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Abstract Glass ionomer cements (GICs) have potential
orthopaedic applications. Solgel processing is reported as
having advantages over the traditional melt-quench route
for synthesizing the glass phase of GICs, including far
lower processing temperatures and higher levels of glass
purity and homogeneity. This work investigates a novel
glass formulation, BT 101 (0.48 SiO,-0.36 ZnO-0.12
Ca0-0.04 SrO) produced by both the melt-quench and the
solgel route. The glass phase was characterised by X-ray
diffraction (XRD) to determine whether the material was
amorphous and differential thermal analysis (DTA) to
measure the glass transition temperature (7). Particle size
analysis (PSA) was used to determine the mean particle
size and X-ray photoelectron spectroscopy (XPS) was used
to investigate the structure and composition of the glass.
Both glasses, the melt-quench BT 101 and the solgel BT
101, were mixed with 50 wt% polyacrylic acid (M,,
80,800) and water to form a GIC and the working time (7,)
and the setting time (7) of the resultant cements were then
determined. The cement based on the solgel glass had a
longer T, (78 s) as compared to the cement based on the
melt derived glass (19 s). T; was also much longer for the
cement based on the solgel (1,644 s) glass than for
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the cement based on the melt-derived glass (25 s). The
cements based on the melt derived glass produced higher
strengths in both compression (o) and biaxial flexure (ay),
where the highest strength was found to be 63 MPa in
compression, at both 1 and 7 days. The differences in
setting and mechanical properties can be associated to
structural differences within the glass as determined by
XPS which revealed the absence of Ca in the solgel system
and a much greater concentration of bridging oxygens
(BO) as compared to the melt-derived system.

1 Introduction

Glass ionomer cements (GICs) are used in dental applica-
tions as luting cements and as colour matched alternatives
to amalgam restoratives [1]. They have potential as bone
cements because of their ability to adhere to both surgical
metals and the mineral phase of bone [2, 3], they set
without shrinkage [4] or significant heat evolution [5] and
have mechanical properties comparable to bone [6, 7].
GICs can be formulated to release clinically beneficial
amounts of active ions, such as fluoride (F~), which can
help to prevent secondary caries [8]. GICs set by the
reaction of an alumino-silicate glass with an aqueous
solution of polyalkenoic acid (PAA); the acid attacks and
degrades the glass structure, releasing metal cations into
the aqueous phase. These cations then become chelated by
the carboxylate groups on the acid chains and serve to
crosslink the matrix [1, 2]. The set cement consists of
reacted and un-reacted glass particles embedded in a
hydrated polysalt matrix. Setting is a continuous process
evidenced by a change in mechanical properties with time

[9].
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Unfortunately, numerous cases of aluminium induced
encephalopathy have been reported [10-13] due to the
release of the neurotoxic AI** ion from the mantle of set
GPCs in vivo and, subsequently, aluminium based GPCs
are contraindicated for use in skeletal applications, partic-
ularly for procedures where the cement could come in
contact with cerebrospinal fluid (CSF) [11, 12]. The
authors have previously reported the development of alu-
minium-free GPCs for consideration as skeletal materials
[14-19]. These materials are based on predicate dental
materials and exhibit similar properties to their predeces-
sors but are formed from a calcium—strontium—zinc-silicate
glass, thus eliminating the threat of aluminium induced
neurotoxicity. These novel zinc based GPCs (Zn-GPCs)
have strengths suitable for load bearing applications [14],
demonstrable bioactivity in vivo [16], and are inherently
antibacterial [15] due to the release of bacteriocidal ions
(Zn** and Sr*") from the cement mantle.

The glass phase of GICs have conventionally been
synthesised by the melt quench route, where the constituent
oxide powders of the glass are heated together at temper-
atures of 1,200-1,600°C. However, there has long been
interest in synthesising glasses by the solgel route as this is
reported as having the potential to achieve high levels of
chemical homogeneity and purity [20], and requires far
lower processing temperatures than the melt quench route,
meaning that the solgel process has the potential to yield
glasses which cannot be easily prepared by melt quenching
[21].

The solgel method is based on the formation of an
inorganic network by hydrolysis and polymerisation of
alkoxides in an aqueous medium and subsequent gelation
[22]. Drastic changes occur at the molecular level as well
as the microscopic level as the liquid is transformed to a
gel, and then to the glassy state [23]. It remains unclear
whether or not the glasses produced by the solgel route
differ from those prepared by the melt quench method with
respect to structure and physical properties [24]. Several
studies have been reported on the structural differences of
glasses produced by the two routes [21] and, in some cases,
glasses produced by the solgel route were more homoge-
neous than those by the melt quench route; in line with
conventional thinking [25, 26], but others have reported
higher levels of heterogeneity and phase separation in the
solgel glasses [27]. Few have reported how the preparation
route affects the structural and mechanical properties of
GICs formulated from acid degradable glasses produced by
the two synthesis methods [21, 28] and none have reported
on these matters when the glass in question does not con-
tain fluoride. The glasses employed to formulate GICs in
this work are both fluoride and aluminium-free and have
potential as bone void fillers in the orthopaedics field.
Synthesising these glasses by the melt quench route
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requires very high temperatures (1,480°C), which can be
difficult to maintain in a laboratory furnace. The objective
of this research is to determine whether it is possible to
formulate these acid degradable glasses by the solgel route
and whether GICs subsequently formulated from them
have markedly different physical and mechanical proper-
ties, which may be related to the homogeneity and phase
purity of the mother glasses.

2 Materials and methods
2.1 Melt derived glass synthesis

A glass formulation, 4SrO - 12CaO - 36ZnO - 48SiO, (BT
101), was produced by the traditional melt quench method.
Glasses were prepared by weighing out appropriate
amounts of analytical grade reagents (Sigma-Aldrich,
Dublin, Ireland) and ball milling (1 h). The mix was oven
dried (100°C, 1 h), then fired (1,480°C, 1 h) in a mullite
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 pm.

2.2 Solgel glass synthesis

BT 101 was also prepared by hydrolysis and polyconden-
sation of tetraethoxysilane (TEOS, Si(C,Hs0),, Nacalai
Tesque Inc., Japan) in strontium nitrate (Sr(NO3),, Kishida
Chemical Co. Ltd., Japan), calcium nitrate tetrahydrate
(Ca(NOs), - 4H,0, Nacalai Tesque Inc., Japan) and zinc
nitrate hexahydrate (Zn(NO;), - 6H,O, Nacalai Tesque
Inc., Japan) in aqueous solution.

Strontium nitrate, calcium nitrate and zinc nitrate were
dissolved into distilled water and nitric acid (60 wt%
HNOj;, Nacalai Tesque Inc., Japan) was subsequently
added. Then TEOS was added to the above solution under
stirring. After 20 min, the solution was transferred into a
polystyrene square case with its top sealed tightly, and
stored in an air-circulating oven for gelation and aging
(40°C, 1 day). After the wet gel was dried (40°C, 7 days),
it was heated (600°C, 2 h) and the residue was subse-
quently pulverized using a planetary ball mill.

2.3 Glass characterisation
2.3.1 X-ray diffraction (XRD)

Diffraction patterns were collected using a Philips Xpert
MPD Pro 3040/60 X-ray diffraction unit (Philips, Nether-
lands). Disc samples (32 mm @ x 3 mm) were prepared by
pressing a selected glass powder (<45 um) into a backing
of ethyl cellulose (8 tons, 30 s). Samples were then placed
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on spring-back stainless steel holders with a 10 mm mask
and were analysed using Cu Ko radiation. A generator
voltage of 40 kV and a tube current of 35 mA was
employed. Diffractograms were collected in the range
5° < 260 < 80°, at a scan step size 0.0083° and a step time
of 10 s. Any crystalline phases present were identified
using JCPDS (Joint Committee for Powder Diffraction
Studies) standard diffraction patterns.

2.3.2 X-ray photoelectron spectroscopy

XPS was performed in a Kratos AXIS 165 spectrometer
using a monochromatic Al Ko radiation of energy
1486.6 eV. Surface charge was efficiently neutralised by
flooding the sample surface with low energy electrons. C 1s
peak at 284.8 eV of adventitious carbon was used as the
charge reference in determining the binding energies (B.E).
Elemental analyses were obtained from a survey spectrum
scanning the entire binding energy and then high resolution
spectra were taken at each photoelectron transition, such as
Zn 2p, O 1s, Si 2p, Sr 3p and Ca 2p with a 20 eV pass
energy, 0.05 eV step size and 100 ms dwell time per step.
Photoelectrons were collected at a normal take off angle
relative to the sample surface. Construction and peak fitting
in the narrow range spectra used a Shirely type background
and the synthetic peaks were of a mixed Gaussian-Lo-
renzian type. The glass samples were analysed as powders.

2.3.3 Energy dispersive X-ray analysis

EDX was performed using a JOEL JSM-840 SEM (JOEL,
Japan) with an accelerating voltage of 20 kV. The SEM
was equipped with an energy dispersive X-ray (EDX)
system (Princeton Gamma Tech EDX, New Jersey, USA)
used to carry out the chemical analysis. All EDX spectra
were collected at 20 kV, using a beam current of 0.26 nA.

2.3.4 Differential thermal analysis (DTA)

A combined differential thermal analyser—thermal gravi-
metric analyser (DTA-TGA) (Stanton Redcroft STA 1640,
Rheometric Scientific, Epsom, UK) was used to measure
the glass transition temperature (T,) for both glasses. A
heating rate of 10°C min~' was employed using an air
atmosphere with alumina in a matched platinum crucible as
a reference. Sample measurements were carried out every
6 s between 30°C and 1,000°C.

2.3.5 Particle size analysis (PSA)
Particle size analysis was achieved using a Coulter Ls 100

Fluid module particle size analyzer (Beckman Coulter,
Fullerton, CA, USA). The glass powder samples were

evaluated between 0.375 and 948.2 pm in propan-2-ol (10—
37°C), with a run length of 62 s. The relevant volume
statistics were calculated on each glass.

2.4 Cement preparation

Cements were prepared by thoroughly mixing the glass
powders (<45 pm) with E9 polyacrylic acid (PAA—M,,,
80,800, <90 pum, Advanced Healthcare Limited, Kent, UK)
and distilled water on a glass plate The cements were
formulated at a P:L ratio of 2:1.5, where 1 g of BT 101
glass was mixed with 0.37 g E9 PAA and 0.37 ml water.
Complete mixing was undertaken within 20 s. Both the
melt quench and the solgel BT 101 were mixed with
50 wt% E9 PAA.

2.5 Determination of working and setting times

The setting times (75) of the cement series were tested in
accordance with ISO9917; the standard for dental water
based cements [29]. The working time (7,) of the cements
was measured in ambient air using a stopwatch, and was
defined as the period of time from the start of mixing
during which it was possible to manipulate the material
without having an adverse effect on its properties.

2.6 Determination of compressive strength

The compressive strengths (o) of the cements were eval-
uated in accordance with ISO9917 [29]. Cylindrical sam-
ples were tested after 1 and 7 days. Testing was undertaken
on an Instron 4082 Universal Testing Machine (Instron
Ltd., High Wycombe, Bucks, UK) using a 5 kN load cell at

a crosshead speed of 1 mm/min~".

2.7 Determination of biaxial flexural strength

The flexural strengths (oy) of the cements were evaluated
by a method described by Williams et al. [30]. Cement
discs were tested after 1 and 7 days. Testing was under-
taken on an Instron 4082 Universal Testing Machine (In-
stron Ltd., High Wycombe, Bucks, UK) using a 1 kN load

cell at a crosshead speed of 1 mm/min~".

3 Results and discussion

This study determines any existing differences between the
glass phase and subsequent properties of GICs formulated
by two different glass production routes, the traditional
melt-quench route and the solgel process. Initially, XRD
was used to determine if any phase separation was induced
during production of the both variants of BT 101 glass.
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From Fig. 1 it can be seen that low levels of crystallinity
were present in the solgel-derived BT 101.

The melt-derived BT 101, however, was amorphous. It
has been suggested that glasses produced by the solgel
route are more likely to induce crystallisation than their
melt derived counterparts [24]. This is due to solgel glasses
having a greater tendency to volume nucleation [31], which
may be related to homogeneity within these glass [24].
Studies on melt-derived and solgel-derived aluminosilicate
glasses of equivalent compositions showed that only sur-
face nucleation occurred on the surface of the melt derived
glass while the solgel glass showed high rates of volume
nucleation [31]. It is also known that phase separation
occurs in gels far below T,, hence phase separation is
achieved more readily in gels than in the corresponding
melt-quench glass [24].

XPS was also performed on both glasses to determine
any compositional differences that may exist between the
two production routes. Table 1 presents the relative com-
position in the melt derived and solgel glasses as deter-
mined by quantitative XPS. It can be seen that the melt-
quench route produced a glass with a higher concentration
of modifying cations within the glass, particularly in the
case of Zn.

It is also evident that, with the solgel route, there was no
Ca present in the resulting glass. EDX (Figs. 2 and 3) was
performed on samples from both the solgel and melt-
quench BT 101 glass to confirm the absence of Ca from the
solgel-derived glass. In both cases however, the Sr peak
was masked by the Si peak.

Network modifiers, such as Ca>* in this instance, play
an important role in the glass where they act as a charge
balancing agents [32]. The lack of Ca®" will likely disrupt
this process and result in the recruitment of other

Fig. 1 XRD of melt-quench Counts

Table 1 Quantitative XPS analysis of melt-derived and solgel
derived BT 101 glass

Melt derived BT 101
(% at conc)

Solgel derived BT 101
(% at conc)

Zn 2p 7.0 1.7

Sr 3p 1.5 1.3

Ca 2p 2.5 0

Si 2p 29.5 374

O ls 46.2 534

Cls 13.3 6.2
Si

Melt-Quench BT 101

C
Ca
0.0 5.0 10.0
key

Fig. 2 EDX spectra of melt quench BT 101 glass

modifying cations, in this case Zn*" or Sr*", to replace
Ca®". Sr** and Ca®' share atomic similarities, i.e. their
atomic radii (Ca—0.94 nm, Sr—1.16 nm) [33]. The lack of
Ca will subsequently result in a lower concentration of
modifying cations in the solgel-derived BT 101 glass
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Fig. 3 EDX spectra of solgel BT 101 glass

Table 2 Cation to Si ratio for melt-derived and solgel-derived BT
101

Cation (% at conc) Si (% at conc)

Melt 1 2.7
Solgel 1 12.5

structure. From Table 1, the cation to Si ratio was calcu-
lated and is presented in Table 2.

It is evident that there is a much higher concentration of
Si in relation to the cation concentration with the solgel-
derived BT 101. This is likely due to the absence of Ca in
the glass, resulting in Sr adopting its role in the glass
network. It is also evident that the Zn concentration is
lower in the solgel-derived glass as compared to the melt
derived glass. This reduced concentration of modifiers will
also contribute to lowering the amount of non-bridging
oxygen (NBO) species in the solgel-derived glass.

Fig. 4 Ols photoelectron
spectrum of solgel BT 101 glass

Intensity (a.u)

XPS is sensitive to changes in the local chemical
environment of atoms which results in chemical shifts in
the binding energy. High resolution O 1s spectra for the
solgel-derived and the melt-derived glasses are shown in
Figs. 4 and 5, respectively. Deconvolution of the O 1s
spectrum in Fig. 4 gives a well resolved peak at 532.9 eV
associated with Si—O-Si units (bridging oxygen groups
(BO)) [24]. The accompanying shoulder at lower binding
energy (531 eV) can be attributed to non bridging oxygen
(NBO) where one of the Si atoms is replaced by a
modifying cation. The O 1s spectrum of melt derived
glass (Fig. 5) is not resolved; however, it is apparent that
two peaks are necessary to describe it. By constraining
the peak width (FWHM) of the higher binding energy
(BO) component to that of O 1Is in Fig. 4 on the
assumption that these arise from chemically similar
environments, the peak can be fitted as shown in Fig. 5.
The two component peaks at 532.3 eV and 531.1 eV can
be assigned to BO and NBO respectively. The resulting
ratio of BO:NBO in the two glass samples are markedly
different with the melt derived glass having a higher
proportion of NBO. In Table 2, modifier cation concen-
tration to Si is compared and shows that melt derived
glass has nearly five times more modifiers than the solgel
derived glass. Increased concentration of modifier cations
facilitates the replacement of bridging oxygen with non-
bridging oxygen groups within the silica network. Hence
a higher proportion of NBO is expected and observed in
the melt derived glass. Similar to the O 1s spectra, shift in
the Si 2p peak to lower binding energy (AE =1 eV) is
observed in the melt derived sample which has a lower Si
content (a higher cation content). It is evident from
Figs. 4 and 5 that there is a higher concentration of NBOs
to BOs in the melt-derived system as compared to the
solgel-derived glass.

BO

AR NBO

538 537 536 535

534 533 532 531 530 529 528 527 526
Binding Energy (eV)

@ Springer



1996

J Mater Sci: Mater Med (2009) 20:1991-1999

Fig. 5 Ols photoelectron
spectrum of melt quench BT
101 glass
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The binding energies of the two components are close to
those reported by Roy et al. [23, 24] in their study of alkali
silicate glasses prepared from solgel and melt quench
methods (Na,O-SiO, and Li,—SiO,). This study found that
by heating the solgel glass, more NBO were formed and the
structure evolved towards the melt-derived glass network.
This was attributed to increasing temperature (300-500°C)
where heat treatment of the gel promoted de-polymerisa-
tion [24]. The formation of more NBOs indicates that more
alkali cations are breaking the Si—O-Si network upon
heating [24]. However in the case of the solgel glass under
investigation here it is likely that the maximum number of
NBOs have been formed since the glass was heat treated
close to T,. This may be due to the ratio of network
modifier to silica concentration in the glass considering the
two different glass production routes, where lower con-
centration of modifier in the solgel-derived glass inhibits its
ability to reach similar levels of NBO species compared to
melt derived glass.

The thermal properties of the glass were investigated
using differential thermal analysis and are presented in
Fig. 6.
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Temperature (°C)

The glass transition temperature (7y) for the melt-
derived BT 101 glass was found to be 672°C, while the
solgel-derived BT 101 glass was found to be 688°C. The
higher 7, in the solgel glass may be due to a reduced rate of
reactivity as compared to the melt-derived glass. This may
be due to the higher concentration of BO in the solgel-
derived glass which induces a more stable glass network
[32]. The higher concentration of cations in the melt-
derived system may lead to ionic bonding between alkali
cation and the NBO [23] which subsequently requires less
energy to reach T,. The first crystallisation temperatures
(T;;) for both glasses were found to be similar, (melt-
derived, 796°C and solgel-derived, 803°C), however the
second crystallisation temperature (7.,) was considerably
higher in the solgel glass, (976°C, as compared to 887°C).
This may also be due to the glass structure where the
solgel-derived glass may require more energy to form
complex crystalline structures.

Particle size analysis was also performed on both glasses
and the results are presented in Table 3.

The solgel-derived glass was found to have a greater
overall particle size distribution (d_so4, = 10.05 pm) as
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Table 3 Particle size analysis results

d<i0% d<so% d<oo%
Solgel BT 101 (m) 2.12 10.05 48.13
Melt derived BT 101 (m) 1.18 5.63 14.13

compared to the melt derived glass (d_soq, = 5.63 pm). A
smaller glass particle size increases exposed surface area,
thereby producing greater dissolution during the setting
reaction [34]. However, this increase in exposed surface
area is also known to facilitate a decrease in the working
(Ty) and setting time (7). In this study, cements formu-
lated from the solgel glass exhibited a longer T,, and
considerably longer T than those formulated from the melt
derived glass (Fig. 7).

T,, was determined as being 78 s for a GIC formulated
from the solgel-derived glass and 19 s for one formulated
from melt-derived glass. Ty of GIC based on the melt-
derived glass was 25 s while that of a GIC based on solgel-
derived glass was 1644 s. The explanation for the extended

Ty, and particularly 7, is related to structural differences
within the glass, rather than particle size effects. As already
determined by XPS, the solgel-derived glass contains a
significantly lower concentration of NBOs as compared to
the melt-derived glass. This reduced concentration of NBOs
lowers the rate of silica dissolution and hence the glasses
ability to degrade and form a crosslinked network during
setting [35]. The high concentration of NBOs in the melt-
derived system results in a glass that is more susceptible to
acid attack which facilitates a more rapid setting reaction.
Choi et al. [36] influenced the bioactivity of a GIC by adding
solgel glass (CaO-P,05-Si0,) to a commercial Fuji I (GC,
Japan). They found that by increasing the solgel concen-
tration, hardening was retarded. This was attributed to
reduced cationic release rate as compared to the glass phase
of the commercial GIC [36]. This also suggests that the
solgel route produces glasses with a reduced ionic dissolu-
tion rate as compared to the traditional melt-quench method.

Mechanical testing was also undertaken on cements
formulated from glasses containing both the melt-quench

Fig. 7 Working and setting 2000 -
times of GICs formulated from B Solgel BT 101
I h and solgel BT 101 1800 1
melt quench and solge [0 Melt-Derived BT 101
glasses 1600 -
1400 -
@ 1200 -
L 4
E 1000
= 800 -
600 -
400 -
200 -
| T
0 1 T 1
Working Time Setting Time
Fig. 8 Compressive strengths 80 -
of GICs formulated from melt H Solgel BT 101
quench and solgel BT 101 70 {0 Melt-Derived BT 101
glasses after 1 and 7 day =
maturation & 60 -
g
5 50
»n
R
A
L 30
£
S 20 4
Q
10 -
0 - T 1
1 Day 7 Day

Time (Days)
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Fig. 9 Biaxial flexural 40 -
strengths of GICs formulated B Solgel BT 101
from melt quench and solgel BT —_ 35 1 O Melt-Derived BT 101
101 glasses after 1 and 7 day nf 30 4
maturation 2

L': 25

)

w20 1

=

= 154

|

R

0 -
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and solgel route. Compressive (g.) testing and biaxial
flexural (oy) testing were performed over 1 and 7 days.

The o. of cements synthesised from the melt-derived
glass (Fig. 8) remained relatively constant with respect to
maturation (63 MPa), while the solgel-derived glass pro-
duced cements that significantly reduced in strength over
time (40 MPa at 1 day, 16 MPa at 7 days). This may be
attributed to test modality as the compressive test is a less
discriminatory test than the biaxial flexural test, as GICs
fracture at the atomic level by tensile or shear failure [37,
38]. a¢ provides a greater description of tensile strength
[39]. The flexural strength of both sets of cements (Fig. 9)
did not significantly change with respect to maturation.
However, glasses formulated via the solgel route produced
cements that were significantly weaker than those made
from the melt-quench route. This is likely related to the
reactivity of the glass particles. XPS determined that a
greater concentration of NBOs exist in the melt-derived
glass which facilitates a degradable glass network. This is
required for glass particle dissolution and cross-linking of
the cations and COO™ groups to occur during the setting
reaction [40, 41]. The solgel-derived glass however con-
tained a greater concentration of BOs which are impervious
to acid attack and will hinder cement formation. Fracture in
GICs is modelled by reptation theory, where fracture of the
cement occurs due to polymer chains being displaced from
their location within the cement matrix [40, 42]. The
mechanical strength of GICs is determined in part by the
composition of the glass phase and the molecular weight of
the PAA. However, in this study, the glass composition,
molecular weight and concentration of the polyacid used to
formulate the cements were the same. Therefore it is the
concentration of bridged COO™ groups that determines the
strength of the material, where in this case, the melt-
derived glass provided a greater crosslink density within
the cement matrix. This is due to a more acid-reactive glass
resulting in a greater concentration of cations available for
the setting reaction.
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4 Conclusions

A novel glass formulation, BT 101 (0.48 Si0,—0.36 ZnO-
0.12 Ca0-0.04 SrO) was produced by both a melt-quench
and a solgel processing route. The glass produced by the
solgel route had a higher T,, which may be due to the
higher concentration of bridging oxygens in the solgel-
derived glass, inducing a more stable glass network.

Both the melt-quench and the solgel BT 101 glasses
were mixed with 50 wt% polyacrylic acid (M,,, 80,800)
and water to form a GIC. The cement based on the solgel
glass had longer working and setting times (78 s and
1644 s, respectively) than the cement based on the melt
derived glass (19 s and 25 s, respectively).

The cements based on the melt derived glass produced
higher strengths in both compression and biaxial flexure.

The differences in setting and mechanical properties can
be associated to structural differences within the glass, as
determined by XPS, which revealed the absence of Ca
(resulting in a lower concentration of modifying cations)
and a much greater concentration of bridging oxygens in
the solgel system as compared to the melt-derived system.
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