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Abstract The effects of increasing bioactive glass addi-
tions, SiO,-TiO,—CaO-Na,O—ZnO up to 25 wt% in
increments of 5 wt%, on the physical and mechanical
properties of hydroxyapatite (HA) sintered at 900, 1000,
1100 and 1200 °C for 2 h was investigated. Increasing both
the glass content and the temperature resulted in increased
HA decomposition. This resulted in the formation of a
number of bioactive phases. However the presence of the
liquidus glass phase did not result in increased densifica-
tion levels. At 1000 and 1100 °C the additions of 5 wt%
glass resulted in a decrease in density which never recov-
ered with increasing glass content. At 1200 °C a cyclic
pattern resulted from increasing glass content. There was
no direct relationship between strength and density with all
samples experiencing no change or a decrease in strength
with increasing glass content. Weibull statistics displayed
no pattern with increasing glass content.
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1 Introduction

Hydroxyapatite (HA, Ca;o(PO4)s(OH),) has excellent bioac-
tivity [1, 2], biocompatibility [3] and osteoconductivity [4-6],
which promotes bony in-growth [7]. Stoichiometric-HA is also
the most stable calcium orthophosphate, being non-soluble in
environments above pH4.7 [8]. The limiting factor in using HA
as an implant is its lack of strength in both tension and shear,
confining it to non-load bearing implant situations [9].

There are numerous reports in the literature of employing a
second ceramic phase, such as zirconia (ZrO5), to increase the
mechanical properties of HA. Synergy is achieved by utilising
various processing techniques to form a composite [10-14].
However the increase in mechanical properties is generally
obtained at the expense of bioactivity due to solid state
interactions between the HA and Zr phases at the elevated
temperatures required for Zr densification. This leads to the
formation of calcia-stabilised ZrO, and subsequently, may
result in calcium zirconate (CaZrQOsz). The former reduces the
toughening martensitic transformation mechanism of the Zr
phase when fully stabilised and the latter results in poor bio-
compatibility. In addition, the remaining HA that does not
undergo solid state reaction can experience increased levels of
decomposition [15, 16], adversely affecting biological
response [17, 18]. The authors attempted to reduce this by
using microwave sintering [19]. Thus the advantage of adding
a tougher second phase to increase strength is generally offset
by decreased biocompatibility of the composite.

A number of processing techniques have been shown to
reduce the level of decomposition of the HA phase. Hot
isostatic pressing can reduce the level of decomposition by
retaining H,O in the system [20, 21]. Correspondingly, in
some instances, spark plasma sintering [22, 23] can prevent
decomposition due to its relatively short processing time.
The lack of decomposition in these studies may also be
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highly dependent on the quality of the starting powders as
stoichiometric HA resists decomposition to a greater
degree than non-stoichiometric HA. Although the HA
phase is retained in these composites and the biocompati-
bility level kept, the ZrO, acts purely as a crack stopper
and its relative bioinertness does not impart any biological
advantage to the composite.

Strengthening of HA is not limited to using tougher ceramic
inclusions as a strengthening phase. The addition of a suitable
metal phase can increase the strength of the ceramic due to the
ductile nature of the metal, resulting in crack bridging and crack
arresting due to direct contact with the metal phase [24-27],
although there are instances where this does not occur [28].
Silver (Ag) is one of the more common metals reported in the
literature. In addition to a possible increase in strength of the
HA matrix, Ag may delay decomposition [26] due to lack of
solid state reaction between Ag and HA and sintering in a moist
air environment [27]. Silver also adds anti-microbial properties
to the composite [28], unlike the ZrO, phase which has no
biological capabilities. Nevertheless, the high sintering tem-
peratures (>1100 °C) required for densification of a HA-Ag
composite can also result in decomposition of the HA phase
[24]. Thus it would be ideal to design a HA composite that
utilises a second phase that adds strength to the HA, but also
maintains or adds to the overall composite bioactivity if deg-
radation of the HA phase were to occur. The addition of a glass
phase may provide this scenario. Kokubo et al. [29] developed
glass—ceramics containing crystalline apatite and wollastonite
(Ca0-Si0,), termed A-W, in a glass matrix of MgO-P,05—
CaF, resulting in materials with greater compressive strengths
than glass [30, 31], higher strength than sintered HA [32-35]
and, in some cases, HA—metal composites [24, 26].

Thus it may be possible to tailor a composite with a glass
phase that may react with a decomposing HA, producing
secondary crystalline or vitreous phases that are conducive to
increased bioactivity and strength of the overall composite.
This current work seeks to follow this postulation. The glass
phase used is based on a bioactive glass previously reported by
the authors [36-39] and consists of CaO, TiO,, Na,O, ZnO
and SiO,. Although the authors have reported on HA com-
posites previously [19, 40, 41], this is the first study to combine
these two different streams of research in an attempt to
increase the applicability of HA for load bearing applications.

2 Experimental methods
2.1 Material processing

2.1.1 Hydroxyapatite (HA) synthesis

Pure HA powder was produced at a synthesis temperature of
25 °C by a simple precipitation method similar to that
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reported by Jarcho et al. [16]. 78.72 g (0.3335 mol) of cal-
cium nitrate hydrate (Ca(NO;),-4H,0) in 600 ml of water
was made basic by the addition of 10 ml of ammonium
hydroxide (NH4OH). 26.41 g (0.2000 mol) of di-ammonium
hydrogen orthophosphate ((NH4),HPO,) was made basic in
1066 ml of water by the addition of 25 ml of NH,OH. The
Ca(NOs),-4H,0O and (NH4),HPO, solutions were stirred
vigorously before synthesis to ensure the reagents were
completely dissolved. Both solutions were brought to the
desired synthesis temperature and, under continued vigorous
stirring, the (NH,4),HPO, solution was added drop-wise from
a glass funnel into the Ca(NOs;),-4H,O solution over a
60 min interval. Throughout the synthesis the pH was kept
above 10.0 by the addition of NH,OH at constant intervals
to avoid shock to the system. Once drop-wise addition was
completed, the solution was kept at the synthesis tempera-
ture for 1 h under the same temperature and vigorous stir-
ring conditions. If the pH had not stabilised after 1 h, stirring
was continued until it had done so to ensure complete
reaction. The sample was then left to stand for 24 h at room
temperature. The supernatant was removed and replaced
with fresh distilled water, re-stirred for 1 h and left to stand
again for 24 h. This procedure was undertaken three times to
remove any unwanted residue from the precipitate. The
supernatant was removed a final time and replaced with
distilled water and spun for 15 min. The suspension was
then filtered under vacuum, using a Buchner filter and dis-
tilled water until the ammonia was removed. The filter cake
was then removed from the filter and placed into a beaker
and dried in a fan assisted oven at 85 °C for 20 h.

2.1.2 Bioactive glass synthesis

The glass, with formulation 0.05Ca0-0.12Ti0,—0.17Na,O—
0.28Zn0-0.38Si0O,, was prepared by mixing appropriate
amounts of analytical grade reagents (Sigma-Aldrich, Dub-
lin, Ireland) in a ball mill for 1 h. The mix was then oven
dried (100 °C, 1 h). The composition was subsequently
melted at 1450 °C for 1 h in a platinum crucible and shock
quenched into water. The resulting frit was dried, ground
and sieved to retrieve a glass powder with a maximum
particle size of 45 pum.

2.1.3 Sample preparation

Green bodies were obtained by mixing the HA powder
with incremental glass additions of 5-50 wt%. The mix-
tures were wet mixed in a ball mill for 3 h with methanol
as a suspending medium, subsequently oven dried (75 °C,
24 h) and sieved to a particle size <75 pum in order to
obtain a homogeneous powder. The dried powders were
uniaxially pressed into pellets using a 15 mm @ stainless
steel die at 200 MPa.
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2.2 Material characterisation
2.2.1 Particle size analysis (DTA)

Particle size and specific surface area of the HA powders
were determined using a Beckman-Coulter Multisizer 4
(Beckman-coulter, Brea, CA). 1 mg of a dried HA powder
was suspended in 100 ml of sodium chloride solution (as
an electrolyte solution), and then stirred for 3 min with
high speed spinning. After that, the suspension was drawn
through a 100 pm aperture tube equipped in the Multisizer
4. Each particle passing through the aperture displaces its
own volume of conducting liquid, momentarily increasing
the impedance of the aperture. This change in impedance is
detected and converted into a voltage pulse large enough to
measure accurately.

2.2.2 Density of glass

The powder density of the glass (=4 pwm) was measured
using helium pycnometry (Micromeritics, AccuPyc 1330,
Micromeritics Instrument, USA) with a set pressure of
130 kPa. The sample holder was filled up to 2/3 of the total
volume and accurately weighed. The equipment was set to
automatically measure the density of the samples five
times.

2.2.3 Differential thermal analysis (DTA)

DTA was used to determine the glass transition (Tg) and
crystallization temperatures (T.) of the glass. A TA SDT
2960 instrument (TA Instruments, USA) with a bifilar-
wound furnace was used to heat 16 mg (x4 pum) of cru-
shed glass under air flow of 100 mL/min at heating rate of
10 °C/min. The same weight of calcined Al,O5; was used as
a reference.

2.2.4 Powder X-ray diffraction (XRD)

Following uniaxial compaction, powder compacts were
placed in an X-ray Diffractometer (D2 Phaser, Bruker
AXS, Germany) and scanned covering a 20 range from 10°
to 70°, with a step size of 0.02° and a step time of 1 s. The
XRD patterns were then matched to patterns in the JCPDS
and ICSD database, using the X’Pert software. Visual

Pb

analysis of the obtained spectra was carried out in Origin
Pro 8 (OriginLab Corporation, Massachusetts, USA).

2.2.5 Scanning electron microscopy (SEM)

An FEI Quanta 200F SEM was used to analyse the
microstructure of the composite after polishing to 1 um
finish with alumina powder and cleaning in ultrasonic
water for 10 min at room temperature.

2.3 Composite evaluation
2.3.1 Sintering

Sintering was performed in a Lindberg/Blue M model
furnace (Lindberg/Blue M, Asheville, NC USA) with a
UPS550 controller as standard. Samples were prepared for
sintering by pressing powder in a 15 mm ¢ stainless steel
die. The discs were sintered at a heating rate of 5 °C/min to
a maximum temperature of either 900, 1000, 1100 or
1200 °C, with a hold time of 2 h. Following this, samples
were allowed to furnace cool.

2.3.2 Density

The bulk density (py), Eq. 1, was calculated using the
Archimedes buoyancy method. This method involved
obtaining the sample dry weight in air after the sample was
place in a drying oven for 24 h, giving the value W ;.. The
sample was then placed in water and put under vacuum for
1 h, to replace the air in the open pores with water; the
sample was then weighed by submerging in water using a
hydrostatic balance, giving W,pmer- The sample was then
removed and the excess fluid removed from the surface
with a damp sponge before weighing in air to give W gamp.

Equation 1: The bulk density of the HA-glass com-
posite (g/cm’). pg is the density of water at 20 °C
(0.99823 g/cm’)

Wuir

Wdamp — YWsubmer

Pb ~pfl (1)
The relative bulk density was determined using the fol-
lowing equation:

Equation 2: Percentage relative bulk density of the HA
glass composite (%)

PRO =7 DP, x wiPy) + (T.D-Py x wi Py) + -~ (T.D.P, X wit P,)

x 100 (2)
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Fig. 1 Biaxial flexural testing jig

Where, pgrp is the relative bulk density; T.D.P; is the
theoretical density of the phase Py; wt% P; is the per-
centage of that phase detected using quantitative XRD; P,
signifies the possible second formed phase and P, signifies
any subsequent phases formed in the composite with the
addition of the glass phase or HA decomposition.

2.3.3 Biaxial flexural strength (BFS)

BFS was determined using a method similar to that of
Williams et al. [42] using three support bearings on the test
jig, Fig. 1.

The test jig was fixed to an Instron Universal Testing
Machine (Instron 5566, Instron, USA) using a load cell of 5
kN at a crosshead speed of 1 mm/min. Sample thickness
was measured at the point of fracture using a digital Vernier
calliper. The BFS was calculated according to Williams
et al. [42] using Eq. 3. The median BFS was then taken for
each sample set at the same temperature and glass content.

Equation 3: Biaxial flexural strength (BFS) of the sam-
ples (MPa)

_ Load(N)

BFS(MPa) = =~ | (1 +v)

3)
x (0.485 x In (‘;’) + 0.52) +0.48

where v is the Poisson’s ratio (taken as 0.28), a is the radius
of the support diameter (mm), taken as 3.825333 mm, t is
the thickness of specimen (mm)

@ Springer

Table 1 Particle size analysis Dio Dso Doy

of glass and HA powder (um)  (um)  (um)
Glass 2.542 3.863 7.610
HA 2446 3519 7322

2.3.4 Weibull statistics

The Weibull modulus, m, was calculated using the two
parameter Weibull probability function, Eq (4), a loga-
rithmic plot of survival probability, Ps, and failure strength,
c.
Equation 4: Weibull probability function

v o (2

After measuring the BFS of samples, the values were rank
ordered from the weakest to strongest. Based on the
ranking of the strength, i, each strength was assigned a
failure probability by [43]:

Equation 5: Probability of failure.

Pf:z—O.S

(5)

n

where n is the total number of specimens.
Plotting Inln[1/(1-Pf)] versus In & results in a straight
line of slope m.

3 Results
3.1 Material characterisation

The particle size of the glass and HA are similar with the
largest variation between the glass phase and the HA phase
occurring in the dsg values. The density of the glass phase
was calculated as 3.15 g/cm3, which is almost identical to
the theoretical density of HA of 3.16 g/cm®. Table 1 con-
tains the particle sizes of both the HA and glass powders.

Differential thermal analysis (DTA) of the glass is pre-
sented in Fig. 2 and shows the initial endothermic event of
the glass transition, the exothermic reaction peaks associ-
ated with the formation of crystalline phases and a final
endothermic trough corresponding to melting. The endo-
thermic trough of the glass transition temperature (Tg)
occurs at 541 °C while the glass displays a large crystal-
lisation peak (T.) at 620 °C. Two other exothermic peaks
occur at 684 and 790 °C, indicating that further crystalli-
sation may be occurring. A final endothermic reaction
trough indicates that the liquidus temperature occurs at
~890 °C.
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X-ray Diffraction (XRD) is presented in Fig. 3 and was
conducted within the temperature range of the DTA traces.
XRD was used to identify the phases formed during these
exothermic reactions.

Heat-treatment of the glass was carried out for 2 h at
560 °C, i.e. just above Tg, followed by 2 h at 620, 690 and
790 °C. The as-synthesised glass trace and that for the glass
heat-treated at 560 °C show only amorphous humps and no
crystallinity; hence the material is still in an amorphous
glass state. After heat-treatment at 620, 690 and 790 °C for

0.4 -

0.2 4

0.0- 618°C 684°C 887°C

Temperature Difference, °C
S
o

S
~

T T T
400 600 800 1000

Temperature, °C

Fig. 2 DTA trace obtained from the powdered glass

Fig. 3 X-ray diffraction
patterns for CaO-ZnO-SiO,—
TiO,—Na,O glass as-synthesised
and heat-treated for 2 h at

560 °C followed by 2 h at 620,
690 and 790 °C

560°C-2h, 790°C-2h

560°C-2h, 690°C-2h

2 h, the XRD suggests consecutive transformation of the
parent glass into crystalline phases. The diffraction pattern
obtained at 620 °C has been identified as sodium zinc
orthosilicate (Na,Zn3(SiOy),). A further temperature
increase to 690 °C defined new phases of hardystonite
(CayZnSi,05), zinc metasilicate (ZnSiO3) and zinc oxide
(ZnO). After heat-treatment at 790 °C, Na,Zn3(SiOy),,
ZnSi0;, and ZnO, and peaks of calcium titanate (CaTiO3)
are observed. Figures 4, 5, 6 and 7 give the XRD phase
analysis for the HA and HA/glass composites sintered with a
hold time of 2 h at 900, 1000, 1100 or 1200 °C, respec-
tively. It is clear that pure HA is stable up to 1100 °C with
only a slight degradation to o-TCP at 1200 °C.

The relative densities at the different temperatures are
highly dependent on the reactions between the apatite and
glass phase, the resultant phases that are formed and their
theoretical densities.

3.2 HA-glass composites sintered at 900 °C

With the incorporation of 5 % glass in HA sintered at
900 °C, the HA undergoes decomposition as B-TCP
evolves, implying glass incorporation leads to the desta-
bilisation of the HA by formation of a small volume of
liquid (above 887 °C). Upon increasing the glass content to
10 %, reactions exacerbate between the glass/liquid and
HA. The B-TCP content increases to similar levels to those
of the HA. Hardystonite (Ca,;ZnSi,07) also forms part of
the phase assemblage. On incorporation of 15 % glass, no

>

A :Na/Zn (SiO,),,O: CaTiO,
& :ZnSiOJ, m:ZnO

o

AA 4
) als . *, J .
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Fig. 4 X-ray diffraction
patterns for CaO-ZnO-SiO,—
TiO,—Na,O glass as-synthesised
and heat-treated for 2 h at

900 °C

25%Glass

A:HA, @ p-TCP, O: CaZZnSizO7

A A A 4,4 4

A® Ag 4 L4,

Fig. 5 X-ray diffraction
patterns for CaO-ZnO-SiO,—
TiO,—Na,O glass as-synthesised
and heat-treated for 2 h at
1000 °C

25%Glass

2 Theta

A:HA, ©:p-TCP, O:CaZnSiO,
m:Ca(H,P0,) HO, ¢:CaP 0 2HO

additional phases are formed compared to the samples
containing 10 % glass; however, the relative amounts of
phases change as the HA decomposes to form B-TCP,
which continues up to 25 % glass additions. The level of
hardystonite also increases with increasing glass content.
Considering densification during sintering, the samples
sintered at 900 °C experience a slight increase in bulk
density from 1.67 to 1.87 g/em® (Fig. 8), with a statistical

@ Springer

difference of 0.1203 g/cm?, from 0 to 25 wt% glass content
and the samples remain quite porous, displaying a slight
increase in relative density of approximately 5 % over the
range of added glass content up to 25 wt%. This sintering
temperature is only 13 °C higher than the melting tem-
perature of the glass and therefore the liquid phase present
would have a high viscosity which would be expected to
decrease as sintering temperature increases.
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Fig. 6 X-ray diffraction
patterns for CaO-ZnO-SiO,—
TiO,—Na,O glass as-synthesised
and heat-treated for 2 h at

1100 °C

25%Glass

A:HA, e:B-TCP, o:CaZnSiO,
0:ZnSi0,, A :Ca8i0,, ¢ : CaTiO,

o AV 4900 o

Fig. 7 X-ray diffraction
patterns for CaO-ZnO-SiO,—
TiO,—Na,O glass as-synthesised
and heat-treated for 2 h at

1200 °C

25%Glass

15%Glass

e %A oo

10%Glass o N
L] ‘A ‘.
o ® a0 ° o one ad oo

5%Glass

2Theta

A :HA, e:p-TCP, O: CaZZnSizo7
0:Zn8i0,, a:CaSi0,  o: CaTi03

o 4% 0, o

AA A4 L

A

Figure 9 shows SEM images of the HA/glass compos-
ites sintered at 900 °C. The samples undergo low levels of
sintering as discussed above. This is shown by the rela-
tively large pores and boundary lines seen in Fig. 9a.
Increasing the glass content appears to increase the level of
porosity in areas where the glass/liquid phase has collected.
Figure 9e, f show areas where the liquid phase has coa-
lesced and cools to give a residual glass that can be seen as

2Theta

the large areas of lighter grey material separated from the
porous region.

3.3 HA-glass composites sintered at 1000 °C
Increasing the sintering temperature to 1000 °C also results

in increased decomposition of the HA phase with
increasing glass content. At 15 % glass content the HA

@ Springer



1652

J Mater Sci: Mater Med (2014) 25:1645-1659

70 -
n'-‘ c
£ 0.60—(a) ,:65_(b) 48-( )/[;‘
= [I]/ |‘_1L_| < & a4/ ElI] \I;'
£ 056 [:I/ £ 60 n—a0 © \
] £ - >
H -~ S 55- O £ 404 0
—_ = —_p—0
g 0 P-o— 2 o] P00 £ \fﬁ/%
= =] S 364
= 3 45 a
Q“:’ 0.48 4 é 32 |
T T T T T T 40 T T T T T T T T M T T T T T T T T T
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Glass content (Wt%) Glass content (wt%) Glass content (wt%)

Fig. 8 a Bulk density, b relative density ¢ porosity of HA/glass composites sintered at 900 °C for 2 h

Fig. 9 SEM micrographs for HA/glass composites sintered at 900 °C for 2 h: a pure HA, b HA/S % glass, ¢ HA/10 % glass, d HA/15 % glass,

e HA/20 % glass and f HA/25 % glass

phase has completely decomposed leaving B-TCP as the
dominant calcium phosphate phase. In a similar way to
HA/glass composites sintered at 900 °C, hardystonite
forms at the 10 wt% glass level and increases with up to
25 wt% glass content. Monocalcium phosphate monohy-
drate (Ca(H,PO,4),-H,0) forms in the samples containing
15 and 20 wt% glass, while calcium pyrophosphate dihy-
drate (Ca,P,07;-2H,0) forms in the samples containing
20 wt% glass; however, the amounts of these phases are
relatively small and are not detected in the composites
containing 25 wt% glass.

The pure HA samples sintered at 1000 °C show a rela-
tive density of ~88 % after which there is a decrease in
bulk density, from 2.81 to 1.86 g/cm® with the addition of
5 wt% glass (Fig. 10); the relative density decreases

@ Springer

to ~60 % and the amount of HA decreases to ~65 %.
Bulk density remains low with increasing glass content up
to 25 wt% display and these samples display no statistical
difference in terms of density compared to the samples
containing 5 wt% glass. The relative density is relatively
unchanged up to 15 % glass content at which point all the
HA has reacted to form B-TCP and Ca,ZnSi,O5 with other
minor phases. The 20 wt% glass samples display a statis-
tically increased relative density of 65 %; however,
increasing the glass content up to 25 wt% reduces the
relative density again, and is not statistically different from
the samples containing 5, 10 and 15 wt% glass sintered at
1000 °C. Thus it appears that as HA reacts with the glass,
there is a propensity to form pores, possibly as a result of
gasses evolved during the reactions.
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3.4 HA-glass composites sintered at 1100 °C

At 1100 °C changes in HA and B-TCP follow a similar
trend to those in the composites sintered at 1000 °C, with
increasing glass content resulting in decreasing HA and
increasing B-TCP. Hardystonite forms in composites with
10 wt% glass and increases with up to 25 wt% glass con-
tent. Willemite (Zn,SiO,4) also forms at 1100 °C with
15 wt% glass content. Willemite was not detected in the
samples with 20 wt% glass and this may be explained by
the higher level of Hardystonite which would be the major
phase containing Zn. Ca,P,07-2H,0 also forms in these
samples; however, it was only detected in the samples
containing 15 wt% glass and at very low levels. Calcium
hydrogen phosphate (CaHPO,) forms in the samples con-
taining 15 wt% glass and remains relatively constant with
up to 25 wt% glass. Calcium oxide (CaO) forms in rela-
tively small amounts and appears in the samples with 15
and 25 wt% glass. Calcium silicate (Ca,SiO4) forms in a
relatively small amount in the samples with 25 wt% glass
while calcium titanate (CaTiO3) also forms.

The pure HA samples sintered at 1100 °C compact to a
higher relative density of ~94 % but then there is a sub-
stantial decrease to ~58 % with addition of 5 % glass as
B-TCP forms. Bulk density decreases from 2.94 g/cm® for
pure HA to 2.01 g/cm® for HA containing 5 wt% glass
(Fig. 11). Increasing glass content does result in an overall
increase, with the final density of the samples containing

25 wt% glass exhibiting a density of 2.67 g/cm>. This is a
statistical difference of 0.53 g/cm® compared to the sam-
ples containing 5 wt% glass. However, the relative density
of these samples increases with increasing glass content to
~78 % for the samples containing 25 % glass as the dif-
ferent secondary phases form; even so, this density is over
15 % lower than for the pure HA phase at the same tem-
perature, once again confirming that the reaction of HA
with the glass results in formation of porosity.

3.5 HA-glass composites sintered at 1200 °C

The pure HA samples sintered at 1200 °C display degra-
dation with some o-TCP phase forming. The a-TCP is also
present as 5 wt% glass is incorporated and disappears with
further increase in glass content. This is most likely due to
the increased level of B-TCP that occurs with increasing
glass content. The other phases present in the samples
sintered at 1200 °C are present in very similar levels to
those in the samples sintered at 1100 °C, with the excep-
tion of calcium oxide which is not present at 1200 °C.
The pure HA samples sintered at 1200 °C display the
same relative density, Fig. 12, of ~94 %, as samples
sintered at 1100 °C. The samples sintered at 1200 °C, as
with those sintered at 1000 °C and 1100 °C, experience a
decrease in density from 2.89 g/cm? for pure HA to 2.39 g/
cm? for HA with 5 wt% glass. However, the decrease is not
as substantial as for the samples sintered at 1100 °C. With
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increasing glass content, the samples sintered at 1200 °C
do not experience a linear increase in density. Only the
samples containing 5 wt% and 15 wt% glass display a
statistical difference of all the glass samples, while the
other samples exhibit densities comparable to the pure HA
(0 wt% glass). With 10 wt% addition of glass, the relative
density of the samples sintered at 1200 °C increases to the
same density exhibited by the pure HA samples. With
further increases in glass content to 15 wt% the densities
decrease again to a relative density of ~76 wt%.
Increasing the glass content to 20 and 25 wt% results in
increases in density to levels approximately the same as for
the pure HA samples, i.e. 90 % and 94 %, respectively.
Figure 13 shows SEM images of the HA/glass com-
posites sintered at 1200 °C for 2 h. The samples with 0, 5
and 10 wt% glass content, seen in Fig. 13a—c, are relatively

dense materials with fairly homogeneous surfaces. Fig-
ure 13d displays quite a different microstructure for HA
containing 15 wt% glass with large areas where the liquid
phase has coalesced interspersed with large pores. Fig-
ure 13e for the materials containing 20 % glass shows
large areas of relatively small interconnected pores within
which are areas of fully dense material formed from the
liquid and remaining as glass phase. Figure 13f for the
material containing 25 % glass clearly shows a number of
different phases, as was evident from XRD, with dense
regions surrounded by large areas of porosity.

3.6 Strength and Weibull

Figure 14 details the change in median biaxial flexural
strength, herein referred to as simply BFS, for HA/glass
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Fig. 12 a bulk density, b relative density ¢ porosity of HA/glass composites sintered at 1200 °C for 2 h

Fig. 13 SEM micrographs for HA/glass composites sintered at 1200 °C for 2 h: a pure HA, b HA/S % glass, ¢ HA/10 % glass, d HA/15 %

glass, e HA/20 % glass and f HA/25 % glass
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Fig. 14 The median biaxial flexural strength (BFS) with standard
deviations of HA/glass composites sintered at four different temper-
atures for 2 h

composites with increasing glass content for each sintering
temperature. The HA sintered at 900 °C exhibited a BFS of
21 MPa that increases by 13 MPa in conjunction with an
increase in glass content up to 25 wt%. The composites sin-
tered at 1000 °C experience a relatively linear decrease in
strength with increasing glass content, from 84 MPa in the
pure HA samples to 32 MPa in the samples containing
25 wt% glass. In much the same manner, the samples sintered
at 1100 °C experience a decrease in strength with added glass
content; the samples containing 5 wt% glass experience a
decrease in strength of approximately 64 MPa compared to
the pure HA samples. Strength increases to 63 MPa with
10 wt% glass, which remains statistically constant up to
25 wt% additions of glass. The samples sintered at 1200 °C
experience a very similar trend to the samples containing 5, 10
and 15 wt% glass sintered at 1100 °C with the same glass
contents, albeit with higher values. The strength of the sam-
ples of HA containing 5 wt% glass decreases to 75 MPa from
122 MPa for the pure HA. With 10 wt% glass, the strength, of
116 MPa, is very similar to that for the pure HA samples. The
samples with 15 wt% glass experience a large decrease in
strength compared to the samples with 10 wt% glass, with a
decrease in BES to 30 MPa. Upon increasing the glass content
to 20 wt% and 25 wt%, the BFS increases to 51 MPa and
56 MPa, respectively.

Table 2 shows the Weibull modulus, a measure of
reliability, for each of the HA/glass compositions at each
sintering temperature. The modulus values at each sintering
temperature do not show any trend across all wt% glass
additions.

4 Discussion

From the results of this study, pure HA is stable up to
1100 °C with only a slight degradation to o-TCP at

Table 2 Weibull modulus of HA and HA/glass composites sintered
at 900, 1000, 1100 and 1200 °C for 2 h

Glass content (%) 900 °C 1000 °C 1100 °C 1200 °C
10 18 7 5

5 55 8 8 14

10 11 20 12 10

15 5 11 13 5

20 18 13 22

25 11 21 11 4

1200 °C and relative densities of >90 % are achieved at
1100-1200 °C.

Differential thermal analysis (Fig. 2) shows the endo-
thermic and exothermic reactions occurring up to the liq-
uidus temperature. The resulting phases formed due to the
various reactions were detailed using X-ray diffraction
(Fig. 3). Upon raising the temperature to approximately
800 °C, the main phases crystallised from the glass were
Na,Zn;(Si0,4), CaTiO;, ZnSiO; and ZnO and above
890 °C, melting occurs.

Upon addition of 5 wt% glass, which is liquid above
890 °C, the HA begins to degrade to form >40 % p-tri-
calcium phosphate (B-TCP). Santos et al. [44] show that
sodium oxide (Na,O) in the glass, which accounts for 17 %
of the glass content in this study, results in increased de-
stabilisation of the HA by removing the hydroxyl group,
resulting in increased decomposition to TCP. Kangasniemi
et al. [45] also reported this along with the formation of
rhenanite (CaNaPO,), which was not observed in this study
irrespective of sintering temperature. Thus although the
presence of Na,O in the glass/liquid may be the cause of
the HA destabilisation, the resultant crystalline phases do
not include Na in any form. Knowles et al. [46] also noted a
lack of crystalline phase formation with Na®™ when sin-
tering HA reinforced with Na,O—P,0s5 glass. The fact that
multi-pattern refinement confirms the lack of any Na con-
taining crystalline phase implies that Na remains in the
liquid phase and cools to form a residual glass, and this
may be a factor affecting densification.

The formation of TCP however is not detrimental to the
composite as TCP is a calcium deficient form of HA and,
as such, resembles the calcium deficient structure of natural
bone and displays bioactivity [47]. However TCP can
exhibit instability above a pH of 4.2, which may lead to
interaction with body fluid on its surfaces [48]. When this
occurs in vivo, HA forms on the surface of the B-TCP
implant and the pH of the local solution around the implant
decreases [49] leading to increased solubility [48] that may
be detrimental to the longevity of the implant. Conversely,
this also offers the potential to design a therapeutic implant
that reabsorbs in tandem with bone growth, releasing ions
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into the surrounding tissue. In mechanical terms, TCP
provides greater strengths [50], thus this formation may
add to the overall strength of the composite.

With an increase in glass content to 10 wt%, HA
decomposes further producing increased amounts of TCP.
In addition, hardystonite (Ca,ZnSi,O;), which has rela-
tively high strength [51] and biocompatibility [52], also
forms. These three crystalline phases exist up to the
25 wt% glass loading, with the main calcium phosphate
phase now being B-TCP and hardystonite being present in
nearly equal quantities to HA. Thus the reaction between
the HA and glass/liquid at 900 °C has resulted in a glass—
ceramic composite that contains bioactive phases. Due to
the low sintering temperature these phase interactions have
a negligible effect on the overall density of the samples
(Fig. 8) and strength of the composites (Fig. 14). It should
be noted that the glass phase is in liquid form at the sin-
tering temperatures used in this study (>900 °C), and it
would be expected that overall densification should
increase due to liquid phase sintering, particularly as sin-
tering temperature is increased.

A sintering temperature of 1000 °C results in increased
decomposition of the HA and increased formation of the B-
TCP as glass content increases, with HA ceasing to exist in
any detectable amount in composites with >15 wt% glass
additions. Hardystonite also forms at the same glass loading
and in similar amounts to that in the composites sintered at
900 °C. The increased temperature also results in the for-
mation of two calcium phosphate phases, monocalcium
phosphate monohydrate (Ca(H,PO,),-H,0), or MCPM, and
calcium pyrophosphate dihydrate (Ca,P,07-2H,0), in the
samples containing 15 and 20 wt% glass. It is probable that
the presence of the glass phase is having an effect on the
decompositional phase assemblage. Further research into
the formation of these two decompositional phases is out of
the remit of this paper, but may be investigated in future
work.

However, MCPM is a decompositional product of HA
and is the final phase of HA decomposition [53]. As such,
the decomposition of HA to MCPM displays the level that
decomposition that can take place. It is also a soluble
calcium phosphate and, consequently, it is generally used
as a precursor for precipitation of HA [54] in synthesis
reactions. Calcium pyrophosphate dihydrate has been
shown to aid sintering of TCP when added in small
quantities of 0.5-3 wt% by stabilising the B-TCP phase,
delaying the transformation to o-TCP which prevents
further densification at temperatures ~ 1200 °C [55].
Although the sintering temperature of 1000 °C is generally
too low for the formation of a-TCP, this does not eliminate
the possibility of B-TCP stabilisation taking place, although
the relatively high levels of calcium pyrophosphate may
have a negative effect on stabilisation; however this is
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unknown from this study. From a biological standpoint,
pyrophosphate is thought to play a role in bone minerali-
sation [56] and as such a calcium pyrophosphate would be
attractive as a bone replacement, although not many reports
are available in the literature on this subject. Thus,
although the HA phase is decomposing to other calcium
phosphate phases and the level of reactions is increasing
between the ceramic and glass/liquid phases due to the
increased sintering temperature, the resultant composite
still presents as a bioactive material. However the increase
in strength compared to the 900 °C samples is relatively
small, which can be attributed to the lack of densification.

Continuing to increase the sintering temperature to
1100 °C results in decomposition of the HA phase and the
formation of B-TCP with increasing glass content in much
the same way as at the lower sintering temperatures.
However, the amount of B-TCP generated is less than that
observed in the samples sintered at 1000 °C, implying that
there may be a stabilising effect on the HA. At 15 wt%
glass additions the samples sintered at 1100 °C form fur-
ther phases with the generation of calcium phosphate based
phases; namely dicalcium phosphate anhydrous—DCPA—
(CaHPQ,), which is also known as monetite, and calcium
pyrophosphate dihydrate (Ca,P,07-2H,0), which also
formed in the HA samples with 20 wt% glass that were
sintered at 1000 °C. Monetite is used as a component in the
apatite powders employed in self-hardening CaP pastes
used for skeletal applications [57], as such this presents a
bioactive aspect to its formation in these composites. The
presence of calcium titanate (CaTiO3z) may have a positive
effect on the stability of the calcium phosphate phases
present in the samples as it is more stable in low pH
environments than both HA and TCP [58]. In addition, the
presence of CaTiOj; increases osteoblast adhesion com-
pared to both HA and Ti which may increase overall bio-
activity [59]. For example, Manso et al. [59] show that
significant apatite growth on CaTiO5; does occur in SBF,
accentuating the bioactive properties of this phase.
Increasing the glass content results in the formation of
dicalcium silicate (Ca,SiQO,). This has been shown to be a
promising implant material due to its good bioactivity,
biocompatibility and mechanical properties [60, 61]. Wil-
lemite (Zn,SiO,4) has been shown to have excellent bio-
compatibility [62, 63]. Thus the formation of these phases
may add to the overall bioactivity of the material.

Further to increasing the phase assemblage of the
composite, the increasing additions of glass above 5 wt%
content also results in an increase in the strengths. How-
ever, overall the addition of the glass phase results in a
decrease in strength when compared to the pure HA sam-
ples sintered at 1100 °C. The evidence so far implies that
the addition of glass, irrespective of wt%, does not add to
the densification process, which should be expected due to
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liquid phase sintering provided by the glass/liquid phase. In
fact, the presence of the glass phase seems to impede
densification, resulting in samples with decreased density
and strengths.

Increasing the sintering temperature to 1200 °C leads to
the formation of a small amount of o-TCP in the pure HA
composition and much more o-TCP for HA with 5 wt%
glass with a small reduction in B-TCP. Above 5 wt% glass
loadings the o-TCP disappears. This suggests that the o-
TCP is unstable in the presence of the liquid phase at this
temperature. It is interesting to note that the samples with
10 to 15 wt% addition of glass retain about the same level
of HA as was observed in the samples sintered at 1000 and
1100 °C. This could be due to the stabilising nature of
titanate on the calcium phosphate phases. Overall, the
decomposition of HA and the phase assemblage develop-
ment follows similar trends to the lower sintering temper-
atures. The HA/glass samples sintered at 1200 °C
experience an increase in density compared to their
1100 °C counterparts, and the samples containing 10, 20
and 25 wt% glass experience densities comparable to the
pure HA samples with 0 wt% glass. However, this does not
equate to comparable strengths to the pure HA samples
sintered at 1200 °C. In fact, the samples with glass content
greater than 10 wt% experience a decrease in strength
below that of their 1100 °C counterparts, irrespective of the
increased density. Thus, the addition of glass appears to
inhibit the densification process of the HA/glass compos-
ites, which is most evident in the HA samples with 5 wt%
additions of glass.

Liquid phase sintering is occurring in these samples, as
the glass melting temperature is below 900 °C (Fig. 2), and
it has been shown in other studies that 5 % of the amount
of the solid matrix phase should be sufficient to allow
liquid phase sintering to occur [64—66]. Santos et al. [65]
use 2.5 wt% glass phase with varying number of oxides
present, collectively P,Os, CaO, Na,O, Al,O3, SiO,, in a
HA matrix and achieve densities in the range of ~97 % at
temperatures of 1200 and 1300 °C. Lopes et al. [66] also
obtain increased densities and strengths with the intro-
duction of a glass phase (varying amounts of P,Os, CaO,
CaF,, MgO) in proportions of 2.5 and 4 wt% of the HA
phase with temperatures above 1250 °C. A study by Oktar
et al. [64] also showed that glass additions, with constitu-
ents of P,Os, CaO and Na,O, up to 5 and 10 wt% of the
HA phase, can increase the mechanical properties of HA
compared to pure HA. Thus the 5 wt% glass loadings in
this work would be expected to increase density, and
possibly strength, compared to their HA counterparts.

One major difference between those reports in the lit-
erature and this study is the composition of the glass phase
with the inclusion of Na,O, as already discussed, and the
absence of P,Os. Georgiou et al. [50] state that phosphate

glasses when incorporated into HA, melt at a lower tem-
perature compared to HA and can act to increase density by
enhancing the sintering mechanisms which greatly enhan-
ces mechanical properties. This is said to occur as the
liquid phosphate phase acts on the solid HA particles to
reduce interfacial energy and promote the kinetics of the
sintering process by a faster diffusion than the concurrent
solid state process of single HA [44]. Oktar et al. [64] show
that the oxide content was also a determining factor with
HA/10 wt% three-constituent oxide (P,Os, CaO, Na,O)
samples exhibiting decreased density and strength com-
pared with the HA/10 wt% two-constituent oxide (P,Os,
CaO) samples at the same temperature. Thus the choice of
glass composition may be a factor in the lack of densifi-
cation of all the samples with 5 wt% glass content, and
higher. One important similarity between these studies that
display increased densities and strength, is the use of a
phosphate based phase in the glass. Thus, glass composi-
tion is a crucial variable in allowing liquid phase sintering
of HA to occur without decomposition and leading to
densification.

5 Conclusions

This paper investigated the use of a glass phase (CaO-
TiO,—Na,0-ZnO-Si0O,) in an attempt to allow phase
interaction with a HA matrix, to form bioactive phases with
a parallel increase in strength of the composite. The fol-
lowing points were concluded from this research.

e Both increasing temperature and increasing glass
loadings result in HA decomposition.

e Bioactive phases can be formed due to the interactions
of the HA and glass phase.

e Although sodium (Na,0) is in the glass phase, no Na,O
containing phase occurs in the final phase assemblages
indicating the possibility of the formation of an Na,O
residual glass.

e The addition of 5 % glass does not result in increased
densification even though the glass is in a liquidus phase
and liquid phase sintering (LPS) is occurring. Increasing
the glass content results in an increase in density,
however this is still below the density of the original
pure HA for the 900, 1000 and 1100 °C samples. Only
the 1200 °C HA-glass samples attain similar densities.

e Opverall samples strength decreases with 5 % glass
additions across all temperatures above 900 °C.
Increasing the sintering temperature and increasing
glass additions results in strength fluctuation that show
no trends.

e No increased reliability was achieved with incremental
glass additions.
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It is highly likely that the inclusion of Na,O and the
absence of P,Os in the starting glass resulted in the inter-
actions between the HA and glass phase that resulted in the
reduced densification and lack of strength. These results are
counter to other studies that did experience an increase in
the properties when using a phosphate based glass.
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