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Abstract

The Vickers hardness, Hy, was measured for 42 sintered monophase hydroxyapatite (HAP) specimens having volume fraction
porosities, P, that ranged from 0.02 to 0.31 and average grain sizes between 1.7 um and 7.4 pym. The Hv versus porosity behavior of
the sintered HAP specimens were successfully described by the exponential function of porosity, Hy = H, exp(—bP), where the least-
squares fit values of the zero-porosity hardness H, and the constant » were 6.00+0.7 GPa and »=6.03, respectively. The function
Hy = H, exp(—bP) is consistent with a minimum solid area model proposed by Rice. In contrast to the strong dependence of
hardness on porosity, there was no clear trend of hardness as a function of grain size, for the grain size range included in this study.
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1. Introduction

Natural bone is a nanocomposite of ceramic apatites,
principally hydroxyapatite and carbonate apatite, and
polymeric collagen fibrils [1]. Much of the interest in the
material properties of sintered hydroxyapatite is fueled
by hydroxyapatite’s application in structural bio-
implants to replace damaged bone. Natural bone has
strength and resilience that is difficult to match artifi-
cially. Hydroxyapatite is analogous to the natural cera-
mic in bone and is bioactive in that hydroxyapatite is
non-toxic and interfacial bonds form between implanted
hydroxyapatite and living tissue [1].

In addition to its use as a bioactive ceramic, it has
been proposed that HAP could be utilized as an elec-
trically insulating coating for electronic devices, includ-
ing (but not limited to) implantable devices [2]. Besides
its possible use as a dielectric coating, Kobune et al. [3]
suggest that HAP specimens sintered to transparency
may be used as optical matched filters. Wear, including
abrasive wear, is an important consideration in each of
these possible application areas and especially with
regard to the dental restoration materials and optical
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filters. Wear rates are often modeled in terms of the
hardness of the abrading particles and the hardness of
the materials being abraded [4-6]. For optical materials,
the required mass density is very close to the theoretical
density, in order to provide translucency or transpar-
ency [3]. For biomedical implants, often highly porous
materials are needed to facilitate bone ingrowth [7,8].
This study determines the hardness of HAP for volume
fraction porosities between 0.02 and 0.31, which spans
most of the porosity range of interest for biomedical
and electronic uses, and the porosity of 0.02 approaches
the density levels used in optical devices.

2. Background

The hardness of ceramics is typically a function of
both size and porosity. However, the dependence of
hardness on grain size does not show a single trend that
applies to every ceramic material. Rice et al. [9]
reviewed the relationship between grain size and hard-
ness of a variety of dense oxide and non-oxide ceramics.
For example, a 10-fold increase in grain sizes produces
a~70% decrease in Vickers hardness, Hy, for MgO,
~30% decrease in for Hy BeO, ~10% decrease in Hy
for Al,O3, and a~5% decrease in Hy for MgAl,O4 and
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B4C [9]. In contrast, Hy for TiB,, SiC, TiC and Si3;Ny is
essentially independent of grain size over the grain size
ranges studied (10-140 um for TiB, and SiC, 20-140 pm
for TiC and Si3sNy) [9]. In addition, Hy of ZrO, shows
little dependence on grain size over the grain size range
0.5-50 um [9].

Krell et al. [10] investigated the hardness versus grain
size relationships of high purity sintered alumina of
99.240.4% relative density. Specimens with grain sizes
ranging from 0.4 pum to 4 um exhibited a continuous
decrease in Vickers hardness (using a 10 N indentation
load) as the grain size increased [10]. For a grain size of
0.4 pm the measured Hy was 22 GPa, but at grain size of
4 pm Hy had decreased to 15 GPa [10]. For their alu-
mina specimens, Krell et al. [10] attributed the increase
in hardness with decreasing grain size to a reduction in
dislocation mobility with decreasing grain size.

In contrast to the various trends observed for hard-
ness as a function of grain size, hardness decreases
monotonically as the volume fraction porosity increases
for essentially all ceramics. For nano-crystalline ZnO
[11] and nano-phase TiO, [12], the measured Vickers
hardness was essentially grain-size-independent for both
materials in the grain size range from roughly 7 to 240
nm. However, the Vickers hardness, Hy, of the ZnO
specimens increased from 1.8 GPa at a volume fraction
porosity (VFP) of 0.15 to an Hvy of 4.0 GPa for a VFP
values between 0.05 to 0.10 [11]. Hy of the nano-phase
TiO, also showed a strong dependence upon porosity,
with Hy increasing from 1.3 GPa at a VFP of 0.25 t0 9.0
GPa for a VFP of 0.10 [12].

In addition to a dependence on porosity and grain
size, hardness can be a function of second phases that
are present in the microstructure. For example, the
indentation hardness of calcium-modified lead titanate
ceramics was measured as a function of porosity, grain
size and tetragonal distortion [13]. Calcium-modified
lead titanate specimens were sintered with volume frac-
tion porosities ranging 0.02-0.30, with grain sizes
between 2.4-6.0 um, and three Ca/Pb ratios; 24/76, 26/
74, and 35/65. For a fixed Ca/Pb ratio of 26/74, the
hardness increased from 2.3 GPa at a VFP of 0.175-3.3
GPa at VFP values from 0.04 to 0.07. The increase in
hardness with decreasing porosity was observed regard-
less of grain size, which ranged from 2.99 to 5.95 pm
[13]. The slopes of the hardness versus porosity curves
were significantly different for the three different Ca/Pb
ratios indicating that the tetragonal distortion affected
the measured hardness [13].

It can be difficult to precisely isolate the effect of grain
size and of porosity on hardness, since typically both
the density and porosity change simultaneous during
sintering. However, often densification dominates over
grain growth in the initial stages of sintering while grain
growth dominates in the later stages of sintering [14].
The Vickers hardness of Y,O5; specimens sintered by

either hot isostatic pressing (HIP) or vacuum sintering
were compared using indentation loads ranging from 25
to 200 N [15]. Microstructural comparison showed that
HIPed Y,O; was denser than vacuum sintered Y,Oj3
(99.7% versus 98.8% theoretical density). However, the
grain size of the HIPed Y,O; had an average grain size
of 0.7 um while the vacuum sintered specimens had a
mean grain size of 15 pm [15]. The HIPed Y,O; was
somewhat harder than vacuum sintered Y,Os, with a
Hy, of 7.0-7.5 GPa for the HIPed Y,05 and a Hy of
6.0-6.5 GPa for vacuum sintered Y,Oj3 [15]. Although
the grains size differences are pronounced, there also is a
small difference in the porosity and a small scatter in the
hardness values themselves between the vacuum sin-
tered and the HIPed specimens. Thus, it is difficult to
unambiguously separate the effects of porosity and
grain size for the sintered Y,Oj3 [15] as well as similar
effects in most other hardness studies of ceramics.

As is the case with the other ceramic materials dis-
cussed above, the hardness of hydroxyapatite is a func-
tion of microstructure, especially porosity and second
phases that may be present. Frequently, second phases
appear in HAP when it is sintered. Heating hydro-
xyapatite, Ca;o(POy4)¢ (OH),, in air can lead to the par-
tial or complete chemical decomposition of HAP into
one or more thermal decomposition products, including
tetracalcium phosphate, Ca4P,0y, and tricalcium phos-
phate, Caz (POy),. The thermal decomposition of HAP
occurs via two steps, dehydroxylation and decomposi-
tion [16-18]. In air, dehydroxylation to oxyhydrox-
yapatite (OHAP) can occur at temperatures greater
than 800 °C [16,18-20] according to the reversible
reaction

Caj9(PO4)s(OH), <= Cao(PO4)c(OH),_,,0O 0
"l‘XHZOgas
Decomposition of partially dehydroxylized HAP to
tricalcium phosphate and tetracalcium phosphate can
occur at temperatures > 1000 °C [16-18], such that

Calo(PO4)6(OH)2 - 2Ca3(PO4)2 + CayqP109 (2)
+ HZOgas

Studies of the Vickers and Knoop indentation hard-
ness of sintered hydroxyapatite indicate that while
hardness is a function of porosity and the presence of
secondary phases, the hardness of HAP is relatively
insensitive to changes in the grain size. An example of
the dependence of the hardness on phases present,
Wang et al. [21] measured the Knoop hardness (at a
1.96 N load) for both the pure and partially decom-
posed HAP [21]. The polyphase specimens that had
partially decomposed to a-tricalcium phosphate and
tetra-calcium phosphate exhibited significantly greater
hardness as a function of density [21]. For example, a
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sintered HAP specimen with a VFP of 0.22 that had
undergone partial thermal decomposition had a Knoop
hardness, Hg, of 2.04 GPa while Hx was 1.03 GPa for
monophase HAP with a similar value of VFP [21].

A study by Kijima et al. [22] highlights the insensitiv-
ity of the hardness of OHAP to changes in grain size.
For an applied load 0.98 N, Kijima et al. [22] obtained
Vickers hardness values of 6.3-6.5 GPa for monophase,
dehydrated hydroxyapatite (OHAP) specimens with
grain sizes between 1.6 pm and 6.5 pym and a narrow
range of density (99.0-99.4% theoretical density) [22].
Thus, despite a 4-fold increase in grain size, the hardness
values of the OHAP remained essentially constant [22].

3. Experimental procedure

The forty two hydroxyapatite specimens for this study
were sintered from a commercial 99%-pure calcium
hydroxyapatite powder (Cerac Inc., Specialty Inor-
ganics, Milwaukee, WI). The most significant impurities
consisted of 0.08-0.1% Mg and Si. All hydroxyapatite
powder compacts were formed by uniaxial pressing at
6.55 MPa in a cylindrical hardened steel die, producing
5.095 cm diameter disks. Following the initial uniaxial
die pressing at 6.55 MPa, specimen numbers 20-23, 31,
34, and 35 (Table 1) were cold-isostatically pressed in a
room temperature isostatic press (Iso Spectrum Inc.,
Columbus, OH) at pressures up to 80 MPa.

Twelve specimens (numbers 1-12, Table 1) were fired
in air in a conventional electric tube furnace. The speci-
mens were sintered at temperatures of either 1300 °C or
1400 °C for sintering times of 45-660 min. The green
bodies were placed on a 30 cm long alumina semi-
circular hollow platen that fit into the 8 cm diameter
horizontally aligned alumina furnace tube. Both the
heating rate and the cooling rate were 10 °C per minute.

Twenty-six HAP specimens (labeled 13-24, 31, 34, 35,
37, 3945 and 48-50, Table 1) were fired in air in a box
furnace. The heating rate averaged 10-20 °C/minute
between room temperature and the sintering tempera-
ture. The sintering temperatures ranged from 1100 °C to
1300 °C with sintering times ranging from 15 min to 60
min. The cooling rates were approximately 20 °C/min
down to 500 °C. After reaching a temperature of
roughly 500 °C, the furnace was allowed to “free cool”
to room temperature.

The four remaining HAP specimens (numbers 25-28,
Table 1) were sintered in air in a single-mode resonant
microwave cavity equipped with a 2 kW, 2.45 GHz
power supply. The sintering temperature ranged from
1050 °C to 1200 °C with a sintering time of 30 minutes
in each case. During microwave sintering, the specimens
were placed inside a refractory specimen enclosure (cas-
ket) composed of a porous, hollow yttria stabilized zir-
conia tube approximately 10.5 cm in diameter, 3 cm in

height, with a wall thickness of ~1.25 cm. Disk shaped
end caps for the refractory casket roughly 10.5 cm in
diameter and 2 cm thick were cut from aluminosilicate
insulating board. A 5 mm diameter circular view hole
through the wall of the zirconia cylinder allowed the
specimen temperature to be measured by an optical
pyrometer. Details of the sintering technique and
microwave apparatus are given elsewhere [23-25].

Table 1
Volume fraction porosity, grain size and Vickers indentation hardness
of the sintered hydroxyapatite specimens included in this study?®

Spec. # Volume fraction Grain size Hardness
porosity (x107°m) (GPa)

1 0.087 1.7 3.54+0.27
2 0.087 1.7 3.334+0.25
3 0.088 2.0 2.794+0.23
4 0.085 2.1 3.764+0.43
5 0.087 2.1 3.77+0.52
6 0.075 2.3 3.3340.28
7 0.034 5.7 4.82+0.55
8 0.030 7.4 4.8440.19
9 0.060 5.9 4.154+0.25
10 0.064 5.9 3.674+0.15
11 0.056 6.7 4.2040.21
12 0.058 6.8 4.4340.35
13 0.036 44 3.95+0.66
14 0.049 3.7 3.9440.69
15 0.034 3.6 4.45+0.42
16 0.064 2.7 3.814+0.17
17 0.086 4.1 4.15+0.65
18 0.056 5.1 4.3540.43
19 0.100 N/AP 4.004+0.23
20 0.022 23 5.52+0.21
21 0.021 2.6 5.4240.18
22 0.074 2.0 3.5540.47
23 0.027 2.1 5.21£0.19
24 0.218 44 1.3240.32
25 0.283 2.7 0.9140.17
26 0.160 3.1 2.46+0.38
27 0.065 39 4.48+0.45
28 0.057 4.4 4.07+0.26
31 0.043 5.1 5.24+0.22
34 0.030 2.5 5.54+0.26
35 0.044 2.7 5.33+0.24
37 0.311 3.9 1.20+£0.14
39 0.114 2.5 3.684+0.18
40 0.178 2.7 1.61£0.11
41 0.231 2.4 1.6040.06
42 0.064 2.8 4.154+0.35
43 0.053 3.3 4.4440.34
44 0.048 2.9 5.37£0.26
45 0.063 4.6 3.774+0.29
48 0.086 N/AP 4.204+0.18
49 0.076 3.2 4.204-0.31
50 0.069 4.5 3.08+0.11

4 The standard deviation of the hardness values shown was calcu-
lated from the approximately 7-10 indentations made in each specimen.

® No grain size measurements are reported for specimens 19 and 48,
since the quality of the etch for those specimens was not sufficient to
obtain a precise grain size determination.
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The wide range of sintering temperatures and times
were included in this study in order to produce speci-
mens having a wide range of porosity while attempting
to produce a relatively narrow range of grain sizes. The
cold isostatic pressing of selected specimens prior to
sintering was done in order to attempt to obtain dense
specimens with limited grain growth. The microwave
sintering was performed as part of a wider program in
microwave processing of ceramic materials with which
one of the authors (Case) has been involved.

After sintering, the specimens were polished with dia-
mond paste, with several grit sizes descending from 67
pm to final polishing at 1 um. Polished HAP specimens
were then sectioned with a slow speed diamond saw.

Mass density measurements were made by Archi-
medes method on whole or sectioned sintered hydro-
xyapatite  specimens. Using scanning electron
microscope (Hitachi S-2500C) with an accelerating vol-
tage of 20 kV, micrographs were taken of polished,
etched and gold coated surfaces of sintered HAP speci-
mens. The grain sizes were calculated using the linear
intercept technique (geometric constant=1.00). More
than 200 intercepts per image were used in the grain size
calculation for each specimen included in this study.

In this study, two different types of hydroxyapatite
powder specimens were subjected to X-ray analysis. In
addition to the as-received hydroxyapatite powder,
HAP powder specimens also were obtained by section-
ing sintered HAP specimens with a low speed diamond
saw, then grinding the sections into a powder using a
mortar and pestle.

Both types of HAP powder specimens were pressed
into a 4 mm diameter depression in a glass microscope
slide, which served as a deep-well powder mount. The
glass slides with the HAP powder specimen in place
were loaded into a Scintag 2000 X-ray machine. The
powder specimens were irradiated with Cuk,; (which
has a wavelength of 15.406 nm). The samples were
scanned over a 20 range of 25-36° using a step-scan
program run at 0.2 min/° with a step size of 0.02°. This
particular range of 26 was selected since it included most
of the principal X-ray diffraction peaks for HAP and
HAP’s thermal decomposition products [26].

Hardness measurements were made by measuring
Vickers indentations on the polished faces of the
hydroxyapatite specimens using a Vickers micro hard-
ness tester (Buehler Corp. Lake Bluff, IL). Loads of 2.94
N, 4.90 N, and 9.81 N were used with a 10 s loading
time and a loading speed of 70 pum/s. Approximately
10-20 indentations per specimen were made, but inden-
tations with surface chipping were not included in the
analysis. The Vickers hardness, Hv, of the sintered HAP
specimens was calculated using the average diagonal
length of the Vickers indentation such that

H, = L)2d° (3)

where L is the indentation load in Newtons and 2a is the
length of the indentation diagonal in meters.

Thirty-six out of the 42 specimens were thermally
etched by heating the specimens in air in a conventional
box furnace at 1300 °C for 1 h. HAP specimens num-
bers 1-5 and 11 were chemically etched for 1 min using
a 0.1 M HCI solution at room temperature.

4. Results and discussion

The microstructure of the HAP specimens included in
this study consisted of approximately equi-axed grains
(Fig. 1). Over the entire range of specimen porosity, the
microstructure showed few, if any, entrapped pores. The
pores that are present in the more dense specimens exist
principally at triple grain junctions (Fig. 1). For the 42
HAP specimens included in this study, the volume frac-
tion porosity ranged from about 0.02 to 0.31, with the
mean grain sizes ranging from approximately 1.7 to 7.4
um (Table 1).

The two thermal decomposition reactions [Egs. (1)
and (2) in Section 2] are very important to a study of the
mechanical properties of sintered HAP, since the
decomposition products can significantly affect the
hardness and other mechanical properties of HAP
[21,27]. Therefore, it is crucial to determine whether or

Fig. 1. A SEM micrograph of the polished and thermally etched sur-
face of sintered hydroxyapatite specimen 15 (Table 1) sintered at
1300 °C for 45 min with average grain size of 3.6 um and a volume
fraction porosity of 0.034. The micron marker represents a length of
10 pm.
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not decomposition products such as tri-calcium phos-
phate and tetracalcium are present.

In this study, the X-ray analysis of the sintered HAP
specimens as well as the as-received powder showed that
all of the major diffraction peaks corresponded to HAP.
No tri-calcium phosphate was detected by the X-ray
analysis for either the as-received HAP powder or for
the sintered specimens. However, a faint X-ray diffrac-
tion peak likely associated with tetracalcium phosphate
appears at a 20 value of about 29° for the sintered HAP
specimens, although a similar peak was not detected in
the as-received HAP powders.

The possible tetracalcium phosphate peak was
observed only for specimens 7 and 8, which were sin-
tered at 1400 °C for 2 h and 4 h, respectively, and for
specimens 9, 11 and 12 which were sintered at 1300 °C
for 4.5, 9, and 11 h, respectively. Thus, for only five out
of the forty-two specimens included in this study inclu-
ded possible second phases.

The Vickers hardness of the sintered hydroxyapatite
specimens prepared in this study is a strong function of
the volume fraction porosity (Fig. 2). In terms of the
processing, the 31 specimens that were hard die pressed
and conventionally sintered show no systematic differ-
ences in hardness—porosity compared to the seven spe-
cimens that were cold isostatically pressed (CIPed) prior
to sintering or the four additional microwave sintered
specimens (Fig 2). Thus the data for the CIPed and
microwave sintered specimens is somewhat limited,
there are no apparent differences in the hardness-por-
osity relationship based on these processing details.

Hardness (GPa)

0 T T T T T T Ll

000 005 010 015 020 025 0.30 0.35
Volume Fraction Porosity

Fig. 2. For the 42 sintered HAP specimens included in this study, the
Vickers indentation hardness, Hy, as a function of volume fraction
porosity, P. The curve is the least-squares fit of the data to Eq. (4)
[Hy = Hoexp(—bP)]. The filled squares represent specimens that were
uniaxially pressed and conventionally sintered. The filled circles
represent specimens that were cold isostatically pressed and con-
ventionally sintered. The filled triangles designate specimens that were
microwave sintered.

The porosity dependence of hardness is consistent
with the Minimum Solid Area (MSA) model that has
been proposed by Rice [21,28]. Rice and other
researchers have employed the MSA model to describe
the porosity dependence of hardness [29], ultrasonic
velocity [29,30], fracture strength [31], and elastic mod-
ulus [29,32] of a variety of ceramic materials. In addi-
tion, Hoepfner and Case [33] have shown recently that
the dielectric constant of HAP also shows an exponen-
tial decrease as a function of porosity dependence,
which again is consistent with the MSA model. For
hardness, the MSA model can be represented by

H, = Hyexp(-bP) 4)

where Hvy is the measured Vickers hardness, H is the
Vickers hardness value corresponding to a specimen
with zero porosity, b is a material dependence constant
and P is the volume fraction porosity of the specimen.
The least-squares fit to Eq. (4) yielded values of
6.00+0.7 GPa for H, and 6.03 for the constant b, with a
r? (coefficient of determination) of 0.91.

The zero-porosity value of Vickers hardness, H,
6.00£0.7 GPa that was obtained in this study by the
linear regression analysis agrees well with the literature
values for Vickers indentation hardness measurements
on highly dense, monophase HAP specimens. For sin-
gle-phase HAP specimens sintered from commercial
powders, Muralithran and Ramesh [34] found a hard-
ness of 6.08 GPa for specimens with volume fraction
porosities <0.01. Kobune et al. [3] studied the mechan-
ical and optical properties of translucent Sr-doped HAP
with the composition Ca;_Sr(PO4)s(OH),, where x
varied from 0 to 0.08. All specimens in the Kobune et al.
study had volume fraction porosities ranging from 0.036
to 0.003 and grain sizes from 1.6 to 1.9 um. Regardless
of the porosity, the value of x, or the grain size, the
Vickers hardness of each specimen in the Kobune et al.
study was between 5.5 and 5.9 GPa [3].

The hardness values of the sintered hydroxyapatite
specimens in this study show no trends with grain size
(Fig. 3). Thus, if hardness of HAP is a function of grain
size, the effect is significantly weaker than the effect of
porosity on hardness, over the range of grain sizes and
porosity values for the specimens in this study (Fig. 3).

In order to compare the hardness—porosity behavior
for HAP observed in this study with the results of other
researchers, the literature was searched for indentation
hardness—porosity studies for which X-ray diffraction
showed that the specimens contained no more than
trace amounts of the thermal decomposition phases of
HAP. The three HAP studies selected from the litera-
ture on this basis included: a Vickers hardness study by
Best et al. [35], a Knoop hardness study by Wang et al.
[21] and a Knoop indentation study by Slosarczyk et al.
[27].
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Fig. 3. For the sintered HAP specimens in this study (Table 1), the
Vickers hardness as a function of the average grain size. Note that
there is no trend of hardness as a function of grain size.

Although it was not a criterion used in selecting their
studies as a basis for comparison, Best et al. [35] and
Wang et al. [21] employed indentation loads (9.81 N
and 1.96 N, respectively) that were roughly similar to
the three indentation loads used in this study, namely
2.94 N, 490 N, and 9.81 N. Slosarczyk et al. did not
specify an indentation load [27].

The hardness-porosity relationship [Eq. (4)] can also
be written in a linearized form such that

H
ln<F0) = —bP 5)

Normalized Hardness

0.01 r r T T T
0.00 0.10 0.20 0.30 0.40 0.50

Volume Fraction Porosity

* [2127] ——Fit[21,27]

A [35] .-
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where H/H, is the indentation hardness H normalized
by the zero porosity hardness Hy. The normalization
that was used allowed a direct comparison among the
data from this study in terms of the Vickers indentation
hardness, Hy (GPa), the data by Best et al. [35] (who
reported their hardness values in terms of Vickers
Hardness Number, HVN), and Wang et al. [21] and
Slosarczyk [27] (with hardness data in terms of Knoop
hardness). Since the hardness-porosity data were very
similar for the two Knoop indentation studies [21,27],
the data from those two studies were combined to form a
single data set for the analysis done in this study (Fig. 4).

The hardness data in this study is more extensive than
in the other three studies (Fig. 4), with forty-two hard-
ness—porosity data pairs in this study compared to 15
data pairs in the Best et al. [35] study and 12 data points
in the combined Wang [21] and Slosarczyk [27] studies.
Also, the data for Best et al. [35] is clustered at the
higher and lower ranges of P, with no data in the range
of 0.19 <P <0.47, while the data in this study is more
evenly distributed over the porosity range from 0.02 to
0.31 (Figs. 2-4). In addition, while in this study the
hardness-porosity behavior is characterized (Fig. 4) in
terms of Eq. (4) and equivalently Eq. (5), the studies by
Best [35], Wang [21] and Slosarczyk [27] did not attempt
to fit their hardness-porosity data to any functional form.

The HAP hardness—porosity data in this study and
data from Best et al. [35], Wang et al. [21] and
Slosarczyk et al. [27] fit Eq. (5) relatively well. The
coefficient of determination for the least-squares fit to
Eq. (5) was 2 of 0.95 for the Best et al. data [35] and >
was 0.89 for the combined data sets of Wang [21] and
Slosarczyk [27] (Fig. 4).

10 -
(b)
0
(7]
Q
[
<
©
T
T
Q
N
®
E 014
)
4
0.01 T 1
0.00 0.10 0.20
Volume Fraction Porosity
Fit [35] @ [ThisStudy]  — =—Fit[This Study]

Fig. 4. (a) A comparison hardness measurements of HAP specimens for (i) this study (filled circles), (ii) the Best et al. [35] (filled triangles) data and,
(iii) the combined data set of Wang et al. [21] and Slosarczyk et al. [27] (filled diamonds). The lines represent the fit of the individual data sets to In(H/
Hy)=—bP[Eq. (5)], where H/H, is the normalized hardness and P is the volume fraction porosity. (b) A re-plotting of the data sets shown in (a), but for
the range of volume fraction porosity 0 < P <0.20 in order to show more clearly the comparison among the data sets for the lower range of P.
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Table 2

The normalization and statistical parameters from the linear regres-
sion analysis of the hardness of sintered hydroxyapatite as a function
of volume fraction porosity [Eq. (5): In H=In H,-bP) for this study,
Wang et al. [21], Slosarczyk et al. [27], and Best et al. [35]*

Wang et al. [21] and
Slosarczyk et al. [27]

Best et al. [35]

Volume fraction Knoop hardness Volume fraction Vickers hardness

porosity (P) Hg (GPa) porosity (P) Hy (GPa)
0.40 0.449 0.52 50
0.39 0.155 0.50 50
0.38 0.189 0.49 50
0.35 0.298 0.48 51
0.31 0.85 0.18 145
0.31 0.849 0.16 350
0.24 0.928 0.11 205
0.23 0.963 0.09 370
0.22 1.025 0.06 425
0.08 2.7 0.05 410
0.02 4.0 0.03 410
0.01 4.6 0.03 450
0.02 700
0.02 670
0.01 540

It should be noted that differing types of HAP pow-
ders were used to prepare the specimens in this study
and in the studies by Best et al. [35], Wang et al. [21] and
Slosarczyk et al. [27] (Table 2). In this study, commer-
cial (Cerac Inc) powders were used while Wang et al.
[21] and Slosarczyk et al. [27] synthesized their HAP
powders by a wet chemical method. Best et al. [35] used
three commercial HAP powders which were character-
ized in detail via X-ray diffraction, infrared spectro-
scopy, inductively coupled plasma spectroscopy, surface
area analysis, particle size analysis and scanning
electron microscopy. Best et al. found that their three
commercial powders had significantly different
morphologies that in turn influenced the sintered
density and grain size of the sintered specimens [35].
Hardness data from specimens sintered from all three
commercial powders used by Best et al. [35] were inclu-
ded in the comparison of data performed in this study
(Fig. 4). Despite the differences in the starting HAP
powders among the four studies (this study, Best [35],
Wang [21] and Slosarczyk [27]), the indentation hard-
ness of sintered hydroxyapatite in each study decreases
exponentially as porosity increases, as modeled by

Eq. (9).
5. Summary and conclusions

Commercial hydroxyapatite powders was processed by
uniaxial die pressing, cold isostatic pressing and pres-

sure-less sintering at 1100—1400 °C, for sintering times of
15 min to 11 h. Four specimens were also microwave-
sintered at temperatures between 1050 °C and 1200 °C
for a sintering time of 30 min. This range of processing
conditions produced sintered HAP specimens having
grain sizes that ranged from 1.7 pym to 7.4 um. The
volume fraction porosites were between 0.02 and 0.031.

Although for the HAP specimens included in this
study there was a factor of four difference between the
smallest and largest grain sizes, there was no clear grain
size dependence of hardness. As discussed in the Intro-
duction section, while the hardness of some ceramic
materials is a function of grain size, the hardness of
many ceramics is independent of grain size. Thus, hav-
ing an Hy of HAP that is independent of grain size is
consistent with the results given in the literature for a
number of ceramic materials.

However, the Vickers hardness values, Hy, decreased
rapidly as porosity increased (Fig. 2). The Hy values as
a function of the volume fraction porosity, P, were fit to
relationship Hv = H, exp(—bP) with the zero-porosity
hardness value, H,, of 6.00+0.7 GPa and constant
b=6.03. The zero-porosity value of H, obtained from
the least-squares fit agrees well with the data from the
experimental hardness values from the literature for
specimens with porosites <0.01.

The data included in this study represents a more
extensive data hardness—porosity set for HAP than
other studies in the literature [21,27,35]. Also, unlike
other HAP hardness studies of monophase HAP
[21,27,35], the data in study and the data from the lit-
erature was fit to an exponential function of porosity
[Eq. (4)] that is consistent with the Minimum Solid Area
model proposed by Rice [21,28]. Despite differences
among the starting powders used to make the HAP
specimens, hardness-porosity data from the Vickers
indentation study Best et al. [35], and the two Knoop
indentation studies by Wang et al. [21] and Slosarczyk
et al. [27] agreed relatively well with the results of this
study (Fig. 4).
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