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In the present study, mechanical properties of porous glass reinforced hydroxyapatite
bioceramics were assessed by microhardness, bending and compression tests and fracture tough-
ness determination. Porous discs were produced by a dry method using wax spheres as pore form-
ers. Green bodies were sintered and the final microstructure of the composites consists of hy-
droxyapatite, alpha and beta tricalcium phosphate (α and β-Ca

3
(PO

4
)

2
)due to the reaction between

the glassy phase and the hydroxyapatite matrix. The results of the mechanical tests showed that
the glassy phase yielded higher fracture toughness and bending strength when comparing with
literature data for single hydroxyapatite. There is a compromise between mechanical properties
and the porosity level for bioceramics: for example, according to Weibull statistics for composites
with 65% porosity the maximum bending stress level is 0.2 MPa for 100% survival probability
whereas this stress level increases to 2.5 MPa for composites with 40%. However, only the 65%
porosity composite samples seem to have the complete adequate morphology for bone ingrowth.
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will depend on the sintering temperature and the glass com-
position1,2. In applications where bone ingrowth is intended,
it is particularly beneficial to have bioresorbable phases like
beta tricalcium phosphate (β-TCP) and alpha tricalcium
phosphate (α-TCP), as these phases are known to be more
soluble than HA. These resorbable phases may be substi-
tuted by new bone formation and therefore the bone defect
area may be completely regenerated keeping the original
morphology. In order that it may happen, the in vivo degra-
dation of the bioceramic should be similar to the new bone
formation rate1-3.

Porous bioceramics can be produced by several tech-
niques such as the polymeric sponge technique, foaming
processes and techniques using organic additives3-5. The
main morphological requisites for allowing bone ingrowth
are the existence of open and interconnected pores, with

1. Introduction

Porous biomaterials can be used in applications where
bone ingrowth is needed, such as bone diseases or bone
fracture. Bioactive glasses and ceramics are examples of
biomaterials used for bone reconstruction. Hydroxyapatite
(HA), (Ca10(PO4)6(OH)2), is the most well characterised
bioceramic and there are several studies on HA bioactivity,
i. e., the ability to chemically bonding to living bone. How-
ever, medical applications of HA are restricted to sites of
low-to-medium load-bearing applications1,2. A novel class
of biomaterials designed by glass reinforced hydroxyapa-
tite, GR-HA, exhibit bioactivity and higher mechanical prop-
erties when compared to single phase HA. GR-HA can be
produced by mixing HA and bioactive glasses. When a
CaO-P2O5 based glass is added to hydroxyapatite (HA) and
sintered, the glassy phase reacts with HA. The phases present
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pore diameters larger than 100 µm for proper vascularisa-
tion6. The interconnectivity of the pores can be achieved by
adding pore formers, for example. However, there is a com-
promise between interconnectivity and mechanical strength7.

In this study, a patented glass reinforced-hydroxyapa-
tite (GR-HA), whose commercial name is Bonelike 8 con-
sisting of HA and a CaO-P

2
O

5
 based glass was used as the

base material. In previous studies, the authors developed a
dry method for the production of porous GR-HA specimens
for applications where bone ingrowth is needed9. In the
present study, this novel biomaterial was fully mechanically
characterised and results interpreted in terms of the level of
porosity present in the microstructure.

2. Experimental

GR-HA powders were produced using a calcium-phos-
phate based glass with the composition, in molar fraction,
0.75P

2
O

5 
- 0.15CaO - 0.10CaF

2
. To produce the material,

the glass was melted in air for one hour at 1450 °C in a
platinum crucible. The produced glass was quenched in cold
water and then crushed in an agate mortar. It was then plan-
etary ball milled in ethanol until 90% of the particles had an
average particle size less than 14 µm. The glass powder
was dried in an oven at 100 °C overnight, then disaggregated
in an agate mortar and sieved. GR-HA powders were ob-
tained by wet mixing (ethanol) 4.0 wt.% of glass with HA
(Ca

10
(PO

4
)

6
(OH)

2
) powder (batch P201, Plasma Biotal;

Tideswell, U.K.). The suspension was planetary mixed for
12 h, dried and sieved. A detailed method for the prepara-
tion of the composite has been described elsewhere8. GR-HA
powders were dry mixed with 40 and 65% in volume of
wax spheres in a planetary mill for 5 min and then used to
produce green bodies by uniaxial pressing at 44 MPa for
30 s. The pressed samples were heat treated to burn out the
organic additives at 550 °C for 4 h at a heating rate of
0.5 °C/min and then sintered at 1300 °C during 1 h at a
heating rate of 4 °C/min.

The porous glass reinforced hydroxyapatite (GR-HA)
ceramics consisting of hydroxyapatite and 4.0 wt.% of a
phosphate based-glass were characterised by scanning elec-
tron microscopy (SEM), mercury porosimetry, bending test
with Weibull statistics analysis, compression test,
microhardness and fracture toughness determination using
Laugier, Evans and Lawn equations modified by Nihara10.

Porous discs (20 mm diameter) were used in the com-
pression and in the concentric ring-on-ring bending tests.
Bulk density, size distribution of the pore interconnections
and pore volume fractions of the samples were determined
in a previous study9.

Bending tests in dense standard bars were performed
for determining the Young’s modulus of the dense material,
according to the method described the European standard

for Young’s modulus determination of ceramic materials11.
For this purpose, dense standardised bars were produced
by uniaxial pressing at 44 MPa and sintering at 1300 °C
during 1h at a heating rate of 4 °C/min. The test was carried
on in a Shimadzu Universal Testing Machine Autograph,
AG-25TA (Japan).

Vickers microhardness analysis was performed on pol-
ished specimens. For this purpose, specimens were vacuum
embedded in epoxy resin (Buehler), ground with SiC pa-
pers and polished with diamond paste (Struers), 1 µm parti-
cle size. Vickers microhardness tests were carried out in a
Shimadzu Micro Hardness Tester Type-M (Shimadzu,
Dataletty 150). The indentations diagonals and the length
of the crack on the indentations tips were measured using a
scanning electron microscope.

Compression tests were performed on porous discs
(12.4 ± 0.2 mm diameter) with 40 and 65 vol% porosity
(n = 7). The test was carried using a Shimadzu Universal
Testing Machine Autograph, AG-25TA (Japan) at a
crosshead speed of 0.50 mm/min. The flexural bending
strength was assessed by the concentric ring-on-ring test
method and the rupture modulus was calculated according
to the equation proposed by Soltesz12.

3. Calculation procedures

Eight standard bars were used for calculating the aver-
age Young’s modulus of GR-HA uniaxially pressed with
44 MPa,

Young’s modulus was determined according to the equation:

(1)

where:
E = Young’s modulus expressed in N/m2;
P = upper load, expressed in N;
L = test jig outer span, expressed in m;
a = test piece width, expressed in m;
b = test piece thickness, expressed in m;
d = displacement of the test specimen, recorded in m.

Microhardness and fracture toughness determination

Eleven Vickers indentations were produced on 65 vol%
porosity specimens. Average values of diagonals of each
indentation as well as average values of crack length on the
tips of the indentations were obtained by measurement in
SEM. Fracture toughness (K

1c
) was determined according

to the formula:

(2)
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where:
K

1c 
= Fracture toughness;

E = Young’s modulus expressed in N/m2;
Ø = constraint factor (=H/σ

y 
~ 3, where H is hardness and

σ
y
 is the yield stress);

l = crack length;
a = half of indentation diagonal length;
HV = Vickers microhardness;

Figure 1 shows one Vickers indentation as it was meas-
ured using SEM technique, where Vickers indentation di-
agonals and cracks at the tips of the indentation may clearly
be seen.

Flexural bending strength:

The rupture modulus, σ, was calculated according to
Soltesz12:

(3)

where:
σ = rupture modulus;
F = load;
υ = Poisson’s ratio = 0.28 (from the literature13);
t = thickness;
r = radius of the disc;
r

1
 = radius of the loading ring;

r
2
 = radius of the supporting ring;

Weibull statistic analysis was performed and the Weibull

modulus was calculated for both compression and bending
tests. Weibull statistic is indicated for porous ceramic speci-
mens and indicates variability of the strength of the ana-
lysed ceramic14.

4. Results

Table 1 shows the calculated values for Young’s modu-
lus (E), fracture toughness (K

1c
) and Vickers microhardness

(HV). The obtained values represent the mechanical fea-
tures of the struts of the studied materials since localized
techniques were used to perform the mechanical analysis.

Figure 2 shows the probability of failure vs. compres-
sion strength for the specimens with 40 and 65 vol%. From
the curves slopes, it is possible to identify that the two sets
of specimens exhibited similar variations in Weibull moduli
under compression tests. From this statistical analysis one
may observe that no failure will occur when compressive
tensions below 2 MPa are acting on specimens with 65 vol%
porosity. For specimens with 40 vol% porosity, this value is
shifted to 30 MPa. Figure 3 shows the probability of failure
vs. bending strength for the specimens with 40 and 65 vol%.
The bending tests showed a significant difference in the
variability of bending strength for the two sets of speci-
mens. This finding may be observed by the difference in
the slopes of the two curves. Figure 3 shows that the mini-
mum bending stress that 40 vol% samples will withstand is

Table 1. Young’s modulus (E), fracture toughness (K
Ic
) and Vickers

microhardness (HV) values for 65 vol% porosity GR-HA speci-
mens.

E (GPa) K
Ic
 (MPa.m1/2) HV

77 ± 12 1.18 ± 0.1 404

Figure 1. Vickers indentation showing the diagonals and crack
length as measured for K

Ic
 determination.

Figure 2. Probability of failure of porous GR-HA discs vs.
compressive strength.
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0.2 MPa for the 65 vol% specimens and 2.5 MPa for the
40 vol% samples.

Table 2 shows Weibull moduli for compression (m
c
) and

bending (m
c
). It is noteworthy that although no significant

change in m
c
 values were obtained for samples with 40  and

65 vol% porosity, m
b
 values decreased considerably when

the porosity of samples increased. The calculated values
for m quantitativaly confirm the observation of Figs. 2
and 3.

5. Discussion

In a previous study, dense and porous GR-HA speci-
mens were characterised by SEM and XRD with Rietveld
refinement and mercury porosimetry9. These analyses
showed that both presented a microstructure composed by
HA, β-TCP and α-TCP. SEM analysis of the GR-HA com-
posites showed that β-TCP and α-TCP phases were well-
dispersed in the HA matrix, which confirm previous stud-
ies that showed that CaO-P2O5 acted as a sintering aid for
hydroxyapatite matrix.

This previous work also demonstrated that only com-
posite samples with 65 vol% porosity showed to have ad-
equate 3-D morphology to allow bone ingrowth with inter-
connected porosity. Therefore, in this study Vickers hard-
ness (HV), Young´s modulus and fracture toughness (K1c)
testing were only performed on this composite. Furthermore,
these are localised measurements while bending strength
and compression testing are more representative of the over-
all microstructure of the composites.

The average K1c value obtained for porous specimens
pressed at 44 MPa, KIc= 1.18 ± 0.01, showed to be slightly
higher than values found in the literature for single-phase
hydroxyapatite15.

The value obtained for Vickers microhardness on po-
rous GR-HA indicates that the different processing tech-
nique that was used for composite preparation allowed the
liquid phase sintering process to be effective although these
values also tended to be lower than those previously ob-
tained for dense samples16. This finding should be attrib-
uted to the low densification level of porous samples that
was induced by the pressing conditions. Dense GR-HA
composites are usually prepared by applying uniaxial press-
ing of 288 MPa and in the present study only 44 MPa was
used.

Compression tests showed that the specimens produced
with 40 vol% porosity had much higher compression
strength when compared with specimens with 65 vol% po-
rosity. Similar values were observed for the Weibull modu-
lus of 40 and 65 vol% porosity specimens, which indicate
that the different porosity volume did not produce marked
difference in the variability of compression strength. The
values obtained for these novel composite materials are
comparable to those reported in the literature for calcium

Figure 4. SEM picuture of porous GR-HA specimen with 65 vol%
porosity.

Table 2. Weibull moduli for porous GR-HA specimens tested un-
der compression and bending.

Porosity (vol%) m
c

m
b

40 9.19 7.24
65 8.23 3.7

Figure 3. Probability of failure of porous GR-HA discs vs. bend-
ing strength.
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phosphate bioceramics16. Weibull modulus is an indication
of strength variability and therefore with increasing pore
fraction, it should be expected that the degree of non-ho-
mogeneity of samples should increase, which may explain
the decrease of Weibull modulus as pore fraction increases.

The minimum stress values below which failure occurs
are much lower in bending than in compression for both
40 and 65 vol% porosity specimens. This behaviour was
expected since porosity dramatically diminishes the strength
for ceramic materials.

However, previous SEM analysis and porosimetry data9

showed that 40 vol% porosity was not enough to obtain a
structure of interconnected pores and therefore a compro-
mise should be made between mechanical performance and
the adequate 3-D morphology that is capable of allowing
bone ingrowth.

Flexural bending tests showed a marked variability in
the rupture modulus under bending, i.e. the specimens with
65 vol% porosity showing higher variability than specimens
with 40 vol% porosity. From Table 2, it can be seen that
pore fraction strongly affected the behaviour under bend-
ing stress. The pores present in the microstructure acted as
stress concentration factor and therefore lower the mechani-
cal strength of the ceramic material. SEM analysis revealed
that besides round macroporous, “needle shape” pores
(Fig. 4) were also presented in the microstructure, which
may account for the decrease in mechanical strength with
increasing pore fraction. As it is well known, this effect is
only valid in tensile effort and not in compression. Under
tensile stress, fracture of ceramic usually occurs by propa-
gation of a unique flaw (critical flaw) and in compression
several flaws may contribute to the mechanical failure.
Therefore, the increase in porosity should decisively influ-
ence the bending strength.

6. Conclusions

Several factors have to be taken into account when de-
signing bioceramics for allowing bone ingrowth. Porous
discs with 65 vol% showed low bending and compression
strength when compared with discs with 40 vol% pore frac-
tion. However, mercury porosimetry studies and SEM analy-
sis show that GR-HA specimens produced with 65 vol%
exhibit a structure composed of interconnected pores with
pore size above 100 µm. Once porous bioceramics are not
structural implants, the most important features concern
porous sizes and interconnections. Samples prepared with
65 vol% porosity can be easily handled, mantaining their
structural integrity. These features allow porous GR-HA

discs with 65 vol% suitable for use as implants for bone
ingrowth.
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