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There is increasing interest in the potential of composites of hydroxyapatite with phosphate-
or silicate-based bioactive glasses, and certain of these glass additions have been found, in
previous work, to aid densification and form a mechanically-reinforced, bioactive material; in
particular, large improvements in flexural strength and fracture toughness were obtained
through the addition of small amounts of phosphate glass. Less is known about the
mechanical behavior of HA/bioglass composites, although in vivo studies by other workers
have shown encouraging biological results. In this investigation, the sintering behavior,
mechanical properties, and microstructure of composites of HA with up to 50wt % glass,
were analyzed. X-ray diffraction showed the phase composition of sintered composites with
up to 5wt % added bioglass to be non-stoichiometric HAwith o-TCP or B-TCP. Phase analysis
of composites containing higher glass additions was impracticable due to peak broadening
and overlap, although reaction products, at the highest glass additions and sintering
temperatures, may include wollastonite-2M and B-Na,Ca,4(PO,),SiO,. Sintered density, and
mechanical properties other than fracture toughness, showed no significant improvement

over HA.
© 2001 Kluwer Academic Publishers

1. Introduction

There have been several attempts to combine hydro-
xyapatite (HA) with glasses of different composition, in
order to produce composites with improved mechanical
or bioactive properties. Composites formed by sintering
of HA with small glass additions, may exhibit greatly
improved mechanical properties, largely due to improved
densification through the presence of a liquid phase
during sintering [1]. Reaction between the HA and the
glass may occur at sintering temperatures, and the final
phase composition can be altered by varying the glass
composition and the sintering temperature.

Two main glass types have previously been investi-
gated as potential sintering aids for HA. Addition of
some phosphate glasses (CaO-P,0s) can produce a
significant improvement in mechanical properties [1-3].
Close chemical similarity to HA and tricalcium
phosphate (TCP) ensures that such composites consist
only of calcium phosphate phases; they are, conse-
quently, likely to be biocompatible and possibly
bioactive [4,5]. Silicate-based glasses have also been
used to form composites with HA, either as a sintered
monolithic body, or as a plasma-sprayed coating [6, 7].
Composites containing large silicate glass contents may
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be composed of HA particles dispersed in either a
bioinert glass [8,9] or in a bioactive bioglass matrix
[6,10]. Alternatively, small additions (of up to Swt%
glass) have been added to HA as a sintering aid, to
improve densification, mechanical properties, and pos-
sibly bioactivity [11, 12].

The biological response to HA/bioglass composites is
still unclear. In vitro studies of composites containing
small amounts of bioglass showed that although the
period immediately following immersion in simulated
body fluid is characterized by significant surface
dissolution, the composites may form an apatite surface
layer [12, 13], a property usually considered indicative of
a bioactive material. The time required for formation of
an apatite layer was shorter than for sintered HA,
indicating higher bioactivity [12].

In vitro studies have shown that composites with very
high bioglass levels (70-90 wt %) are bioactive, and may
bond to bone [14]. In vivo studies using a subchondral
bone defect in a rabbit model for the same materials
containing 70 wt % bioglass showed that bonding to bone
occurred in as little as 6 weeks and that the material
promoted chondrogenesis [15]; however, substantial
degradation of the implant occurred over a 12 week
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period. Granules of the same HA/bioglass composition
implanted in metaphyseal cavities in rabbit models
performed similarly to autograft over short time periods,
with a better response over longer times [16].

In this work, HA composites containing 0-50 wt %
bioglass additions, were investigated over a range of
sintering temperatures (T, )> to allow determination of
their phase composition, microstructure, and mechanical
properties. This provides a quantitative assessment of the
properties of such composites across a wide range of glass
additions, allowing comparison with other HA/glass
composite systems previously studied [1,3, 11].

2. Materials and methods

2.1. Powder preparation

Synthetic hydroxyapatite was prepared by reaction of
calcium hydroxide and orthophosphoric acid in aqueous
solution [17], according to the equation:

6H;PO,  + 10Ca(OH),

= Ca;o(PO,)s(OH),  + 18H,0, (1)

Reagent grade Ca(OH), (96% pure, Merck, Darmstadt,
Germany), AnalaR grade H;PO, (85%, BDH, Poole,
UK), and deionized water, were used. The reaction was
carried out at 85 °C, with the pH maintained above 9.5 by
the addition of ammonia solution (GPR grade, BDH).
X-ray diffractometry (XRD) of powders, calcined in air
at temperatures between 900 °C and 1350°C, showed
that the synthesized HA contained no secondary phase
and was stable up to at least 1350°C.

A bioglass previously used by Kangasniemi et al. [18],
of composition (in mol %) 52.6 SiO,, 25.8 Na,O, 13.1
CaO, 4.7 P,0s, 0.5 Al,05, 3.3 B,0;, was prepared.
Reagent grade powders of silica (99.9% pure, Tilcon
Industrial Materials, Stoke-on-Trent, UK), sodium
carbonate (99.5%, BDH), calcium carbonate (98%,
Aldrich, Gillingham, UK), phosphorous pentoxide
(97%, Merck), boric acid (99.8%, Merck), and alumina
(99.5%, British Alcan Chemicals, Burntisland, UK),
were dry-mixed by tumbling in a 11 polypropylene
Nalgene pot (Nalge Nunc International, Rochester, NY,
USA) on ball mill rollers, and melted at 1370 °C for 2 h in
a sintered mullite crucible (Zedmark Refractories,
Dewsbury, UK). The resulting melt was quenched in
water, collected, and dried.

HA and bioglass were separately dry ball-milled for 1 h
in a5 1alumina milling pot (Lodge Ceramics, Rugby, UK)
using 12.5 mm diameter Mg-partially-stabilized-zirconia
(Mg-PSZ) cylpeb media (Mandoval, Lightwater, UK)
and screened to —45 um using brass BS410:1986 test
sieves (Endecotts, London, UK), giving stock powders.

HA, and HA/bioglass composite powders containing
2.5, 5, 10, 25, and 50 wt % glass, were prepared by wet
ball-milling 60g batches in 180ml isopropyl alcohol
(general use grade, 99.5% pure, Romil, Loughborough,
UK) for 24 h, using 500 ml polypropylene Nalgene pots
containing approximately 650 g of 7mm Mg-PSZ cylpeb
media. Slips were recovered and passed through a 38 um
test sieve, dried at 70 °C, and then passed through a 106 um
test sieve to break up agglomerates formed on drying.
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2.2. Sample preparation

Powders were mixed with 4wt % of an organic binder
based on polyvinyl acetate and polyethylene glycol
(Bindemittel B11/V, Mahler Dienstleistungs, Esslingen,
Germany), to provide lubrication during pressing and to
improve the green strength. Disc samples were uniaxially
cold-pressed in a 25mm diameter tool steel die at
120 MPa, using 2 g of powder per sample. The binder
was allowed to cure, and was subsequently removed
by heating at 2°C min~ ' to 350°C. Sintering was
carried out in a muffle furnace, using a heating rate of
4°C min ' up to sintering temperature, which was held
for 3 h, followed by cooling at 4°C min ~ ' down to room
temperature.

2.3. Density measurement

Specimen bulk density (py,) was measured by
application of Archimedes’ principle. A mercury balance
method was used, in which the upthrust from immersing
the specimen in a mercury bath was measured using a
top-pan balance (model GT4800, Ohaus, Florham Pk,
NJ, USA), allowing densities to be determined to better
than =+ 0.02gcm . Ninety-five per cent confidence
limits were calculated for each mean density [19].

2.4. XRD analysis

X-ray diffraction studies were carried out using a System
642 Guinier diffractometer (Huber Diffraktionstechnik,
Rimsting, Germany), operating in subtractive transmis-
sion mode; Huber G600 software was used for control
and data acquisition. Radiation was pure monochromatic
CuKa; (A = 1.54056 /&), focused using a quartz Guinier—
Johansson monochromator. Data were recorded over the
range 6 = 0-50° with a 0.02° step size, a count time of
5, and a counter slit width of 0.2 mm. Si powder (pure
element grade, 99.5% pure, Johnson Matthey Alfa
Products, Karlsruhe, Germany) was added to all samples
as an internal standard (at a constant level of 10 wt %), to
allow correction of the peak positions [20]. The internal
standard was also used to compensate for the variable
X-ray absorption coefficient of the multi-phase mixtures,
during quantitative phase determination [21-23]. Lattice
parameters were calculated using Cohen’s method [24],
and are quoted with 95% confidence limits.

In order to allow quantitative analysis of the HA and
B-TCP contents, calibration constants were determined.
HA powder was synthesized as described in Section 2.1
(above) and calcined in air at 900 °C; B-TCP powder had
a purity greater than 98% (purum p.a. grade, Fluka
Chemie, Buchs, Switzerland) and was also calcined at
900 °C. Calibration samples were prepared by mixing
these two powders in various proportions between 0 and
100% B-TCP, together with 10wt% of Si internal
standard, using an agate mortar and pestle. Diffraction
traces over the range 6 = 10-20° were produced using
the conditions specified above, and the integrated
intensities determined for the Si 111 (Ig;), HA 211
(Ta), and B-TCP 02+ 10 (I-rcp) reflexions. Regression
models were established from the following relation-
ships:



and

(3)

where k, is the calibration constant for phase A, x, is the
mass fraction of A in the powder mixture to be analyzed,
X, is the mass fraction of A in the mixture after xg;
internal standard has been added, and I, is the integrated
intensity of the selected reflexion for A (for more details
see, e.g. Klug and Alexander [21]). From this, it can be
seen that

I
wy =k IA (4)
S

1
where w, is the weight percentage of phase A in the
mixture without internal standard additions and (for a
constant level of internal standard addition; e.g. 10 wt %
Si in the present case) k), = 100k,xg;/(1 — xg;)-
Minitab statistical analysis software (version 8.1;
Minitab, State College, PA, USA) was used to fit the
regression models (wys VS Iya /Isi, Warcp VS Ig-tcp/Isi)
to the data. The models were calculated to be:

I
Wia = 32.86(0.37) x IHA, 2 =0.999 (5)
Si
Ig-rcp
WB'TCP = 4052(0.44) X 1—7
Si

”? =099  (6)

where the standard deviations of the slopes of the
regression lines are in parentheses, and r2 is the
coefficient of determination. Minitab also calculated
95% prediction intervals [19] for the HA and B-TCP
contents which were derived from the regression models.
The wvalidity of the internal standard method for
quantitative phase analysis depends on the absence of
amorphous material in the powders used to produce the
calibration constants; this was assumed to be the case for
the calcined powders used in the present work.
Estimation of o-TCP content was attempted using the
I/1,, ratios from the JCPDS Powder Diffraction File
(PDF; JCPDS-ICDD, Swarthmore, PA, USA) for o-TCP
and Si, applying the relationship given by Monaco [22]:

ke 1
/ _ . Si_, fa-TCP
Xo-TCP = Xsi X ] (7)
o-TCP Si

where k,_rcp is I /1, = 0.44 for the o-TCP 034 reflexion
(PDF card No. 29-359) and kg; is I/, = 4.70 for the
Si/111 reflexion (card No. 27-1402). This procedure was
found to be unsatisfactory, producing substantial over-
estimates of the mass fraction of «-TCP (giving a total
crystalline material content substantially exceeding
100wt % in some cases). This could be due to the
o-TCP material in the PDF having a low crystallinity.
Accordingly, I,_rcp/ls; values (based on integrated
intensities) are reported, to permit calculation of the
mass fraction of o-TCP when a more accurate I/I,
becomes available.

2.5. Microscopy
All samples for microstructural analysis were surface
ground using silicon carbide grinding paper, finishing
with grade 4000. Samples were then polished for 5 min,
using an OP-NAP cloth (Struers, Copenhagen, Denmark),
Metadi 3 pm aerosol diamond compound (Buehler, Lake
Bluff, IL, USA), and deionized water as a lubricant.
Composites containing 2.5 and 5 wt % glass additions
were etched for 10s using 0.1 M lactic acid (extra pure
grade, Merck). For composites based on higher bioglass
additions, attempts to reveal a microstructure (using
lactic acid, HC1 (GPR grade, BDH), and thermal etching)
were unsuccessful. Fracture surfaces for these higher-
glass composites were examined, to investigate the
development of microstructure during sintering. Micro
structures and fracture surfaces were studied using a
JSM-35C (JEOL, Tokyo, Japan) scanning electron
microscope (SEM) operating at 25 kV.

2.6. Mechanical testing

Biaxial flexural strength (o) was measured using a disc
bend test method [25]. The samples were ground on the
tensile face using a surface grinding machine with a
resin-bonded diamond wheel; R, was measured using a
Surtronic 3P Tallysurf (Taylor-Hobson, Leicester, UK),
and in all cases lay in the range 1-1.5 um. The load at
failure was measured using a model 6000S mechanical
testing machine (Lloyd Instruments, Fareham, UK),
fitted with a SO0 N load cell, and a cross-head speed of
0.5mmmin .

Hardness (Hy) was measured by Vickers indentation,
using an AVK-C2 hardness tester (Akashi division of
Mitutoyo, Kanagawa, Japan), a 2kgf load, and a 155
dwell time.

Fracture toughness (K|.) was determined by measure-
ment of the radial crack lengths (half the crack-tip to
crack-tip distance) propagating from the Vickers
indentation [26]; if a load of 2kgf was found to be
insufficient to develop a well-defined radial crack
system, fresh indentations at successively higher loads
were carried out until adequate cracks were formed.

Where possible, a sample size of at least 6 was used for
each mechanical test. Ninety-five per cent confidence
intervals were calculated for each set of measurements
[19].

3. Results

3.1. XRD analysis

In all cases, reaction occurred between the HA and the
bioglass addition, resulting in a reduction of HA content,
and the formation of additional phases such as o- and
B-TCP. The XRD results are summarized in Table I,
and in Figs 1 and 2. Lattice parameters of HA showed
appreciable deviations from those of stoichiometric HA,
at all levels of glass addition.

The data presented in Fig. 1(b) represent the crystal-
line phase content, corrected for the initial glass addition:
the weight percentage of each phase (from Fig. 1(a)) has
been divided by 1 — Xy, (Where xg, is the mass
fraction of glass added to the HA); i.e., the corrected HA
content, where no reaction had occurred with the glass,
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TABLE I XRD phase analysis data for composites of HA with the addition of 2.5, 5, 10, 25, and 50 wt % bioglass (with 95% prediction limits)

Bioglass Tsinter HA B-TCP HA corr.” B-TCP corr.” Xpa/Xp-Tcp Lrep/Isi”
(wt %) (°0) (wt %) (wt %) (wt %) (wt %)
2.5 1200 68.5+5.7 10.6+3.2 70.2+5.8 10.9+3.3 6.0+1.1 n.p.c
1250 65.2+5.6 6.7+3.2 66.8+5.8 6.8+3.3 9.1+1.1 n.p.
1300 73.1+5.7 n.p. 75.0+5.8 n.p. — 0.15
1350 553456 n.p. 56.8+5.7 n.p. — 0.357
5 1200 63.2+5.6 20.3+3.2 66.5+5.9 20.8+3.3 29+1.1 n.p.
1250 502455 16.3+3.2 52.8+5.8 16.8+3.3 29+1.1 n.p.
1300 47.0+5.5 n.p. 49.4+5.8 n.p. — 0.624
1350 36.6+5.5 n.p. 38.6+5.7 n.p. — 0.785
10 1100 42+54 574435 4.6+6.0 589+3.6 0.1+1.1 n.p.
1150 39.6+5.5 372433 44.0+6.1 382+34 1.0+1.1 n.p.
1200 533455 19.1+3.2 59.2+6.2 19.6+3.3 26+1.1 n.p.
1250 404455 143432 449+6.1 147433 26+1.1 n.p.
25 1050 25.1+54 n.p. 334472 n.p. — n.p.
1100 19.0+5.4 1.5+32 253472 1.5+33 11.8+1.1 n.p.
1150 30.6+54 159+3.2 40.8+7.2 16.3+3.3 1.8+1.1 n.p.
1200 30.0+54 12.6+3.2 40.1+7.2 129+3.3 22+1.1 n.p.
50 600 20.8+5.4 n.p. 41.6+10.8 n.p. — n.p.
700 248+54 1.5+32 49.7+10.8 1.5+33 158+ 1.1 n.p.
800 314+54 15.3+3.2 62.7+10.9 15.7+3.3 1.9+1.1 n.p.
900 n.p. 1.1+3.2 n.p. 1.1£33 0.0+1.1 n.p.
“Weight per cent of phase corrected for glass addition by dividing by 1 — Xglass-

PRatio of integrated intensities of o-TCP 034 and Si 111 reflexions.
“Phase not present.

would be 100% by weight of the total crystalline
material.

3.1.1. 2.5 and 5wt % glass additions

The only crystalline phases evident in the materials with
2.5 and 5wt % bioglass added, were HA, o-TCP, and
B-TCP. Samples sintered at 1200 °C and 1250°C both
formed B-TCP as the sole crystalline reaction product,
with about twice the quantity of B-TCP being formed in
the material containing a 5 wt % glass addition, resulting
in a lower HA:B-TCP ratio (Table I, and Figs 1 and 2).
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Less B-TCP was formed at the higher temperature, for
both glass contents: a decrease of 38% for the 2.5 wt %
material, and a decrease of 19% for the 5 wt % material.

On raising the sintering temperature to 1300 °C, the
B-TCP was replaced by o-TCP in both materials. For the
2.5wt % glass composites, the quantity of o-TCP more
than doubled when the sintering temperature was
increased to 1350°C; for the 5wt % glass material, a
smaller rise of about 25% was observed.

With both 2.5 and 5 wt % bioglass additions, the trend
was for both the HA content, and also the total
HA + B-TCP content, to decrease with increasing
temperature (Fig. 1), through increased reaction with,
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Figure 1 Variation, with sintering temperature, of weight percentages of crystalline HA and B-TCP, in composites containing additions of 2.5, 5, 10,
25, and 50 wt % of bioglass: (a) absolute values, (b) corrected for glass addition (with 95% prediction intervals).
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Figure 2 Ratio of HA to B-TCP in composites containing additions of
2.5, 5,10, 25, and 50 wt % of bioglass (with 95% prediction intervals);
* indicates that no 3-TCP was present.

and dissolution in, the bioglass. The exception to this was
the material containing 2.5 wt % bioglass, sintered at
1300 °C, which had an unexpectedly high HA content;
the HA also had a slightly low a-dimension (Fig. 3),
significantly smaller than that of the HA in material
sintered at 1350°C (p < 0.0001). However, the HA
c/a-ratio for the 2.5 wt % bioglass material, sintered at
1300°C, was not significantly different from that
sintered at 1350°C (p > 0.05). It should be noted from
Fig. 3 that the c-dimension of the pure HA remains
almost constant with sintering temperature, changes in
c/a stemming almost entirely from the reduction in a; in
the composite materials, there is a substantial increase
in ¢ alongside the reduction in a, as T, increases.
The c/a ratio for HA (Fig. 4), in materials with both 2.5
and 5 wt % glass, was in all cases somewhat higher than
for pure HA, and as for pure HA, the value of c/a rose
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891~  4350°C A 5wt-%glass | |
1350 °C
g H 1200 °C
o e%0f 1300 °C - i
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6.89 |- HiH _
1350 °C 500G
HOH L8 °
1200 °C ¥
6.88 |- —
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9.395 9.400 9.405 9.410 9.415 9.420
a(A)
Figure 3 Variation in lattice parameters of HA, both for pure HA, and

for HA/glass composites containing additions of 2.5 and 5wt % of
bioglass (with 95% confidence intervals).

with increasing sintering temperature, although at a
higher rate.

3.1.2. 10wt % glass addition

At the lowest sintering temperature (1100°C), only a
small quantity of HA was present, increasing by a factor
of 10 at 1150°C, rising about one-third further at
1200°C, and finally falling by almost one-quarter at
the highest sintering temperature of 1250 °C (Table I and
Fig. 1). The sum of the HA and B-TCP contents followed
a similar trend, reaching a maximum at 1150 °C rather
than 1200 °C.

For these materials, the B-TCP content was found to
decrease with increasing sintering temperature, the mass
fraction of B-TCP at a temperature of 1100 °C being four
times that of the same material sintered at 1250 °C. The
HA:B-TCP ratio (Fig. 2) was found to rise with sintering
temperature, leveling off at the two highest temperatures.
At sintering temperatures of 1200°C and 1250 °C, the
quantities of HA and B-TCP formed (after adjustment for
initial glass content) were similar to those in the
5wt % glass material at the same temperatures, giving
almost identical HA:B-TCP ratios (Fig. 2).

The change in phase composition may be seen in
Fig. 5. No o-TCP was observed in these samples. It was
not possible to identify other phases present, despite the
high resolution of the Guinier diffractometer, due to peak
broadening and overlap. These effects also made it
impossible to determine the a and ¢ values for HA with
any degree of precision.

3.1.3. 25 and 50wt % glass additions
Analysis of these samples was difficult due to the large
amount of peak broadening, and also peak overlap with
unidentified phases, in most cases.

For both materials, B-TCP did not form at the lowest
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0.730 ” J
Sintering SS883 833388 838813
temp. (°C) ONE ¥ N3N0
Wt % glass 0 (HA) 2.5 5

Figure 4 Variation in c/a ratio of HA, both for pure HA, and for HA/
glass composites containing additions of 2.5 and 5wt % of bioglass
(with 95% confidence intervals).
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Figure 5 Overlay of the XRD traces for HA 4+ 10wt % bioglass
material, showing phase variation with sintering temperature (inten-
sities normalized with respect to the internal standard).

sintering temperature (1050 °C for 25 wt % glass, 600 °C
for 50 wt %). B-TCP was strongly evident in the 25 wt %
glass material sintered at the two highest temperatures
(1150°C and 1200 °C), but was only strongly present in
the 50 wt % glass sample sintered at 800 °C; it existed
only in trace quantities, or was completely absent, in
other specimens. The HA:B-TCP ratio for the 25 wt %,
1200 °C sample, was similar to those for the 5 wt % and
10 wt %, 1200 °C materials (Fig. 2).

The general trend was for HA content to rise with
increasing temperature, although the amount of HA in
the 25wt %, 1100°C sample, was somewhat low. The
composite containing 50wt % bioglass, sintered at
900 °C, was the only sample, out of all the compositions
prepared, which contained no HA after sintering,
indicating complete reaction with the glass. It was not
possible to identify any of the phases other than HA and
B-TCP in the 25 wt % glass composites, or in the 50 wt %,
600 °C and 700 °C samples; there was possibly some -
Na,Ca,(PO,),Si0, (PDF card No. 32-1053) formed as
one of the additional phases in the 50wt %, 800°C
specimen, and possibly both wollastonite-2M (card No.
27-88) and B-Na,Ca,(PO,),Si0, in the 900 °C material.

3.2. Density

Bulk densities of all the sintered materials are given in
Table II, and their variation with sintering temperature is
shown in Fig. 6. Generally, density rose with increasing
sintering temperature, although the density of the sample
with 10 wt % bioglass, sintered at 1150 °C, was anom-
alously low. The 50 wt %, 900 °C composite, also had a
low density; this may be associated with the complete
reaction of HA with the bioglass.

Fig. 7 is a graph of the maximum bulk density (p.x)
obtained in each series of materials; also shown on the
graph is a line representing the rule-of-mixtures density
(Pieor) for HA (pya = 3.15gcem™3, from PDF card No.
9-432) and the bioglass (Pgjess = 2.60 gcm™3, present
work) mixtures.

If all of the materials (i) sinter to the same level of

TABLE II Bulk density and mechanical properties, for pure HA, and for composites of HA with the addition of 2.5, 5, 10, 25 and 50 wt %

bioglass (with 95% confidence limits)

Bioglass Tsinler Poulk HV ch OFf
(Wt %) (°0) (gem ) (HV2) (MPaM'?) (MPa)
0 (HA) 1150 3.04+0.02 502.5+11.0 0.67+0.07 20.5+4.4
1200 3.05+0.02 522.3+25.1 0.56+0.04 31.4+4.4
1250 3.08+0.02 523.7+19.4 0.67+0.04 17.9+2.5
1300 3.08+0.02 509.0+11.5 0.74+0.03 20.942.7
25 1200 2.03+0.02 217.5+4.7 0.96+0.06 200+
1250 2.4640.01 398.8+12.0 0.96+0.05 35.74+6.4
1300 2.8740.03 411.6+11.7 0.66+0.04 18.5+°
1350 2.95+0.02 355.8+10.1 0.90+0.10 20.54+2.9
5 1200 2.01+0.02 110.4+3.1 1.40+0.12 —°
1250 2.3440.05 2524475 0.94+0.05 —°
1300 2.72+0.02 209.3+4.0 0.95+0.08 —°
1350 2.72+0.04 2515428 1.50+0.10 "
10 1100 2.55+0.02 220.5+3.6 0.58+0.08 31.1+1.9
1150 2.09+0.02 74.4+1.2 0.84+0.11 27.942.9
1200 2.3840.02 146.2+5.4 1.2340.12 30.6+1.2
1250 2.50+0.04 210.0+7.1 0.61+0.18 11.2+8.5
25 1050 2.19+0.05 125.0+7.9 1.76+0.15 25.343.9
1100 2.3840.01 156.3+7.6 1.39+0.15 40.9+10.2
1150 2.5940.01 2403+2.9 1.47+0.08 33.545.3
1200 2.6140.01 227.8+8.3 0.87+0.10 35.443.9
50 600 1.77+0.01 48.6+3.2 0.83+0.07 21.442.1
700 1.80+0.01 78.1+2.4 0.56+0.09 31.1+8.7
800 2.17+0.01 195.3+8.4 1.034+0.14 33.5+4.8
900 1.91+0.01 67.6+2.0 1.39+0.07 33.0+3.6

“Sample size too small.
PMeasurement not possible due to radial cracking of discs on sintering.
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(d) 10, (e) 25, and (f) 50 wt % bioglass (with 95% confidence intervals).

porosity, (ii) incorporate HA into the glass to give a  of-mixtures value and the observed value, normalized for
constant glass composition across specimens, and (iii) glass content,

have a constant mean density for all the crystalline

phases, then the difference in density between the rule- APnorm = (Pmax — Paneor) (1 — Ygiass) (8)
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should be a constant. This value is also shown in Fig. 7,
and it highlights the anomalous behavior of the 5wt %
and 10wt% glass materials, which have densities
substantially below the values expected. Note that the
line is not truly horizontal, instead falling gradually with
increasing glass content, and this may be accounted for
by either (i) the formation of phases with lower density
than HA, such as B-TCP (p = 3.07¢g c¢cm 3, PDF card No.
9-169), or (ii) higher porosity levels in composites
containing more glass, or both.

3.3. Microstructure

Glass additions of 2.5 and 5 wt % resulted in HA matrices
containing appreciable amounts of either B-TCP or
a-TCP. Microstructural analysis of series containing
10 wt % glass or greater was particularly difficult due to
the lack of complete X-ray phase determination and the
glassy nature of the composites. Instead, for these
compositions fracture surfaces were examined, to study
the development of the microstructure during sintering
and the nature of fracture.

3.3.1. 2.5 and 5wt % glass additions

Figs 8 and 9 show that as the amount of glass was
increased from 2.5 to 5wt %, there was an increased
amount of pore formation, which severely disrupted
sintering and prevented densification. An acicular grain
structure within the porous regions was observed above
1300°C, and grew with increasing temperature.

3.3.2. 10wt % glass addition

The fracture surfaces of samples containing 10wt %
glass, sintered at 1100 °C, showed a high degree of fine
interconnecting microporosity. Higher sintering tempera-
tures resulted in improved density but caused a gradual
coarsening of the microstructure, as well as an increase in
the size of the porosity. Fig. 10 shows the fracture
surfaces for materials sintered at 1100 °C and 1200 °C.
Sintering at 1150°C resulted in fracture surfaces

Figure 8 Development of the microstructure of 2.5 wt % bioglass composites with temperature; (a) 1250°C, (b) 1300 °C, (c) 1350°C.
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Figure 9 Development of the microstructure of 5 wt % bioglass composites with temperature; (a) 1250 °C, (b) 1300°C, (c) 1350°C.

intermediate between the structures shown. At the
highest sintering temperature, 1250°C, there was
evidence of structural deterioration at the surface of the
specimens, possibly due to localized melting of the
composite. This deterioration took the form of a crazed
surface and was visible to the naked eye.

3.3.3. 25 and 50wt % glass additions

Fig. 11 shows the change in fracture surface for the
25wt % glass series between 1050°C and 1100°C.
Sintering at 1100 °C considerably reduced the level of
fine porosity, but led to the formation of larger pores up
to about 5 um diameter. This was accompanied by the
development of a locally dense glassy matrix. Fracture

surfaces for higher sintering temperatures were similar,
but showed a gradual increase in pore size up to about
10 pm at 1200 °C.

Although XRD did not permit identification of
all phases, it was evident that large phase changes
did occur for all composites based on high glass
additions. Comparison of the fracture surfaces of samples
sintered at 600°C and 700°C showed that the type
of fracture changed from intergranular to transgranular.
Although there was substantial microporosity present,
the sintered body was locally dense with a structure
similar to that for 25wt% glass materials sintered
at 1100°C. There was little change in appearance
between 700°C and 800°C; however, sintering at
900°C caused a dramatic increase in the size and
extent of porosity.

Figure 10 Fracture surfaces of HA/10 wt % bioglass composites as a function of sintering temperature: (a) 1100°C, (b) 1200°C.
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Figure 11 Fracture surfaces of HA/25 wt % bioglass composites as a function of sintering temperature: (a) 1050 °C, (b) 1100 °C.

3.4. Mechanical properties

3.4.1. 2.5 and 5wt % glass additions

The series containing 2.5 and 5wt % glass produced
badly radially-cracked specimens upon sintering,
resulting in small sample sizes for the 2.5 wt % materials,
and preventing flexural testing for the 5 wt % materials;
these cracks did not occur in compositions based on
higher glass additions. Cracking was more severe for
5wt % glass additions, and was also worse for samples
sintered at higher temperatures. Nevertheless, the
2.5 wt % glass composites had strengths very similar to
the pure HA control (Table II).

For the 2.5 wt % series, fracture toughness remained
virtually constant (at just under 1 MPam"?) with varying
sintering temperature, the exception being the 1300 °C
material, for which K. fell significantly (Fig. 6(b)). The
maximum toughness achieved (for the 1200 °C material)
was almost 30% higher than for the best HA results
(1300°C), as shown in Fig. 12. The Kj, of S5wt%
materials fell over the range T, = 1250-1300 °C, but
the maximum toughness (at T, = 1350 °C) was more
than twice that of the highest HA value (Fig. 12(c)).
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Figure 12 Variation in maximum values of mechanical properties with
glass addition, over all sintering temperatures (with 95% confidence
intervals).
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As a general trend, hardness rose with increasing
sintering temperature. The 2.5wt %, 1350°C, and the
S5wt%, 1300°C materials, both had slightly low Hy
values. For the most part, hardness fell with increasing
glass content, the best 2.5 wt % materials being only
three-quarters the hardness of the hardest HA samples,
and the best 5Swt% samples reaching only half the
hardness of the hardest HA (Fig. 12).

3.4.2. 10wt % glass addition

Flexural strength was constant with T, except for the
1250 °C material, which may have been due to changes
in the microstructure due to incipient melting. Generally,
strengths were not significantly different to those of HA
or the 2.5 wt % materials.

The 10 wt % materials had fracture toughnesses which
were generally somewhat below those of the lower glass
materials, although not as low as those of HA. The trend
was for Kj, to rise, and, as with o, then fall at the
maximum sintering temperature.

Vickers hardness varied in a somewhat unusual
fashion, with an extreme fall at a sintering temperature
of 1150°C, followed by a rise with a further increase in
temperature. This behavior followed the density exactly
(Fig. 6(d)), and it is well-known that hardness is highly
dependent upon porosity [27]. Apart from the 1150°C
material, hardness was only slightly lower than for the
Swt% glass composites, and was substantially lower
than for the HA and 2.5 wt % glass materials.

3.4.3. 25 and 50wt % glass additions

These materials had strengths that were statistically
invariant with sintering temperature, with the exception
in both cases of the material sintered at the lowest
temperature. Strengths of both of these series were not
substantially better than HA, or any of the other
composites.

For the 25wt% series, K;. fell with increasing
sintering temperature; however, the 50wt% glass
materials tended to increase in toughness as T, r0S€,
with a slight dip associated with the 700 °C material
(associated with a change in the appearance of the
fracture surface, which appeared to be more inter-
granular). The fracture toughnesses of the 25wt%
glass composites were generally the highest of all the



materials, even that of the worst, sintered at 1200 °C,
being significantly higher than that of the best HA.

Composites containing 25 wt % glass had hardnesses
that rose with sintering temperature, and were broadly
similar to the 5wt% and 10wt% glass series. The
50 wt % composites were substantially softer than all the
other materials, with an anomalously large value
(although still low) for the 50 wt %, 800 °C samples; as
with the 10 wt % series, the hardness trend followed the
density almost perfectly.

3.5. Correlation analysis

Minitab was used to examine linear correlations between
glass content, sintering temperature, bulk density, hard-
ness, fracture toughness, flexural strength, and HA and j-
TCP phase contents (both uncorrected and corrected for
glass addition), using a data set composed of measure-
ments for both pure HA and all the composites. The
Pearson product moment correlation coefficients for each
pairing of parameters are given in Table III.

As can be seen, there was a strong negative correlation
between py, and added glass content (p <0.0002), but
this is to be expected due to the lower density of the
glass, and does not necessarily reflect on the effect of
glass additions on porosity levels. Replacing py,; with
Pouik/ Piheor (i-€., compensating for the lower density of
the glass by expressing the density as fraction of the rule-
of-mixtures value) gave a rather poorer correlation,
although still significant (p < 0.004, r = — 0.57).

There was a very strong positive correlation
(p < 0.0001) between pyy and T, indicating that
densities tended to increase as the sintering temperature
rose; again, expected, except for the behavior of certain
materials such as the 50 wt %, 900 °C composite, where
density fell significantly.

An extremely significant (p < 0.0001) positive rela-
tionship was found between py,; and Hy, which would
be normal if the lower densities were due entirely to
porosity [27]; however, higher densities in these
materials were also indicative of a large HA content,
which may be substantially harder than the other phases
present (see below). An additional correlation test
between Pyyx/ Pieor and Hy was still highly significant
(p < 0.0001, r =0.86), confirming that high porosity,

and the formation of lower-density phases other than
glass, were responsible for reducing the hardness.

There was a large, positive correlation between py
and the mass fraction of HA present after sintering,
probably due to the high density of HA compared to all
the other phases in the system. This relationship became
weaker (although still significant at p < 0.005) when the
glass content was compensated for (HA corr.).

Hardness strongly negatively correlates with added
glass content, as would be expected due to the
replacement of the harder, crystalline HA, with the
softer bioglass. There was a weaker relationship between
Hy and T, but this was due to the increase in py
with T, . Interestingly, there was an extremely strong
positive correlation (p < 0.0001) between Hy and HA
content, but no such relationship existed with B-TCP,
indicating that HA was overwhelmingly the principal
contributor to the hardness, in polyphase mixtures.

Neither fracture toughness nor flexural strength
correlate strongly with any other parameter, the strongest
relationship for Kj, being a weak negative correlation
(p = 0.03) with Hy, which was not abnormal, harder
materials tending to be more brittle. The strongest link
between flexural strength and any other variable was a
weak negative correlation with HA content (even less so
with the corrected HA content), at p = 0.03.

4. Discussion

Composites containing additions of up to Swt%
bioglass consisted of HA, with B-TCP as the secondary
phase up to 1250 °C, and with o-TCP at higher sintering
temperatures. There was no evidence in XRD of any
crystalline phase directly related to the added bioglass,
for example calcium phosphate silicate [11], rhenanite,
or wollastonite [10]. However, the lattice parameters of
both HA and B-TCP showed that significant deviations
from stoichiometry did occur, indicating possible
dehydroxylation of HA or substitution of ions from
the glass. Comparison with an earlier study of
composites based on similar additions of a phosphate
glass [3] shows that, in general, changes in lattice
parameters resulting from bioglass additions were
larger, indicating a greater deviation from stoichiometry
or higher levels of substitution. Although the HA/TCP
ratio was similar between the phosphate glass and

TABLE III Pearson product moment correlation coefficients (r) for composition, processing, and property variables, for all HA and
HA/ bioglass materials. Coefficients for variables known to be strongly dependent have been removed

Glass Tginter Poulk Hy K. Of HA B-TCP HA corr. B-TCP corr.
Phulk —0.69%* 0.70%*
Hy —0.66%* 0.56* 0.89#:
Ky 0.22 0.00 —0.32 —0.45
Op 0.40 —0.26 —0.28 —0.31 0.42
HA —0.71%* 0.52%* 0.66** 0.83%%* —0.40 —0.45
B-TCP -0.07 0.01 —-0.22 —0.31 —0.12 0.20 —0.34
HA corr. —0.53* 0.33 0.55* 0.77%%* —-043 —0.42 — —-0.38
B-TCP corr. -0.07 0.01 —-0.22 —0.31 —0.12 0.20 —0.34 — —0.38
HA/B-TCP 0.18 —0.32 —0.29 0.02 —-0.15 0.22 — — — —

* Denotes p <0.01, ** p<0.001.
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bioglass composites, o-TCP formed at about 50°C
lower, and in greater quantities, for bioglass-containing
composites.

Glass additions of up to Swt% led to considerable
disruption of sintering, delaying densification to higher
temperatures. Sample densities were considerably below
values for HA sintered at the same temperature and well
below corresponding values for composites of HA/
phosphate glass [3, 11]. It is likely that the high porosity
resulted from reaction between the bioglass and HA. The
emergence and growth of an acicular grain structure
above 1300°C may correspond to the observed forma-
tion and growth of o-TCP over the same temperature
range.

Flexural strength data was restricted for the 2.5 wt %
glass, and not available at all for the Swt% glass
materials, due to cracking of samples during sintering.
The available data indicate that no significant improve-
ment in strength over HA was obtained. The reasons for
sample cracking are uncertain, and variation of pressing
pressure, binder/lubricant content, and heating rate, did
not eliminate it. Volumetric change associated with the
formation of B-TCP and o-TCP did not appear to be
solely responsible —equally large phase changes for
composites based on phosphate glass samples did not
result in cracking [3,11]. Figs 8 and 9 show the
formation of large porous regions about 10um in
diameter. Due to the approximately spherical nature of
the pores, they may have resulted due to gas entrapment,
possibly arising due to OH™ release on decomposition of
HA [18,28,29]. Cracking may have resulted from the
stresses caused by expansion due to the formation of
lower-density phases, and local stresses due to gas
evolution following densification. A previous study by
Santos et al. [11] in which HA was sintered with a
Hench-type bioglass (of slightly different composition to
that used in the present work) found similar poor
densification of composites. Cracking of specimens at
1350°C was also observed. Mechanical testing in the
same study showed that although strengths were
comparable to, or showed a small improvement over,
HA, the extent of improvement was significantly below
that obtained for other types of glass addition.

Hardness of the composites declined rapidly with
increasing glass additions, from 0 — 2.5 — 5wt %,
tending to follow the reduced density of the materials.
Fracture toughness, however, was found to increase
substantially, which may have useful implications for
load-bearing parts to be used in the body. Whether the
improved K| is due to the presence of either a- or B-TCP,
or due to crack-blunting by the pores, or through some
limited plasticity or crack-deflection associated with the
glass, is unclear.

Due to poor densification, as well as the formation of
the more rapidly resorbable o-, rather than B-TCP, at
higher temperatures, it seems unlikely that composites
based on low bioglass additions offer a mechanical
advantage as a biomaterial over either traditional
biphasic HA/TCP composites [29] or HA/phosphate
glass composites [1,3]. However, despite this, small
bioglass additions to hydroxyapatite may allow prepara-
tion of composites with useful bioactive properties.
Similar composites have previously been shown to be
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capable of more rapid formation of a calcium phosphate
surface layer than HA, in vitro [12]. Knowledge of
the phase composition, stoichiometry, and sintering
characteristics of these composites, will aid under-
standing of their resorption characteristics and
prediction of the likely biological response.

Higher glass additions disrupted sintering, compared
to pure HA, resulting in poor densification; however, no
cracking of specimens occurred. Despite very high
porosity, flexural strengths for each series did not differ
significantly from the maximum strength measured for
HA. Complete phase analysis by XRD for high bioglass-
containing composites was made impossible due to peak
broadening and overlap, coupled with the formation of a
number of additional, apparently low-symmetry, phases.
Despite the problems with phase identification, sufficient
analysis was possible to show that substantial degrada-
tion of the HA occurred at all temperatures, especially for
the 50 wt % glass materials at sintering temperatures as
low as 600°C. For the 50 wt% materials at the two
highest sintering temperatures, B-Na,Ca,(PO,),SiO,
was tentatively identified as being present, and wollas-
tonite-2M was another possible phase identified in the
material with the highest T, 900°C: no HA was
present at all in that material, indicating complete
reaction. Kangasniemi er al. [10, 14, 18,30] observed
no reaction between HA and bioglass in their materials
sintered at 600°C; however, the HA particles were
considerably coarser than those used in the present study,
reducing the interfacial area over which reaction could
occur. Lower densification in this work may be attributed
to reaction between bioglass and HA, resulting in the
formation of pores and lower-density phases, and to use
of much lower glass additions.

Despite the poor densification, and high level of
reaction between HA and glass, flexural strengths
of these materials were not very different to those for
pure HA. Fracture toughness fell markedly for the
10wt % glass materials as a whole, recovered to
exceptionally high levels at 25 wt % glass (about twice
the values for pure HA), and then declined again with the
50wt % specimens. Hardnesses tended to be stable
for the 10 and 25wt % bioglass composites, after the
rapid fall over the range 2.5 to 5wt % glass. The hard-
ness then tended to reduce for the 50wt% glass
series.

Linear correlations observed over the whole range of
materials, from pure HA to 50 wt % bioglass composites,
were:

1. Bulk density and fraction of maximum theoretical
density decreased with increasing glass content.

2. Specimens with high bulk densities tended to have
high HA contents after sintering.

3. Hardness decreased with increasing glass additions
and decreasing bulk density.

4. Hardness increased with the amount of HA in the
sintered product, but was independent of 3-TCP content.

5. Fracture toughness did not correlate well with any
other variable, nor did flexural strength. There does,
however, appear to be a non-linear correlation between
K;. and glass content, with a maximum K. being
obtained at 25 wt % glass.



The likely biological behavior of the high bioglass-
containing composites has not yet been clearly estab-
lished. The bioactivity of some similar composites has
previously been investigated, both as plasma sprayed
coatings [6,7] on titanium implants, and as dense
implants [14,30]. In vitro [7,14,30] and in vivo
[15,16] testing has indicated that HA-composite
materials based on high bioglass additions are bioactive,
developing a calcium phosphate surface layer, and could
bond directly to bone. However, due to differences in
material preparation, composition, and form of implant
between these studies, it is not possible to comment on
the likely biological behavior of composites based on
high bioglass additions prepared in the present work,
without suitable testing.

5. Conclusions

The sintering, compositional, and mechanical properties
of HA/bioglass composites containing 0-50 wt % glass
additions were established. Low glass additions resulted
in the formation of either HA/B-TCP or HA/a-TCP,
depending on sintering temperature. In general, sintering
was disrupted by the presence of bioglass, limiting
densification, or delaying it to higher temperatures.
Although flexural strengths showed no improvement
over HA, and hardness declined with increasing glass
content, significant gains in fracture toughness were
observed, particularly for the materials with 25wt %
bioglass, which were more than twice as tough as HA.
However, no significant mechanical advantage was
identified over traditional biphasic calcium phosphates
and mechanical properties were significantly poorer than
those of composites based on similar additions of
phosphate glasses.
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To the memory of Caroline Healy. An undergraduate
student of mechanical engineering at UCD, she
expressed an enthusiastic interest in materials. Her life
was tragically cut short, aged 21, at the time that the
authors were preparing the final draft of this paper.
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