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Abstract
This study investigated the effect of discontinuous cellulose microfibers with various loading
fractions on selected physical properties of glass polyalkenoate (glass ionomer) cement (GIC).
Fiber reinforced GIC (Exp-GIC) was prepared by adding discontinuous cellulose microfiber of an
average 500 µm in length to the powder of conventional GIC (GC Fuji IX) with various mass
ratios (1,2,3,4, and 5 mass%) using a high speed mixing device. Fracture toughness (FT), work of
fracture and compressive strength (CS) were determined for each experimental and control
materials. The specimens (n=6) were wet stored (37 °C for one day) before testing. Scanning
electron microscopy equipped with energy dispersive spectrometer was used to analysis the
surface of fibers after treated with cement liquid. Data were analyzed using ANOVA. Exp-GIC (5
mass%) had statistically significantly higher FT (0.9 MPa.m1/2) compared to unreinforced material
(0.4 MPa.m1/2). On the other hand, Exp-GIC 1 mass% displayed the highest with CS (116 MPa)
among all tested groups. The use of discontinuous cellulose microfibers with conventional GIC
matrix considerably increased the toughening performance compared to the particulate GICs used.
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Introduction

Glass-ionomer cements (GICs) is one of the commonly used dental restorative materials (1). GICs
are materials with unique properties such as fluoride release and the ability to adhere to dental
structures (1). In general, compared with composite resins, the restorative GICs had insufficient
mechanical properties such as low compressive and tensile strengths as well as fracture toughness
(2). These shortcomings limit their wider use in dentistry as a permanent filling material in stressbearing areas (1-3).
In an attempt to increase the GICs strength and so their durability, various modifications have been
introduced into the cement powder and liquid, such as incorporation of hydroxyapatite, zirconia,
zinc, stainless steel, silica, and titanium dioxide among others (4–10). However, in several occasions,
such modifications may be more expensive and may not be able to increase any mechanical property,
and often compromising the manipulation of the GICs.
The incorporation of discontinuous fibers (e.g. glass, polyethylene, carbon) was another promising
attempt to achieve better mechanical performance of GICs (11-18). Researchers reported an increase
in flexural strength, fracture toughness and work of fracture energy of fiber-reinforced GICs.
According to their studies, the brittleness of GICs can be reduced to a more predictable nature by
discontinuous fiber incorporation, and this might prevent catastrophic failure (11-18).
The worldwide use of natural products for pharmacological purposes has increased over the last few
decades. Wood pulp fibers, as an example of biologic material (lignocellulosic), have been
considered as multipurpose use fibers (19). These fibers have desirable intrinsic characteristics, such
as low cost and density; specific resistance to compression; they are also rigid; non-abrasive, and
non-toxic; and are easily modified by chemical agents (20,21). In addition, their natural origin
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eliminates any concern with health and safety during handling and application (20,21). Accordingly,
their use has recently been extended to biomedical applications (22).
Discontinuous microfiber reinforcement, i.e. reinforcing fibers with diameter from a few
micrometers to twenty micrometers with high aspect ratio, are utilized in many fields of technical
application as well as in dentistry and medicine (10). However they have not been studied to a larger
extent with GICs (1-3). In addition, some information about the use of cellulose microfibers with
GICs are available by Silva and his colleagues (23-26), hence further investigation is required in
order to produce a material with improved properties. Many of the properties of fiber composites are
strongly dependent on microstructural variables such as fiber type, fiber diameter, fiber length, fiber
orientation, fiber adhesion and fiber loading (27). Therefore, unlike previously published research,
the intent of this study was to evaluate the effect of cellulose microfibers with various loading
fractions on selected physical properties of conventional GIC cement.

4

Materials and methods
Production of experimental discontinuous fiber-reinforced GICs
The discontinuous wood pulp fibers (lignocellulosic) having length scale of an average 500
micrometer (Ø10 μm), so-called discontinuous cellulose microfibers were used in this study (Enocell
pulp mill, Uimaharju, Finland). Dissolving pulp was produced from a mixture of birch (Betula
species) and aspen (Populus Tremula), with 93.5% alpha cellulose content.
Fiber-reinforced GIC composites (Exp-GICs) were prepared by adding discontinuous microfiber to
the glass powder (fluoroaluminosilicate glass) of commercial conventional GIC (Fuji IX, shade A3)
(GC, Tokyo, Japan) with various mass ratios (1,2,3,4, and 5 mass%). The mixing was performed by
using a high speed mixing machine (3500 rpm) for 3 min until a homogeneous powder mixture was
obtained (Hauschild Speed Mixer, Hamm, Germany). Finally, the materials produced were
reinforced powders with various mass ratios of discontinuous cellulose microfibers which were
compared with unmodified material. The reinforced powder and the cement liquid (modified
polyacrylic acid & water) were mixed and manipulated according to the manufacturers’ instructions.
Mechanical tests
Single-edge-notched-beam specimens (2.5 × 5 × 25 mm3) according to adapted ISO 20795-2
standard methods were prepared to determine the fracture toughness (FT). The recommended
powder/liquid ratio was dispensed on a glass plate. Then this powder was mixed into the liquid using
a metal spatula. The mixing time did not exceed 1 min and the working time was in the range of 23 min. A custom made Teflon split mould was used, which enabled specimen removal without force.
An accurately designed slot was fabricated centrally in the mould extending until its mid-height,
which enabled the central location of the notch and optimization of the crack length (x) to be half of
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specimen’s height. The GIC paste was inserted into the mould placed over a Mylar-strip-covered
glass slide in one increment. Before setting, a sharp and centrally located crack was produced by
inserting a straight edged steel blade into the prefabricated slot. The upper side of the mould was
covered with a Mylar strip and glass slide from both sides of the blade. Specimens were kept in their
moulds for 10 min before they were carefully removed. The specimens from each group (n=6) were
stored wet at 37 °C temperature for 24 h before testing. The specimens were tested in three-point
bending mode, in a universal material testing machine (Lloyd Instruments, Fareham, UK) at a
crosshead speed of 1 mm/min and data were recorded using PC software (Nexygen Lloyd
Instruments, Fareham, UK). The contact point (compression side) of the loading tip to the specimen
was at the middle and parallel to the crack present on the tension side (lower part).
The fracture toughness (FT) was calculated using the Equation: Kmax= [P L / B W3/2] f(x),
where: f(x) = 3/2x1/2 [1.99-x (1-x) (2.15-3.93x+2.7×2)] / 2(1+2x) (1-x)3/2 and 0<x<1 with x=a/W.
Here P is the maximum load in kilonewtons (kN), L is the span length (2 cm), B is the specimen
thickness in centimeters (cm), W is the specimen width (depth) in cm, x is a geometrical function
dependent on a/W and a is the crack length in cm.
Work of fracture (the energy required to fracture the specimen) was calculated from the area under
the load-displacement curve of specimens and reported in units of J/m2.
Compressive strength (CS) were determined on cylindrical specimens (4 mm in diameter and 6 mm
in height) that were prepared in the same way according to ISO 4104. The manipulation of the GIC
materials was the same as mentioned earlier. The specimens (n=6) were loaded in compression until
failure at a crosshead speed of 1 mm/min. The diameter of each specimen were measured before
testing with a digital caliper and the flat ends were fixed between the platens of the testing machine.
The CS was determined using the peak load at fracture and the diameter of the specimen.
6

CS was calculated in megapascals (MPa) using the Equation 2: P = 4 F/ π D2, where: P is the
compressive strength, F is the maximum applied load in newtons (N) and D is the diameter of the
specimen in mm.
Microscopic analysis of the fiber-matrix interface and fractographic
The discontinuous cellulous microfibers were mixed with cement liquid and stored for a period of
time until the mixtures became rigid. Then, the mixtures were repeatedly reflux extracted by Soxhlet
extractor for 3 days, ethanol was used as extraction medium. The remain substances were dried at
60 °C under vacuum until the mass keeping stable. Scanning electron microscopy (EVO18) (Carl
Zeiss AG, Göttingen, Germany) equipped with energy dispersive spectrometer (EDS) was used to
observe the morphology of dried substances and investigate mass ratio between C and O on the
surface of substances.
Exp-GIC single-edge-notched-beam specimens (n=3) from each group were gold sputter coated
before microstructure and fractographic SEM examination.
Thermogravimetric analysis (TGA)
Plain cellulous microfibers, cellulous microfibers treated with cement liquid, and polyacrylic acid
of cement liquid were dried at 60 °C under vacuum until the mass keeping stable. Thermogravimetric
analysis (TGA) of them were measured by a NETZSCH TG 209 F1 instrument (NETZSCHGerätebau, Selb, Germany) under N2 atmosphere at a heating rate of 20 °C /min with a temperature
ranged from 30°C to 900°C. Approximately 5 mg of sample were used for the test.
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Statistical analysis
Mean values of FT and CS tests were analyzed using one-way ANOVA followed by Tukey’s post
hoc analysis, at a significance level of α = 0.05., using SPSS software (SPSS, Chicago, IL, USA).
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Results
The mean values of fracture toughness (FT) and compressive strength (CS) for tested GIC
materials with standard deviations (SD) are summarized at Figures 1 and 2. ANOVA revealed that
by increasing the fiber mass ratios, the FT (p=0.02) increased. Compressive strength did not show
any significant differences (p=0.461) between the fiber-reinforced and unmodified commercial
GICs. Tukey HSD post hoc revealed that Exp-GIC 5 mass% had statistically significantly higher
FT (0.9 MPa.m1/2) than all other tested GIC materials (p<0.05). On the other hand, Exp-GIC 1
mass% displayed the highest with CS (116 MPa) among all tested groups.
The total energy release (work of fracture) of experimental and unmodified commercial GIC
composites was calculated from the area under the load-displacement curves, shown in Figure 3.
The contribution of cellulosic microfiber plays a major role in increasing the work of fracture
energy of Exp-GICs in comparison to unmodified commercial GIC. Figure 3 illustrates a
pronounced increase in the energy of fracture as the percentage of discontinuous cellulose
microfiber was increased. Fiber-reinforced GIC specimens showed the highest toughness (energy
from preload to maximum extension); exhibiting stable crack propagation, while specimens
without fiber reinforcement failed in a catastrophic manner (Fig. 4).
Figure 5 presents the difference in the thermal stability of cellulose fibers before and after being
mixed with GIC cement liquid, and polyacrylic acid of cement liquid. The characteristic
temperatures were summarized in Table 1. As shown in Figure 5, all of specimens had different
weight versus temperature curves. The temperatures of 5% of mass loss for specimens were in the
order as treated cellulose fibers > polyacrylic acid > cellulose fibers, while the temperature of 50%
of mass loss for speciemns were in the order as cellulose fibers > polyacrylic acid > treated
cellulose fibers.
9

The SEM micrographs (Fig. 6) of extracted mixtures of cellulose microfibers and cement liquid
showed that all of remain substances were fibers, and the morphologies of fibers before and after
acid treatment had differences. The EDS results showed that, cellulose fibers after being mixed
with cement liquid followed by extraction, the mass ratio between C and O on the fiber surface
before mixing (1.75) was higher than that after mixing (1.41). SEM analysis of the tested fracture
toughness specimens showed random orientation and protruded (pullout) fiber ends at fracture
surfaces of discontinuous cellulose microfibers reinforced GIC composites (Fig. 7).
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Discussion
The key target of this investigation was to improve the mechanical properties of conventional GIC
that is already used in dental clinics as a restorative dental material. The reinforcing was made by
adding discontinuous cellulose microfiber (Ø10 μm) as fillers in average 500 µm in length, to GIC
powder (with various mass%). Maximum fiber fraction was defined based on handling and mixing
characteristics. With more than 5 mass% of discontinuous cellulose microfiber, the material
became more fibrous and was not possible to mix.
Our results demonstrated improved fracture toughness (FT) of the discontinuous cellulose
microfiber reinforced GIC. As the mass fraction of fibers increased, the FT performance of the
GIC increased, which is in good agreement with the literature findings (13-15). The major goal to
improve mechanical properties has been reached successfully, as the absorbed energy during the
fracture process of microfiber reinforced GIC composite could be dramatically improved
compared with unmodified GICs (Figs. 3 and 4). The reinforced GIC demonstrated enhanced
resistance capability to crack propagation that is fracture toughness, which could be explained by
the fiber and matrix related properties of the material. Microfibers in this GIC material are in
average of 0.5 mm and thus, could efficiently accept the stress transferred from the matrix. This is
in accordance with previous studies, which showed superior mechanical properties of millimetrescale short fiber-reinforced GIC to conventional particulate GIC material (14-16).
The fracture toughness of a material is a measure of how well that material hinders the progress of
a crack or flaw under load. Fiber impedes the extension of a crack and develops interlocking
bridges behind the progressing crack dissipating energy by fiber pullout resulting in graceful rather
than catastrophic failure (13,14). This might be due to the random orientation of microfibers in
GIC matrix and forming fiber network (Fig. 7), which seemed to have enhanced the ability of the
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material to resist the fracture propagation, as well as to reduce the stress intensity at the crack tip
from which a crack propagates in an unstable manner. As a consequence, an increase work of
fracture energy and fracture toughness can be expected.
The effect of discontinuous fiber reinforcement on the FT test was observable and more obvious
than in the CS test, where fibers were oriented most likely in the same load direction. It has been
shown early on that fiber orientation is an important factor influencing the mechanical properties
of fiber-reinforced composites (27,28). In addition, replacing high surface area powder by lower
reactive cellulose fibers will certainly reduce the number of Al3+ ions available to assist with the
cross linking of the polyacrylic acid (14,15). This may partially account for the decreasing CS
strength of Exp-GIC loaded with more than 1 mass% of cellulose microfiber (Fig. 2).
In general, our results are in agreement with previous laboratory studies by Silva et al., who
showed that addition of cellulose fibers (Av. length 1 mm) resulted in increased mechanical
properties of conventional GICs (23-26). However, in contrast to our results, they reported that CS
values of fiber reinforced GIC were almost double those of their unmodified GIC. With respect to
fiber incorporation in GIC powders, the aspect ratio (fiber length:diameter), chemical composition,
reinforcing fiber fraction, composition of the GIC powder and liquid, and the powder:liquid mixing
ratios employed were markedly for the studies reporting fiber reinforcement of GICs, such that a
direct comparison under controlled conditions was not possible.
On the other hand, this study confirms that the mean fracture toughness and compressive strength
values reported for the commercial GIC without reinforcement are within the range of data
previously reported (11,14,16,18,29-32). However, they are studies published higher values of
compressive strength for commercial conventional GICs (25,33-39). This could be explained
partially by the differences in mixing and mould filling techniques (with/without pressure) or water
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storage time as these influence the resultant CS values due to air bubble elimination (compact
structure) and GIC matrix maturation (33, 40). It has been shown early on that GICs undergo a
post-set hardening phase which could continue over a period of several days (40). In addition, the
specimen’s geometry and test set-up used might be another explanation.
Since the resistance against stress of the brittle materials such as GIC is greater in compression
rather than in tension. GIC fails by crack propagation that is favoured by tensile rather than
compressive loading (2). The mechanism leading to failure under compressive loading remains
more complex than that observed in tensile strength test, since the cracks propagate parallel to the
compression axis as the lateral deformation increases during test progression (33). While, threepoint bending mode test the material under both compressive and tensile loading (41). Dowling et
al., demonstrated the validity of the three-point flexural test for measuring GIC strength in
comparison with compressive fracture test which they claimed it was not valid for predicting the
performance of GICs (33). According to them, compressive test has been demonstrated through
the literature to be invalid measure of “strength” and offers no advantages in the context of the
strength data it generates when compared with three-point flexural testing.
Even though the validity of some testing methodologies like compressive fracture and diametral
tensile tests is challenged in the literature, still many research groups using these tests regularly
for GIC and still compressive fracture test is the only strength test specified for GIC in the
international organization for standardization (ISO 9917-1:2003) (42).
Recent systemic review by Heintze et al., showed fracture toughness test being mostly correlated
with clinical fracture of restorative materials and no correlations were observed between clinical
outcomes and compressive strength of these materials (43). Another study by Bijelic-Donova et
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al., showed that toughness of the material appears to be a useful predictor of clinical performance
and consequently, the selection of the restorative material should be based on its toughness (44).

Sufficient adhesion between fiber and matrix provides good load transfer between the two
components, which ensures that the load is transferred to the stronger fiber and this is how the
fiber actually works as reinforcement. However, if the adhesion is not strong and if any voids
appear between the fiber and the matrix, these voids may act as initial fracture sites in the matrix
and facilitate the breakdown of the material. That is why adhesion between the cellulose fiber and
the GIC matrix is significant for the mechanical performance and the longevity of restorations
(10).
From this point of view, the great increase in both fracture load and energy of discontinuous
cellulose microfiber reinforced GIC composites, could be explained by the interfacial adhesion
between the fibers and GIC matrix. This seems to have enhanced the ability of the material to resist
the fracture crack propagation by increasing the behavior of individual fiber as a crack stopper.
Interestingly, we were able to distinguish a reactive layer on cellulose fiber surface by using
scanning electron microscopy (Fig. 6C). In this work, we attempted to study the adhesion between
the cellulose fibers and GIC matrix by SEM equipped with EDS, and the fibers were treated with
cement liquid and extracted by ethanol. The results showed that, after being mixed with cement
liquid followed by extraction, the mass ratio between C and O on the fiber surfaces before mixing
was higher than that after mixing. Theoretically, that means some kind of reaction occurred on the
fiber surfaces. However, this reaction or adhesion between modified polyacrylic acid used and
cellulose fibers might still too weak.
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In order to confirm the existed reaction between modified polyacrylic acid and cellulose fibers,
TGA analysis was used in this study. After treated with cement liquid, the initial decomposition
temperature of cellulose (usually marked as T5%) increased from 184°C to 217°C, this should be
due to the reaction between carboxyl acid in modified polyacrylic acid and cellulose, for the onset
thermal degradation temperature of cellulose could be increased by reaction with carboxyl acid
and cellulose (45). However, temperature for 50% mass loss of cellulose decreased from 367 to
337 after being treated with cement liquid. This should be due to the lower T50% of polyacrylic
acid that on the surface of treated cellulose.
Additionally, it is important to mention that the incorporation of discontinuous cellulose microfiber
(< 5 mass%) into the GIC matrix is a simple procedure. Cellulose fibers present a good interaction
with the matrix, and a homogeneous dispersion of the microfibers can be reached relatively easy
without practical interfering with the fluidity of the matrix and the working and setting time of the
GIC, which are extremely relevant clinical factors to be considered.
There are still unclear issues that need to be known regarding discontinuous cellulose microfiber
reinforced GIC composite and further research is needed.
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Conclusion
Based on the results of the present study, one could conclude that the incorporation of
discontinuous cellulose microfiber with conventional GIC composite resulted in a desirable
mechanical performance of fracture toughness (0.9 MPa.m1/2) compared to particulate GICs used
(0.4 MPa.m1/2).
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Table 1. The characteristic temperatures of thermal decomposition of samples in N2 atmosphere.
Samples
T5% (°C)
Cellulose
184
Treated Cellulose
217
Polyacrylic acid of cement
202
liquid
a
Tx% refers to the temperature corresponding to certain mass loss ratio
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T50% (°C)
367
337
346

Figure 1. Bar graph illustrating means fracture toughness (KIC) and standard deviation (SD) of investigated
GIC material with various fiber mass ratios. Groups joined by a horizontal line are not significantly
difference (p>0.05).
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Figure 2. Bar graph illustrating means compressive strength (MPa) and standard deviation (SD) of
investigated GIC material with various fiber mass ratios. Groups joined by a horizontal line are not
significantly difference (p>0.05).
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Figure 3. Influence of increasing fraction of discontinuous cellules microfiber on work of fracture energy
of investigated GIC material during fracture toughness test.
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Figure 4. Graph illustrating typical load-strain curves of investigated unmodified GIC (straight line) and
fiber reinforced GICs (Exp-GICs, dashed line) with various fiber mass ratios.
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Figure 5. Remaining mass ration versus temperature curves of cellulose, cement liquid treated cellulose,
and polyacrylic acid in cement liquid.
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Figure 6. SEM micrographs at different magnifications (A: x100 magnification, scale bar= 100µm; B:
x1000 magnification, scale bar= 10µm; C: x5000 magnification, scale bar= 2µm) of cellulose fibers before
(left-side) and after (right-side) being mixed with cement liquid followed extraction.
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Figure 7. SEM micrographs at different magnifications of fracture surface demonstrate random
orientation of cellulose microfiber with GIC matrix.
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