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Abstract Discs of biocompatible glass ionomer cements
were prepared for Hertzian indentation and subsequent
fracture analyses. Specifically, 2 9 10 mm samples for
reproducing bottom-initiated radial fracture, complemented
by 0.2 9 1 mm samples for optimal resolution with X-ray
micro tomography (lCT), maintaining dimensional ratio.
The latter allowed for accurate determination of volumetric-porosity of the fully cured material, fracture-branching
through three Cartesian axes and incomplete bottom-initiated cracking. Nanocomputed tomography analyses supported the reliability of the lCT results. Complementary
2-dimensional fractographic investigation was carried out
by optical and scanning electron microscopies on the larger
samples, identifying fracture characteristics. The combined
3-D qualitative assessment of microstructure and fractures,
complemented by 2-D methods, provided an increased
understanding of the mechanism of mechanical failure in
these cements. Specifically, cracks grew to link pores while
propagating along glass-matrix interfaces. The methodological development herein is exploitable on related
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biomaterials and represents a new tool for the rational
characterisation, optimisation and design of novel materials
for clinical service.

1 Introduction
Glass ionomer cements (GICs), also called glass polyalkenoate cements, are the composite product of an acid–
base reaction between an aqueous polymer solution and a
glass powder [1]. They are widely used in dentistry [2, 3]
and have also been considered for use in bone [4, 5] and ear
reconstruction [6, 7] as well as in veterinary sciences [8, 9]
for their good biocompatibility and bioactivity [3, 10] that
stimulates tooth and bone remineralisation [11]. Their
inherent adhesion to enamel, dentine and metal substrates
[12, 13], among other advantages [14, 15], makes them
ideal candidates for replacing silver amalgam and composite resins as biocompatible dental filling material [16].
However, current commercial GICs are brittle and simply
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do not possess the toughness or mechanical strength requisite for load-bearing and large restorations [17].
Although the literature reports many studies elucidating the
setting mechanism with the aim of improving the
mechanical properties of GICs, there has been no significant improvement in their mechanical properties since their
introduction in 1970s [1, 18–23].
Hertzian indentation, a mechanical test method with
ball-on-disc geometry (reproducing tooth cusp compression into dental restoratives under mastication), has been
proven to represent the failure behaviour of different types
of dental restorative materials in the laboratory, particularly the clinically relevant failure mode (tensile failure on
the lower surface) [24, 25]. Additionally, it complements
more traditional mechanical characterisation methods,
including tension [26], torsion, flexural [27] and compression tests [26, 28], while providing an additional
material characteristics parameter.
This technique is further extended through fractographic
analysis, which correlates strength test values with morphological properties of the fracture surface [29]. Fractographic analyses have been successfully applied to the
studies of fracture surfaces of dental ceramics [30] and
composite resins [29]. However, the imaging techniques
adopted in these examinations limit the study to nearfracture surface regions, resulting in only partial detection
of the three-dimensional (3-D) crack network; no information is revealed on internal defects and crack-microstructure interaction in the sample-bulk. Additionally, the
high vacuum used in scanning electron microscopy causes
dehydration, creating artificial features in the sample.
Therefore, a non-destructive 3-D imaging method revealing structural features in the bulk of the material would be
of considerable value. This has been made possible via
recent developments in high-resolution X-ray computed
tomography (lCT). Successful 3-D non-destructive fracture characterisation and microstructure analyses on engineering materials and bone cements have taken advantage
of this technique [31, 32].
To the best of the authors’ knowledge, this work represents the first ever 3-D assessment of failed dental
materials. In the current paper, we explore the application
of laboratory lCT as a tool for microstructural analysis and
fracture assessment on Hertzian indentation samples of
commercial dental GICs.

2 Materials and methods
Samples were prepared in two sizes: the quasi-standard size
of Hertzian indentation samples at 2 mm thick 9 10 mm
diameter, complemented by miniature samples 0.2 mm
thick 9 1 mm diameter. The latter smaller size is of optimal
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resolution to enable thorough investigation by lCT, while
maintaining the dimensional ratio of the larger samples. This
geometrically similar arrangement proved to be mechanically comparable to the larger samples and fracture loads
were found to be scaled with sample size.
2.1 Sample preparation
A conventional acid–base reaction setting GIC (0807231,
Fuji IX capsule, GC, Tokyo, Japan) was used to prepare 10
pieces each of normal (2 9 10 mm) and miniature samples
(0.2 9 1 mm) in purpose-made aluminium moulds. Following manufacturer’s instructions, the capsule was shaken
for 10 s in an amalgam mixer, followed by insertion of the
capsule nozzle into the mould, itself coated with paraffin
oil to act as a separation medium. Care was taken to firstly
touch the mould wall with the nozzle and then raise it
slowly as the paste was extruded into the mould until it was
overfilled, in order to eliminate trapped air. A similarlylubricated glass slab was then put on top of the mould and
held in place for 2 min for initial setting to occur at
20 ± 2°C. The environmental humidity was not controlled,
more closely reflecting the variability of application conditions. The sample was then de-moulded and wrapped
tightly in aluminium foil to maintain water-balance, and
subsequently stored in an incubator at physiologically relevant temperature of 37°C for 7 days.
2.2 Micro- and nano CT imaging and data analysis
The miniature samples were scanned before and after
Hertzian indentation testing with X-ray microcomputed
tomography (SkyScan 1172, Kontich, Belgium) using microfocused X-rays at 70 kV with a 0.5 mm thick Al filter.
Micromorphological analyses were conducted on the scans
using the instrument software (CTAn, SkyScan, Kontich,
Belgium). Isometric voxel of 2 lm was used for image
reconstruction. Segmentation of images at different gray
levels was applied to visualise different phases of the
samples by their different X-ray absorption. Due to the
nonlinear character of absorption-density functions, pores
were easily detected while the porosity characteristics were
determined numerically. Although glass particles could be
visualised, they could not be detected by the software.
Three volume of interest (VOI, 0.2 mm thick 9 0.3 mm
diameter cylinders) of each sample were chosen for more
detailed pore analyses. This involved determination of pore
volume, surface area, surface/volume ratio, thickness and
structure model index (SMI) - detected in the top layer (top
30 slices : 60 lm), bottom layer (bottom 30 slices : 60 lm) and in the whole volume of the sample,
respectively. The grouped means of the top and bottom
layer parameters were determined within each sample, with
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all samples being subsequently compared using a student’s
t test at 95% confidence interval.
Two of the failed miniature samples were scanned with
nanocomputed tomography (SkyScan 2011, Kontich, Belgium) using microfocused X-rays at 40 kV with no filter.
An isometric voxel of 0.39 lm was used for image
reconstruction. To assess the accuracy of the lCT results,
three 20 nm thick 9 200 nm diameter VOIs were chosen
on both nano CT and lCT scans of the same sample for
porosity parameter determination, with all results subsequently compared using a Student’s t test at 95% confidence interval.
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218.7 ± 52.1 N

0.13 ±0.02 mm

Fig. 1 Typical force–displacement plot resulting from Hertzian
indentation test, presented as % of failure load as a function of %
displacement at failure

2.3 Hertzian indentation
Samples were tested resting freely on a 30% glass fibrereinforced polyamide (nylon 6,6) (elastic modulus
10 GPa), substrate of 5 mm thick 9 10 mm diameter,
using a universal testing machine (Z005, 121-001609,
Zwick, Ulm, Germany). With the aid of a computer connected microscope (1-747-034, dnt digital microscope
camera, Conrad, Budapest, Hungary) for facilitating
accurate alignment, loading was applied centrally on the
sample through a 100Cr6 steel ball bearing of 20 mm
diameter (2 mm for the smaller samples) at a crosshead
speed of 0.2 mm min-1. The load vs. displacement progression was monitored to determine the load-point of
material failure. The test was terminated promptly upon
observation of a sudden drop in load, with the maximum
load attained utilised as the effective failure load.
2.4 Complementary imaging
The larger samples were examined after mechanical testing
with an optical stereo microscope (Meiji, China) at up to
909 magnification, as well as with a scanning electron
microscope (Hitachi S-2460N, Tokyo, Japan) at up to
15009 magnification, under vacuum.

3 Results and discussion
3.1 Hertzian indentation test
A representative force–displacement plot is shown in
Fig. 1. The highest force the samples could sustain before
failure was determined from the plots and the means
determined from these values. The failure load for the
normal samples was 218.7 ± 52.1 N; the value and variability being consistent with, and representative of, the
diverse conditions of clinical preparation, application and
setting. For the miniature samples, a value of 35.3 ± 1.0 N
was recorded. The ratio of the failure load approaches that

of the geometrical dimensions, implying near-linear
behaviour in failure load.
The scale of scatter in failure load for normal size
samples was relatively high, yet is typical of the variability
expected in practical and clinical applications. It is
expected that flaws other than those inherent in the material
would influence the strength of the samples. Determination
of the fracture origin was therefore carried out in order to
rationally characterise the observed failure behaviour and
variability.
The failure behaviour of GICs is controlled by their
composition as well as setting mechanism and kinetics.
Conventional GIC setting occurs by an acid–base reaction.
During setting, the outer layer of the glass is attacked by
the acid, with unreacted glass cores bonding the carboxylic
groups (COO-) of the polyacid chains through ionic salt
bridges with aluminium (Al3?) and calcium cations (Ca2?),
both leached from the glass. The unreacted glass cores act
as fillers within the resultant composite glass-polymer
matrix [1].
Characterisation of Fuji IX is limited in the literature,
with no Hertzian indentation tests reported to date. The
values obtained in this study were in the range of those
reported on other types of conventional GICs, in tests using
the same sample geometry [25]. It is known that indentation size plays an important role in the failure mode of
Hertzian indentation tests, hence can be controlled by
choice of indenter size and sample thickness [33].
The present study used the same test geometry (2 mm
thick 9 10 mm diameter), and the samples were tested
with a 20 mm diameter spherical indenter in a coatingsubstrate bi-layer structure, in order to reproduce bottomsurface initiated radial fracture which is the relevant
clinical failure mode. During the indentation test, compression is generated on the top surface of the sample while
tension builds at the bottom surface. For GIC samples of
smaller thickness (2 mm), the intensity of the bottom tensile field for radial cracking is stronger than that of the top
compressive field for cone cracking, hence, radial cracking
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occurs first [25]. Due to instrumental limitation for initial
crack detection, the test termination was slightly delayed
(\1 s) after maximum load was reached (sample failure),
extra compression work may have been applied to the
samples. However, this does not affect failure load determination or principal crack recognition. More efficient
means of crack detection, such as acoustic monitoring [25],
will be applied in future work towards more effectively
arresting the test once failure has occurred.
3.2 lCT imaging
Recent reports on pore distribution revealed that extrapolation of 2-D distributions to 3-D do not cover nor represent the real 3-D distribution. Specifically, synchrotron
lCT investigations on small samples cut from impact-tested tantalum disks do not fit to the corrected 3-D distribution [34]. This finding indicates the importance and
accuracy of the 3-D method. Representative pore parameters obtained by lCT are listed in Tables 1-2.
Our porosity data are in-line with previous works, wherein
the porosity of the samples was 1.7 ± 0.6%, fitting very
well to the 0.06 * 2.99% range previously published [35].
The porosity also varied along the depth of the samples,
increasing from the top layer down through to the bottom
layer, with the difference between the two layers being statistically significant at P = 0.05 within each sample
(Table 1) and among all the samples (Table 2). This difference could be explained in part by elimination of some pores
near the sample surface during the material curing process,
but the scale of this difference indicated that other factors
had also played a role.

All other determined shape parameters (Pore surface/volume ratio, Pore thickness, Structure SMI) indicated that the
pores in the top layer were more elongated or flatter than those
in the bulk and bottom layer of the sample. Pore size in the top
layer was *60–70% of pores in the whole volume and bottom
layer, despite the fact that the surface tension in smaller pores
has higher tendency to shape pores into spheres. The average
pore thickness (smaller diameter) of the pores was two orders
of magnitude smaller than the 0.25 * 1.15 mm range previously reported [35]. This could be due to the collapse of
large pores during preparation of miniature samples. To the
best knowledge of the authors, such detailed pore characterisation has not been reported previously.
Based on the parameters obtained in this work it can be
shown that the pore distribution was uneven throughout the
whole sample volume; porosity and pore size increased on
moving from the top, through the bulk, to the bottom with
pore shape changing morphology from elongated to nearspherical. This phenomenon is attributed to the sample
preparation technique, specifically through pressing of the
sample top during curing. The glass slide used effectively
forced out a portion of the entrapped air bubbles resulting
in lower pore volume and irregular pore shapes in the top
layer. This indicated that surface finishing, e.g. scraping
and compressing, in clinical application may help to reduce
the porosity and perhaps even improve material toughness;
although some porosity is inevitable due to the mixing
process. It is however unknown to what extent and magnitude the observed difference of pore morphology
between the top and bottom layers influences the fracture
procedure, as the difference in stress intensity between top
and bottom surfaces determines the main failure mode.

Table 1 Mean values and standard deviations (in brackets) of porosity parameters as determined from three VOIs (0.2 mm thick 9 0.3 mm
diameter cylinders), for top and bottom layers and the whole volume of one representative miniature sample (0.2 9 1 mm)
Pore volume (10-5 mm3)

Porosity (%)

S:Vb (103 mm-1)

Pore thickness (lm)

Structure SMI

Top layer

3.7 (1.5)a

1.2 (0.4)a

1.3 (0.1)a

5.0 (0.5)a

3.3 (0.0)

Bottom layer
Whole Volume

12 (4.6)
41 (11)

3.1 (1.5)
2.2 (0.5)

0.9 (0.2)
1.0 (0.2)

8.5 (2.5)
8.1 (2.3)

3.8 (0.3)
3.6 (0.3)

a

The difference between the top layer value and bottom layer value was statistically significant at P = 0.05

b

S:V—pore surface/volume ratio

Table 2 Mean values and standard deviations (in brackets) of porosity parameters as determined from three VOIs (0.2 mm thick 9 0.3 mm
diameter cylinders), for top and bottom layers and the whole volume of all miniature samples (0.2 9 1 mm)
Pore volume
(10-5 mm3)

Porosity (%)

S:Vb (103 mm-1)

Pore thickness (lm)

Structure SMI

Top layer

3.5 (1.3)a

1.1 (0.3)a

1.1 (0.3)a

6.4 (1.9)a

3.4 (0.3)

Bottom layer

8.5 (3.7)

2.5 (1.2)

0.8 (0.2)

9.0 (2.6)

3.9 (0.4)

Whole Volume

27.9 (14.1)

1.7 (0.6)

0.9 (0.2)

9.1 (2.5)

3.7 (0.3)

a

The difference between the top layer value and bottom layer value was statistically significant at P = 0.05

b

S:V—pore surface/volume ratio
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Fig. 2 MicroCT image of internal pore (white) and matrix (light
blue) distribution. The upper piece represents a portion of the top
layer (top 30 slices : 60 lm), while the lower piece represent the
bottom layer (bottom 30 slices : 60 lm). Inter-connected pores near
the surface of the top layer are circled (Color figure online)

Figure 2 represents segmented X-ray tomography images
from top and bottom layers of a sample, and shows that air
and matrix phases are distinguishable. The air phase has
significantly lower X-ray absorption than the matrix,
allowing segmentation to reliably resolve pore distribution.
The top layer shows reduced porosity with respect to the
bottom layer, in agreement with the numerical results presented above. The irregular shape of the pores however may
be related to the high viscosity as well as the short working
and setting times of GICs (2 and 5 min, respectively [36]).
Due to partial volume effects and the small difference in
X-ray absorption between the glass cores and cement matrix,
segmentation could not reliably resolve these two phases.
SEM was used to complement the microstructure analyses
of these two phases on the fracture surfaces.
As previously noted, fracture processes cannot be treated as 2-D phenomena, but instead as 3-D systems of
branching cracks [37]; lCT imaging in 3-D facilitates
imaging of such material failure. The size of the smaller
samples used in this study (0.2 9 1.0 mm) was critical to
the lCT resolution. Due to projection geometry of cone
beam CTs, resolution varies inversely with sample diameter. Hence, the miniature sample size provides a compromise between optimal resolution and characteristic
sample dimension and preparation. Figure 3 represents the
3-D microtomography of a portion of the fracture surface.
Spheres are used to highlight the location of pores prior to
crack propagation through them while the irregularly
shaped recesses and dimples denote the sites where the
glass cores from the opposing fracture-face were embedded
in the matrix. The main crack propagated preferentially
along the weak points of the material, specifically along the

681

Fig. 3 MicroCT mapping of the radial fracture surface, wherein
greyish-cyan spheres highlight the distribution of pores on the
fracture-surface. Dark grey recesses and dimples highlight the prefracture location of glass cores from the opposing fracture face (Color
figure online)

pores and the glass-matrix interfaces, implying filler-matrix
binding is responsible for GICs’ low fracture toughness.
Figure 4 shows the ‘‘pore phase’’ in a sample after the
Hertzian indentation test, as determined through the lCT
methodology, using the differing X-ray absorption of open
cracks and pores, with respect to the absorption of the
matrix. The tendency of microcracks to propagate through
the pores in the vicinity of the crack path was observed
while the crack propagating from the origin was deflected
at a point of low porosity, changing direction to form a
‘T-shaped’ crack connecting the main cracks. This implied
locally increased failure resistance by crack branching, as
well as cracking being linked to sample inhomogeneity.
Partial radial cracking was also observed initiating from
the sample’s bottom surface. These were effectively
arrested prior to reaching the top surface, and prevented
from joining the main crack(s). These observations demonstrate the important contribution of the pore-crack
interaction to the fracture process in GICs. The conclusion
from these observations was that the mechanical properties
of GICs could be improved through strengthening the
glass-matrix bonding, eliminating (or at least reducing)
porosity as well as increasing sample homogeneity.
The microtomography has resolution limitation of
4.4 lm, hence any smaller features were not resolved,
including any fused pores (see Fig. 2). Instead, these
appeared as a single feature.
The nano CT image in Fig. 5 presents the spatial relationship between the microcracks and the glass cores, as

123

682

J Mater Sci: Mater Med (2012) 23:677–685

respect to the high variability of material preparation in
practical and clinical settings.
3.3 Complementary imaging

Fig. 4 Segmented microCT of one dissected piece of a fractured GIC
sample, with the fracture origin oriented towards the bottom (white
circle). The image shows the pores and pore-phase (milky white)
linked by micro-cracks. The crack originating from the bottom
progresses at a *60° angle up and to the right (single yellow arrow),
until it is deflected left–right, to form a ‘T-shaped’ crack (yellow
arrows), effectively connecting the principal cracks and contributing
to overall failure. The initial crack-arrest at the ‘T-intersection’ attests
to the material failure being linked to sample inhomogeneity (Color
figure online)

Fig. 5 Nano CT image showing that microcracks propagating along
the interface of the matrix and glass cores (arrow and oval)

well as the microcracks propagated along the edges and
sides of the glass cores (glass core-matrix interface). The
effective porosity determined by nano CT (15.1 ± 4.0%)
was higher than that of lCT (11.6 ± 0.1%), due to the
inclusion of pores of thickness \4.4 lm that could not be
resolved by lCT. As these values were not of significant
statistical difference at P = 0.05, it is concluded that the
method used in this study generates reliable results with
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Conventional GICs are known to be brittle materials with
high elastic modulus, and very low fracture toughness
compared to composite resins [38]. The typical brittle
fracture patterns such as hackles radiating out across the
fracture surfaces from fracture origin, similar to those
observed in glasses but in smaller scale [39], were observed
in the optical (Fig. 6a) and scanning electron micrographs
(Fig. 6b). As GICs are translucent, this presents pronounced
difficulty for effective optical examination of their fracture
surfaces. Through optimisation of illumination under optical
microscope (transillumination) the fracture origin could be
recognised. The SEM micrograph in Fig. 6b clearly reveals
these radial hackles and enables the pinpointing of crack
origin responsible for material failure. Nearly all recognised
fracture origins were surface-exposed pores, or surface
dimples created during sample preparation. The crack
almost always initiated from these differently-sized recesses. Failure initiation by flaws was therefore shown to be
independent of size, generating a relatively high scatter in
failure load. SEM micrographs of the bottom surface of the
samples also revealed extensive surface-exposed pores that
may also act as fracture origins at differing loading conditions. This indicated that much effort should be put into
increasing the surface quality of the restoration in practice,
in order to obtain optimal material performance. This is in
addition to the previously mentioned requirement for
improving sample homogeneity.
No cone cracking nor plastic zone under the contact area
was observed, confirming previous observations [25]. The
smaller samples were not similarly examined by SEM. It
was concluded that for the smaller samples radial cracking
is also the primary failure mode, as in the standard
dimension samples. Hence, it is deduced that the size of
plastic zone has no significant effect even in this case.
Scanning electron micrographs of the fracture surface
(Fig. 7) revealed extensive microcracks and porosity. The
small and large pores distributed intermittently throughout
the material were approximately at 13 lm and 26 * 28 lm
in diameter, respectively. The microcracks preferentially
linked the pores, propagating through the matrix and along
the glass-matrix interface. The cement did not have well
integrated surface texture and the angular glass cores
appeared loosely bound to the polyacid matrix. Also the
exposed glass cores had a defined smooth surface indicating
that weak bonding between the glass cores and polyacid
matrix was broken during the test. If this bond was strong
enough the cracks would not propagate along the glassmatrix interface but would instead proliferate through the
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Fig. 6 a Optical image showing the fracture origin at the middle of the bottom surface, with hackles radiating out from the origin; b Scanning
electron micrograph of the same specimen shows incomplete radial cracking, as well as the hackles that radiate out from the origin

pressure and temperature, mimicking the conditions of real
practical applications and clinical use of GICs.

4 Conclusions

Fig. 7 Scanning electron micrograph of the fracture surface at 4009
showing the glass cores exposed upon material fracture, with the
microcrack propagating along the edge of the glass cores

matrix as well as the glass particles near or exposed to the
surface in Fig. 7. However, a polymer layer should limit
visibility of the latter. Some microcracks also preferentially
propagated through the pores and were deflected at the glass
cores, a tendency of cracks to avoid glass cores. The stress
intensity difference between the top and bottom surfaces of
the samples determined the failure mode and the microstructure and porosity locally influenced crack propagation
direction. These observations are in direct agreement with
the lCT observation for the fracture procedure assessment.
The high vacuum used in SEM could have changed
the surface morphology, as well as caused some of the
microcracks in the samples. GICs are known to contain
loosely bonded water in their structure [21] which would
evaporate in vacuo. This explains the observation that
translucent samples turned chalky after SEM examination.
This problem is avoided in the lCT imaging used in this
study, as it is carried out under conditions of ambient

Laboratory X-ray micro tomography (lCT) has been shown
to provide a high resolution 3-D image of the bulk of the glass
ionomer dental materials before and after Hertzian indentation testing that resulted in material failure through cracking.
This non-destructive technique producing high-resolution
images is appropriate for microstructure characterisation and
fracture-microstructure interaction analysis. This effective
tool in fracture analyses should be complemented by traditional fractographic methods, including (but not limited to)
optical- and scanning electron-microscopy. The porosity
quantification method detailed in this study proved to be a
quick and thorough method. Through these combined complementary 2-D and 3-D methods, crack propagation was
shown to occur almost exclusively at the glass–matrix
interfaces and through pores, showing that the bonding of
glass particles to the matrix polymer requires improvement
and also that porosity should be eliminated or reduced in the
preparation process. Additionally, sample homogeneity was
shown to improve strength through arresting and deflecting
crack-propagation.
The methodological development within this work is
exploitable on related biomaterials and represents a new
tool towards the rational characterisation, optimisation and
design of novel materials for clinical service.
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