
J O U R N A L O F M A T E R I A L S S C I E N C E 3 7 (2 0 0 2 ) 101 – 108

Toughness of glass fibres reinforced

glass-ionomer cements
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Two fracture toughness parameters, the critical stress intensity factor, Kc and the work of
fracture, Wf have been used to characterise the toughness of conventional and
resin-modified glass-ionomer cements reinforced with glass fibres. The critical stress
intensity factor was determined from the peak load, and the work of fracture was
determined as the energy required to extend an introduced crack through the respective
glass ionomers. For both materials, crack propagation became more stable as the weight
fraction of glass fibres was increased. Additionally, when the weight percent of glass fibres
was increased the work of fracture increased. Fibre bridging at the crack tip resulted in the
increase in the work of fracture. As the percentage weight of fibres was increased, the
critical stress intensity factor decreased proportionally to the increase in porosity.
C© 2002 Kluwer Academic Publishers

1. Introduction
The problem with the adhesion of dental restorative
materials to dental tissues led to the development of
polyelectrolyte cements. Not only do these materials
have the ability to bond to enamel and dentine, but
they also possess good physical properties and low
toxicity. However, these zinc and other metal oxide
based polyelectrolyte cements are opaque and unaes-
thetic [1]. Glass-ionomer cements (GICs) developed
by Wilson and co-workers during the late 1960’s were
a major breakthrough in the development of accept-
able dental restorative materials [2]. These materials
possess a significant number of attractive features in-
cluding the release of fluoride to enhance caries re-
sistance [3], good biocompatibility [4, 5], aesthetics,
and they also adhere well to dental tissues [6]. GICs
are currently used in dentistry for many clinical ap-
plications such as luting agents and restorative mate-
rials. In addition, glass ionomer cements have shown
their potential in other medical areas, such as or-
thopaedic surgery [7, 8]. However, because their me-
chanical properties are relatively poor, attempts have
been made in the endeavour to improve their proper-
ties by such means as; modification of the composition
(glass and liquid compositions) [9–16], resin-modified
GICs [17–19], and reinforced GICs (metal or fibres)
[20–26].

The mechanical properties of the conventional GICs
change markedly with modification in the glass powder
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composition, the liquid component, and the pow-
der/liquid ratio. Unfortunately, changes in the mechan-
ical properties are not as significant as changes in the
handling properties that result from these modifica-
tions [9–16].

The mechanical properties of resin-modified GICs
have been shown to be superior to those of conventional
GICs [27–29]. The weak organic-salt matrix of conven-
tional GICs is strengthened by the cross-linked poly-
merisation of introduced resin systems [1]. However,
the fracture toughness of these resin-modified GICs
are still lower than those of the acrylic bone cements
{Poly(methylmethacrylate), PMMA} [27, 28, 30]. In-
creases in the strength and fracture toughness of these
types of cements (GICs & PMMA) by the method
of fibre reinforcement have been reported previously
[23, 26, 31, 32].

The aim of this study was to investigate whether fi-
bre reinforcement would lead to improvements in the
toughness of a conventional GIC (Fuji I) and an experi-
mental resin-modified GIC (S-430). The experimental
resin-modified GIC (S-430) was developed by modify-
ing the conventional GIC with hydroxyethylmethacry-
late (HEMA) monomer (Table I). The toughness
parameters investigated were the critical stress intensity
factor (Kc), which characterises the stress distribution
at the crack tip, and the work of fracture (Wf), which
represents the energy required to create new fracture
surfaces.
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T ABL E I Compositions of materials used

Materials Powder Particle size Liquid Consistency P/L ratio

FUJI I Fluoro-alumino-silicate Less than 15 µm Polybasic carboxilic Low 1.8 g/1.0 g
glass 95% acid
Powdered poly(acrylic (10%Conc.) 50%
acid) 5% Water 50%

S-430 Fluoro-alumino-silicate Less than 15 µm Poly(acrylic acid) 30% Low 1.8 g/1.0 g
glass 100%

HEMA 30%
Methylmethacrylate 10%
Water 30%

2. Materials and methods
The glass fibres used in this study were manufactured
by a proprietary process and were supplied by the GC
Corporation, Japan. The glass fibres have the same
composition as glass powder used in glass ionomer
cement supplied by the compony. The fibres were
supplied in a chopped format and had various diameters
ranging from 20 to 100 µm, and aspect ratios ranging
from 10–20 (Fig. 1). Glass fibres were added to the
base powders of each material in the following pro-
portions: 0, 10, 20, and 30% by weight. The fibre and
powder composition was then mixed manually with the
corresponding poly(acrylic acid) liquid component at a
powder/liquid ratio (P/L) of 1.8. The resultant cement
paste was placed into a Teflon single edged notch beam
fracture toughness mould, dimensioned according
to (ASTM E399-83 [33]). The mould was subse-
quently pressurised, and the cement was allowed to
set at room temperature (22.5◦C). After 15 minutes, the

f (a/W ) = 3(a/W )
1
2 [1.99 − (a/W )(1 − a/W ) × (2.15 − 3.93a/W + 2.7a2/W 2)]

2(1 + 2a/W )(1 − a/W )
3
2

Figure 1 Experimental glass fibres manufactured by GC Corporation with diameters ranging from 20 to 100 µm and a typical aspect ratio of 10–20.

specimens were removed from the mould and stored in
physiologically buffered saline (PBS). The specimens
were polished and notched using a low speed diamond
saw. The specimens were stored in PBS at 37◦C for
1 week prior to mechanical testing.

Mechanical testing was conducted in 3-point bend-
ing mode (single edge notched bending test) using a
Shimadzu Materials Testing Machine. The specimens
were tested in a PBS bath at room temperature at a
crosshead rate of 0.25 mms−1. The fracture toughness,
Kc, was calculated from the critical load, PQ , using the
following relationship:

Kc = PQ S

BW
3
2

f (a/W )

where S is the support span, B is the specimen breadth,
and f (a/W ) is a dimensionless function of a/W ,
namely
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The work of fracture, Wf, or the energy per unit area of
new fracture surface, was calculated from the area un-
der the load/displacement curve divided by the fracture
surface area. The critical strain energy release rate, Gc,
was calculated from Kc by the relationship:

Gc = K 2
c (1 − ν2)

Ec

where Ec is the apparent flexural modulus of the cement
and ν is poisson’s ratio.

Observation of the fracture surfaces was performed
using a scanning electron microscope (SEM). A Car-
bon coating was applied to the fracture surfaces of the
specimens to minimize electrostatic charging.

3. Results
Figs 2 and 3 show the average load/displacement curves
for each group of specimens containing glass fibres i.e.
0, 10, 20, 30% by weight. The load/displacement curves
for all specimens showed an initial elastic portion, but
different ‘yielding’ behaviour. The specimens without
fibres (0%) showed the highest stiffness whereas the
specimens with the highest percent fibre (30%) showed

Figure 2 The load/displacement curves of conventional GIC (FUJI I)
with glass fibres, 0%, 10%, 20%, and 30% by weight. The stiffness
changes only with 30% glass fibres, while the area under the curves
increase as the percent weight of glass fibres increase.

Figure 3 The load/displacement curves of resin-modified GIC (S-430)
with glass fibres, 0%, 10%, 20%, and 30% by weight. The stiffness
decreases and the area under the curves increase as the percent weight
of glass fibres increase.

Figure 4 Maximum, average, and minimum values of Kc of GICs with
glass fibres 0%, 10%, 20%, and 30% by weight, Kc decreases as the
percent weight of glass fibres increase.

Figure 5 Maximum, average, and minimum values of Wf of GICs with
glass fibres 0%, 10%, 20%, and 30% by weight, Wf increases as the
percent weight of glass fibres increase.

the lowest stiffness. The most striking difference be-
tween the specimens that contained fibres was their
post ‘yielding’ behaviour. The specimens without fi-
bres failed in a catastrophic manner, whilst the speci-
mens that contained fibres developed a broad yield-like
response; exhibiting stable crack propagation. The area
under the load/displacement curve, which corresponds
to the energy required to propagate the crack, increased
as the weight percent of the glass fibres increased.

Figs 4 and 5 show average values of the critical
stress intensity factor and the work of fracture for each
group respectively. The critical stress intensity factor
decreased as the percent of glass fibres increased. The
work of fracture, by contrast, increased as the percent of
glass fibres increased. The apparent flexural moduli for
both the conventional and resin-modified GICs, calcu-
lated from the slope of the load/displacement curve, de-
creased as the percent of glass fibres increased (Fig. 6).
Fig. 7 illustrates the increase in the energy of fracture
as the percent of glass fibres is increased for both mate-
rial systems. Prior to fracture, the resin-modified GIC
shows a greater component of energy absorption when
compared with the conventional GIC.

Fig. 8 provides an illustrative comparison of the
fracture surfaces of both the conventional and resin-
modified GICs. Of particular interest is the noticeable
increase in the level of porosity as the weight percent
of glass fibres is increased. More notable is the level
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Figure 6 Maximum, average, and minimum values of the apparent flex-
ural moduli, Ec, of GICs with glass fibres 0%, 10%, 20%, and 30% by
weight calculated from the stiffness of the load/displacement curves, Ec

decreases as the percent weight of glass fibres increase.

Figure 7 Comparison of Wf and calculated Gc shows an increase of
toughness (�Gf) as the percent weight of glass fibres increase.

of porosity in the resin-modified GIC at the 30% fibre
level. Figs 9 and 10 reveal fracture surfaces of conven-
tional and resin-modified GICs with 30% fibres. Both
figures illustrate the random orientation of the glass fi-
bres, the characteristic fibre pull-out mechanism, and
ubiquitous cracking through the cement matrix.

4. Discussion
The results for the critical stress intensity factor from
this study confirm that the magnitudes reported for the
conventional GIC (Fuji I) without fibre reinforcement
(0.48 ± 0.06 MNm−3/2) is within the range of data
previously reported (0.3–0.5 MNm−3/2) [28, 34–37].
However, generally, commercially different GICs have
distinct glass and liquid {poly(acrylic acid)} compo-
nents, which lead to a difference in fracture toughness
magnitudes [11–16]. Differences in toughness can be
attributed to different modes of testing and/or testing
conditions [36, 38, 39]. Fujishima and Ferracane [39],
for instance, demonstrated this fact by examining four
different testing methods to establish a single value for
fracture toughness. They found large variation in tough-
ness parameters for each test. Consistently, different
specimen geometries develop different crack front pro-
files, which in turn lead to differences in the calculation
of the critical stress intensity factor [36]. Mitchell et al.
[38] demonstrated that hydration of GICs after expo-

sure to air, cause an inherent scatter in toughness data.
Experiments conducted in dry condition [35, 36] reveal
lower fracture toughness values when compared to ex-
periments conducted in physiological conditions [34].
This effect is attributed to an increase in the number of
pre-existing cracks in the dry or dehydrated state [38].

A large variation also exists in the strength of resin-
modified GICs. Their strengths depend, to a large
extent, on the type of resin component [27]. The criti-
cal stress intensity factor of resin-modified GIC with-
out fibre reinforcement used in this study (0.96 ±
0.08 MNm−3/2) was also within the range of the
values previously reported (0.30 ± 0.07 to 1.37 ±
0.10 MNm−3/2) for resin-modified GIC systems
[27, 28]. The failure characteristic presented from the
load/displacement curves [Figs 2 and 3 (0% fibres)],
revealed brittle-like behaviour of both systems.

In this study, the addition of fibres to both the con-
ventional and the resin-modified GICs changed the tra-
ditional mode of fracture from brittle to a more ductile
type failure [40]. Generally, the fibre-modified cements
exhibit more stable crack extension (Figs 2 and 3). The
existence of this yielding type behaviour indicates the
presence of a toughening mechanism. The toughening
mechanism appears to be predominantly facilitated by
the bridging of fibres across the extending crack. The
SEM images confirm the existance of breaking and pull-
out of the fibres (Figs 9 and 10). The observations match
theoretical predictions for chopped-fibre cementitious
materials. For these materials, the addition of fibres
to brittle matrices neither increases the initial crack-
ing stress (the critical stress intensity factor) nor gen-
erally improves the ultimate composite strength [41].
The main purpose of fibre-reinforcement is to control
the cracking process [41], by providing closure bridg-
ing forces across the extending crack thereby reducing
the stress intensity at the crack tip and improving the
toughness [42]. In this study, the critical stress inten-
sity factor for crack initiation decreased as the weight
percent of the glass fibres increased. This can be ex-
plained by the increase in the porosity of the cement as
the weight percent of the fibres increases (Fig. 8) result-
ing in a lower stiffness as shown by the reduced slope
of the initial loading curve, which can be represented
as the apparent flexural modulus (Fig. 6 and Table II)
and greater ease of crack initiation. However, with an
increase of glass fibre content, the extent of bridging
forces also increases resulting in greater crack stability
and the increase in the work of fracture. That is, the ma-
terials exhibit increasing fracture resistance with crack
extension or R-curve type behaviour.

Micromechanical analysis of the fibre-reinforced
composite theoretically relies on each of the following
key elements, the volume fraction of fibre (Vf), ma-
trix (Vm), and void (Vv) [43]. In addition to the volume
fraction, the property and size of the fibre, the type
of matrix, and the interfacial characteristics between
the fibre and matrix contribute to the overall mechan-
ical properties of the fibre-reinforced composite [44].
The fracture toughness of fibre-reinforced materials,
G t, may be written as:

G t = G0 + �Gf
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Figure 8 SEM image of the fracture surfaces shows an increase of porosity as the percent weight of glass fibres increase (a to d for FUJI I and e to h
for S-430). Resin-modified GICs (S-430) show higher degree of porosity than conventional GIC (FUJI I).

Figure 9 Higher magnification of FUJI I fracture surface demonstrates random orientation of the glass fibres, pull-out fibres, and cracks through the
cement matrix.
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T ABL E I I Kc, Wf, and Ec of GICs as the weight percent of glass fibres increase

0% Fibres 10% Fibres 20% Fibres 30% Fibres

Stress intensity factor (Kc)(MNm−3/2)
FUJI I 0.48 ± 0.06 0.40 ± 0.09 0.37 ± 0.04 0.34 ± 0.03
S 430 0.96 ± 0.08 0.85 ± 0.08 0.58 ± 0.12 0.48 ± 0.07

Work of fracture (Kf)(J/m2)
FUJI I 22.16 ± 3.47 40.05 ± 16.24 70.92 ± 35.53 83.24 ± 35.56
S 430 128.12 ± 18.87 144.03 ± 25.47 186.54 ± 29.74 179.00 ± 38.60

Apparent flexural modulus (Ec)(GPa)
FUJI I 8.86 ± 0.86 9.21 ± 0.90 8.02 ± 0.78 7.20 ± 0.70
S 430 6.47 ± 0.21 5.84 ± 0.19 5.44 ± 0.18 3.95 ± 0.13

Figure 10 Higher magnification of S-430 fracture surface demonstrates random orientation of the glass fibres, pull-out fibres, and cracks through the
cement matrix.

where G0 is the toughness of the matrix and �Gf is
the toughness increment of the fibres [45]. The tough-
ness increases because of crack face bridging or closure
forces, and is given by:

�Gf = 2
∫ u∗

0
ρ(u) du

whereρ(u) = Vfσ (u), Vf is the volume fraction of fibres,
and σ (u) is the closure stress of a bridging element.
From both systems (conventional and resin-modified
GICs), the toughening effect of glass fibres in the brit-
tle matrix increases linearly as the weight percent of
glass fibres increase (Fig. 7). The addition of glass
fibres is an efficient toughening mechanism, increas-
ing the toughness of the conventional GIC from 22
to 83 J/m2 with 30% fibre and from 128 to 179 J/m2

for the resin-modified material. The toughening effect
is significantly higher for the resin-modified material
suggesting that the pull-out force is higher presumably
because of the better bonding of the poly-HEMA to the
glass fibres. This assumption seems reasonable because

even in the absence of fibres, there is a higher increase in
the toughness and strength of the resin-modified GIC.
Addition of the same amount of glass fibres to the resin-
modified GIC shows more effective toughening than to
the conventional GIC. This effect reflects the different
interfacial characteristics of the two systems. The fi-
nal set structure of the conventional GIC is presented
as a complex composite of glass particles surround-
ing by a siliceous hydrogel and bonded together by
a matrix phase consisting of hydrated fluoridated cal-
cium and aluminum polyacrylates, while that of resin-
modified GIC has the conventional GIC entangled with
poly(hydroxyethyl methacrylate) hydrogel as an inter-
penetrating polymer network [1]. The bonding ability
of the poly-HEMA to both the glass fibres and parti-
cles, as well as the poly(acrylic acid) network, results
in a different interfacial bonding ability. The role of
the matrix/fibre interface is of great importance. The
adhesion must not be too strong that the fibres rupture
prematurely before debonding can ensue; nor must it
be too weak that the frictional resistance to sliding is
reduced [45]). A previous review by McCabe [29] has
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indicated that the bonding ability of a resin-modified
GIC to enamel and dentine is greater than that of a con-
ventional GIC. Hence, the toughening effect of glass
fibres may also be enhanced by improving the interfa-
cial bond between the fibres and matrix as in the case
of resin-modified GIC.

Another feature that we have not included in this
study, is the effect of the type and size of the fibres.
Kobayashi et al. [26] demonstrated the effects of dif-
ferent types and sizes of glass fibres on the strengths of
reinforced GICs. The smaller diameter and shorter fi-
bres result in higher diametral tensile strengths (DTS).
Additionally, the use of such smaller fibres may also
be expected to improve the toughening effect of these
glass fibres. However, as pointed out by an anonymous
reviewer, both this work and that of Kobayashi et al.
[26] failed to consider the effect of powder to liquid ratio
upon replacing high surface area powder by lower reac-
tive fibres. This effect will certainly reduce the number
of Al+ ions available to assist with the cross linking
of the poly(acrylic acid). This may partially account
for the decreasing strength and modulus of the fibre-
reinforced cements.

As the present observations indicate, the improve-
ment of the glass ionomer cements’ toughness (the
work of fracture) can be achieved by the addition of
fibres and the toughness increased as the weight per-
cent of the fibres increased. However, there were some
limitations mainly due to the influence of the fibres
on matrix properties and the interfacial bonding. Of
particular concern is that it affects the handling prop-
erties and flow properties of the cement which has
been also mentioned by Topoleski et al. [32]. Theo-
retically, addition of any type of fibre should increase
the steady state fracture toughness of a fibre-reinforced
material. However, to achieve a steady state value, con-
siderable crack extension must occur so that the crack
bridging mechanism is established behind the extend-
ing crack tip. Practically, handling of the cement with
fibres is more difficult and results in the increase of
porosity of the cement. The development of mixing
and handling techniques, such as centrifugation [32],
are as significant as the development of the cement
properties.

5. Conclusions
The present study has clearly identified a number of
significant effects associated with the reinforcement of
GICs with glass fibres of the same composition as the
glass particulate matrix. They are:

1. Fracture stability increases with increasing vol-
ume fraction of glass fibres.

2. A decrease in the critical stress intensity for crack
initiation with increase of glass fibres. This appeared
to be related to the increased porosity with glass fibre
content.

3. The work of fracture increased linearly with in-
crease in volume fraction of fibres with more than a
two-fold increase in this volume with 30% of fibres.

4. The toughening increment associated with fibres
increased linearly with volume fraction of fibres.

5. The GIC containing HEMA was significantly
greater than toughening increment for the conventional
GIC.
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