Chapter 2

Case Study: Hydroxyapatite-Titanium
Bulk Composites for Bone Tissue
Engineering Applications

2.1 Background: Brittleness of Hydroxyapatite

Healthy bone and joints (e.g. articulating, knee, and hip joints) are necessary for the
structural stability and pain free movements. However, these healthy bones and joints
can get damaged in some unfortunate cases due to accident/diseases and fail to
perform their normal functions. The damaged bones can be replaced or repaired with
allogeneic bones or allografts [1-5]. However, the associated risk of transmission of
life threatening infections with allogeneic bones is significant particularly due to
inferior osteoconductivity as well as poor mechanical properties of the freeze dried
[1-3, 6-13]. In contrast, the designed biomaterials with bone-mimicking properties
can be used as an alternative to the allografts and autografts.

Biomaterials development has a long history. In 1940, Jean and Robert Judet of
Paris performed the replacement arthoplasty to replace the femoral head with
acrylic resin, which opens up the possibility of joint replacement [14]. However,
after an initial success, this implant failed due to its poor mechanical properties as
well as inapt design. More than 10 decades later, when most of the issues related to
joint replacement have been settled down, the interest in new biomaterials remain as
fierce ever. A biomaterial is a synthetic biocompatible material/device that has been
intently designed to persuade a definite activity in the biological system, which can
simulate the desired biological function, without generating a short and/or long term
damage to the nearby or distant tissue as well as without being getting damaged in
this procedure [15-17].

For many biomedical applications, a biomaterial should show the bioactivity,
osteoconductivity, and osteoinductivity. Bioactivity is defined as the property of
implant material to make direct bonding with living bone [18-21]. The bonding is
mediated by an intervening (apatite) layer formation between the implant and the
bone [22]. Osteoconductivity is defined as the ability of implant material that can
serve as a scaffold for new bone formation and therefore, promotes the osteoblast
adhesion, proliferation, and differentiation [23, 24]. Osteoinductivity is the ability
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of a biomaterial to induce the new bone formation, implanted at non bone forming
site, in vivo [25].

It is now well recognized that in case of bone applications the success of an
implant material depends on biocompatibility, osseointegration property,
physical/mechanical properties as well as antibacterial property etc. [26-29]. Metals
have an advantage of good mechanical properties like high fracture toughness and
flexural strength. But the effects such as corrosion as well as wear (results in
leaching of metal ions), and stress shielding results in irritation, inflammation, and
loosening of implants [30, 31]. Additionally, bioinert nature of metal implants result
in weak bonding with host bone, in vivo [32, 33]. Although ceramics based bio-
materials are found suitable for hard tissue applications due to its biocompatibility,
corrosion resistance, and compressive strength properties [34, 35], inherent brit-
tleness of ceramics may result in the early stage failure of implants during load
bearing applications [36]. A classic example of a brittle bioceramic is hydroxya-
patite, which widely researched due to its structural similarity with major inorganic
component of bone composition [36]. In the context of load bearing implants, high
elastic modulus of the implant with respect to neighbouring bone causes stress
shielding, which is responsible for bone resorption near to the implant [37-41].
Therefore, the elastic modulus of an implant ideally needs to be matched with bone,
while efforts are to be made to enhance both fracture toughness and strength.

In the above backdrops, the hydroxyapatite (HA)-based metal or ceramic rein-
forced composites can be used as a potential bulk implant material, where second
phase contributes specifically towards better mechanical properties. The choice of
second phase is limited as it needs to have good mechanical property as well as
biocompatibility. As compared to Al,O3, ZrO, and stainless steels, titanium (Ti) is
found to be more promising second phase material for orthopedic applications due
to its excellent corrosion resistance property under physiological environment, low
density (4.540 g/cc) as well as lower elastic modulus (~ 110 GPa) than Co—Cr
alloy (~230 GPa)/stainless steel (~205 GPa) [26, 41] and some data are shown in
Table 2.1. The design of HA-Ti composites underlies the fact that the Ti addition
significantly improves the mechanical properties of the composites without
degrading the cytocompatibility properties [49-51].

Table 2.1 A comparison of physical and mechanical properties of bone with some metallic and
ceramic biomaterials [26, 42-48]

Properties Cortical Cancellous HA Ti AlLO3 |ZrO,
bone bone

Young modulus (GPa) 14-20 0.05-0.5 80-110 | 117 390 205

Compressive strength 170-193 7-10 400-900 |250-600 |3900 | 3000

(MPa)

Fracture toughness 2-12 0.1 0.7-1.2 |60 52 10

(MPa m'?)

Apparent density (g/cm3) 1.8-2.0 0.1-1.0 3.16 4.54 3.9 6
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HA-Ti composites can be prepared by different sintering routes, such as pres-
sureless sintering, pulse electric current sintering (PECS), spark plasma sintering
(SPS) etc. It is difficult to retain the Ti in the composite by conventional pres-
sureless sintering techniques. For example, Nath et al. conducted a number of
pressureless sintering experiments on the HA-Ti system and reported the extensive
formation of TCP and CaTiOj in the composites [52]. On the other hand the SPS as
well as PECS techniques with suitably chosen sintering parameters will allow the
sintering of HA-Ti composites with retention of almost all Ti in the sintered
compacts [52-55]. Nakahira et al. developed the HA-Ti composites with Ti content
of 20 and 25 wt%, using PECS technique and compared the results with hot pressed
HA-Ti composites of similar compositions [53]. Extensive study by our group
indicates that it is possible to retain the Ti in the composite after sintering.
However, in limited studies on HA-Ti compositions [52-55], no comprehensive
attempt has been made to understand the influence of Ti content on the mechanical
and biocompatibility property, when both HA and Ti are retained in the sintered
composites.

In developing a bone replacement material, the choice of the second phase
depends on the application as and the desired functionality. For example, BaTiOs,
CaTiOs3, Fe304, and ZnO or Ag can be added to HA as a second phase to introduce
the piezoelectric, electrical conductivity, magnetic, and bactericidal properties,
respectively [56—60]. However, brittle nature and the load bearing incapability of
the ceramics may limit wider application of such types of ceramic—ceramic com-
posites and some examples includes HA-20HApisker, HA-20ZrO,, and HA-
(Al,O3 coated) ZrO, with fracture toughness of 1.4, 1.5, and 3 MPa m'?,
respectively [61-63]. Interestingly, a glaring example of HA-based ceramic com-
posite with fracture toughness higher or equal to that of the cortical bone is still
unavailable (see Fig. 2.1). In contrast, the incorporation of metallic reinforcement
as second phase may improve the fracture toughness of the HA-based composites.
However, the sintering reactions between HA and metal phase are of major concern
and can affect the biocompatibility properties in vitro and in vivo. Although
stainless steel and Co—Cr alloys are competitively better than ceramics counterpart
in terms of fracture toughness, the high elastic modulus of metals however may lead
to stress shielding during in vivo performance [29]. In contrast, Ti was found to be
most suitable for biomedical applications due to excellent biocompatibility, cor-
rosion resistance property and stability in physiological conditions [64]. Thus, in
order to incorporate both load bearing capability without fracture under peak
loading as well as osseointegration property, the HA—Ti composites can be used as
a bulk biomaterials. Over the various composites (HA-BaTiO;, HA-CaTiO3;, HA—
Al,O5;, HA-ZrO,, HA-ZnO, HA-Ag), the selection of HA-Ti composites as a
model system in the present chapter can be justified on the basis of following
aspects: (a) low density of HA (3.16 g/cc) [65] and Ti (4.54 g/cc); (b) high fracture
toughness of metallic Ti (60 MPa m'?) [26]; (¢) bioactivity of HA and
bio-inertness of Ti; (d) corrosion resistant properties of Ti; (e) limited dissolution of
HA under physiological condition [66].
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Fig. 2.1 Representative bright field TEM micrographs (a, b) of HA-20Ti composite, showing the
different phases, formed during sintering. SAD patterns confirm the presence of B-Ti (¢), HA (d),
B-TCP (e), and CaTiy(POy,)s grains (f) [67]

2.2 Processing of HA-Ti Composites

HA-Ti composites can be prepared either by conventional pressureless sintering or
advanced sintering, such as spark plasma sintering (SPS). SPS has the advantage of
higher heating rate and shorter soaking time over conventional sintering. The
advanced sintering techniques have many other advantages as compared to the
conventional sintering.

Traditionally, HA-Ti composites were prepared by the homogeneous mixing of
the HA and Ti powders using a ball-mill, followed by green compaction and then
pressureless sintering at relatively higher temperature (21100 °C) and soaking time
(=1 h) [52]. Recently, the FAST (field assisted sintering technique) has been utilized
to prepare dense compact from powder mixture within a short time [53, 67, 68].

2.2.1 Conventional Sintering

In this subsection, the literature reports on conventional sintering of HA-Ti are
briefly discussed. Fahami et al. [69] used CaHPO,, CaO, and Ti powders as pre-
cursors to prepare the HA-Ti composites by the mechanochemical synthesis of
mixture of HA and Ti according to the following reaction:
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6CaHPO, +4Ca0 + Ti — Cayo(PO4), (OH), + Ti +2H,0 (2.1)

It is important to note that the lower crystallinity of the HA powder results in the
increased bioresorption and solubility under physiological conditions
[70]. Therefore, further attempt has been made by Fahami et al. [69] to increase the
crystallinity from 13 to 69 % by annealing the ball-milled powder at 650 °C for
2 h, synthesized after reaction (2.1). However, this results in the oxidation of Ti and
decomposition of HA to B-TCP (beta-tri-calcium phosphate) phase. In a different
approach, Chu et al. [71] prepared the HA-20 wt% Ti composite by mixing HA
and Ti powders in a ball mill, followed by hot pressing at 900 and 1000 °C.
Importantly, the sintering at 1000 °C leads to the formation of o-TCP and Ca O
(POy4), phases. The difference in the linear thermal expansion coefficient (o) of HA
(17.3 X 107° °C™") [72] and Ti (8.4 X 107° °C™") [73] phases results in inferior
sinterability in case of HA-20 wt% Ti composite with ~67 % relative density,
achieved when sintered at 1200 °C [71]. However, the same sintering conditions
result in ~ 88 % relative density in monolithic HA. Importantly, the addition of Ti
to HA leads to an increase in fracture toughness from 0.7 to 1.0 MPa m">
Although Ti addition to HA was intended to increase the fracture toughness sig-
nificantly, the marginal improvement in the fracture toughness can be attributed to
poor sinter density of the composite. In an earlier work, Nath et al. [52] prepared the
HA-Ti composites with varying amount of Ti (10-40 wt%) using pressureless
sintering. It has been reported that the sintering of different compositions at 1000—
1400 °C for 2 h leads to the extensive sintering reactions and therefore the for-
mation of TiO,, CaO, TCP and CaTiO5; (Table 2.2). The thermodynamic calcu-
lations show the higher probability of oxidation of Ti during conventional sintering
due to higher sintering temperature and longer holding time [52]. Such calculations
also indicate the possibility of reaction between HA and TiO, above 750 °C.

Considering the thermodynamical aspect, Yang et al. [55] prepared the HA-
10 wt% Ti and HA-20 wt% Ti composities by sintering at 1100 °C in vacuum to
minimize the oxidation of Ti. The FT-IR and XRD analysis of the HA-Ti samples
show the decomposition of HA to a-TCP, TTCP (tetracalcium phosphate) as well as
Ca,Ti,0s. As the sintering temperature further increases, HA is reported to
decompose to HA with deficiency of hydroxyl group in following way [74, 75]:

vacuum, T > 800 °C
-

Calo(PO4)6(OH)2 Calo(PO4)6(OH)2_2xOX +xH,O 7T (22)

The water vapor produced from reaction (2.2) reacts with Ti to form TiO, [see
Eq. (2.3)], which can finally react with HA to form B-TCP and CaTi,Os [see
Eq. (2.3)].

Ti+ 2H,0 — TiO, + 2H, (2.3)

Calo(PO4)6 (OH)2 + 2TiO, — 3Caj (PO4)2 + CaTi, 05 + H,O (24)
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Table 2.2 XRD results, showing the effect of sintering parameters (pressure, sintering
temperature, and soaking time) on the sintering reaction of HA-Ti composites [52, 53, 67]

Conventional sintering (soaking time =1 h) Advanced sintering (soaking
time >5 min)
Pressureless sintering in air at temperature Pulse electric Spark
current sintering plasma
in argon sintering in
argon
1000 °C 1200 ° 1300 °C 1400 °C 900 ° 1000 © {950 °C
C C C
HA HA HA HA HA, - - HA
B-TCP,
o-TCP,
CaO
HA- | HA, HA, HA, HA, - - HA, Ti,
10Ti B-TCP, B-TCP, B-TCP, B-TCP, TiO,, Ti,O0,
a-TCP, CaO, a-TCP, a-TCP, B-TCP,
CaO, TiO,, CaO, CaO, CaO,
TiOQ, CaTlO3 Ti02, TiOz, CaT14(PO4)6
CaTiO3 CaTiO; CaTiO3
HA- |HA, HA, HA, B-TCP, HA, HA, HA, Ti,
20Ti | CaO, B-TCP, B-TCP, CaO, Tiz;O0 Ti50, TiO,, Ti,O0,
TiOy, CaO, CaO, TiO,, Ti,O B-TCP,
CaTiO3 TiO,, TiO,, CaTiO3 CaO,
CaTiO; CaTiO; CaTiy(PO4)s

Therefore, it is not impossible but extremely difficult to retain Ti in the sintered
product using conventional sintering routes. The phase stability aspect in summa-
rized in Table 2.2.

The sintering under a protective atmosphere (e.g. argon) is another promising
approach towards retaining the metallic Ti in the sintered product. In order to see
the effect of protective environment on the sintering reaction in the HA-Ti com-
posites, Ning et al. [76] conventionally sintered the HA-50Ti composite at 1200 °C
for 30 min in argon atmosphere. However, the sintering leads to the formation of
Ti,0, CaTiO3, CaO and TiP-like phases along with a-Ti.

In summary, conventional sintering of HA-Ti composites even at very low
temperature of 1000 °C leads to the extensive dehydroxylation of HA as well as
reaction between HA and Ti. The formation of TCP phases will result in higher
dissolution of the implant materials and therefore, decreased mechanical strength
during service period, in vivo. As mentioned earlier, it is extremely difficult to retain
the metallic Ti in the composite during the conventional sintering. The sintering in
protective atmosphere of Ar was not found to be helpful in retarding the oxidation
reactions in conventional sintering due to the longer sintering duration (=1 h) and
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higher holding temperature (=1000 °C). In the following, we shall discuss the
applicability of advanced sintering techniques (e.g. SPS) to prepare the composites
with predominant retention of metallic Ti.

2.2.2 Advanced Sintering

Among various advanced sintering techniques, field activated sintering (FAST) is
widely investigated to resolve the issues related to the conventional sintering,
discussed earlier. For example, Nakahira et al. [53] reported the pulse electric
current sintering (PECS) of HA-20 vol.% Ti and HA-25 vol.% Ti composites at
800 and 1000 °C under 30 MPa in a protective argon atmosphere. Although PECS
suppresses the oxidation of Ti at 900 °C, the formation of Ti,O was found in
samples sintered at 1000 °C. Mondal et al. [77] used the spark plasma sintering
technique to sinter -TCP and Ti powders at 1200 °C temperature under 50 MPa
pressure. Despite the retention of B-TCP and Ti, this results in the formation of
CaTiOs;.

In a recent work, the author’s research group has reported the results of extensive
study on spark plasma sintering and phase evolution of HA—xTi (x = 5, 10, 20 wt%)
composites [67]. The processing conditions were intelligently tailored to achieve high
toughness with minimum sintering reaction between the HA and Ti. The XRD
analysis confirms the predominant presence of HA and Ti.

In order to observe the finer scale microstructure of the sintered HA and HA-Ti
samples as well as to identify the reaction product at HA/Ti interface, transmission
electron microscope (TEM, FEI, UTWIN T-20) with an accelerating voltage of
200 kV was used. Figure 2.1a shows the representative bright filed TEM micro-
graph of HA-20Ti composite, revealing the presence of different phases. The
presence of these phases has also been confirmed at different locations in the same
sample. Figure 2.1b represents the bright field micrograph of such a location. The
detailed analysis of the selected area diffraction pattern (Fig. 2.1c—f) indicate the
presence of B-Ti, HA, B-TCP, as well as the formation of CaTis(PO,)s phase at the
interface between HA and Ti. It is to be noted that B-TCP is a phase formed by the
dehydroxylation of HA.

Overall, the critical analysis of SAD patterns reveals the formation of
CaTiy(POy) as grain boundary phase, which is likely to be formed either due to
limited sintering reaction between -TCP and TiO, or between HA and TiO,. The
presence of B-Ti also indicates the suppression of B — a transformation of Ti phase
during cooling through 882 °C (transformation temperature), perhaps due to faster
cooling.

We shall now discuss the formation and morphology of finer scale sintering
reaction product. It has been reported that dehydroxylation of HA does not occur at
a sintering temperature below 1300 °C [52, 62]. In the presence of Ti and
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Ti-oxides, HA starts to dissociate at a much lower temperature [55]. The detailed
microstructural investigations of HA-Ti composites using TEM indicates the
possibility of formation of reaction product between HA and Ti during sintering.
Based on extensive TEM-SADP analysis, it has conclusively been shown that the
reaction product to be CaTiy(PO,)s, which is deemed to be the result of following
reactions:

Cayo(PO4),(OH), — 3Ca3(POy), + CaO + H,0 | (2.5)
3Ca3(POy), + 4TiO, —> CaTis(PO,), + 8Ca0 (2.6)
Cayo(POy4),(OH), 4 4TiO, —> CaTiy (PO4), 4 9CaO + H,0 | (2.7)

The reaction (2.10) is known as dehydroxylation of HA and leads to the for-
mation of B-TCP. The reaction product CaTis(PO,)s can form due to reaction (2.6)
and/or (2.7). In view of the lack of data on Gibbs free energy of formation of related
phases, any analysis on the thermodynamic feasibility of reaction (2.10-2.12) could
not be made. Although TEM investigation does not reveal the presence of CaO
phase, detailed analysis of XRD data shows the peaks corresponding to CaO to a
detectable extent. Also, Ti,O or TiO, could not be detected during TEM analysis of
any of the HA—xTi samples.

2.3 Mechanical Properties

In the following, the mechanical properties of HA and HA-Ti composites are
analysed. The hardness values shows a decreasing trend with addition of Ti to HA
(HA ~ 7.1 £ 0.5 GPa, HA-10Ti ~ 6.1 £ 0.6 GPa). One can measure the plastic
work of indentation by measuring the area under P-h curve (= area under loading
curve — area under unloading curve) [78]. Such measurements indicate that the
plastic work of indentation is higher than elastic work of indentation for both HA
and HA-10Ti.

The elastic moduli, measured using nanoindentation are 94 + 1.8 GPa for HA and
80.6 £ 0.9 GPafor HA-10Ti composite. The elastic modulus has also been measured
using impulse excitation method. The measured values show a similar trend of the
decrease of elastic modulus with Ti addition. The measured elastic moduli for different
materials are as follows, HA = 61.4 4+ 1.4 GPa, HA-5Ti = 58.1 £ 0.2 GPa, HA-
10Ti = 54.4 4+ 0.3 GPa and HA-20Ti = 50.2 £ 0.8 GPa [79]. Since the resonance
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frequency method measures the elastic stiffness properties of a bulk sample, such results
are more realistic and representative of the true modulus, rather than the nanoinden-
tation results. The latter is based on the estimation from the slope of unloading response
from an indented region of length scale of less than 1 um.

In further characterization of mechanical properties, the flexural strength of the
sintered composites has been measured using 3-point flexural test with 12 mm
gauge length. The flexural strength systematically increases with increase in
Ti-content in the composite. The flexural strength of pure HA is 70.7 £ 2.3 MPa.
However, the maximum measured value of the flexural strength is measured as
99.7 £ 1.2 MPa in case of HA-20Ti composite. Therefore, the addition of Ti up to
20 wt% leads to about 41 % increase in the flexural strength. This shows a marked
improvement in the flexural strength in HA-Ti biocomposite. It is to be noted here
that the flexural strength of cortical bone is 150-170 MPa [80].

The fracture toughness of the sintered products have been measured using
SEVNB test in 4-point flexural mode and a test sample is shown in Fig. 2.2b. As
mentioned earlier, this technique is proved to be more acceptable than the inden-
tation fracture toughness measurement technique in terms of providing reliable
estimate of long crack fracture toughness. The SEVNB toughness results are plotted
in Fig. 2.8a against amount of Ti addition to HA. For pure HA, the measured K¢
value is found to be 3.4 + 0.2 MPa m'?. As compared to the monolithic HA, HA—
10Ti exhibits about 35 % increase in the Kjc value (4.7 & 0.1 MPa m'?).
However, the addition of 5 wt% Ti does not show any significant improvement. On
the other hand, 20 wt% Ti addition leads to about 26 % increase in Kjc value as
compared to that of monolithic HA. K¢ value decreases in case of HA-20Ti
sample as compared to HA-10Ti. Therefore, 10 wt% Ti has been found to be
optimum Ti addition to HA to achieve substantial improvement in fracture
toughness (see Fig. 2.2a). It is to be noted that the fracture toughness of the cortical
bone is reported be in the range of 2—12 MPa m"?*®. Therefore, the present
measurements are higher than the lower limit of fracture toughness of the cortical
bone.

In order to investigate the statistical significance in terms of the property dif-
ference among the samples were used and results are summarized in Figs. 2.2, 2.3,
and 2.4. Figure 2.8 shows the effect of Ti addition to HA on enhancement in
fracture toughness (Kjc) and work of fracture (Gjc). Dunnett’s t test shows the
significant difference, when HA was compared with HA-10Ti and HA-20Ti
samples for both K;c and Gic. However, no significant difference between HA and
HA-5Ti samples was noted. Dunnett’s C test found the significant difference
between HA and HA-10Ti as well as between HA-5Ti and HA-10Ti in terms of
both K¢ and Gyc.
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Fig. 2.2 Variation in fracture toughness (a) and work of fracture with wt% Ti in HA (b). Typical
profile of V notch in one of the SEVNB test sample, as seen using SEM (c¢). Data in a and b has
been represented as mean =+ standard error. Dunnett’s t (2 side) were used to compare the HA with
HA-Ti samples (marked with *); while Dunnett’s C test used to know the significant difference
among all samples (marked with #). Statistical analysis shows the significant difference at 0.05
level for n = 5 [67]

Summarizing, the mechanical properties (hardness, flexural strength and fracture
toughness) of spark plasma sintered HA-Ti composites show substantial improve-
ment as compared to the properties obtained with earlier developed HA-based
composites (see Fig. 2.1). Figure 2.4 compares the fracture toughness results of
present investigation with other HA-based composites. We can analyse the results in
terms of four categories: I (HA-0x), IT (HA-5x), IIT (HA-10x), and IV (HA-20x),
where x is the amount of the second phase. In all categories, Dunnett’s t test (2 side)
shows the significant difference, when K¢ from the present work is compared with
earlier reported results. Also, various symbols, like *, ** # ## indicate the
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Fig. 2.3 Plot showing the
variation in fracture toughness
of HA-Ti composites versus
fraction of particles nearby to
the crack tip ‘S’, Ti particle
size ‘D’ and volume fraction
‘F’. b Plot showing
dependence of the toughness
increment on Ti particle size
‘D’ and nearest neighbor
distance for Ti, ‘3’. In plot a,
* and ** symbols show the
significant difference between
HA-5Ti and other HA-Ti
samples for Kjc and (SFD)“Z,
respectively, when Dunnett’s
t test was applied. The
symbol, ## is showing the
significant difference among
the samples, measured by
Dunnett’s C test. In plot b,

* and ** showing the
significant difference between
HA-5Ti and other HA-Ti
Samp]es for KIC(HA—Ti)

— Kicma) and

1 + (3/D))" 12, respectively,
when Dunnett’s t test was
applied [67]
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significant difference at 0.05 level. In the following section, the reason for such an
increase by correlating the microstructure of the composite processed by novel SPS
technique will be discussed with an effort to establish microstructure-property

correlation.
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Fig. 2.4 A comparison of fracture toughness of various HA-based biocomposites. For compar-
ison, plot has been divided into four categories: HA-Ox, HA-5x, HA-10x, and HA-20x, where X is
the wt% of second phase. HA (w) indicates the use of HA whisker reinforcement and HA-10ZrO,
(a) indicates the Al,O5 coated ZrO, particles as second phase. ZrO, (f) and ZrO, (c) stands for fine
grained and coarse grained ZrO, particles. The toughness values measured with SEVNB are
mentioned and otherwise, those are estimated on the basis of indentation cracking. References
related to the respective work are mentioned on individual bar and otherwise, results are from
present work. The symbols *, **, # and ## show the significant difference (measured by Dunnett’s
t (2 side) test) between reference sample (from present investigation) and other samples in each
category [67]

2.4 Toughening Mechanisms and Toughness Properties

Fracture in brittle solids can be correlated with propagation of crack under tensile
loading. Importantly, the crack propagates if and only if the stress at crack front is
higher than a critical value. In brittle solids, the resistance against the crack
propagation can be increased by introducing the mechanisms that reduce the driving
force for the crack propagation by dissipating the additional energy associated with
crack tip and therefore leads to the blunting of crack tip [81]. In polycrystalline
ceramic materials, the microstructure dependent fracture toughness can be corre-
lated with the dissipation of the crack tip energy and thereby with the reduction in
the driving force for the crack propagation [82]. It is generally recognized that weak
interfaces, such as grain boundaries and/or matrix-reinforcement boundary are the
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preferred crack deflection paths. Moreover, the presence of second phase disturbs
the crack propagation by forcing the crack either to go around it or through it. The
extent, to which such phenomenon is able to dissipate the energy, depends on the
morphology/distribution and mechanical properties of the second phase in ceramic
matrix composite [83].

Although the presence of second phase may improve the fracture toughness of
composites, the chemical reaction at the interface during processing (e.g. sintering)
always offers the challenge for the materials scientists to optimize the toughness.
On the basis of microstructural characteristics of the second phase; i.e., nature,
shape and size, the toughened composite materials can be categorized as [84]:
(a) particulate reinforced composite, (b) whisker reinforced composite, and (c) fiber
reinforced composite. In the context of the current review paper, the toughening in
metallic particulate reinforced ceramic composites is attributed to the shielding
effect to the crack front propagation due to ductile metal reinforcements. In such
case, the crack resistance energy of the matrix can be given by [82],

Ry = (1= Vy)2p (2.8)

where, yp is the intrinsic cohesive energy of the matrix material and Vy is the
volume fraction of second (reinforcement) phase. Thus, both the matrix as well as
the reinforcement material contributes towards the fracture toughness. Therefore,
enhanced fracture toughness can be achieved by intelligently designing the com-
posites having mixed shielding mechanisms.

In case of the polycrystalline monolithic ceramic materials, the frontal zone
shielding results due to the interaction of the crack front with dislocation cloud
and/or microcrack cloud. The activation of the dislocations results in generation of
dislocation cloud and this restricts the crack front propagation by applying a stress
field on the crack tip [82]. The stress field generated around the dislocation is
proportional to the shear modulus (G) and can be given as [85],

T X Gb (2.9)
r
where, G, b, and r are the shear modulus of the material, Burger vector, and distance
from the dislocation, respectively. On the other hand, the microcrack cloud can be
activated at the stress field of primary cracks at the relatively weaker zone like,
grain boundaries and interphase flaws.

Unlike the combination of dislocation as well as microcrack clouds towards the
improvement in fracture toughness in brittle ceramics, the phase transformation in
zirconia (ZrO,) can also contribute to the fracture toughness improvement in ZrO,
reinforced ceramic matrix [82]. In such case, the partially stabilized ZrO, in
metastable tetragonal state transforms to stable monoclinic phase at the crack tip
stress field [81]. This transformation can be controlled by using additives like,
MgO, CaO, Y,O5; and CeO, [81]. In addition, the grain bridging of crack in
monolithic polycrystalline materials results in the toughness improvement due to
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the dissipation of crack energy as a result of grain sliding and/or fracture. For
example, Swanson et al. [86] reported the evolution of grain bridging in pure
polycrystalline alumina. In such case, the transgranular fracture may occur in large
grains along with primary crack due to high frictional stresses at sliding grain
boundary surfaces.

In 1983, Faber and Evans studied the effect of geometrical aspect of second
phase on the crack deflection and therefore, effect on fracture toughness [87, 88].
The strength of the interfacial boundary plays an important role in deciding whether
a crack will pass though second phase or get deflected. In a case when interface is
strong enough to deflect the crack, it penetrates through the second phase. This may
result in pinning the advancing crack front at the interaction site. In case of ductile
metal phase, this results in dissipation of crack tip energy due to crack bridging.

In the context of biomaterials, the benefits of second phase addition to a ceramic
matrix are twofold: (1) second phase improves the fracture toughness dramatically
due to frontal wake and/or bridge interface shielding [67] and (2) second phase
leads to the modification in surface energy [89], which can used as a tool to
manipulate the cell-material interaction.

Although the reinforcement of ceramic matrix with fiber or whisker results in
improvement in fracture toughness, the release of nanosized and needle shaped
whisker/fibrous can lead to the severe toxicity to the cells caused by lipid layer
damage and genotoxicity [90, 91]. Therefore, the fiber/whisker toughened ceramic
composites are not considered for clinical applications, although related toughening
mechanisms can be very well adapted to develop HA-based high toughness com-
posites. In parallel, the reinforcement of ceramic matrix with ductile metal particles
results in dramatic improvement in mechanical properties due to additional
advantage of both ceramic matrix and metal particles. The crack bridging at metal
particles results in dissipation of energy associated with crack tip [67, 82]. The
fracture energies of pulsed electric current sintered (PECSed) HA-Ti composites,
measured by Nakahira et al. [53] using single edge double notched beam method,
show a substantial increment with the Ti content. The fracture energies of 9 and
20 J/m* were reported for HA-20 vol.% Ti and HA-25 vol.% Ti samples,
respectively. The reason for the improvement in fracture toughness was crack
deflection and crack bridging by Ti particles, which are retained in the HA matrix.

Similarly, the significant improvement in the fracture toughness of the spark
plasma sintered HA-Ti composites was measured by the present authors (see
Fig. 2.8) [67]. An addition of 10 wt% Ti to HA increases the fracture toughness
(Kic) from ~3.4 to 4.7 MPa m'. Further addition of Ti (20 wt%) to HA does not
improve the fracture toughness (4.3 MPa m'?). The increased fracture toughness of
HA and HA-Ti composites can be explained on the basis of crack deflection and
crack bridging. In the context of toughness enhancement, the synergetic interaction
of multiple toughening mechanisms can be explored. The presence of Ti particles
provides the significant contribution toward the fracture toughness by crack
bridging. Fracture toughness can also be further enhanced with the addition of ZrO,
particles. The transformation toughening due to ZrO, phase along with crack
bridging due to Ti phase can therefore provide the synergetic effect in order to
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improve the fracture toughness beyond the 4.7 MPa m"? (fracture toughness of
HA-10 wt% Ti composite). Also, the linear thermal expansion coefficient of ZrO,
(10.5 X 107 °C™") is found to be in between HA (17.3 X 107 °C™!) and Ti
(8.4 X 107® °C™"). This helps in minimizing the difference in thermal expansion
coefficient between HA and Ti and therefore, does not lead to the interfacial
debonding in sintered composites.

Several aspects can be discussed to explain the significant increase in the fracture
toughness of the HA-Ti composites. It is worthwhile to mention that the reliable
measure of toughness properties of HA-Ti has been obtained only using long crack
toughness measurement techniques, like SEVNB etc. The most important aspect is
that the crack bridging due to lath shaped Ti phase as well as crack wake debonding
at HA and Ti interface are responsible for the fracture toughness enhancement
(~4.7 MPa mm) in HA-10 wt% Ti. However, no further improvement in fracture
toughness of HA-20Ti composites was noted due to non-uniform distribution as
well as lower volume fraction of Ti, resulted due to unification of Ti during
ball-milling. This can be confirmed using theoretical models proposed by Ashby
[92] as well as Evans [93]. The detailed analysis of fracture toughness of particulate
(Ti) reinforced ceramic (HA) has been reported elsewhere [67].

According to these models, the particle size and the distribution of the metallic
phase near the crack tip (which is directly proportional to the volume fraction of
metal phase in the HA matrix) has a strong influence on the fracture toughness . The
details are reported elsewhere [92, 93]. Although the shape of metal particles has an
effect on fracture toughness, the average number of particles near the crack tip is the
deciding factor in the ceramic-metal (e.g. HA-Ti) composites (see Fig. 2.3). The
unification of Ti in HA-20Ti composite results in the reduction in volume fraction
Ti in HA matrix and therefore reduces the distribution of Ti particles near the crack
tip. Therefore, fracture toughness of HA-20 wt% Ti is found to be lower than HA—
10 wt% Ti composite.

In future, cryo-milling of the HA-Ti composition may be found as a good
alternative to conventional ball-milling in this particular case. The cryo-milling is
expected to produce well distributed Ti particles in the starting powder mixture.
This will allow well dispersed Ti in HA-Ti composites with concentration of Ti
more than 20 wt% causing further improvement in fracture toughness. It may be
possible to reduce the initial particle size considerably by cryo-milling. This will
lead to the HA-Ti composites with even higher fracture toughness. Therefore,
designing the composites with different shape and size of Ti particles may be useful
in improving the fracture toughness.

The increased Ti particle distribution by restricting the unification of Ti during
ball-milling may provide an opportunity to further increase the fracture toughness.
Therefore, cryo-milling can be used in place of conventional high energy
ball-milling to restrict the extensive deformation and therefore, unification of Ti
particles. The uniform dispersion of metallic reinforcement would also increase the
strength properties. In future, cryo-milling parameters need to be optimized and
similar SPS experiments can be performed to prove this point.
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In last two decades, the fractal modeling approach has been used to a modest
extent to predict the fracture toughness of the ceramic composites [94, 95]. Xu and
co-workers successfully used the Mandelbrot’s modified fractal model to calculate
the fracture toughness (Kjc) of alumina with equiaxed grains as well as reinforced
with elongated grains [96]. According to this model, the microscopic (characterized
by irregular crack propagation path) fracture toughness can be given as,

Kic = (2Ey,)"* () (2.10)

where, E is the elastic modulus in tension; y; is the interfacial energy equals to (Eb,/
11'2), where, E and b, are the elastic modulus and atomic dimension, respectively
[82]. In Eq. 2.8, dy is the fractal dimension, which defined as,

__log(N)
- log(})

where, 1 is the ratio that describe the segments generated in self-similar object.
A self-similar object (fractal curve) can be broken into arbitrary small elements with
each small element being a replica of the entire object; N is calculated from fractal
curve and equal to the number of patterns generated for a ratio ‘r’ [97, 98].

Recently, Rishabh et al. [99] have also used the Mandelbrot’s modified model to
estimate the fracture toughness of monolithic alumina with equiaxed grains. They
also calculated the fracture toughness of alumina reinforced with elongated alumina
grains as well as with single wall carbon nanotubes. It has been found that the
Mandelbrot’s modified model can be used to estimate the fracture toughness of
ceramic composites instead of using Vickers indentation method. The fractal
modeling approach in case of bioceramics is not being extensively utilized to
predict the toughness properties and this is one area, which requires attention in
future.

In fact, the fracture toughness of monolithic HA (3.4 £ 0.2 MPa m" 2) and HA-
10Ti (4.7 & 0.1 MPa m"?) composite reflect on significant improvement compared
to earlier literature reports (see Fig. 2.4). In the present case, Kjc values are mea-
sured by SEVNB method and the toughness values are reproducibly measured on
multiple samples.

In Fig. 2.4, the fracture toughness values for HA based biocomposites with
20 % of less reinforcement content are compared with presently investigated
materials. Such a comparison would be more effective if we look at the toughness
data measured at a constant reinforcement content (e.g. 5, 10, 20 %). Another point
to be noted is that indentation cracking method has largely been used to measure the
toughness of HA based composites with the exception of the present work and the
study by Zhang and co-workers [100]. In view of the dependence of toughness on
volume fraction of reinforcement, we only compared our results with the toughness
data for those with systematic variation in reinforcement content (<20 %).

d (2.11)
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As far as monolithic HA is concerned, the present work demonstrates at least
three to four times higher toughness than earlier reported values. In case of HA
reinforced with 5 and 20 % toughening phases, the present study once again
confirms the superiority of spark plasma sintered HA-Ti in terms of exhibiting
three to four times higher toughness compared to HA with similar reinforcement
content. While similar trend is also observed in case of HA with 10 % reinforce-
ment content, the study by Kong et al. [61] demonstrates that HA, when reinforced
with Al,O3-coated ZrO, (10 %) can exhibit 70 % of the toughness, that we have
achieved with the currently developed HA-10 % Ti. Interestingly, the qualitative
trend of the toughness increase through a maxima at 10 % reinforcement addition is
observed in case of both Ti and ZrO, (see Fig. 2.1). A drop in toughness value in
both the cases with the addition of larger than 20 % reinforcement therefore
rationalizes our effort of not to develop HA composites with 30 % Ti or larger. In
the following, high toughness property will now be critically analyzed in the light
of the available crack bridging model due to the presence of Ti, as any toughness
increment in ceramic composite containing metallic particles must be due to the
bridging of crack faces because of the yielding of ductile metallic phase (Ti in the
present case) as well as crack deflection.

First of all, the spark plasma sintered monolithic HA exhibits K- ~ 3.4 +
0.2 MPa mm, which is 3 times higher than the reported values in the literature [62,
63, 100-102]. Such an increase in K;c for HA can be related to unique
microstructure developed. It is important to mention that the microstructure of HA
is characterized by a mixture of submicron equiaxed grains and elongated grains
with an average width 1 um (see Fig. 2.6a). While the major fraction of the grains
are equiaxed, a significant fraction is rod shaped grains with aspect ratio of 5 or
larger. It is to be noted here that the initial HA particles are of rod shape in nature.
This allows the orientation and stacking of HA particles in such a way that results in
the increase in the relative intensity corresponding to the (300) plane as compared
to the (211) plane. Chaudhry et al. also reported this kind of features in spark
plasma sintered nanograined monolithic HA [103].

In order to understand the interaction of a crack path with microstructure, rep-
resentative SEM images of indented regions on monolithic HA and HA-10Ti
composite are shown in Fig. 2.5. Mostly, the montage images are shown to illus-
trate the crack path over a wider microstructural region. In Fig. 2.5a, the crack
emanating from a Vickers indent, taken at 500 gm indent load, is shown and a
wavy nature of crack path is visible, as marked by a series of white arrows. Clearly,
the crack goes along the grain boundary or deflected/bridged by elongated grains on
its path of propagation.

Now, it is worthy to study the effect of Ti addition along with the effect of
reaction products (formed at the HA/Ti interface) on the interface debonding as well
as mechanical properties. The BSE-SEM images confirm the homogenous distri-
bution of Ti phase in HA matrix (see Fig. 2.5). However, the lath-like Ti phase at
higher Ti content results in higher contact area at HA/Ti interface as compared to
spherical shaped Ti particles. The observation of irregular or agglomerate like Ti
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Fig. 2.5 Representative secondary electron SEM micrographs of chemically etched HA (a),
showing the indent (500 g load) region and crack path (marked with white arrow). b and
c represent the back scattered electron SEM images of HA—10Ti, showing the indent (at 1000 g
load) region and crack path. The crack bridging (marked on ‘b’ and ‘c’) by lath shaped/elongated
Ti particles and crack wake debonding (marked on ‘c’) is visible. The crack wake debonding at
HA/Ti interface with spherical and lath shaped particles is clearly visible and marked with white
arrow on ‘d’ and ‘e’, respectively [67]
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(bright contrast) in Fig. 2.5b—e indicate either extensive deformation or unification
of finer Ti particles during SPS.

BSE-SEM images, shown in Fig. 2.5b, ¢, provide evidences for passage of crack
through Ti-agglomerates as well as crack bridging around lath-shaped Ti phase.
Interestingly, these toughening microstructural elements, i.e. Ti phase have an
interesting/useful shape with width of 5-10 um and aspect ratio of 10 or larger. It is
worthwhile to mention that such shape of Ti phase is akin to elongated grains in
SizN4-based materials or short whiskers, both of which impart useful toughness.
A closer inspection of the inset image of Fig. 2.5b reveals the crack, while going
through Ti phase, is being bridged on its original path with apparent decrease in
crack face width. In contrast, another crack causes debonding at HA/Ti interface
and bridges the crack on the interface (Fig. 2.5¢). Significant debond length of over
10 um could be noticed. More evidences for crack wake debonding at the
matrix/particulate interfaces with spherical or lath shaped Ti phase are provided
respectively in Fig. 2.5d, e. The crack wake debonding can perhaps be attributed to
the presence of Ti and/or CaTiy(POy,)s phase and the presence of CaTiy(POy4)¢ was
earlier confirmed earlier using TEM analysis. From the above, it can be conclu-
sively stated that both crack deflection and crack bridging contribute towards the
toughness enhancement in HA-Ti composites. It can be mentioned that such crack
bridging/deflection has also been reported in several ceramic-matrix composites
reinforced with whiskers/fibers as well as in case of Ag-reinforced HA [100, 104].

2.5 Correlation with Existing Theoretical Models

In this sub-section, an attempt is being made to correlate the experimentally mea-
sured toughness properties with the theoretical model predictions. A theoretical
model proposed by Becher et al. [105] was used to estimate the fracture toughness
in the present case. It can be noted that Becher’s model can successfully explain the
toughness of SizNy-based ceramics with large anisotropic tabular/elongated grains.
In such case, fracture toughness can be correlated with microstructure using the
following equations [105],

1/2
K=C (Z V,»W,-(AR,-)Z) (2.12)

where, V, W and AR represents to the volume fraction of elongated grains, width of
elongated grain and aspect ratio of elongated grains, respectively and the suffix
denotes the ith types of elongated grains.
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In the above equation,

c= (6(1E_’“'V2)>'/2 2.13)

where, E (94 GPa), T (*15 MPa) [106] and v (0.3) [107] are the elastic modulus,
interfacial shear stress and Poisson’s ratio of the elongated grains of HA, respec-
tively. Using above equations and microstructural parameter, the fracture toughness
of HA is found to be around ~3.2 MPa m"?, which is very close to the experi-
mentally measured value (~3.4 MPa m'?). In estimating the fracture toughness
from the above equation, elastic modulus measured by nanoindentation has been
used. This is due to the fact that the indented zone dimension would scale with the
interaction length due to crack bridging by elongated grain in monolithic HA.

In the next step, in order to explain the influence of ductile second phase (here
Ti) in further improvement of fracture toughness, two different models has been
adopted. The first model, proposed by Ashby et al. [92] highlights the effect of
volume fraction (F) and particle size (D) of Ti phase on the fracture toughness of
HA-Ti composites. The second model, proposed by Evans et al. [93], considers the
effect of matrix phase on the fracture toughness of composite. In this model, the
fracture toughness of composite strongly depends upon the particle size (D) and
distance between near neighboring particles ().

Adopting Ashby’s model, the increment in the fracture toughness (AK;c) in a
ceramic matrix composite reinforced with ductile metal particles can be given by
the following expression [92],

1/2 (2.14)

AKjc = (CSFEa,D)
where, C is a constant which depends upon the interfacial strength; S is the fraction
of particles nearby to the crack tip; F is the volume fraction of the ductile metal
particles which equals to the area fraction on the crack plane; E is the elastic
modulus of the metallic (Ti) particles (103 GPa) [108]; o, is the yield strength of
the metallic Ti particles (325 MPa) [109]; D is the size of the Ti particles. The
values of F and D were estimated using image processing software (ImagelJ) from
SEM images captured in BSE mode and some representative images are shown in
Fig. 2.5.

Therefore, AK ¢ can be considered to be directly proportional to the (SED)"?,

AKjc o (SFD)"/? (2.15a)
AK;c = C*(SFD)"? (2.15b)
where, C" is a constant.

In present case, the volume fraction of Ti in HA-5Ti, HA-10Ti, and HA-20Ti
were 0.095, 0.205, and 0.292, as estimated using Imagel] software. The value of S
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(the fraction of particles nearby the crack tip) is directly related to the volume
fraction of Ti in HA matrix (F). Therefore, S will increase with an increase in F. If
we consider the number fraction of particles near the crack tip in case of HA-5Ti
i.e. S = n, such assumption will lead to, S  2n and S ~ 3n for HA-10Ti and HA-
20Ti, respectively.

Based on Eq. (2.16) and above consideration, the increment in fracture tough-
ness varies according to the volume fraction of reinforcement particles and size of

the reinforcement particles. In Fig. 2.3a, AKjc versus (SFD)I/ % for investigated
materials is plotted. The results obtained from theoretical model (Fig. 2.2a) shows
statistically significant difference between HA-5Ti and HA-10Ti as well as HA—
5Ti and HA-20Ti samples, when Dunnett’s t (marked with *) test was applied. The
Dunnett’ C test does not show any significant difference in this case. However, a
significant difference between HA and HA-10Ti as well as between HA-5Ti and
HA-20Ti samples was found, when Dunnett’s t (marked with **) and Dunnett’ C
(marked with ##) test were used for (SFD)"2. In Fig. 2.2b, the results reveal the
significant difference for both Kicqia-tiy = Kicay and (1 + (8/D))"", when
Dunnett’s t test was applied. However, Dunnett’s C test fails to reveal any sig-
nificant difference in case of Kijcqa_ti) = Kica) and (1 + (8/D))""2. The strength
of HA/Ti interface may lead to the deviation of AK;c from its linear pattern. The
positive deviation is possibly due to the result of high interfacial strength. In
contrast, the negative deviation may be a result of the weak interface.

In order to validate the obtained results from the Ashby’s model, we have used
another model to estimate the fracture toughness and an attempt has been made to
correlate the result obtained with the experimental values (see Fig. 2.3b). The yield
strength of the ductile metal particle as well as size and interparticle spacing can
also affect the toughness of a ceramic matrix-metal composite, as per the following
equation [93],

1
Kic = Kicm +f(u*, 0,) —— (2.16)

1+5

where, Kjc is the fracture toughness of composite; K¢y, is the fracture toughness of
ceramic matrix (HA); f(u*, oy) is a constant depends upon the metal (Ti) strain to
failure (u”) and the yield strength of the Ti particles (oy); 6 is the particles
near-neighbor distance; D is the size of the Ti particles. In the present case, the
values of 6 and D were estimated using an image processing software (Imagel)
from SEM images captured in BSE mode (see Fig. 2.5).

For a given ceramic matrix and metal reinforcement, the fracture toughness of
composite largely depends on & and D. For a particular volume fraction of rein-
forcement, the ratio () is independent of particle size and therefore, (4) values do
not affect the fracture toughness. However, in case of composite with varying
particle size and amount of metal reinforcement, the ratio (%) is highly significant.

In the present case, the microstructural analysis shows a lower value of (%) for



36 2 Case Study: Hydroxyapatite-Titanium Bulk Composites ...

HA-20Ti as compared to HA-10Ti. This is due to the unification of Ti particles
during ball milling/SPS, which leads to an increase in final particle size.

2.6 Biocompatibility Properties of HA-Ti Composites

The improvement in mechanical properties must not lead to the degradation of
biological properties. Although HA and Ti (and Ti alloys) were investigated
independently for their good biocompatibility property, only few reports are
available on the study of biocompatibility of the HA-Ti composites. In few
forthcoming sections, we will discuss briefly the bioactivity, cytocompatibility and
biocompatibility of HA-Ti composites processed by advanced sintering route.

The cytotoxicity of a biomaterial can be investigated on the basis of cell viability
and proliferation, in vitro. Nath et al. [52] reported the results of 1.929 mouse
fibroblast cell adhesion on the conventionally sintered HA-10Ti, HA-20Ti, and
HA-30Ti composites. The cultured L.929 cells show more flattened morphology on
HA-Ti samples (see Fig. 2.6) [52]. In a follow-up work [50], SEM studies reveal
the extensive cell-to-cell contact as well as spreading of the Saos-2 cells followed
by ECM (extracellular matrix) formation (Fig. 2.7). The well defined morphology
of Saos-2 cells on the HA-Ti substrates reveals their viability and establishes the
cytocompatibilty of the HA-Ti composites. The fluorescence microscopic investi-
gation supports the finding of the SEM study. Extensive actin filament reorgani-
zation (green color) and unfragmented nucleus (blue color) confirm the
cytocompatibility of the HA-Ti composites (see Fig. 2.7).

2.6.1 in vivo Biocompatibility

Although in vitro experiments can be used for initial screening of the biomaterials,
the absence of actual physiological conditions during these experiments limit the
applicability of such experiments. In fact, the material is to be tested for in vivo
biocompatibility property in order to understand the effect of more diverse envi-
ronment enriched with enzymes, proteins and variable pH as well as internal and/or
external stimuli like stress/electric field. Therefore, in vivo experiments are the
endpoint study of the biocompatibility of a biomaterial. In order to evaluate the
biocompatibility of HA-Ti composites, Chu et al. [71] performed the implantation
of HA-20 vol.% Ti in the skull of New Zealand white rabbits. Histological
observations after 3 weeks of implantation revealed the partial integration of im-
plant material with host bone. At the beginning of in vivo experiment (3 weeks), it
has been noticed that the presence of Ti (bioinert) results in a decrease in the
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Fig. 2.6 Representative fluorescence microscopy images of SaOS, cells on control and different
HA-Ti composites [50]

Fig. 2.7 a The SEM images showing the cell-to-cell contact and spreading of Saos-2 cells over
HA as well as Ti surface of HA-Ti composites. b The fluorescence microscopy image of Saos-2
cells, grown on HA-Ti samples shows the extensive reorganization of the actin filaments (green
color) and the healthy nuclei (blue color) [50]
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osseointegration of the composite. However, after 12 weeks of implantation period,
a complete integration of the composite material with host bone was noticed.
Therefore, HA-20Ti composite is found to behave similar to HA in terms of long
term implantation. Importantly, the decomposition products of HA in HA-20Ti
composite such as a-TCP dissolve faster than monolithic HA in the physiological
environment and therefore, supply the Ca** and PO, ions, results in faster healing
at the defect site [83].

In a different work, Chu et al. [51] investigated the biocompatibility of HA-Ti
FGM (Ti/Ti-20 vol.% HA/Ti-40 vol.% HA), in vivo. For this, FGM samples
(3.3 mm X 3.3 mm X 6 mm) were implanted into the skull of New Zealand white
rabbits. The bonding strength of FGM was found to be higher than pure Ti at any
instant (see Fig. 2.8). It was found that the presence of TiO, (rutile) layer on the Ti
metal surface provides the nucleation site for the apatite and therefore, enhances the
bonding with host tissue [110].

In summary, the presence of HA in the HA-Ti FGM helps in formation of
intervening apatite layer and therefore, good integration with host bone. The
presence of oxide layer on Ti surface synergistically improves the bioactivity of
FGM. Importantly, the addition of Ti to HA does not impair the biocompatibility of
the HA-Ti composites.

0.4 mm

Fig. 2.8 Representative images showing the neobone formation at the interface of implant
material a Pure Ti and b Ti—40 vol.% HA graded layer in the FGM) and host bone, after 4 weeks.
Acronyms used: m implant, b newborn bone, / host bone, * fibrous tissue [51]
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2.7 Future Perspective

This review summarizes the processing, characterization and properties of HA-Ti
based bulk composites in the perspective of bone tissue engineering applications.
The processing related challenges in context of phase stability in the HA-based
systems are mainly discussed and the shortcomings of the conventional pressureless
sintering are highlighted. Such discussion also places the benefits of using advanced
processing techniques such as spark plasma sintering (SPS) to consolidate
hydroxyapatite—titanium (HA—-Ti) composites with maximum retention of HA and
Ti in the composite by intelligently tailoring the sintering conditions.

The results of the present study is very significant as with several years of
research, the fracture toughness value could not be increased beyond 2 MPa m'?
even when conventional indentation technique is used and many reinforcements
(Al,O3 particles, HA whiskers, ZrO, particles, silver particles) were attempted [61,
100, 102, 111]. This is the first study showing the promise that the toughness of
HA-based materials can be enhanced to 5 MPa m'? or beyond. The present study
also establishes that Ti addition can be intelligently tailored to obtain a desired
combination of fracture toughness, strength and elastic modules. It is possible that
synergistic toughening approach with incorporation of ZrO, (transformation
toughening) can be attempted to further enhance the fracture toughness beyond
5 MPa m"?. However, this should require a careful control over sintering reactions.
To this end, multistage SPS route with two or more intermediate holding at
intermediate temperatures can be very effective.

At the closure, the development of high toughness HA biocomposite should
have a significant impact on the potential biomedical applications. There has been a
great need to develop mechanically reliable HA materials for heavy load bearing
implants such as artificial teeth roots [102]. Earlier research reported the in vivo
biocompatibility as well as clinical acceptance of dense HA as artificial teeth roots
[112-114]. Tt was also reported that most of the loaded implants are broken within
one year from implantation because of inferior toughness properties. In the absence
of the availability of high toughness materials, dense HA ceramics are used only as
unloaded tooth roots substitutes. The present study therefore makes a step ahead in
developing more mechanically reliable HA composites for dental restorative
applications and other biomedical applications requiring high toughness.
Importantly, these high toughness materials do not appear to compromise on the
biocompatibility aspects. It is noteworthy to mention that HA—-10 % Ti composite,
which exhibits highest toughness of close to 5 MPa m'? also supports biominer-
alization kinetics and similar cell viability and Saos-2 cell proliferation in vitro,
which is either comparable or better than monolithic HA [115]. In our recent study
on cell fate process using flow cytometry, it is demonstrated that HA 10 % Ti also
supports the progress of cell division of human fetal osteoblast cells without
causing any significant necrosis/apoptosis in vitro in a statistically significant
manner like monolithic HA [116].
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