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Abstract Hydroxyapatite (HA) is known to be biocompati-
ble and osteoconductive, and can be synthesized chemically.
The objective of the present study is to clarify the effect of
pressure during sintering on the mechanical properties of
HA. HA was sintered using a hot press system at a uniaxial
pressure ranging from 7.81 to 62.5 MPa at a maximum tem-
perature of 1200°C with a heating rate of 10°C/min. The den-
sity of the HA increased with increasing pressure and peaked
at the sintering pressure of 31.2 MPa. Four-points bending
tests and fracture toughness measurements with indentation
method were conducted to clarify the effect of sintering pres-
sure. Bending strength decreased at the pressure >31.2 MPa.
This result indicates that residual stress generated during sin-
tering process became larger with increasing pressure. Frac-
ture toughness were also lower with high density HA.

1 Introduction

Hydroxyapatite (HA), the main mineral constituent of verte-
brate skeletal systems, has the approximate chemical compo-
sition Ca;o(PO4)¢(OH),. Synthetic HA is used in hard tissue
replacement applications since it is capable of undergoing
bonding osteogenesis and is chemically stable for long pe-
riods of time in vivo. Synthetic HA is simply a fine-grained
polycrystalline ceramic and sintering process of HA have
been studied. Royer et al. [1] investigated the initial compo-
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sition (Ca/P) of the raw powder on the mechanical properties
of sintered body. Halouani et al. [2] measured the relative
density and average grain size as a function of tempera-
ture during hot-pressing. They clarified that a decrease of
both strength and toughness was observed with increasing
average grain size. Van Landuyt ef al. [3] investigated the
influence of high sintering temperature on the mechanical
properties of HA. In their study, nearly theoretical density
is achieved at 1300°C and a maximum fracture toughness is
obtained for the samples sintered at 1300°C whereas hard-
ness increases up to a sintering temperature of 1400°C. Ruys
et al. [4] investigated the effect of sintering temperature on
the tensile strength, Weibull modulus, density, decomposi-
tion, dehydroxylation and microstructure of HA sintered un-
der a 1 MPa purity argon atmosphere. Fanovich and Lopez
[5] investigated the effect of temperature and additives on the
microstructure and sintering behavior of HA with different
Ca/P ratio sintered at the atmospheric pressure. Muralithran
and Ramesh [6] also investigated the effect of temperature
on the properties of HA. Thangamani et al. [7] investigated
the effect of powder processing on densification, microstruc-
ture and hydroxyapatite. They also investigated the effect of
sintering temperature. Guo et al. [8] studied the effect of tem-
perature on the microstructure of HA with Rietveld method.
Gu et al. [9] examine the spark plasma sintering of HA and
the effect of temperature on sintering behavior of HA was
investigated. As mentioned above, many studies were con-
ducted on the sintering of HA, especially the inestigation
of the effect of temperature. On the other hand, there is lit-
tle study on the pressure condition during sintering process,
though the pressure condition as a driving force of the surface
and volume diffusion between the particles during sintering
is very important factor.

The objective of the present study is to clarify the effect
of sintering pressure on the mechanical properties of HA,
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experimentally. HA was sintered at five different pressure
conditions using a uniaxial hot press system. The sintered
bodies of HA were evaluated using bending and indentation
testing.

2 Experimental procedure

A commercially available HA powder (HAP200, Taihei
Chemical Co., Japan) was used for all test samples. The HA
powders were sintered on a uniaxial hot press (HP-88-CC-
23-S, NEMS Co., Japan). 4 sets of 5 g HA powders were
placed into the graphite die with a diameter of 20 mm as
shown in Fig. 1. The graphite die was set in the furnace of
the hot press system and powders were pressurized. In order
to investigate the effect of sintering pressure on the mechan-
ical properties of HA, the pressure levels were selected as
7.81 MPa, 15.6 MPa, 31.2 MPa, 46.8 MPa and 62.5 MPa.
Then, furnace atmosphere was replaced by high purity ar-
gon. The graphite die was heated in the furnace to 800°C
at 10°C/min, kept for 1 h and heated again to 1200°C at
10°C/min. Then, the pressure was set to 0 MPa and the die
was cooled to room temperature at 10°C/min. The sintering
program is shown in Fig. 2. Density measurements based on
Archimedes’ principle were conducted. Three measurements
were conducted on each disk to give the average value.

X-ray diffraction (XRD) analysis was used to characterize
the effect of the sintering pressure on the structure of HA with
goniometer (M21XHF22-SRA, MacScience, Japan). XRD
pattern was obtained with CuKo radiation at 40 kV and
300 mA. The samples were scanned from 10°(26) to 80°(20)
at a scan rate of 1°per min.

In order to characterize the grain size, the surface of the
thermally-etched HA was observed with a scanning elec-
tron microscope (S-2500CX, Hitachi, Japan). Thermal etch-
ing were conducted with a electric furnace (SSF-2030-R,

l Pressure

020

HAp Powder

Fig. 1 Schematic view of die set with HA powder.
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Fig. 2 Sintering program of HA.

Yamada Electric Co., Japan). HA was heated at 50°C/min to
1100°C, kept for 1 h and cooled to room temperature at the
furnace.

The sintered compacts were then polished to a 3 um fin-
ish and cut with a diamond resinoid blade (NASTRON TC-2,
Heiwa, Japan). The specimen size was 15 x 2 x 1 mm. Ten-
sile surface of the specimen was also polished to a 1 um
finish. The corners were chamfered and also polished to a
1 pum finish. In order to minimize the effect of water content
on fracture process, specimens were then dried in vacuum
drying oven (DP-23, Yamato Co, Japan) at 150°C for 2 h.
More than twenty specimens were prepared for both bending
tests and fracture toughness tests at each pressure condition.

Four points bending tests were conducted with an inner
span, /, of 3 mm and an outer span, L, of 9 mm at a loading rate
of 0.1 mm/min with universal testing machine (AG-25kN,
Simadzu, Japan). A miniature load cell (LMA-A-50N-P,
Kyowa Instrument Co., Japan) was used to monitor load dur-
ing bending tests. A strain gauge with 0.2 mm gauge length
(KFGO02-120, Kyowa Instrument Co., Japan) was glued on
the compressive surface to monitor bending strain during the
bending tests. Bending stress, o g was calculated as

3P(L—1) 0
op = ————
b 2wi?
where P denotes the load and w and ¢t are specimen width
and thickness, respectively. In order to characterize strength
data statistically, we used Weibull type distribution as

F=1—exp<— (%) ) (2)

where F, o, m and oj denote fracture probability, strength,
shape parameter and scale parameter. In the present study,
shape parameter, m, was used as the degree of the dispersion
of strength. Bending modulus was calculated from the slope
of the bending stress-bending strain curves.
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Fracture toughness measurements were also conducted
with indentation method using micro-Vickers hardness test-
ing machine (MVK-G2000, Akashi Co., Japan). Fracture
toughness K;c were calculated based on the median crack
equation as

E 0.5 F 05 @

where F denotes the indentation load, E denotes Young’s
modulus, HV denotes the Vickers Hardness, C is half of the
radial crack length and a is half of the average indent diago-
nal. Test load of 200 gf with a holding time of 10 s was used in
the present investigation. Ten measurements were conducted
on each specimen to give the average value.

3 Results and discussion

Figure 3 shows the relative density of the sintered compacts.
Average values and standard deviations are shown. Theoret-
ical density of HA was assumed to be 3.16 g/cm?, which
is calculated with the experimentally obtained lattice con-
stants [10]. The relative density becomes larger with increas-
ing pressure from 7.81 MPa to 31.2 MPa. At the pressure
larger than 31.2 MPa, the relative density becomes constant
value of 96%. The standard deviation of density also became
smaller.

The bending strength and fracture toughness as a func-
tion of the sintering pressure are shown in Figs. 4 and
5, respectively. Average values and standard deviations
are shown. The variation in the bending strength with
sintering pressure is similar to fracture toughness. That
is, the bending strength and the fracture toughness be-
come smaller with increasing sintering pressure. Espe-
cially, bending strength decreases drastically in the spec-
imen sintered at the pressure larger than 31.2 MPa, at
which the relative density of the sintered compacts becomes
96%.
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Fig. 3 Relative density of HA with sintering pressure.
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Fig. 4 Bending strength of HA with sintering pressure.
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Fig. 5 Fracture toughness of HA with sintering pressure.

120

MR
60 [ I

40 r

Bending Strength [MPa]

20 r *

O 1 1 1 1
90.0 92.0 94.0 96.0 98.0

Relative Density [%)]

100.0

Fig. 6 Bending Strength as a function of Relative Density.

To discuss the quantitative relation between the mechan-
ical properties and the density, the bending strength and the
fracture toughness as a function of the relative density are
shown in Figs. 6 and 7, respectively. Solid symbol means an
average value at each relative density. The range in strength
and toughness means maximum and minimum values. The
bending strength of HA with relative density <94% is con-
stant in spite of scattering in the values. Then, the strength
becomes 40% at the relative density >95%. Fracture tough-
ness also decreases at the density >95%. Figure 8 shows
the relation between Weibull shape parameter and relative
density. Shape parameter significantly decreases at the den-
sity >94%. This means the dispersion of strength becomes
larger at the density >94%.
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Fig. 7 Fracture Toughness as a function of Relative Density.
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Fig. 8 Weibull shape parameter as a function of relative density.

The reasons of both significant decrease in strength and
toughness and significant scattering in strength are consid-
ered as the grain growth, decomposition of HA and/or resid-
ual stress. The surface observation results in Fig. 9 indicates
that the grain growth do not occur during sintering process.

Fig. 9 Scanning electron
micrographs of HA.

((a) Bending strength: 103 MPa
and (b) Bending strength:

17 MPa).

(a) 103MPa
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At the temperature higher than 850°C, dehydroxylation of
HA occurs [11] as

Calo(PO4)6(OH)2 — 2Ca3(PO4)2 + Ca4P209 + H20 (4)

That is, secondary phases of tricalcium phosphate and tetra-
calcium phosphate become the initial flaws. To evaluate the
decomposition of HA, X-ray diffraction (XRD) analysis was
conducted. Figure 10 shows XRD patterns of HA with rela-
tive density of 91.2% and 95.9%. The peaks becomes broad
in HA with the relative density of 95.9%, which means a
little reduction in the crystallization of HA occurred. From
this result, it is confirmed that mechanical loading slightly
accelerates dehydroxylation.

During sintering process, residual stress is considered to
become larger with increasing sintering pressure. From the
result of Fig. 9, peak shift was also observed in HA with the
relative density of 95.9%. This corresponds to the existence
of residual strain. That is, the residual stress is induced in the
HA. From the present study, it is clarified that strength and
toughness reduction is mainly due to the decomposition and
the residual stress.

Figure 11 shows the bending modulus as a function of
the relative density. In the range of the relative density of
HA obtained in the present study, the bending modulus lin-
early increases with increasing relative density. In Fig. 10,
analytical prediction based on micromechanics [12—14] is
also shown. Modulus, E is calculated based on the following
equation,

Eo
E= 14 000+ ®)
2(1— )7 —5v)

1.5um

(b) 17MPa
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Fig. 10 X-ray diffraction
pattern of HA (Relative density:
91.2%, Bending strength:

82.2 MPa, Sintering pressure:
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Fig. 11 Bending modulus as a function of Relative Density (Experi-
mental result and analytical prediction).

where Ej is the modulus with the relative density of 100%,
fis porosity and v is Poisson’s ratio. In the present analysis,
Ey and v are assumed as 100 GPa and 0.22, respectively.
In this relative density range, micromechanical analysis is in
good agreement with experimental results. It is proved that
this analysis is applicable for hydroxyapatite ceramics. This
analysis is useful for optimum material design considering
physical biocompatibility based on the degree and/or area of
disease.

4 Conclusion

In the present study, the effects of sintering pressure on the
mechanical properties of HA were investigated and following
conclusions were obtained.

(1) The bending strength and the fracture toughness seri-
ously decrease with the relative density >96%.

30

35
26 [deg.]

(2) The dispersion of strength becomes larger at the density
>94%.

(3) The reduction in strength and toughness with high rel-
ative density is due to HA decomposition and residual
stress.

(4) Micromechanics are useful to predict the variation in
modulus with the relative density.
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