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Hydroxyapatite ceramics have been fabricated via two different processing routes,

a conventional processing route and an emulsion-refined route. The conventional
precipitation processing of powder precursors for hydroxyapatite ceramics results in the
formation of hard particle agglomerates, which degrade both the compaction and
densification behaviour of the resultant powder compacts. An emulsion-refinement step has
been shown to be effective in “softening” particle agglomerates present in the
conventionally processed powder precursor. As a result, the emulsion-refined powder
compact exhibits both a higher green density and a higher sintered density than the
un-refined powder compact, on sintering at temperatures above 800 °C. The effect of powder
agglomeration on densification during both the initial and later stage of sintering is
discussed. The attainable sintered density of the conventionally processed material was
found to be limited by the presence of hard powder agglomerates, which were not
effectively eliminated by the application of a pressing pressure of 200 MPa. These hard
powder agglomerates, which form highly densified regions in the sintered ceramic body,
commenced densification at around 400 °C which is more than 100 °C lower than the
densification onset temperature for the emulsion-refined powder compact, when heated at
a rate of 5°Cmin~". The inter-agglomerate voids, manifested by the differential sintering,
resulted in the formation of large, crack-like pores, which act as the strength-limiting
microstructural defects in the conventionally processed hydroxyapatite. A fracture strength
of 170 + 12.3 MPa was measured for the emulsion-refined material compared to

70 + 15.4 MPa for the conventionally processed material, when both were sintered at 1100°C

for 2 h.

1. Introduction

Hydroxyapatite (HA), which is the major mineral con-
stituent of natural teeth and bone, is regarded as an
important implant material with significant clinical
potential [1]. Current clinical applications for this
material are principally as bone substitutes or as coat-
ings on prostheses. Synthetic hydroxyapatite precur-
sors are produced via a variety of ceramic processing
routes, including precipitation, sol-gel routes and hy-
drothermal processing routes [2-47]. Unfortunately,
many of these processing techniques lack inherently
clear approaches to exercising control over the devel-
opment of microstructural heterogeneities and
promoting microstructural uniformity when the
precursors are fired at the sintering temperature.
Conventional processing routes also often lead to the
formation of hard particle agglomerates, which in the
as-prepared powder precursors exhibit a higher green
density than the surrounding matrix 5, 6]. It is almost
impossible to eliminate these hard agglomerates using
conventional compaction techniques, such as die-
pressing and isostatic pressing. The presence of ag-
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glomerates in ceramic powder compacts results in the
occurrence of differential sintering at the sintering
temperature and the formation of strength-limiting
microstructural flaws in the sintered ceramics [7]. The
existence of processing-related microstructural defects
and the resultant low strength restricts hydroxyapatite
to being used only in non-load-bearing applications.
An improvement in processing technology could,
therefore, extend the application of hydroxyapatite to
a higher load-bearing range where certain mechanical
properties, such as fracture strength and fracture
toughness, are required.

In order to refine the microstructure and improve
the mechanical properties of a sintered hydroxyapatite
ceramic, approaches have been taken to control the
quality of precursor materials through parameters
such as particle size, shape and distribution, and the
degree of particle agglomeration [8]. An agglomerate-
free ultrafine powder precursor, which exhibits a high
surface area and therefore high sinterability, will lead
to a lowered sintering temperature combined with
small and uniform grain-size distribution in the
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sintered ceramic. Several chemical-based processing
routes have proved to be attractive in refining precur-
sor characteristics for hydroxyapatite ceramics.
Notably, Roy [9] and Hardy et al. [10] prepared
hydroxyapatite powder precursors via sol-gel pro-
cessing routes using metal alkoxides as the starting
materials. Unfortunately, the powder precursors pre-
pared by these authors exhibited a low sinterability,
due to the formation of hard agglomerates, although
the individual crystallite sizes were fine. The high
processing costs for a large-scale production via these
chemically based processing routes may also limit
their application for preparing hydroxyapatite
ceramics.

The alternative is to fabricate hydroxyapatite
ceramics with well-controlled microstructure and im-
proved mechanical properties by modifying certain
well-established conventional processing routes. One
of these alternative approaches is the use of emulsion
technology, which has been studied extensively over
the past 25 years [11]. The potential of emulsion
techniques as a refinement measure for preparing fine
and agglomeration-free ceramic powders has recently
been realized. Reyen et al. [12] investigated the emul-
sion approach for preparing a wide variety of ceramic
powders, and Celikkaya and Akinc [13], Kanai et al.
[14], Ramamurthi et al. [15] and Maher et al. [16]
have performed experiments with a variety of emul-
sion techniques. During the emulsion refinement, any
reaction and crystallization take place in a very lim-
ited volume domain provided by the droplets. The
microemulsions, each of which may be regarded as
a microreactor, refine the clustering and subsequent
crystallization and grain growth which occur in
ceramic powder precursors during the drying and
calcination stages. The objective of the present work
was to study the effect of introducing an emulsion-
conditioning stage [17] on the characteristics of a hy-
droxyapatite powder precursor and on the subsequent
densification and microstructural development of the
powder compact at the sintering temperature. The
effect of powder agglomeration on densification at the
sintering temperature and the resultant microstruc-
ture of the sintered ceramic will be discussed, together
with the mechanical properties measured on the
material.

2. Experimental procedure

Powder precursors for sintered hydroxyapatite ce-
ramics were manufactured via two processing routes:
(i) conventional processing route (CP), and (ii) emul-
sion-refinement route (ER). The conventional process-
ing involved the initial formation of an appropriate
amount of 0.5 M calcium hydroxide suspension, using
calcium hydroxide powder (Analar grade, BDH
Chemicals Ltd, UK) as the starting material. The
suspension was vigorously stirred at 2000 r.p.m. whilst
adding 0.3 m orthophosphoric acid solution (Analar
grade, BDH Chemicals Ltd, UK). The orthophos-
phoric acid solution was added at a drip rate of 1-2
drops per second whilst controlling the pH (pH < 7)
and temperature (25°C) of the suspension to form
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a gelatinous precipitate [ 18]. Once the precipitate had
been stirred and aged for 72 h, it was dried at 50 °C for
18 h. The as-dried powder precursor was ground in
a mortar and pestle to eliminate large powder lumps.

For the emulsion refinement, an oil-in-water (O/W)
emulsion system was first prepared, by mixing a given
amount of distilled water together with appropriate
amounts of cosurfactant ethanol (BDH Chemicals
Ltd, UK), non-ionic surfactant (Triton X-100, BDH
Chemicals Ltd, UK) and pure vegetable oil. The mix-
ture was further homogenized in an ultrasonic bath
(240 V, Ultrasonic Ltd, UK) to produce a stable emul-
sion. Excess oil was removed using a separating
funnel, leaving only the O/W emulsion. A second
batch of the gelatinous calcium phosphate was pre-
pared as detailed above. The oil-in-water emulsion
solution was then added to the gelatinous solution at
a controlled rate whilst being ultrasonically agitated.
The resulting sol was then centrifuged for 5 min at
2000 r.p.m. in order to remove any excess emulsion
phases and to form a hydroxyapatite precursor gel.
This was then subsequently dried at 50°C for 18 h.
Both the conventionally processed and emulsion-re-
fined powders were further ground and characterized
for phases present and surface characteristics using
X-ray diffraction (XRD, CuK,) and Fourier trans-
form—infrared spectroscopy (FT-IR), respectively. Si-
multaneous thermogravimetry (TG) and differential
thermal analyses (DTA) at a heating rate of
10°Cmin™! in air were carried out on both powder
precursors (Type 780, Stanton Redcroft STA, UK).

Two types of powder compacts were prepared for
both the CP and ER powders by uniaxially cold
pressing 0.5 and 1.15 g powder in 10 and 24 mm dia-
meter dies at a 15 and 40 MPa pressing pressure,
respectively. The former, which were for the
dilatometry study, exhibited dimensions of 10 mm
(diameter) x 7.2 mm (height) and 10 mm (diameter) x
6.4 mm (height) for the conventionally processed and
the emulsion-refined powders, respectively. The
24 mm diameter pellets exhibited a thickness of 2.4
and 2.1 mm and a compacted green density of 33.3%
and 38.7% theoretical density (density of hydroxyapa-
tite 3.156 gcm~?) for the conventionally processed
and the emulsion-refined powders, respectively, as
measured on the basis of pellet mass and dimensions.
The dilatometry study was carried out in air at a heat-
ing rate of 5°Cmin~! from room temperature up to
1100°C in a tube furnace (Stanton Ltd, UK). The
24 mm diameter powder compacts were sintered in air
in an electric furnace for 2 h at 800, 900, 1000, 1100
and 1200°C, respectively. Each sample was heated
from room temperature to 800 °C at a heating rate of
2°Cmin~! and kept at this temperature for 3 h before
being heated to the desired sintering temperature at
a rate of 2°Cmin" 1. On completion of sintering at
each sintering temperature, the sintered materials
were cooled from the sintering temperature to room
temperature at a rate of 5°Cmin~ 1.

The sintered pellets were characterized for sintering
shrinkage and sintered density. For those sintered
at temperatures below 1000°C, density measure-
ments were made on the basis of specimen mass and



dimensions. For those sintered at temperatures above
1000 °C, where the open porosity level was low, den-
sity was measured using the Archimedes’ method in
distilled water. Microstructural characterization using
SEM was performed on both the fractured and
polished surfaces of the sintered hydroxyapatite at
each sintering temperature. Average fracture strengths
of the sintered materials, which exhibited a diameter in
the range of 16.6-16.7 mm and a thickness in the
range of 1.2-1.5 mm, were determined using a stan-
dard shell test [19]. At least 15 tests were made for
each material.

3. Results and discussion

3.1. Phase development

As shown in Fig. la and b, the emulsion refinement
did not result in any significant change in phases
present in both the as-dried powder precursor (50 °C
for 12 h) and sintered material (1100 °C for 2 h) when
compared with the conventionally processed powder
precursor and sintered hydroxyapatite. The peak
broadening in the as-dried powder precursors indi-
cates the presence of a certain amount of amorphous
or nanoscale sized phases. Crystalline hydroxyapatite
and small amounts of B-tri-calcium phosphate and
calcium oxide developed in both powder precursors
on sintering at 1100°C for 2 h. However, the diffrac-
tion peaks for B-tri-calcium phosphate and calcium
oxide in the material prepared from the emulsion-
refined powder precursor (ER) are weaker than those
in the material prepared from the un-refined powder
precursor. This indicates that the former is a more
stoichiometrically homogeneous hydroxyapatite than
the latter (CP).

The emulsion refinement involved oil, which was
believed to result in the presence of organic residuals
in the as-dried ER powder precursor. Fig. 2a and b are
FT-IR spectra for the conventionally processed and
emulsion-refined powder precursors, respectively,
dried at 50°C for 18 h. There are a few peaks in the
spectrum for the emulsion-refined powder precursor
that are not present in the spectrum for the conven-
tionally processed powder precursor, although the
underlying spectra are similar, representing similar
surface characteristics of the two powder precursors.
The peaks at 1800, 800 and 600 cm™? in the former
were attributed to the residual organic traces of oil
which were not effectively removed from the powder
precursor during the centrifuging separation and sub-
sequent drying at 50°C. For verification, the emul-
sion-refined powder precursor was further subjected
to a solvent exchange with 1,1,1 trichloroethage.
A couple of distinct peaks in the range 3000-
2800 cm ~ !, which were not present in the spectrum for
the conventionally processed powder precursor, were
found in the spectrum for the further refined powder
precursor. These peaks are believed to correspond to
the vibrations of the C—H bond of methyl groups. It is
apparent that the solvent exchange led to an alter-
ation in the type of organic residuals present on the
surface of the emulsion-refined powder precursor.
These organic residual-related peaks subsequently
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Figure 1 (a) XRD traces of the conventionally processed (CP) and
emulsion-refined (ER) powder precursors dried at 50°C for 12 h. (b)
XRD traces of the sintered hydroxyapatite ceramics (1100°C for
2 h) derived from the conventionally processed (CP) and emulsion-
refined powder (ER) precursors, respectively (8: B-Cas(PQ,),, C:
CaO).

disappeared on calcining at temperatures above
600°C. It was, however, indicated by the FT-IR
spectra that the bondings between O-H and P-O-H
in the sintered hydroxyapatite processed from the
emulsion-refined powder precursor were slightly
different from those processed from the un-refined
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Figure 2 FT-IR spectra of the conventionally processed (CP) and
emulsion-refined (ER) powder precursors dried at 50°C for 12 h.

powder precursor (both were sintered at 1100 °C for
2 h), see Fig. 3a and b. The refinement had little effect
on the phosphate bonding in the sintered hydroxyapa-
tite. Further investigation of this area is needed to
ascertain what the effect of this altered surface chem-
istry on the potential biological responses of hy-
droxyapatite may be.

The phase development in both the conventionalily
processed and emulsion-refined powder precursors
with increasing temperature at a heating rate of 10°C
was monitored using both TG and DTA, Fig. 4a and
b. From room temperature up to 250 °C, both powder
precursors demonstrated a steady weight loss with
increasing temperature due to the disappearance of
free water and certain volatile organic residuals. There
then follows a sharp weight loss in the emulsion-re-
fined powder precursor, indicating that the burn-off of
organic residuals such as oil is occurring over the
temperature range 300-350°C. As a result, a well-
established endothermic peak, in association with the
organic burn-off, is observed on the DTA trace. Little
weight loss is shown in both the powder precursors
over the temperature range 400-600 °C. The conven-
tionally processed powder precursor shows a second
weight loss over the temperature range 600-1000°C,
due to the elimination of certain hydroxyl groups. The
exothermic peaks at > 650 °C are related to the crys-

3064

PO; P-F*
I
P-0%in P-O,
1
P-O,P-O-P rings
m

[E-_NO[HII lE,_().P)(
O-H*(Hydrates) P-O-H* HA P:OP-OHAP-() -P*P-
T — h {,J_II'I F'L_C‘)POH_ITI(%PF’O

. |

Absorbance
)

ER

L~

4000 3500 3000 2500 2000 1500 1000 500

Wave number {(¢m ")

Figure 3 FT-IR spectra of the sintered hydroxyapatite ceramics
(1100°C for 2 h) derived from the conventionally processed (CP)
and emulsion-refined (ER) powder precursors, respectively.

tallization and formation of crystalline hydroxyapa-
tite. Similarly, the emulsion-refined powder precursor
demonstrates a second weight loss over the temper-
ature range 800-1000°C. DTA indicates that the
crystallization and formation of crystalline hy-
droxyapatite occur at temperatures > 820°C. It is
obvious that the emulsion refinement led to an in-
crease in the starting temperature for crystallization of
the amorphous calcium phosphate.

Another interesting difference between the conven-
tionally processed and emulsion-refined powder pre-
cursors, found during the TG and DTA studies, is that
the latter displays steeper weight loss steps over the
temperature ranges 300-350 and 820-870 °C than the
former, see Fig. 4a and b. Specifically, each weight loss
in the latter occurs over a narrower temperature range
than that in the former. Each of these weight losses is
a result of eliminating a certain amount of volatile
substances from the powder precursor such as water
or organic residuals, a process which is facilitated by
well-interconnected pore channels. The degree of pow-
der agglomeration 18, therefore, a parameter which
influences the escape rate of moisture/volatile or-
ganics from the powder. The average packing density
of a powder agglomerate is often higher than that of
the surrounding matrix, which means less well-inter-
connected diffusion channels being available for the
gaseous species entrapped within the agglomerates
to escape. Therefore, it will take a longer period of
time for the gaseous species to escape from the
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Figure 4 TG/DTA traces of (a) the conventionally processed (CP)
and (b) the emulsion-refined (ER) powder precursors. Heating rate
10°Cmin 1.

agglomerates compared to that required to escape
from a well dispersed powder system. At a constant
heating rate (10°Cmin~" in the present work), the
effective elimination of gaseous species from an ag-
glomerated powder will be delayed to higher temper-
atures. The presence of powder agglomerates in the
conventionally processed precursor was observed us-
ing SEM. Fig. 5a and b are scanning electron micro-
graphs showing the microstructural characteristics of
the two powder precursors, respectively. It can be seen
that the two powder precursors are similar in both
particle size and level of particle agglomeration. Ag-
glomerates of 10—50 um in size were observed to occur
in both powder precursors. However, as will be dis-
cussed later, the emulsion refinement resulted in
a “softening” of powder agglomerates. Both the
strength and packing density of agglomerates in the
emulsion-refined powder precursor are lower than
those in the conventionally processed powder precur-
sor. This improves the effectiveness of eliminating gas-
eous substances from the emulsion-refined powder
precursor when it is heated during the TG/DTA
studies.

Figure 5 Scanning electron micrographs of (a) the conventionally
processed (CP) and (b) the emulsion-refined (ER) powders. Both
materials exhibit agglomerates of 10-50 pm in size.

3.2. Densification behaviour

The densification behaviour of the conventionally
processed (CP) and emulsion-refined (ER) powder
precursors was investigated in terms of (i) sintering
shrinkage with rising temperature at a heating rate of
50°Cmin~! in dilatometry, and (ii) the sintering
shrinkage and sintered density versus sintering tem-
perature from 800-1100°C (2 h at each temperature).
For the dilatometry study, both powders were com-
pacted in a steel die of 10 mm diameter at a pressure of
15 MPa. The resultant powder compacts exhibit
a green density of 28.1% theoretical density (CP) and
31.6% theoretical density (ER), respectively, as deter-
mined on the basis of sample mass and dimensions.
Fig. 6 shows the sintering shrinkage as a function of
temperature for the two powder compacts heated at
a rate of 5.0°Cmin . Little shrinkage was observed
at temperatures below 400 °C for both materials. The
onset temperature for noticeable shrinkage is around
400 °C for the conventionally processed powder com-
pact, compared to 540°C for the emulsion-refined
powder compact. Over the temperature range
500-630°C, the former exhibits a higher average .
shrinkage rate than that of the latter. Both powder
compacts show an increase in shrinkage rate over the
temperature range 630-720 °C. However, the conven-
tionally processed powder compact demonstrates
a large inflexion in sintering shrinkage over the tem-
perature range 730-880 °C, i.e. its shrinkage rate slows
down dramatically. In contrast, the emulsion-refined
powder compact shows a much less apparent inflexion
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Figure 6 Dilatometry curves of the conventionally processed (CP)
and emulsion-refined (ER) powder compacts from room temper-
ature to 1100 °C. Heating rate 5°Cmin .

in sintering shrinkage over the temperature range
750-880 °C than that of the conventionally processed
powder compact. The overall shrinkage of the former
1s, therefore, higher than that of the latter when both
are heated to 780 °C. The emulsion-refined compact
exhibits a total sintering shrinkage of 34.1% on
heating up to 1100°C, compared to 29.6% for the
conventionally processed powder compact.

To study the sintering shrinkage and sintered
density at temperatures above 800 °C, both the con-
ventionally processed and emulsion-refined powder
compacts (24 mm diameter pellets) were sintered for
2 h at 800, 900, 1000, 1100 and 1200°C, respectively.
Fig. 7a is a plot showing the sintering shrinkage as
a function of sintering temperature for the two powder
compacts. They exhibited a sintering shrinkage of
12.4% (CP) and 13.2% (EP), respectively, on sintering
at 800°C for 2 h. Both materials show a steady in-
crease in the sintering shrinkage over the temperature
range 800-1000°C. However, the emulsion-refined
powder compact demonstrates a surge in the sintering
shrinkage from 22.9% to 39.6%, whereas the conven-
tionally processed powder compact shows a very
moderate increase from 18.9% to 25.9%, when the
sintering temperature is increased from 1000°C to
1100 °C. They both show a slight increase in the sinter-
ing shrinkage when the sintering temperature is in-
creased from 1100°C to 1200°C. As illustrated in
Fig. 7b, the sintered density versus sintering temper-
ature curves almost resemble the sintering shrinkage
versus sintering temperature curves shown in Fig. 7a.
The emulsion-refined powder compact exhibits
a slightly higher sintered density than the conven-
tionally processed powder compact over the temper-
ature range 800-1000°C. However, the former
demonstrates a much larger surge in the sintered den-
sity than the latter when the sintering temperature is
increased from 1000 °C to 1100 °C. As a result, a much
higher sintered density is observed for the emulsion
refined powder compact than the conventionally pro-
cessed powder compact when sintered at temperatures
above 1100 °C. A sintered density of 96.32% theoret-
ical density (TD) for the former is compared with
a sintered density of 75.20% theoretical density (TD)
for the latter when both are sintered at 1200 °C for 2 h.
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Figure 7 (a) The sintering shrinkage and (b) the sintering density, as
a function of sintering temperature (2 h) from 800-1100°C for both
the conventionally processed (CP) and emulsion-refined (ER) pow-
der compacts.

3.3. Effect of powder agglomeration on
densification

As shown in Figs 6 and 7, the conventionally pro-
cessed and emulsion-refined powder compacts differ
in densification behaviour. The final sintered density is
limited to around 75% theoretical density for the
un-refined powder compact, although it exhibits
a lower densification onset temperature than the
emulsion-refined powder compact. In contrast, the
emulsion refinement led to a sintered density of
> 96% theoretical density on sintering at 1200 °C for
2h. As discussed earlier, the aim of the emulsion-
refinement step is to modify the characteristics of the
conventionally processed hydroxyapatite powder pre-
cursor such as composition homogeneity and the
formation of particle agglomerates. On the one hand,
XRD phase analysis indicated that the emulsion re-
finement resulted in an increase in the crystallization
temperature of amorphous calcium phosphate (this
was also indicated by the DTA studies shown in
Fig. 4a and b and that the emulsion-refined material
was a more stoichiometrically homogeneous hy-
droxyapatite than the un-refined material on sintering



at 1100 °C for 2 h. However, the difference in densifi-
cation behaviour between the two powder systems
discussed above cannot be explained by the experi-
mental results of XRD and DTA studies. It is believed
that the emulsion refinement leads to the elimination
of hard particle agglomerates from the precipitated
powder precursor. The disappearance of large, hard
agglomerates from the emulsion-refined powder com-
pact resulted in an enhanced densification rate at the
sintering temperature and therefore an increase in
sintered density. This argument is supported by two
experimental results. Firstly, the conventionally pro-
cessed powder demonstrated a gradual weight loss
over a wide temperature range on heating at a rate of
10°Cmin~ !, whereas the emulsion-refined powder
showed a sudden drop in weight over a narrow tem-
perature range, as shown by the TG and DTA studies.
The release of any volatile substances such as water or
organic residuals from a powder system requires well-
interconnected channels [20, 217]. It will be more diffi-
cult for such gaseous species to be released from an
agglomerated powder than from a well-dispersed
powder, due to the high packing density of the ag-
glomerates. At a given heating rate, the effective elim-
ination of volatile materials from an agglomerated
powder will be delayed to higher temperatures [22].

Secondly, the emulsion-refined powder compact
shows a higher green density. (38.7% theoretical
density) than the conventionally processed powder
compact (33.3% theoretical density) when both are
compacted in a steel die of 24 mm diameter at a pres-
sure of 40 MPa. The improved packing density in-
dicates that many powder agglomerates are effectively
eliminated from the emulsion-refined powder compact
when compacted at the pressure of 40 MPa. As shown
in Fig. 5a and b, the two uncompacted powders were
similar in particle and agglomerate sizes. Agglomer-
ates of 10-50 pm in size were observed to occur in
both materials. However, they differ from one another
in agglomerate strength, with those in the emulsion-
refined powder being weaker than those in the con-
ventionally processed powder. A break point was seen
at a pressure of 10 MPa in the density versus compac-
tion pressure curve for the emulsion-refined powder.
The discontinuity is due to the collapse of powder
agglomerates [22]. Therefore, the level of particle ag-
glomeration in the emulsion-refined powder is signifi-
cantly reduced when compacted at the pressure of
40 MPa. In comparison, no such break point was seen
for the conventionally processed powder over the
pressure range of 0—200 MPa. The particle agglomer-
ates in the conventionally processed powder compact
therefore remain almost intact when subjected to
a press pressure of 40 MPa.

To discuss the effect of powder agglomeration on
the sintering behaviour and resultant microstructure
of a ceramic powder compact, the powder compact
considered may be modelled as consisting of uniform-
ly sized spherical agglomerates. As shown in Fig. 8a,
each powder agglomerate may be regarded as a pack-
ing unit in the agglomerated powder compact. During
the initial stage of sintering, the sintering shrinkage of
the agglomerated powder compact, AL/L,, is the sum
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Figure 8 Schematic drawings showing the sintering of an agglom-
erated ceramic powder compact: (a) initial stage, and (b) intermedi-
ate and final stages.

of the relative sintering shrinkage of each powder
agglomerate, AL, /L, and the relative inter-agglomer-
ate shrinkage, AL,/L,, i.c.

AL/LO = ALI/L0+AL2/LO (1)

The approach of two touching agglomerates is due to
the approach of two particles in contact at the contact
point between the two agglomerates. Following the
analyses of Kuczynski [23] and Kingery [24], the
inter-agglomerate shrinkage may be written as

2
ALy/Ly = 2 @

2
where y, is the approach of two powder particles in
contact at the agglomerate contact point and d, is the
diameter of the agglomerate. Similarly, the shrinkage
occurring within the powder agglomerate may be ex-
pressed as

CAT1/3
ALyL, = 2N ®)

2
where y; is the approach of two touching powder
particles within the powder agglomerate and N is the
number of powder particles contained within each
powder agglomerate. y,; and y, are dependent on
parameters such as the sintering temperature and
time, various diffusion processes contributing to den-
sification, interfacial energy terms and the particle size
[23]. Therefore, Equation 1 may be rewritten as

2
AL/Ly = Z(N'3y; + ;) @
2
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The number of the powder particles making up each
agglomerate is related directly to the size of the

agglomerate, thus
d>\?
N = —= 5
p< d1> )

in which d; is the diameter of an individual powder
particle, p is the particle packing density of the ag-
glomerate. The total sintering shrinkage is therefore

2 d
AL/L, = dﬂ[p“(d—z)ylwz] (6)
2 1

There are two extreme or limiting cases:

(i) when d, > d;, ie. the powder agglomerate is
much larger than the powder particle in size, Equa-
tion 6 may be written as

1/3
AL, = 0 )
d,
and the initial stage of sintering of the agglomerated
powder compact will be dominated by the sintering
behaviour of the agglomerates;

(il) when the agglomerate size is approaching the
particle size, i.c. d, = d,, there is no shrinkage within
the agglomerate, y; = 0. Equation 6 will be identical
to Equation 2 (AL/Ly = 2y,/d,).

It is of interest to compare the sinterability of an
agglomerated powder compact with that of an ideal
agglomerate-free powder compact. As indicated by
Equation 7, during the initial stage of sintering the
sintering behaviour of a powder system consisting of
large powder agglomerates is dictated by the sintering
behaviour of individual agglomerates. In a similar
situation to two powder compacts of different green
density, an agglomerate with higher green density will
be sintered to a required sintered density at a relative-
ly lower sintering temperature than required by an
agglomerate with lower green density [25, 26]. For
a given sintering temperature and time, the former is
likely to exhibit a higher sintered density than the
latter. As discussed above, the particle agglomerates in
the conventionally processed powder compact were
not effectively eliminated by the application of a com-
paction pressure of 40 MPa. It may thus be concluded
that the particle packing density within these hard
agglomerates is higher than the average green density
of the emulsion-refined powder compact, although the
conventionally processed powder compact is lower in
the overall green density. As has been established, an
agglomerate with higher than average packing density
proceeds to densification prior to the surrounding
powder matrix in a ceramic powder [5, 27, 28]. At
a constant heating rate, the starting temperature for
densification in the former will be lower than that in
the latter. Accordingly, the former will have a higher
densification rate than the latter at temperatures im-
mediately above the densification onset temperature
in the former. This explains the difference in densifica-
tion onset temperature and shrinkage rate shown
in Fig. 6 between the conventionally and emulsion-
refined powder compacts at temperatures below
630°C, where sintering is largely limited to the initial
stage.
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As shown in Fig. 7a and b, over the temperature
range 800-1000°C the emulsion-refined powder
compact exhibits only a slightly higher degree of
densification than the conventionally processed pow-
der compact. Above 1000 °C, the former demonstrates
a larger increase in both sintering shrinkage and sin-
tered density than the latter with increasing sintering
temperature. With increasing degree of densification,
the initial powder particles lose their discrete identity
while the pores form a network of interconnected
channels and then isolated pores lying along the grain
edges [24]. During the intermediate and final stages of
sintering, further densification involves the elimina-
tion of isolated pores present at the grain boundaries
and grain junctions. It was during these intermediate
and final stages of sintering that the sintering behav-
iour of the emulsion-refined powder compact de-
parted significantly from that of the conventionally
processed powder compact. The former exhibited
a considerably higher sintered density than the latter
when both were sintered at temperatures above
1000°C. As an example, a sintered density of > 96%
theoretical density was obtained for the former, com-
pared to a sintered density of < 76% theoretical den-
sity for the latter when both were sintered at 1200 °C
for 2 h. The presence of hard-particle agglomerates
limited the occurrence of densification during the in-
termediate and final stages of sintering and therefore
the final sintered density obtainable in the conven-
tionally processed powder compact.

The elimination of pores from a partially densified
ceramic body may be analysed using the concept of
pore coordination number distribution. This thermo-
dynamic concept, which was first introduced by King-
ery and Francois [29] and further modified by Lange
and Davis [30, 31], defines the pore coordination
number as the number of touching grains that form
the internal pore surface in a partially consolidated
ceramic body. There exists a critical pore coordination
number, R., below which a pore has the thermodyn-
amic potential to disappear as the degree of densifica-
tion increases at the sintering temperature and above
which it is thermodynamically impossible for the pore
to disappear although it may shrink to an equilibrium
size. When the pore coordination number concept is
applied to the intermediate and final stages of sinter-
ing of an agglomerated powder compact, two types of
pores have to be considered. The first type are those
relatively small pores which are retained within the
agglomerates/aggregates and the second type are
those relatively large pores which are formed at the
inter-agglomerate/aggregate positions. It is apparent
that the former exhibit a lower pore coordination
number than the latter and it is more thermodyn-
amically likely for the small pores to be eliminated
from the partially consolidated ceramic structure than
for the large pores.

The size and coordination number of the inter-
agglomerate pores may be estimated on the basis of
the agglomerate size and inter-agglomerate packing
density. To simplify the calculation, it is assumed
that the packing of the powder agglomerates takes a
simple cubic structure in the as-pressed compact, and



therefore, each pore is coordinated by eight agglomer-
ates. As shown in Fig. 8b, the coordination number of
the inter-aggregate pores, R,, may be approximated
by the number of grains which cover up the agglomer-

ate surface
d, \?
R =
2 T < G, d1> (8)

where Gy is a grain growth factor, being the ratio of the
grain size of the partially consolidated aggregate to
the particle size of the pre-sintered powder compact.
In order for the inter-agglomerate pores to be elimi-
nated during the final stage of sintering, the pore
coordination number should not be larger than the
critical pore coordination number, R,

RZ < Rc (9)

and therefore

12
be = <5> Gedy (10)

o
This defines the largest agglomerate which can be
tolerated during sintering without causing large inter-
aggregate pores to form in the sintered body. For
a real ceramic powder system, the critical agglomerate
size or the critical number of powder particles con-
tained within the agglomerate can be estimated on
the basis of the critical pore coordination number.
Most ceramic materials exhibit a dihedral angle of
100°-160°, which corresponds to a critical pore coord-
ination number in the range 10-15 [29]. A grain
growth factor in the range of 5-10 is realistic for
hydroxyapatite when submicrometre-sized powders
are employed as the starting materials. Bearing these
figures in mind, it can be estimated that d, is in the
range of 10-20d,, which implies an absolute size for
the critical agglomerates in the range of 1-5 um.

As discussed earlier, the conventionally processed
powder contained a high percentage of agglomerates
of 10-50 pum in size with certain agglomerates as large
as > 100 pm being present. It is, therefore, thermo-
dynamically impossible to eliminate the resultant
inter-agglomerate voids, which are comparable to
the agglomerates in size, unless the agglomerated
structures collapse during the intermediate and final
stages of sintering. To strengthen this argument,
microstructural studies, using scanning electron
microscopy, were carried out on the sintered hy-
droxyapatites derived from both the conventionally
processed and emulsion-refined powder precursors.
Fig. 9a—d are scanning electron micrographs showing
the polished surfaces of the emulsion refined hy-
droxyapatite ceramics sintered for 2h at 800, 900,
1000 and 1100 °C, respectively. All these micrographs
indicate that the agglomerates of 10-50 um in size
present in the un-compacted powder (see Fig. 5) are
effectively eliminated by the application of a press
pressure of 40 MPa. The uniform microstructure is
characterized by the narrow size distribution of pores,
which are interconnected, in the partially sintered
materials at 800 and 900 °C. In the material sintered at
1100 °C for 2 h, pores, which are isolated and exhibit

a rounded morphology, are restricted in the range
0.1-0.4 pm in sizes although pores of 0.5-1.0 pm in
size are occasionally seen. It is clearly shown that both
the number of pores in a unit volume and size of each
pore decrease with increasing sintering temperature,
resulting in a sintered density approaching the theor-
etical density.

Fig. 10a—d are scanning electron micrographs
showing the polished surfaces of the conventionally
processed hydroxyapatite ceramics sintered for 2 h at
800, 900, 1000, 1100 °C, respectively. The microstruc-
ture at each sintering temperature is different from
that shown in Fig. 9a—d. Little change was observed
in both the shape and size of the inter-agglomerate/
aggregate voids when the compact was sintered at
temperatures below 1000 °C. However, densification
occurred within the agglomerates/aggregates as
indicated by the increasing density of these agglomer-
ates/aggregates with increasing sintering temperature
over the low temperature range. The inter-connected
pore channels had been partially replaced by small
isolated pores (0.5—1.0 um), which exhibited a rounded
morphology, when the compact was sintered at 800 °C
for 2 h. Both the number of pores in a unit volume and
size of each pore within the agglomerates/aggregates
decreased dramatically with increasing sintering tem-
perature from 800°C to 1000°C. This implies that
a considerably high degree of densification was
achieved within the agglomerates/aggregates when
the compact was sintered at temperatures below
1000°C. The number of pores in a unit volume and
size of each pore were further reduced when the com-
pact was sintered at temperatures above 1000 °C. As
shown in Fig. 10d, the pores retained in the highly
densified regions, which were hard agglomerates in
the pre-sintered powder compact, are limited to

< 0.5 pm. There is no doubt that many of the small

pores are effectively eliminated from the agglomer-
ates/aggregates with increasing sintering temperature.
The situation is very different for the large, inter-
agglomerate/aggregate pores, which are 10-50 um in
size and angular (crack-like) in morphology. They
have almost retained their original sizes and shapes
regardless of the increasing sintering temperature up
to 1000°C. Sintering at higher temperatures did
not lead to the elimination of these large, crack-like
pores, although certain intermediately sized pores
(1020 um) were replaced by porous regions with in-
creasing sintering temperature. Both internal sintered
surfaces and inter-connected porous regions were ob-
served to occur in the hydroxyapatite ceramic sintered
at 1100 °C for 2 h. The conventionally processed hy-
droxyapatite ceramic sintered at 1200°C for 2h
showed a similar microstructure. This implies that
these large, crack-like pores cannot be eliminated by
increasing the sintering temperature.

The microstructural studies discussed above agree
well with the sintering shrinkage and sintered density,
shown in Figs 6 and 7 as a function of sintering
temperature. As discussed earlier, a pore has a
thermodynamic potential to disappear during the in-
termediate and final stages of sintering if its coordina-
tion number is below a critical value. Those in the
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Figure 9 Scanuing electron micrographs showing the polished surfaces of hydroxyapatite ceramics derived from the emulsion refined powder
(ER) and sintered for 2 h at (a) 800, (b) 900, (c) 1000 and (d) 1100°C.




Figure 10 Scanning electron micrographs showing the polished surfaces of hydroxyapatite ceramics derived from the conventionally
processed powder (CP) and sintered for 2 h at (a) 800, (b) 900, (c) 1000 and (d) 1100°C.
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Figure 11 The fracture strength as a function of sintering temper-
ature from 800-1100°C for both the (@) conventionally processed
and (M) emulsion-refined materials.

emulsion-refined powder compact and those within
the agglomerates/aggregates in the conventionally
processed powder compact belong to this category
(type one). This explains the high sintered density
obtained for the emulsion-refined hydroxyapatite on
sintering at temperatures above 1100 °C. The attain-
able sintered density of the conventionally processed
material is, however, limited by the presence of hard
agglomerates in the pre-sintered powder compact.
A network of huge voids are created at the inter-
agglomerate positions, although the hard agglomer-
ates form highly densified regions in the sintered
ceramic. As a consequence of higher-than-average
density, the agglomerates commence densification and
reach the end-density prior to the surrounding matrix.
Fig. 6 shows that the conventionally processed pow-
der compact demonstrates an apparent inflexion in
sintering shrinkage over the temperature range
730-880 °C. As indicated by the microstructural stud-
ies shown in Fig. 10a—d, the initial sintering shrinkage
prior to the inflexion is largely due to the elimination
of small pores within the powder agglomerates. The
sintering shrinkage in the late stage, following the
inflexion, involves the elimination of both small pores
within the powder agglomerates and some of the rela-
tively smaller inter-agglomerate pores. The slow-
down in sintering shrinkage, seen as an inflexion, is
due to the presence of large inter-agglomerate pores,
which retard densification during the intermediate
and late stages of sintering. The occurrence of differen-
tial sintering will further manifest both the shape and
size of the existing inter-agglomerate/aggregates voids
with increasing degree of sintering, resulting in the
formation of large, crack-like pores in the partially
sintered ceramic body [32, 33]. A pore coordination
number in the range of tens to hundreds of grains is
estimated for these large, crack-like pores. It is ther-
modynamically impossible to eliminate them during
the late stage of sintering without the collapse of the
agglomerated structure. Owing to the elimination of
large agglomerates and, therefore, large inter-agglom-
erate pores, the emulsion-refined powder compact ex-
hibits a much less-apparent inflexion in sintering
shrinkage than that observed for the conventionally
processed powder compact.
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Fig. 8a and b assume that the agglomerated powder
compact consists of uniformly sized, spherical agglom-
erates. This is different from the real packing structure
in the conventionally processed powder compact, in
which agglomerates are neither uniform in size nor
spherical in shape. The wide size distribution of the
powder agglomerates, see Fig. 5, is helpful in enhanc-
ing both the green density and, therefore, the sintered
density. The particle/agglomerate rearrangement at
the sintering temperature may also result in a decrcase
in the coordination number of certain inter-agglomer-
ate pores [34]. Some of these interagglomerate/
aggregate pores may eventually be replaced by porous
regions in the conventionally processed material when
the sintering temperature is high enough.

3.4. Mechanical properties

The increased sinterability and improved microstruc-
ture of the emulsion-refined powder compact (ER)
over those of the conventionally processed material
(CP) have been clearly demonstrated by the experi-
mental results presented above. It is therefore not
surprising that the sintered hydroxyapatite derived
from the emulsion-refined powder precursor exhibits
improved mechanical properties over that derived
from the un-refined powder. Fig. 11 plots the fracture
strength as a function of sintering temperature for the
hydroxyapatite ceramics derived from the two powder
sources. The two types of material show similar frac-
ture strength values at each sintering temperature and
their fracture strength increases slightly when the sin-
tering temperature increases from 800 °C to 900 °C.
The hydroxyapatite derived from the emulsion-refined
powder precursor, however, illustrates a surge in the
fracture strength from < 40MPa to > 170 MPa
when the sintering temperature increases from 900°C
to 1100°C. In contrast, the hydroxyapatite derived
from the conventionally processed powder precursor
shows only a very moderate increase in the fracture
strength from 35 MPa to 70 MPa when the sintering
temperature undergoes the same increase. The relia-
bility of the sintered hydroxyapatite was significantly
improved by the emulsion-refinement step. As an
example, the emulsion-refined hydroxyapatite exhib-
ited a Weibull modulus of 13.5, compared to a Weibull
modulus of 7.6 for the conventionally processed hy-
droxyapatite when both were sintered at 1100°C for
2 h. The fracture strength of 170 MPa measured for
the emulsion-refined material sintered at 1100 °C for
2h is comparable to the highest strength value re-
corded for hydroxyapatite ceramics in the published
work. Jarcho et al. [2] quoted a fracture strength
of 196 MPa for one of their materials which was
subjected to a long and tedious post-fabrication
finishing treatment. However, a standard deviation of
> 33 MPa was reported for the same material, indic-
ating that it was not a microstructurally homogeneous
material.

By correlating the above mechanical property data
to the microstructural studies discussed earlier, it
is apparent that the poor fracture strength of
the hydroxyapatite derived from the conventionally



Figure 12 Scanning electron micrographs showing the fracture sur-
faces of sintered hydroxyapatites at 1100°C for 2 h, derived from
(a) the conventionally processed (CP) and (b) the emulsion-refined
(ER) powders.

processed powder precursor is due to the presence of
large, crack-like pores. It demonstrated a partially
transgranular fracture surface, consisting of regions of
mainly transgranularly fractured grains (highly den-
sified regions) and regions of internal sintered surfaces
(large, crack-like voids), see Fig. 12a. The size of the
strength-limiting microstructural defects observed
varied considerably from a few micrometres to tens of
micrometres. In contrast, a primarily transgranular
fracture surface was shown for the emulsion-refined
hydroxyapatite, Fig. 12b, which showed a fine grain
size (0.5—1.0 um) and narrow grain-size distribution,
although small rounded pores { < 1.0 wm) are present.

4. Conclusions

The conventional processing of powder precursors for
hydroxyapatite ceramics, using calcium hydroxide
powder and orthophosphoric acid solution as the
starting materials, results in the formation of hard
agglomerates. An emulsion-refinement step has pro-
ved to be effective in “softening” particle agglomerates
present in the conventionally processed powder
precursor. The emulsion-refined powder compact
exhibits both a higher green density and a higher
sintered density than the un-refined powder compact,
on sintering at temperatures above 800 °C. The attain-
able sintered density of the conventionally processed

material was limited by the presence of hard powder
agglomerates, which were not effectively eliminated
by the application of a press pressure of 40 MPa.
These hard powder agglomerates, which form locally
highly-densified regions in the sintered ceramic body,
commenced densification at around 400°C which is
> 100°C lower than the densification onset temper-
ature for the emulsion-refined powder compact when
heated at a rate of 5°Cmin~!. The inter-agglomerate
voids, manifested by the differential sintering, resulted
in the formation of large, crack-like pores, which act as
the strength-limiting microstructural defects in the
conventionally processed hydroxyapatite. A fracture
strength of 70 MPa for the conventionally processed
hydroxyapatite is compared to 170 MPa for the emul-
sion-refined material, when both were sintered at
1100°C for 2 h.
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