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Abstract The main aim of this study was to evaluate the
influence of porosity, microstructure, and chemical com-
position on the wear and compressive strength of dental
glass-ionomer or resin composite. Cylindrical samples
(6 x 4 mm) were prepared from a nano-hybrid resin
composite (Grandio®SO/RC, VOCO), a resin-modified
glass ionomer (VitremerTMNI, 3 M-ESPE) and a conven-
tional glass ionomer (Ionofil®Molar/CO, VOCO). Porosity
and topography of the materials were evaluated by optical
and scanning electron microscopy (SEM). Roughness was
evaluated by R, and R, parameters at 0.1 mm/s under cut-
off of 0.8 mm. Then, compressive tests were performed at
1 mm/min. Wear tests were carried out at 20 N, 2.5 mm of
displacement, at 1 Hz for 90 min in artificial saliva solu-
tion. The results were statistically analyzed with a one-way
ANOVA and Tukey’s test (p < 0.05). Resin composite
revealed a significantly lower porosity (1.21 £ 0.20 %)
than glass-ionomer restoratives (5.69—7.54 %) as well as
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lower values of R, and R, roughness (p < 0.05). Also, resin
composite showed significantly higher values of mechani-
cal strength (334 £ 15.9 MPa) compared to conventional
(78.78 £ 13.30 MPa) or modified glass ionomer (169.50 +
20.98 MPa) (p < 0.05). For maximal depth of wear, resin
composite also showed significantly lower values than glass
ionomer (p < 0.05). Homogeneous wear morphology was
noticed by SEM analyses on glass ionomers in opposition to
resin composite. Glass ionomers showed a poor mechanical
behavior associated to a high porosity and wear rate when
compared to resin composite.

Keywords Glass-ionomer - Resin composite -
Compressive strength - Porosity - Microstructure - Wear

1 Introduction

One of the most common procedures in dental practice is
the replacement of the lost or damaged dental hard tissues.
Glass ionomer, resin-modified glass ionomers, and resin
composites are nowadays the most used materials in den-
tistry for direct dental restorations [1-4]. Currently, resin
composites are the materials of first choice for anterior and
posterior dental restorations due to their excellent optical
properties associated with adequate mechanical and bio-
logical properties. Resin composites are composed of a
mixture between an organic matrix and inorganic fillers [2,
3]. Their physical and mechanical properties strongly
depend on some factors, such as filler content; integrity of
the organic-to-fillers adhesion; porosity percentage of the
cured material, and on the oral environment [1, 3, 4].
Regarding strength, current materials are nearly as
mechanically strength as dental amalgams and porcelain
[3]. The wear is also considered to be an issue for
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commercial resin composites depending on the refinement
of the size and composition of the fillers that can decrease
the extent of abrasive wear. In fact, the wear and strength
of those resin composites deserve attention when placed
over an extensive area, as in several teeth or replacement of
tooth cusps [2—4].

The glass-ionomer materials are characterized by their
acid-base setting reaction between a fluoroaluminosilicate
glass powder and a solution of polyalkenoic acids [1, 4].
Such materials exhibit adhesive properties to tooth struc-
tures resulting in marginal effective sealing, in addition to
their ability to release fluoride ions to the surrounding oral
tissues. That helps in the prevention and control of tooth
decay. However, glass-ionomer restoratives exhibit poor
physical-mechanical properties as compared to resin
composites, including low mechanical strength and wear
resistance [5, 6]. That is the resultant from high percentage
of porosity and microstructure of the material [7, 8].
Consequently, the low wear resistance causes changes in
the restorative anatomy and increase of the surface
roughness [4, 6]. Light-cured resins have been added in the
resin-modified glass ionomers as intent to overcome the
associated problems with early moisture sensitivity and
also on their low mechanical strength [9, 10].

The purpose of this in vitro study was to evaluate the
influence of porosity, chemical composition, and microstruc-
ture on wear mechanisms and compressive mechanical
strength of dental resin composites or glass-ionomer
restorative materials. The null hypothesis of this study was
that there is no influence of chemical composition and
porosity on the wear rate or compressive mechanical
strength of both materials.

2 Materials and Methods
2.1 Synthesis of the Specimens

One nano-hybrid resin composite and two different glass
ionomers were assessed in this study as shown in Table 1.

Cylindrical specimens composed of resin composite or
glass ionomer were prepared in a Teflon split mold with
dimensions of 4 mm diameter and 6 mm depth. Specimens
were synthesized by a single operator according to the
manufacturer’s instructions. Except for self-cured con-
ventional glass ionomer, all specimens were light-cured
using Coltolux 75 (Coltene/Whaledent, Altstitten, Switzer-
land) curing device at 1000 mW/cm? for 40 s on top and
bottom surfaces. Then the specimens were taken out from
the Teflon mold and additionally light-cured for 40 s on
each cylindrical side surface.

After polymerization, glass ionomer and resin-modified
glass-ionomer samples were stored in 100 % relative
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humidity. Fifteen specimens were synthesized on each
group of material. Ten specimens were embedded in
acrylic resin and then sectioned for the following analyses:
optical microscopy, scanning electron microscopy (SEM),
wear tests, and roughness analyses. The cross-sectioning
was carried out by wet grinding on SiC papers (Mecapol
P 251, PRESI, France) from 380 down to 1200 mesh fol-
lowed by polishing with slurry of 1 pm diamond particles.
After that, those specimens were ultrasonically cleaned
(Axtor CD—4820, Lovango, Spain) in distilled water for
15 min. The other remaining samples were used for the
axial compressive tests.

2.2 Microstructural Analyses

The porosity analyses were performed using an optical
microscope (Leica DM 2500 M, Leica Microsystems,
Germany) connected to a computer to image processing,
using Leica Application Suite software (Leica Microsys-
tems, Germany). A number of six micrographs were
obtained at x50 magnification, for each specimen (n = 60)
involving the entire specimen area. The software Adobe
Photoshop (Adobe Systems Software, Ireland) was used to
analyze black and white images, with the black repre-
senting the pores and the white the bulk material. Image J
software (National Institutes of Health, USA) was used to
quantify the porosity percentage.

Surfaces of the materials were sputter-coated with Ag—
Pd and then inspected using field emission gun-scanning
electron microscope (FEG-SEM, FEI Quanta 400, USA)
equipped with energy-dispersive X-ray spectroscopy
(EDAX Pegasus X4 M).

2.3 Roughness Measurement

The surface roughness was measured using an optical
profilometer (Mahr Perthen, Germany) at a measurement
length of 2 mm, cut-off value of 0.8 mm at 0.1 mm/s.
Three measurements were carried out on different surface
areas for each specimen (n = 15). Two roughness param-
eters were evaluated: average roughness, R,, (average of
the values obtained between peaks and valleys, distance
from the profile mean line) and the maximum distance
between peaks and valleys of the profile, R,.

2.4 Compressive Strength Tests

The compressive strength tests were performed at a room
temperature of 23 °C using a universal testing machine
(Instron 8874, MA, USA) at a crosshead speed of 1 mm/
min. Before mechanical test, the specimens were immersed
in distilled water for 24 h. Specimens (n = 5) were then
positioned vertically on the testing machine base and
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Table 1 Materials used in the study. The chemical composition was obtained from manufacturers and previous studies [1-5, 9, 10, 21, 23]

Materials Manufacturers ~ Matrix Fillers (w/w)

(groups)

Nano-hybrid Grandio®SO, Bis—-GMA, Bis—-EMA, TEGDMA 89 % functionalized silicon dioxide nano-
resin VOCO, particles (20-40 nm) and zirconia glass fillers
composite Germany (1 pm)

(RC)

Resin- Vitremer ™, Aqueous solution of a polycarboxylic acid modified with ~ Fluoroaluminosilicate glass, microencapsulated
modified 3 M-ESPE, dimethacrylate, HEMA, photoinitiators potassium persulfate, ascorbic acid,
glass USA and pigments (6.25 pm)
ionomer
(VD

Glass- Tonofil®Molar, Aqueous solution of a polycarboxylic, tartaric acid Fluoroaluminosilicate glass and pigments
ionomer VOCO, (5 pm)

(CO) Germany

subjected to axial compressive loading up to fracture. The
mean values of compressive strength were obtained. The
tests were recorded using the Trapezium (Shimadzu Cor-
poration, Japan) software and the compressive strength
values were calculated from the equation F/nr’ , where F is
the maximum load at fracture and r the radius of the
cylindrical specimen [8].

2.5 Wear Tests

Before wear testing, the specimens were stored in distilled
water for 24 h. The specimens (n = 5) were placed in an
electrochemical cell and immersed in a Fusayama artificial
saliva solution (see Table 2) at 37 °C. Reciprocating wear
sliding tests were performed against an alumina ball
(Goodfellow, UK) of 10 mm diameter at a normal load of
20N, 1 Hz, and a linear displacement amplitude of
2.5 mm for 90 min using a tribometer (CETR UMT2
Multi-specimen test system, Bruker, USA). The tribometer
was coupled to the UMT test viewer software to monitor
the tangential force (F,) from which the coefficient of
friction (COF) was calculated.

The maximal depth of wear was measured using the
optical profilometer (Mahr Perthen, Germany).

Table 2 Composition of the

Fusayama artificial saliva Compounds ob

solution used in this work NaCl 0.4
KClI 04
CaCl,-2H,0 0.795
Na,S$-9H,0 0.005
NaH,PO4-2H,0 0.60
Urea 1

2.6 Statistical Analysis

The results were statistically analyzed via one-way analysis
of variance (ANOVA), using a significance level of
p < 0.05. Tukey’s test for multiple comparisons was used
to determinate significant differences among the materials
in each group.

3 Results
3.1 Microstructural Analyses

The images obtained by optical microscopy of the mate-
rials used in this study are shown in Fig. 1. It can be clearly
noticed that the nano-hybrid resin composite revealed a
lower number of pores (black circular points) (Fig. 1 A) in
comparison to glass-ionomer materials (Fig. lc, e). Cracks
were noticed surrounding the fillers and also linked the
pores in glass ionomers(Fig. lc, e).

FEG-SEM micrographs obtained by backscattered
electrons of the materials surface are also shown in Fig. 1b,
d and f). Resin composite revealed smaller filler size
(Fig. 1b) than those in resin-modified (Fig. 1d) or con-
ventional ionomer (Fig. 1f).

The mean values and standard deviations of the porosity
percentage measurements (see Fig. 2) revealed statistically
significant difference between the material groups
(» < 0.05). Glass ionomer showed the highest porosity
percentage (7.54 £ 0.27 %), followed by resin-modified
glass ionomer (5.69 £ 0.27 %). Nano-hybrid resin com-
posites revealed a low porosity percentage (1.21 £ 0.2 %).

3.2 Roughness Measurements

The results of the roughness measurements, R, and R,, are
shown in Fig. 3. Regarding R, roughness, measurements
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a

Fig. 1 Optical microscopy images of a resin composite, ¢ resin-
modified glass ionomer and e conventional glass ionomer (pores
appear as dark circular points). FEG-SEM images of b resin

(see Fig. 3a), conventional glass ionomer showed a statis-
tically significant rougher surface (0.29 + 0.16 um) than
that on resin composite (0.04 & 0.01 um) (p < 0.05).
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composite, d resin-modified glass ionomer and f conventional glass
ionomer (images obtained at x2000 magnification by backscattered
electron mode at 15 kV)

Resin-modified glass ionomer revealed an average rough-
ness of 0.21 £ 0.09 pm. Considering R, measurements
(see Fig. 3b), conventional and resin-modified glass
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Fig. 2 Mean porosity percentage recorded on resin composite resin
(RC), resin-modified glass ionomer (VI) and conventional glass-
ionomer (CO). *Values with same letter revealed no significant
differences (p < 0.05)

T

ionomer showed higher roughness values (8.29 £ 2.87 pm
and 7.12 £ 1.78 pum) than that recorded on resin composite
(0.38 = 0.17 um) (p < 0,05). There were no statistically
significant differences detected between the CO and VI
groups (p > 0.05).

3.3 Compressive Strength

The mean values of compressive strength (see Fig. 4) were
significantly different between the material groups
(p < 0.05). The highest values of compressive strength
were recorded for resin composite (334.23 + 15.92 MPa)
when compared to resin-modified glass ionomer
(169.5 £ 20.98 MPa) and conventional glass ionomer
(78.78 £ 13.3 MPa).

3.4 Wear Analyses
FEG-SEM micrographs obtained by secondary or

backscattered electrons of the materials are shown in
Fig. 5. Wear scars of the material§ worn surface are noticed
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Fig. 4 Mean values of compressive strength recorded on resin
composite resin (RC), resin-modified glass ionomer (VI), and
conventional glass ionomer. *Values with same letter revealed no
significant differences (p < 0.05)

in Figs. 5a, b, and e. The largest damaged area was
recorded on conventional glass ionomer (2.403 mm?)
compared to resin-modified glass ionomer (1.793 mm?)
and resin composite (1.452 mm?). Worn surfaces of the
resin composite and glass-ionomer materials revealed dif-
ferent morphological aspects of wear (Fig. 5b, d, and f).
Simultaneous ejection of a mixed matrix-filler layer was
noticed on resin composite. However, cracks were noticed
at matrix—filler interfaces on glass ionomers indicating an
ejection of inorganic fillers from that material.

Those materials showed different evolution of COF
against alumina ball at 20 N in artificial saliva as noticed in
Fig. 6. The COF measured on resin composite was about
0.55, while the maximum depth of wear was at
17 £ 1.1 yum. Conventional glass ionomer (CO) revealed a
lower COF value at about 0.51 although the maximum
depth value of wear was the highest (49.54 & 7.4 um)
recorded on the damaged surfaces. On resin-modified glass
ionomer (VI), the COF recorded was significantly lower
(p < 0.05), down to 0.45, while the maximum depth of
wear was at 28.31 &+ 3.1 um. The mean values of wear
depth (see Fig. 6) were significantly different between the
material groups (p < 0.05).

B 12
10
a
8 a
g
o
g4
21 Rc,
O—ﬁx

Fig. 3 Mean R, and R, roughness values recorded on resin composites (RC), resin-modified glass ionomer (VI) and conventional glass ionomer
(CO). *Values with same letter revealed no significant differences (p < 0.05)
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500 um

Fig. 5 FEG-SEM images of the worn surface of (a, b) RC; (¢, d) VI; (e, f) CO. Images a, ¢, and e represent the wear track. Arrows indicate

cracks surrounding the fillers of the worn surface (d, f)
4 Discussion
The results of the present study support the rejection of

the null hypothesis. They showed that porosity percentage
and materials microstructure influenced the materials wear
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rate, compressive the surface
roughness.

The results of porosity percentage showed a significant
difference among the materials. A lower porosity per-

centage was obtained in the case of resin composite

strength as well as




J Bio Tribo Corros (2015) 1:24

Page 7 0of 9 24

e lin artificial saliva at 37 °C
0.7 Resin-modified glass-ionomer (V1)
8 1 Conventional glass-ionomer (CO)
o 0.6 1 Resin composite (RC) _ opstisiwempiimmmbibl
S 0.5-
0 1
o | _ 60
£ 0.3 : % co
o Y Vi
5 0.2 E530
o == RC
&) ] E

0.1+ Z 10 . '

] =
0 O | T T T T T T T T T T T
~0 1000 2000 3000 4000 5000
Time (s)

Fig. 6 Mean values of maximum depth recorded on wear track as
well as the evolution of the coefficient of friction (COF) recorded on
resin composite, resin-modified glass ionomer, and conventional glass
ionomer during reciprocating sliding tests at 20 N performed in
artificial saliva at 37 °C (Color figure online)

compared to that on glass-ionomer and resin-modified glass
ionomers as seen in Fig. 1. That corroborates to the find-
ings in previous studies [11-13]. The presence of pores in
glass-ionomers microstructure can be attributed to the
following factors: air incorporation during powder and
liquid hand-mixture that decreases the polymer conversion
degree due to inhibition of the setting reaction by the
oxygen in the bubbles; placement technique of the material
into the tooth cavity where the air bubbles are incorporated
or entrapped into the material; and changes in powder/
liquid proportion before mixture [13, 14]. A slower mixing
can avoid air incorporation by breaking some bubbles [13,
15]. Considering dental resin composites, the formation of
pores can occur during the manufacturing process [12].

Cracks in glass-ionomer-based materials can also occur
due to desiccation after chemical reaction [16]. Also,
cracks can occur in resin-modified glass ionomer due to the
resinous matrix shrinkage during light-curing creating
residual stresses between the organic matrix and fillers
[17]. On in vitro tests, cracks on glass ionomers can occur
during sample preparation for microscopic analyses. That
is one of the limitations of in vitro studies. However cracks
were not detected in the resin composite microstructure. In
fact, fillers treated by silanization promote a chemical bond
between fillers and matrix preventing the cracks formation
[17].

Pores can act as points of stress concentration and crack
propagation leading to failure of the dental restorations.
Also, pores can accumulate oral fluids and biofilms
affecting color, the degradation of the dental restorations,
and gingival inflammation [12, 18-20]. Roughness values

recorded on resin composites were lower than that on
glass-ionomer-based materials (Fig. 3). The results found
in this study are in accordance with previous studies
revealing R, roughness values below 0.2 um [21-23],
threshold beyond biofilm accumulation may occur [24].
Therefore, finishing and polishing of the restorations is
important to decrease the height of irregularities (peaks and
valleys) that provide the accumulation of oral biofilm [23,
25]. Pores and the size of the particles exposed to abrasion
contribute to the higher roughness values of the glass-
ionomer restoratives [23]. The high roughness on glass
ionomers affects esthetics and mechanical behavior.
Roughness peaks concentrate stresses that can promote
cracks initiation and consequently facture of the material
[25, 26]. Thus, roughness can be affected by fillers content;
fillers hardness; conversion degree of the resin matrix;
filler/matrix interaction; and stability of silane coupling
agent [21, 25-27]. The addition of nanofillers provides
lower roughness values and consequently polishing [21].

In this study, the compressive strength results recorded
for resin composites showed values in accordance to other
previous studies [28, 29]. However, higher values of
compressive strength of glass-ionomer materials are
reported in literature [8]. In the present study, the con-
ventional glass ionomers revealed compressive strength
values below the threshold value (130 MPa) recommended
by ISO 9917 for dental applications [30]. The mechanical
properties of the dental materials are influenced by their
microstructure. Porosity shows to have a harmful influence
on the compressive strength of the material and thus in
their clinical performance [11, 13, 15, 31]. Also, the con-
tent and molecular weight of polyacids and resins influence
the mechanical properties of the glass-ionomer materials.
Additionally, the size, content, and distribution of inor-
ganic particles or fillers surrounded by polymeric matrix
influence the properties of dental restorative materials [29,
30]. For instance, small size and high content of inorganic
particles can improve the mechanical properties of the
glass-ionomer or resin composites [8, 32]. Materials con-
taining resinous content such as RC and VI showed better
compressive strength values due to the polymeric
composition.

The morphological aspects of wear evaluated in the
present study revealed differences in degradation on glass-
ionomer and resin composite. The conventional glass-
ionomer material revealed the largest damaged area after
reciprocating sliding tests and consequently higher material
loss compared to resin-modified glass-ionomer and resin
composite. Concerning wear pathways, cracks were
noticed at the matrix/glass particles interface in glass
ionomers (Fig. 5d, f) that indicated local of stress con-
centration during reciprocating wear sliding test on glass-
ionomer materials. On resin composites, cracks were
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noticed surrounding a delimited area (rectangle) (Fig. 5b)
composed of resinous matrix and fillers. Such wear mor-
phological pathway can take place due to the chemical
bonding between polymeric matrix and fillers as well as
due to the small size and high proportion of fillers in the
resin composite microstructure [33]. Also, the mechanical
integrity of matrix/filler interfaces, filler content, and
chemical composition influences the friction on surfaces, as
seen in Fig. 6. The maximum depth values of wear track
(Fig. 6) obtained in the present study are in accordance
with a previous study that also revealed a higher vertical
wear to the glass ionomer than to the resin composite [34].

In general, the wear pathways are influenced by the fol-
lowing factors: the shape and hardness of the particles; the
quality of the bond between particles and matrix; polymer-
ization degree; elastic modulus; mechanical strength; hard-
ness of the counter-body; and environmental conditions that
may increase the wear [35, 36]. The wear of the glass iono-
mers is influenced by the inherent wear resistance of its
constituents, number and size of pores, size and shape of the
glass particles, and the integrity of the matrix/glass particle
interface [8]. According with Xie et al., the wear of resin
composites consists in some possible pathways: (1) resin
matrix wear; (2) loss of inorganic particles by failed bonding
to resin matrix; (3) loss of material by ejection of inorganic
particles; (4) loss of material due to crack propagation and
fracture of the matrix.

The present study assessed the porosity percentage,
roughness, compressive strength, and wear behavior of dental
glass-ionomer and resin composite materials. The compres-
sive strength of the materials was correlated to their chemical
composition and microstructure. Therefore, the materials
based on resin composite possess higher mechanical strength
than that of conventional glass ionomers. In order to mimic
oral conditions, this study also performed wear tests of the
materials on loading against an alumina counter-body in a
Fusayama artificial saliva solution at 37 °C. The electro-
chemical behavior of such artificial saliva solution has been
reported to be similar as in human saliva [36—42]. In fact, it is
not possible to simulate all the conditions of the complex oral
environment although in vitro studies can validate the influ-
ence of each condition on the degradation behavior of bio-
materials or biomedical structures as seen in previous studies
[36-42]. Further, in vitro studies are required to determine the
influence of different parameters on the simultaneous
degradation of biomaterials by wear, fatigue, and corrosion in
simulated oral enviroments.

5 Conclusions

Within the limitations of this study, the following conclu-
sions can be drawn:
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e A lower porosity degree was observed in the
microstructure of the resin composite than that on
glass-ionomer restorative materials. Also, cracks were
detected in glass ionomers that can negatively affect
their mechanical strength and wear rate.

e In fact, the highest values of compressive strength were
obtained for resin composites, followed by resin-
modified glass ionomers. Conventional glass ionomers
showed the lower values; additionally, higher values of
average roughness (R,) were reported for conventional
glass ionomers, followed by resin-modified glass
ionomers.

e Finally, conventional glass ionomers showed the largest
wear track area and also the highest maximum wear
depth values, followed by resin-modified glass iono-
mers. FEG-SEM images showed differences in wear
patterns between glass-ionomer materials and resin
composite, with glass ionomers presenting a uniform
pattern unlike the resin composite.
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