From the point of view of osteointegration ability of
the implants with newborn bone tissues after long time in
vivo, HA-20vol % Ti composite has almost the same
excellent biological properties as pure HA bioceramic.
This may be contributed to the coexistence of high
porosity and the decomposition products of HA phase in
the composite. The porosity of the composite reaches
9.8%, which can improve the bioactivity of the
biomaterials effectively [42,43]. At the same time, the
degradation rate of the decomposition products of HA
phase, such as o—TCP in the biological environment is
faster than that of HA ceramic [3]. The mild dissolution
of the decomposition products of HA phase in HA-
20vol % Ti composite can provide a Ca/P environment
needed for bone formation [36].

4. Conclusions

The studies on the structural stability of HA phase in
HA-Ti composite by means of FTIR spectrometry and
X-ray diffractometry shows the existence of Ti metal
phase can promote the dehydration and decomposition of
HA ceramic phase into the more stable calcium
phosphate phases, such as a—Ca;(PO,), (¢—TCP) and
Ca,O(PO,), at high temperatures. The decomposition

reaction of HA phase with the generation of new phases
and the difference of sintering shrinkages between HA
particles and Ti ones can block the sintering densification
and deteriorate mechanical properties of the materials.

The HA-based composite reinforced with 20 vol % Ti
particles was fabricated by hot-pressing. The applied
stress allows us to decrease the temperature and duration
required to densify the composite, which can avoid or
reduce the decomposition reaction of HA in the
composite as much as possible during the sintering
process. Comparing with pure HA ceramic manufactured
under the same conditions, HA-20vol % Ti composite
with higher fracture toughness (0.987 MPam'/?),
bending strength (78.59MPa), work of fracture
(12.8] /mz), porosity (9.8%) and lower elastic modulus
(75.91 GPa) is more suitable for use as hard tissue
replacement. Crack deflection is the chief toughening
mechanism in the composite. On the contrary, the
strength and toughness of HA-20vol % Ti composite
remain lower than the values of human bone [3,5].
Therefore, composite technology to strengthen and
toughen the materials appears necessary.

Histological evaluation by light microscope shows
HA-20vol % Ti composite implant could be partially
integrated with newborn bone tissues after 3 weeks and
fully osteointegrated at 12 weeks in vivo. The excellent
biological properties of HA-20 vol % Ti composite may
be contributed to the coexistence of high porosity and the
decomposition products of HA phase in the composite.
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