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Toughening of calcium hydroxyapatite with
silver particles

X. ZHANG, G. H. M. GUBBELS, R. A. TERPSTRA, R. METSELAAR
Centre for Technical Ceramics, P.O. Box 513, 5600 MB Eindhoven, The Netherlands

Calcium hydroxyapatite bioceramic was toughened by preparing composites with silver

particles as reinforcements. The composites were fabricated from hydroxyapatite and silver

oxide raw powders. The sintering behaviour was investigated using dilatometry. An

optimized sintering programme was designed to promote densification and to suppress the

decomposition of the hydroxyapatite matrix and the evaporation of silver. High density was

achieved on both small cylinder samples and large block samples by pressureless sintering.

The density of the composites is over 92.4% theoretical with silver inclusions up to 30 vol %.

The strength of the composites is greater than 80 MPa as tested by four-point bending. Silver

inclusions improve the toughness consistently, from 0.70 MPa m1/2 for the monolithic

hydroxyapatite to 2.45 MPa m1/2 at 30 vol % silver. Studies on the toughening mechanism

indicate that crack bridging and subsequent plastic work of silver are mostly responsible for

the toughening, whereas crack deflection also makes some contribution.
1. Introduction
Studies on the mechanical properties of calcium hy-
droxyapatite (Ca

10
(PO

4
)
6
(OH)

2
; HAp) ceramics have

progressed with the aim of overcoming the inherent
brittleness and realizing the practical use of HAp as
bioactive load-bearing implant materials [1, 9]. By
preparing composite materials, some improvement
has been demonstrated in the fracture toughness
of the HAp ceramics. Various reinforcements have
been tried, e.g. FeCr alloy fibres [2], carbon fibres [3],
Si

3
N

4
whiskers [5], Al

2
O

3
whiskers [5] or platelets

[6], SiC platelets [5] and ZrO
2

particles [3, 5, 7].
In many cases the composites cannot be successfully
prepared and their mechanical properties cannot be
characterized.

The general problems associated with the fabrica-
tion of the HAp-based composites are: (1) the low
density and the presence of defects (cracks); (2) the
degradation of the reinforcements due to severe reac-
tions with the HAp matrix; and (3) the dehydration
and decomposition of the HAp caused by the sintering
atmosphere and the presence of the reinforcements. As
far as the HAp matrix is concerned, the following
reactions can be written
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where h denotes the vacancies at OH lattice sites. In
dehydration, HAp loses OH radicals and forms oxy-

hydroxyapatite (OHA). During decomposition, OHA
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further transforms to tricalcium phosphate (Ca
3
(PO

4
)
2
,

TCP) and tetracalcium phosphate (Ca
4
P
2
O

9
). To sup-

press the reactions and to help the densification, some
complicated techniques, e.g. hot (isostatic) pressing,
have been employed.

Recently, we have used silver particles to reinforce
HAp [10, 11]. The idea is to take advantage of the
ductility of silver according to the crack-bridging
mechanism [12, 13]. Some toughening effect has been
achieved in our previous studies. The selection of
silver as the reinforcement is also based on the consid-
eration that silver is inert and has anti-bacterial
properties [14, 15]. HAp with silver absorption (con-
centration up to 4 lg mg~1) exhibits very similar
behaviour to the control HAp, with remarkably good
osteoconduction and incorporation in bone in vivo
implantation. Further, silver has a higher thermal
expansion coefficient than HAp (15]10~6K~1). This
is preferred because compressive stress will be intro-
duced into the HAp matrix when cooling down from the
sintering temperature. In addition, no chemical reaction
between HAp and silver is expected in oxygen-contain-
ing atmospheres at normal pressure. The composites can
be sintered in (moist) air and consequently the dehydra-
tion or decomposition of the HAp matrix can be sup-
pressed. The use of silver as a reinforcement in HAp was
also reported in a recent paper [16]. The hardness and
the strength of the composites were given (with highest
strength as 75 MPa at 10 vol% Ag), but the elastic
modulus and the fracture toughness, which are very
important parameters for the application of HAp, were
not mentioned. The present paper reports a systematic
investigation on the sintering behaviour and the mech-

anical properties of the HAp matrix composites.
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2. Experimental procedure
2.1. Raw materials and powder processing
HAp powder (Ca/P"1.62, Merck A.G., Darmstadt,
Germany) was used in the present study. The powder
has a specific surface area of 67$3 m2 g~1 as meas-
ured with standard N

2
-BET equipment. The powder

has a very poor packing density. Preliminary study
with this powder often showed problems such as
an irregular shape and low density of green bodies
after cold isostatic pressing, and cracks in sintered
samples. To solve these problems, the as-received
powder was heat treated (calcined) at 1000 °C in air.
After this treatment, the powder has a median size
of about 0.60 lm and a specific surface area of
11.0$0.6 m2 g~1. The calcined powder exhibits
a good flowability, suitable for further processing.

Silver oxide powder (Ag
2
O, '99%, Sigma-

Aldrich, Belgium) was chosen as the starting raw ma-
terial to produce silver. This is advantageous because
Ag

2
O powder is easy to modify by conventional mill-

ing techniques. The silver particle size can be control-
led and a homogeneous dispersion of silver particles in
the HAp matrix can be achieved.

Powder blends, which have final compositions of
0, 5, 10, 20 and 30 vol% silver, were prepared by ball
milling appropriate amounts of the calcined HAp
powder together with the Ag

2
O powder for 48 h in

a polyethylene bottle with Si
3
N

4
balls (hot-pressed,

\11 mm diameter ]11 mm cylinders) and distilled
water. After milling, the slurry was dried and sieved
through a 250 lm sieve, resulting in good flowability.
Powder compacts were fabricated by cold isostatic
pressing at 250 MPa in the shape of cylinders (10 mm
diameter]10 mm) for dilatometer investigation
and blocks (14 mm]22 mm]56 mm) for mechanical
testing.

2.2. Sintering
Sintering was carried out at 1250 °C for 1 h in air. The
choice of this temperature is based on early work done
in this laboratory [17] and on data from the literature
[1]. To study the sintering process of both monolithic
HAp and composites with various silver contents,
dilatometer experiments were performed. A simple
sintering programme was adopted with a heating and
cooling rate of 10 °C min~1, a peak temperature of
1250 °C, and a soaking time of 1 h. Based on the
results of the dilatometer investigation, the large block
samples were sintered following an optimized firing
programme (Section 3.2).

2.3. Characterization
The density of sintered samples was measured using
the Archimedes method. To study the evaporation of
silver and dehydration of the HAp matrix, the weight
loss of the samples after sintering was monitored. The
phases present in the composites were analysed on cut
and ground surfaces using X-ray diffraction (XRD).
To evaluate the extent of the decomposition of the
HAp, the intensity ratio of the strongest peaks of

b-TCP (0 2 10) and HAp (2 1 1) was compared. The
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microstructure was observed on polished and etched
surfaces using scanning electron microscopy (SEM).
Etching was done by immersing the specimens into
a 1 wt% citric acid solution for 1—2 min. The average
matrix grain size and silver particle size were meas-
ured according to the linear intercept method count-
ing more than 200 grains and 100 particles.

The Vickers’ hardness was tested on polished sur-
faces under a load of 19.6 N. The elastic modulus of
the materials was measured using the resonance
method (Grindosonic) and from the force-displace-
ment relation obtained from a four-point bending test.
The displacement was measured differentially using
three pins touching the bar symmetrically at the bot-
tom [18]. Test bars with dimensions of 3 mm]4 mm
]45 mm were machined from the sintered block-
shaped samples. Four-point bending tests were
performed to determine the fracture strength and
toughness. For the strength measurement, the inner
and outer span were 20 and 40 mm respectively, and
the loading rate was 0.5 mmmin~1. For the toughness
measurement, a Chevron notch was introduced into
each bar. The loading was on a span of 5/20 mm at
a rate of 1 lms~1. Six measurements were performed
for each material in order to obtain an average value
of strength or toughness. The fracture surfaces of the
samples were examined by SEM. To understand the
toughening mechanism, Vickers’ indentations were
made on the polished surfaces and the crack propaga-
tion path was studied.

3. Results and discussion
3.1 Dilatometer investigation
The sintering in a dilatometer was carried out in air
for technical convenience. The relative shrinkage,
*¸/¸, and the shrinkage rate, d¸/¸dt, as a function of
time (temperature) are illustrated in Fig. 1. In both
monolithic HAp and Ag/HAp composite samples,
the sintering starts at about 800 °C. Large shrinkage
occurs in the temperature range from 1000—1200 °C,
corresponding to a high sintering rate. The densifica-
tion proceeds with very low sintering rate during the
soaking period at 1250 °C. Comparing the monolithic
HAp with the composites, the HAp sample shows
a first shrinkage rate peak at about 1020 °C. This peak
is probably related to dehydration which starts at
about 800 °C, as revealed by our thermogravimetric
(TG) and differential thermal analyses (DTA) [19].
The OHA formed by dehydration accelerates the
densification [9]. The composite samples show a
lower sintering rate at about 960 °C. This is caused by
the expansion of silver which melts at this temper-
ature. The first shrinkage peak caused by the dehydra-
tion becomes less clear because of the expansion of
molten silver. It should be pointed out that, although
silver is in the liquid form, the sintering is not liquid-
phase sintering in the usual sense, because the mecha-
nism of solution and precipitation does not occur in
the sintering process of the composites.

After sintering in the dilatometer, a reasonably high
density was realized for all the samples, as illustrated

in Fig. 2. The decomposition of the HAp matrix was



Figure 1 (a) Relative shrinkage of the samples during sintering.
(b) Shrinkage rate at various sintering times (temperatures). 1,
20 vol% Ag; 2, 10 vol% Ag; 3, HAp.

evaluated. Fig. 3 shows the XRD diffraction patterns
of the composites. The relative composition of HAp
and b-TCP in these samples is reflected in Fig. 4.
Compared to the calcined HAp starting powder, the
content of b-TCP increases in all the samples. How-
ever, up to 20 vol% Ag, the degree of decomposition
is similar. Only at a higher silver content does the
decomposition become significant.

Analysis of the microstructure of the composites
showed a homogeneous dispersion of silver particles
in the HAp matrix and a regular HAp grain distri-
bution, as illustrated in Fig. 5. No abnormal grain
growth of HAp was found, different from a literature
observation [16]. The silver particles accumulate at
the matrix grain boundaries ( junctions). No reaction
can be seen between silver and HAp. Up to 30 vol %
Ag inclusions the silver phase remains discrete.
This has been confirmed by electrical conductivity
Figure 2 Density of the samples after dilatometer experiments.
Figure 3 CuKa—XRD patterns of the monolithic HAp and the
Ag/HAp composites. (s) The position of the strongest peak of
b-TCP.

Figure 4 Intensity ratio of XRD peaks of b-TCP (0 2 10) and HAp
(2 1 1) in the samples.

measurements on thin disc samples (8 mm diameter
] 0.8 mm) with silver electrodes. The discontinuity of
the silver phase at such a high concentration is closely
related to the non-wetting character of molten silver
on HAp. The wetting angle was measured to be about
130 °, as shown in Fig. 6, in which silver drops formed
on a surface after sweating-out from the interior.
Sweating was only observed in the 30 vol % Ag sam-
ples. However, in all other composite samples, a
10—20 lm wide silver depleted zone at the edges was
always observed. This was caused by the silver evapo-
ration during sintering. The molten silver has a high
vapour pressure at the sintering temperature.

The average HAp grain size and the silver particle
size have been measured. Fig. 7 shows that the grain
growth of the HAp is not strongly inhibited. One
reason is that the molten silver can exert only very
limited stress on the matrix. The mechanism hindering
the grain growth is probably that silver particles
(melts) act as barriers for the diffusion of HAp atoms.
As expected, the silver particle size increases with
increasing contents. Most of the particles have a size
of a few micrometres, but occasionally very large silver

particles (as large as 100 lm) can be observed. It is not
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Figure 5 Microstructure of the HAp and the Ag/HAp composites after etching: (a) monolithic HAp, (b) 10 vol % Ag, (c) 20 vol % Ag, and

(d) 30 vol% Ag.
Figure 6 Silver drops formed on the 30 vol% Ag sample surface
showing the poor wettability of molten silver on HAp.

clear whether they were introduced by agglomeration
during powder processing or by coalescence of the
molten silver at the low-density stage during sintering.

3.2. Sintering of large block samples
In the sintering of the large block-shaped samples,
several factors should be considered. Firstly, com-
pared to small cylinder samples, a longer densification
time is required. Secondly, to diminish the evapora-
tion of silver, a low sintering temperature and a short
holding time are preferred. Thirdly, as the Ag

2
O in the

powder compacts decomposes and releases oxygen
at about 180 °C (detected by TG/DTA analyses), the
heating rate around this temperature should be low.

Fourthly, the thermoshock resistance of the mono-
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Figure 7 (j) Average silver particle size and (d) HAp grain size in
the materials at various compositions.

lithic HAp is very poor (due to its high thermal expan-
sion coefficient, low strength and low toughness [19]),
so the samples after sintering have to be cooled down
very slowly. The critical cooling rate, d¹/dt, can be
estimated from the third thermoshock factor (RA

S
) [20]
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where k is the thermal conductance, q the density,
C

1
the heat capacity, m Poisson’s ratio, E the elastic

modulus, a the thermal expansion coefficient, r the
fracture strength, and r

.
the sample diameter. For

HAp, using r"100 MPa, E"117 GPa, m"0.28,

a"15]10~6 K~1, k"1.3 J s~1 m~1 K~1, q"3.16



Figure 9 Density of the block samples compared with that of dilato-

Figure 8 The optimized sintering programme for the block samples.

g cm~3, C
1
"0.765 J K~1 g~1, and r

.
"5 cm, a criti-

cal cooling rate of about 1.5 °Cmin~1 is obtained.
Taking these factors into account, an optimized

sintering programme was designed based on the dila-
tometer experiments, as illustrated in Fig. 8. The heat-
ing is kept slow in the temperature range in which
a high sintering rate occurs, so the sintering can take
the advantage of a high rate at a relatively low temper-
ature. It is expected that continuous porosity will be
eliminated at this stage so that the evaporation of
silver can be confined only to the sample surfaces
upon further firing. The temperature is increased to
a maximum of 1250 °C to shrink closed pores, so
achieving high density. A slow cooling is very critical
for HAp. This is evinced by an exploratory experiment
with a cooling rate of 5 °Cmin~1. Thermal stress-
induced cracks are shown on surfaces of pure HAp.
For the Ag/HAp composites, a higher cooling rate is
allowed because of the improved thermal shock resist-
ance due to the high thermal conductance of silver
(419 J s~1m~1K~1). During sintering, moist air is
used to suppress the dehydration of HAp.

Following this programme, the large blocks were
densified to almost the same level as the small cylin-
ders in the dilatometer experiments (Fig. 9). These
results are quite promising because they are obtained
by pressureless sintering. The sintering may be im-
proved further, e.g. using the concept of rate-control-
led sintering [21].
meter samples.
Figure 10 Weight loss of the samples during sintering. Estimate 1 is
based on the weight loss due to Ag

2
O decomposition, and estimate

2 due to both Ag O decomposition and matrix weight loss. (d)

Fig. 10 compares the sintering weight loss of the
dilatometer cylinders and the block samples. The
blocks loose less weight than the cylinders, although
the former are sintered for a longer time. Looking into
the process, the weight loss is due to (1) the evapo-
ration of the adsorbed water, (2) the dehydration of
the HAp matrix, (3) the release of oxygen from Ag

2
O,

and (4) the evaporation of molten silver. The weight
loss, ¼

-
due to the decomposition of Ag

2
O can be

described as
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where f is the volume content of silver in the
composites. The densities are q

A'
"10.5 g cm~3,

q
HA1

"3.16 g cm~3, while the molecular masses are
M

A'
"107.9, M

O
"16.0 and M

A'2O
"231.8. The re-

sults are shown as curve 1 in Fig. 10. Considering the
weight loss of the monolithic HAp (on average about
1.6%) and assuming that the matrix HAp in the
composites has a similar behaviour, the total weight
loss will be
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The estimated values are indicated by curve 2 in
Fig. 10. The extra weight loss over curve 2 should be
attributed to the loss of silver, mostly by sweating at
30 vol% Ag. The increased dehydration at high silver
contents (compared to pure HAp, see Fig. 4) makes
only a minor contribution, because a complete dehy-
dration of the matrix only results in maximally
1.8 wt% weight loss (the H

2
O content in HAp). It is

noticed that the theoretical density is estimated from
the nominal silver concentration. This estimated value
is higher than the real one considering the loss of
silver. Therefore, the relative density of the composites
is larger than the values shown in Fig. 9.
2
Dilatometer, (j) Sintering. ( · · · · ) Equation 4, (———) Equation 5.
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TABLE I Mechanical properties of the HAp and Ag/HAp composites

Sample Hardness E modulus (GPa) Strength, Toughness,
(GPa) r

4B
(MPa) K

I#
(MPam1@2)

Resonance Bending

HAp 5.17$0.18 112.0 101.1 38.8$11.7 0.70$0.09
5 vol% Ag 4.51$0.30 116.8 105.4 64.8$16.4 0.95$0.04
10 vol% Ag 4.06$0.11 112.1 100.4 100.7$16.7 1.06$0.06
20 vol% Ag 2.89$0.19 103.1 91.2 82.1$9.4 1.49$0.14

30 vol% Ag 2.37$0.09 88.4 80.9 80.0$2.9 2.45$0.21
3.3. Mechanical properties
The mechanical properties of the Ag/HAp composites
are summarized in Table I.

3.3.1. Hardness and elastic modulus
In hardness measurements, the indentation diagonal
size is around 100 lm, much larger than the silver
inclusion size. Therefore, the hardness values are quite
representative of the material property. Fig. 11 shows
the hardness as a function of the silver content. The
hardness decreases almost linearly with the increasing
silver fraction, owing to the softness of silver and the
increasing porosity.

Fig. 12 shows the elastic modulii of the materials
measured by the ultrasonic pulse method and by the
bending method. Data from the bend test are about
10% lower than the ultrasonic data; however, this
seems to be inherent to the testing method [18]. For
the monolithic HAp, the value of 112 GPa agrees well
with the results obtained by De With et al. [1]. It
should be mentioned, however, that a wide spread in
the data is reported in the literature, ranging from
41—121 GPa [22]. The estimates are from the law of
mixtures (namely, the upper limit of elastic modulus),
assuming silver and HAp as laminates oriented paral-
lel to an applied uniaxial stress and undergoing the
same strain. Estimate 1 is obtained from

E"(1!f ) E
HA1

#f E
A'

(6)

using E
HA1

"117 GPa and E
A'
"76 GPa at silver

volume fraction, f, from 0%—30%. Estimate 2 further
includes the influence of porosity. It is known that
in the particular case of sintered HAp, the modulus is
empirically related to the porosity, p, by [1]

E
HA1

"117(1!2.01p) (7)

Thus, for the composites

E
HA1

"117(1!2.01p) (1!f )#76f (8)

In general, silver inclusions lower the modulus of the
materials, but at 5 vol% Ag an increase is observed
and the reason is not clear. The decrease in the elastic
modulus of Ag/HAp composites is desirable from
the viewpoint of bio-applications [23]. Because the
modulus of natural bones is low (7—25 GPa) [24], an
implantation with high modulus can cause severe
stress concentrations, i.e. load shielding from a natural
bone, which may weaken the bone and deteriorate

the implant/bone interface [25]. In fact, the high
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Figure 11 Vickers’ hardness of the HAp and the Ag/HAp com-
posites. H

V
at load of 19.6 N.

Figure 12 Elastic modulus of the HAp and the Ag/HAp composites.
Estimate 1 is based on the law of mixtures and estimate 2 further
considers the effect of porosity. (d) Grindosonic, (j) bending. (——)
Equation 6, (· · · · ) Equation 8.

modulus is one of the drawbacks for alumina
(E

A-2O3
"380 GPa) and zirconia (E

Z3O2
"210 GPa) in

orthopaedic applications.

3.3.2. Strength
The strength of the materials is shown in Fig. 13. The
strength data for monolithic HAp and for 5 vol %
Ag/HAp composite are not very reliable, because large
machining defects were found on the surfaces of the
bending bars. These defects are chips broken away
from bar samples during machining and cracks caused

by heating and cooling during fixing samples with



Figure 13 Strength of the HAp and the Ag/HAp composites. The

binder. Machining defects are also found on the
10 vol% Ag/HAp samples but are much less severe.
As can be noticed from the error bars, the standard
deviations of the measurements are large for the 0,
5 and 10 vol% Ag samples, but become small for the
20 and 30 vol% Ag samples. Therefore, the inclusion
of silver has improved the machinability of the HAp.

Literature data show that the strength of sintered
HAp varies from about 30—177 MPa, depending on
both material processing and testing methods [8, 17].
With the same powder as used in the present study,
strengths as high as 115 MPa were achieved on pres-
surelessly sintered HAp [1]. Adopting this value as the
strength of the present monolithic HAp, the strength
of the composites seems to decrease with the increas-
ing silver contents. At 30 vol% Ag the composite has
a strength of 80 MPa. Compared to the literature
[16], the present results are quite promising.

Fractography shows that fracture origins are diffi-
cult to identify except for the HAp and 5 vol %
Ag/HAp samples, in which the machining defects are
the critical flaws. In the 10, 20 and 30 vol% Ag sam-
ples, some large intrinsic defects are observed, such as
silver or matrix agglomerates about 100 lm in size,
which may be responsible for the fracture. The critical
defect size, a

#
, in the samples can be estimated by

applying the fracture mechanics formula (Griffith
relation)

a
#
"A

K
I#

½r B
2

(9)

where½"1.26, the appropriate value for semicircular
surface defects [26]. Using the experimental tough-
ness, K

I#
, and strength, r, data, the calculated defect

size is extremely large, 207 and 591 lm for the 20 and
30 vol% Ag samples, respectively. This is related to
the increased possibilities of large silver agglomerates
and coalescences because of the decreased mean free
path between particles at such high silver concentra-
tions. With improved processing, the defect size can
be diminished to some extent. By slip casting, very
high strength has already been obtained on mono-
lithic HAp samples [17]. This is also predicted for
Ag/HAp composites at low silver concentrations be-
literature data are from de With et al. [1]

Figure 14 (d) Toughness and (j) work of fracture of the HAp and

cause the distribution of silver (in fact Ag
2
O) can be

further homogenized and agglomeration can be
avoided. At high silver concentrations, in addition to
improving the distribution in the green state, the pos-
sible coalescence at sintering should also be prevented.
Therefore, the sintering should be conducted at tem-
peratures lower than the melting point of silver. How-
ever, this requires very active HAp powders combined
with hot (isostatic) pressing. The present HAp powder
can be densified at 1000—1050 °C by hot-pressing [2],
still higher than the melting point of silver.

3.3.3. Fracture toughness
The fracture toughness and the work of fracture are
shown in Fig. 14. The work of fracture (or strain
energy release rate) G

I#
is calculated from the tough-

ness and elastic modulus according to the formula

G
I#
"

K2
I#

E
(10)

Monolithic HAp has a very low toughness,
0.70 MPam1@2, showing that the material is very
brittle. The inclusion of silver particles has consis-
tently improved the toughness of HAp. At 30 vol %
Ag, the toughness is 2.45 MPam1@2, namely 3.5 times
that of the monolithic HAp. Owing to the increase
in toughness but decrease in elastic modulus, a higher
magnitude of the work of fracture is achieved, five
times at 20 vol % Ag and 15 times at 30 vol% Ag,
compared to that of the monolithic HAp. From the
energy point of view, the 30 vol% Ag composites
are twice as fracture resistant as a normal alumina
(E"380 GPa and K

I#
"3.8 MPam1@2).

The toughening mechanism was investigated by
examining the indentation crack path as shown in
Fig. 15. The HAp shows a transgranular fracture be-
haviour, indicating that the toughness of HAp is inde-
pendent of its grain size. Because of this transgranular
fracture character, very straight cracks are often ob-
served radiating from indentation corners, as shown in
Fig. 15b for the sample with 30 vol % Ag. The crack is
deflected when it encounters silver particles. Some-
times crack bridging occurs and bridging silver par-
ticles stretch plastically. Therefore, the toughening is
attributed to both crack deflection and crack bridging
at sites of silver particles. The contribution of crack
the Ag/HAp composites.
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Figure 15 (a) Transgranular fracture character of HAp, (b) indentation crack propagation pattern in the 30 vol % Ag/HAp composite, and (c)

crack bridging and plastic stretching of a silver particle.
deflection can be predicted according to a model [27],
to be only about 22%—35% of the matrix toughness,
G

.
, at 5—30 vol% particle inclusions. Thus, the crack

bridging and the stretching of silver particles seem to
be more important to toughening.

The toughening due to crack bridging can be ob-
tained by subtracting the matrix toughness and the
deflection contribution

*G
#
"G

#
!G

.
(1!f )!*G

#,$%&-%#5*0/
(11)

According to the crack-bridging model [12, 13], *G
#

can also be expressed as

*G
#
"f r

0
Rv (12)

where f is the area fraction of ductile reinforcement on
the fracture surface, r

0
is the uniaxial yield strength,

R is the cross-sectional radius of the reinforcement,
and v is a work of rupture parameter which represents
the toughening capacity of the reinforcement. The
value of v is related to the details of the interface
debonding and the plastic stretching of the ductile
reinforcement during fracture [12, 13].

The increase in toughness, *G
#
, is plotted as a func-

tion of f R, as shown in Fig. 16. Between the composi-
tions of 5, 10 and 20 vol% Ag, almost a straight line
can be drawn as predicted from the crack-bridging
model. The prominent toughening at 30 vol % Ag is
related to the morphology of silver reinforcements.
Detailed examination shows that a crack tends to
stretch and eventually fracture an elongated particle
when it approaches the particle in the cross-longi-
tudinal direction (Fig. 15c). When approaching a
round-shaped particle or an elongated particle in the

longitudinal direction, a crack is likely to be deflected.
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Figure 16 Toughness increment as a function of volume fraction
and particle size of silver reinforcements.

With the increasing silver content, more elongated
silver particles are formed. This is especially obvious
in the 30 vol% Ag composites.

3.3.4. Opportunities for further toughening
The Ag/HAp interface shows no reactions and the
bonding appears to be weak as indicated by the crack
propagation along the interface. If the interface bond-
ing can be improved, the plastic deformation of silver
may act more effectively as an energy-absorbing
mechanism and toughen the material further. Adding
titanium to silver may be a solution to improve inter-
facial strength, but sintering could be a problem
because of the high oxygen affinity of titanium. Pre-

liminary study showed very severe titanium oxidation



and the presence of cracks between titanium oxide and
HAp in a HAp/Ag—4Ti/HAp diffusion couple experi-
ment in vacuum. Vacuum and reducing atmospheres
are not preferred, owing to the instability of HAp.

On the other hand, because the HAp matrix is also
very weak, a crack may easily be deflected into the
matrix when encountering a reinforcement. Therefore,
improving the inclusion/matrix interface bonding may
not increase the crack resistance very much provided
the inclusions are round shaped. A better approach is
probably to improve the silver distribution, e.g. in a
continuous network as in the WC/Co system, or in
a sufficiently complex shape, or in a fibrous form with
a high aspect ratio. This is obviously difficult to realize
for silver reinforcements unless the sintering temperature
can be lowered to below the melting point of silver.

4. Conclusion
Ag/HAp composite materials were prepared using
HAp and Ag

2
O raw powders. The sintering behaviour

of the composites was investigated using dilatometry.
Large-sized samples were sintered to high density by
pressureless sintering at 1250 °C in air following an
optimized heating programme. The composite mater-
ials have homogeneous microstructures with fine sil-
ver particles well dispersed in the HAp matrix. Up to
20 vol% Ag addition, the decomposition of HAp to
TCP in the composites is limited. The incorporation
of silver leads to a decrease in the elastic modulus
of the materials, which is desirable considering the
analogy of natural bones. The fracture strength of the
composites is greater than 80 MPa and the strength
can be improved by applying refined processing tech-
niques. The fracture toughness is consistently im-
proved with increasing silver inclusions. At 30 vol %
Ag the composite has a toughness, K

I#
, 3.5 times that

of the matrix, and a work of fracture twice that of
alumina. The toughening is partly due to crack deflec-
tion and mostly due to crack bridging at silver par-
ticles. The bridging effect is especially prominent at
high silver concentrations where elongated silver par-
ticles are formed.
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