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This study examines the properties of nanobased dental restorative materials with nanoindentationmethod in a precise, repeatable,
and comparable way.Microhybrid and nanohybrid composites, conventional glass ionomermaterials, and light cured nanoionomer
materialswere utilised for the study. Specimendiscs (𝑟 = 10mm,ℎ = 2mm)were prepared to test the hardness,modulus of elasticity,
yield strength, and fracture toughness values for each sample in a nanoindentation device with an atomic force microscopy add-
on (𝑛 = 25). Comparative analyses were performed by one-way ANOVA and post hoc Tukey tests. The hardness and modulus
of elasticity values of nanocomposite were higher (2.58GPa and 32.86GPa, resp.) than those of other dental materials. Although
glass ionomer exhibited a hardness that was similar to a nanoionomer (0.81 versus 0.87GPa), glass ionomer had the lowest fracture
toughness value (𝐾𝑐 = 0.83MPa/mm0.5). The mechanical properties of resin composites improve with additional nanoscale fillers,
unlike the glass ionomer material.

1. Introduction

The success of dental treatments depends not only on biologi-
cal, chemical, physical, and pathophysiological principles but
also on the sufficient and precise knowledge of the mechani-
cal properties of dental tissues and materials. The assessment
of the mechanical properties of dental tissues and materials
is vital for developing biocompatible dental materials used in
dentistry [1]. For the past six decades, multivarious mechan-
ical and physical tests have been performed to measure
the mechanical properties of dental materials such as the
compressive, tensile, bending, scratch shear strength, and
microindentation test [2] (Table 1). Considering the results
of a literature review, it is difficult to establish a correlation
among such studies because of the different test parameters
and the lack of standardisation [3]. Moreover, conventional
methods are inappropriate for determining the bulk prop-
erties of biphasic materials such as dental resin composites
[4]. The filler particles used in these materials are dispersed
inhomogeneously, and the measurements performed with

a macrotip/microtip most likely measure mechanical proper-
ties that differ withmeasurement. However, measurements of
dentalmaterials using a nanoindentation system are relatively
nondestructive, and the specimen preparation is less time
consuming and, more importantly, allows the simultaneous
comparison and evaluation of different variables and prop-
erties of different materials [5–7]. Furthermore, with appro-
priate add-ons and software applications, it is possible to cal-
culate substantial properties such as recovery rate and yield
strength, which are difficult to determine with conventional
methods [8, 9].

Elastic modulus (E) and hardness (H) are the two
mechanical properties that are most commonly measured
using indentation techniques [10]. Hardness is the resistance
of amaterial to indentation or penetration. It has been used to
predict the wear resistance of amaterial against applied forces
such as occlusal loading [11, 12]. Elastic modulus describes
the relative stiffness of a material and the ability to stretch
under constant loading without deformation [11, 12]. Hence,
knowledge of the modulus of elasticity and hardness is
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Table 1: Summary of mechanical properties based on nanoindentation tests from various publications.

Authors Specimen Load Hardness Young modulus Yield strength Fracture toughness
GPa (GPa) (GPa) (MPa/√m2)

Drummond Composite 1mN 1.2 ± 0.1 16.0 ± 1.1 — —
Hosseinalipour et al. Composite 1 kN 0.51 ± 0.1 — — 1.07 ± 0.1
Haik et al. Composite 10mN 0.8 ± 0.2 15.7 ± 1.7 0.05 ± 0.01 —
Salerno et al. Composite 10mN 0.5 ± 0.1 10.8 ± 4.3 0.03 ± 0.005 0.42 ± 0.1
El-Safty et al. Composite 10mN 1.2 ± 0.4 19.2 + 4.9 0.07 ± 0.01 —
Mohamad et al. Composite 0.2mN 1.4 ± 0.2 19.9 ± 1.6 0.09 ± 0.01 —
Hamouda Nanocomposite 10mN 0.1 ± 0.01 — — 0.62 ± 0.07
Curtis et al. Nanocomposite 20mN 0.2 ± 0.02 8.7 ± 1.9 — —
Karimzadeh et al. Nanocomposite 7.5mN 0.5 ± 0.05 15 ± 0.9 — —
Rosa et al. Nanocomposite 100mN 0.2 ± 0.01 8.5 ± 2.0 0.01 ± 0.003 —
Wang et al. Glass Ionomer 10mN 0.6 ± 0.1 10.4 ± 1.3 — —
Xie et al. Glass Ionomer 100mN 0.7 ± 0.02 4.5 ± 0.3 0.05 ± 0.02 —
Farahat et al. Nano-ionomer 5mN 0.8 ± 0.06 11.45 ± 1.5 — 0.75 ± 0.1

important for understanding the clinical behavior of many
biomaterials.

In the field of restorative dentistry and dental materials,
nanotechnology has become one of the widest applications
in the manufacturing of biocompatible materials [13–15].
Increasing mechanical properties with nanoingredients has
resulted in advanced restorative materials called nanocom-
posites and nanoionomers [16, 17]. Nanobased restorative
materials are mostly reinforced and refurbished resin com-
posite materials that consist of an organic resin matrix, silane
coupling agents, and inorganicmicro- andnanofiller particles
[16–18]. Nanofillers in resin composites and nanoionomers
were found to be more effective at reducing polymerisa-
tion shrinkage, decreasing wear, and improving a material’s
mechanical properties compared with micro- and macro-
fillers [19, 20]. Increasing the filler rate is indirectly related
to hardness, rigidity, elasticity, and toughness [21]. Nanosized
filler particles can provide substantial improvements in the
resin composite hardness, and elasticity has a tremendous
effect on both the optical properties of materials and dura-
bility. In addition, the nanosized particles are involved in the
fracture mechanisms of the resin composites, including par-
ticle bridging, debonding at the poles of the particle/matrix
interface, and crack deflection around the particles, which
interact directly with themechanical properties [22]. Besides,
increased stiffness in nanomaterials has a minor negative
effect on the materials’ polishability and surface roughness
[23].

The aim of the present study was to investigate and eval-
uate the mechanical properties of nanobased dental mate-
rials in comparison with conventional restorative materials
with the indentation test on the nanometer scale. Our null
hypothesis is that both the nanocomposite and nanoionomer
exhibit improved mechanical properties compared with the
conventional resin composite and glass ionomer.

2. Materials and Methods

2.1. Specimen Preparation. The dental composite materials
evaluated in the current investigation have been selected to
compare the conventional composites to available nanocom-
posites. Based on previous studies, four materials from the
same manufacturer (3M ESPE) have been selected for the
study: universal microhybrid resin composite (Filtek Z250,
3M ESPE, St Paul, MN, USA) and glass ionomer (Ketac Cem,
3MESPE, St Paul,MN, USA) were selected for comparison to
nanohybrid resin composite (Filtek Z550, 3M ESPE, St Paul,
MN, USA) and nanoionomer (Ketac Nano, 3MESPE, St Paul,
MN, USA) (Table 2). As the materials vary widely in their
filler and resin content, the measured mechanical properties
exhibit awide range of values to facilitate comparison and sta-
tistical analysis, whereas nanocomposite belongs to the class
of nanohybrid composite materials that include nanofillers
(20 nm) and microfillers (0.2𝜇m–1 𝜇m). Fillers are zirconia/
silica, with 82% loading by volume [24]; the content of the
nanoionomer system consists of an acid-reactive fluoroalu-
minosilicate glass (FAS) and contains a combination of nano-
fillers and nanoclusters [25]. Ten circle specimens of each
dental material were built up to ∼10mm in diameter and
∼2.0mm in thickness. Glass ionomers were mixed for 30
seconds according to the manufacturer’s instructions and
bulked into a Teflon hollowmatrix as well as composites [26].
A flat glass piece was applied gently to compress and
allow the removal of the excess material. Composites and
nanoionomers were cured with LED lamp for 40 seconds
(1000mW/s, 440–480 nm) (Bluephase, Ivoclar Vivadent,
Liectenstein) while the conventional glass ionomer was not
(approx. 11min) until the final setting is completed. Com-
posite and nanoionomers were stored for 48 hours until final
polymerisation was completed. The specimens were hand-
ground polished on silicon carbide paper under current water
flow to achieve flat and parallel surfaces [3, 27].
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Table 2: Characteristics of selected materials according to material MSDS.

Material name
& manufacturer Batch number Material type Matrix type Filler type Loading%

Filtek Z550
(NC) N333352 Nanohybrid

resin composite

BIS-GMA, UDMA,
BIS-EMA, EGDMA,

TEGDMA

Surface-modified zirconia/silica
Nonagglomerated

surface-modified silica
(82%wt)

Filtek Z250
(MRC) 6020A3 Microhybrid

resin composite

BIS-GMA, TEGDMA,
UDMA, functionalised

dimethacrylate
Zirconia/silica (76%wt)

Ketac Nano
(NI) 20081024 Nanoionomer PEGDMA, HEMA

BİS-GMA, TEGDMA

Silane treated glass
Silane treated zirconia
Silane treated silica

Glass powder

(85–90%wt)

Ketac Cem
(GIC) 394699 Glass ionomer Copolymer of

Acrylic/Maleic Acid Glass powder (80–90%wt)

2.2. AFM Nanoindentation Test. The indentation experi-
ments were performed using an atomic force microscopy
Ambios Q250 (Ambios, Moscow, Russia) system com-
bined with the IBIS depth sensing nanoindentation sys-
tem (Fischer-Cripps Laboratories Pty Ltd., Sydney, Aus-
tralia). A Berkovich indenter, calibrated for the materials,
was employed with a stable loading at the lowest speed
(0.061mN/sec). This indenter consists of a three-sided pyra-
midal diamond tip (Young’s modulus: 1140GPa) with an apex
angle of 66∘.The test was conducted in a dry environment and
constant temperature (25∘C)within an insulated glass cabinet
that was isolated from thermal and physical factors [27].
While three indentation points were taken on each specimen
in total, 75 measurements were carried out [27]. Closed loop
loading and unloading with 10 data points for each of these
parts and a maximum force of 20mN were used [9, 28]. In
every indentation step, nanohardness, Young modulus, and
indentation depth values were acquired. Nanohardness (H)
is defined as the maximum load, 𝑃max (mN), divided by the
projected area of the contact impression, 𝐴𝑐 (1), and Young’s
modulus (E) was calculated from (2):

𝐻 = 𝑃𝐴𝑐 =
𝑃max

𝑘𝑐 ⋅ ℎ𝑐2
, (1)

𝐸 = 𝜎𝜀 ,

𝐸 = 𝐹/𝐴Δ𝑙/𝐿0 ,

𝐸 = 1 − V2
1/𝐸𝑟 − (1 − V2𝑖 ) /𝐸𝑖

,

(2)

where 𝑘𝑐 is the constant of the device; ℎ𝑐 is the indentation
depth (mm); 𝐸𝑟 is the reduced elasticity; and V-V𝑖 are the
Poisson ratios of the test material and indenter [29].

The nanoindentation system software uses C++ nanoin-
dentation algorithms that are developed to calculate the yield
strength and fracture toughness [9].Therefore, calculations of
the indentation yield point (𝜗𝑦) according to the correlation

between hardness and modulus (3) and fracture toughness
(𝐾𝑐) according to formula (4) have been performed:

𝑌 (𝜗𝑦) = 7 ⋅ 10−2𝐻 − 4.4 ⋅ 10−4𝐸, (3)

𝐾𝑐 = 0.0084 ⋅ ( 𝐸𝐻)
0.4

⋅ (2𝑃𝑙 ) ⋅ (
1
𝑐0.5 ) , (4)

where 0.0084 is the indentation constant; 𝑙 is average diagonal
length (mm), and 𝑐 is crack length (mm) [30]. The effect of
filler content and distribution of the materials were analysed
with the AFM investigations by determining 10 different film
areas of 40× 40 𝜇m with a resolution of 512 pixels. The AFM
images of the materials were also acquired to evaluate the
surface roughness and filler/matrix interaction.

2.3. Statistical Analysis. The results are expressed as the
mean ± standard deviation. The normal distribution of each
dataset was confirmed using the Kolmogorov–Smirnov test.
Intragroup data regarding the hardness, Young modulus,
yield strength, and fracture toughness values were analysed
by Mann–Whitney 𝑈 test, and analyses among the groups
were based on one-way variance test (ANOVA) followed by
a post hoc Tukey test with the SPSS 22.0 software (IBM, New
York, NY, USA) (𝑝 = 0.01).

3. Results

In the present study, the nanohardness and Young modulus,
yield strength, and fracture toughness values were deter-
mined and compared (Table 3). AFM images were also
obtained for the 4 different study groups: (G1) nanocom-
posite (NC); (G2) microhybrid resin composite (MRC); (G3)
nanoionomer (NI); and (G4) conventional glass ionomer
materials (GIC).

3.1. Nanohardness and YoungModulus Values. Nanohardness
(H) and Young modulus (E) were measured in the load-
displacement curve based on the aim of the unloading curve
according to the Oliver-Pharr method [10, 31] (Figure 1). The
average nanohardness and Young modulus values measured
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Table 3: Nanomechanical properties of the study groups.

Nanohardness
(GPa)

Elasticity modulus
(GPa)

Yield point
(GPa)

Fracture toughness
(MPa/m0.5)

Nanocomposite (NC) 2.58 (0.16) 32.86 (1.47) 0.17 (0.01) 1.75 (0.11)
Microhybrid composite (MRC) 1.84 (0.16) 22.65 (1.47) 0.11 (0.01) 1.52 (0.08)
Nanoionomer (NI) 0.87† (0.10) 16.31 (1.08) 0.06† (0.01) 1.27 (0.06)
Conventional glass ionomer (GIC) 0.81† (0.09) 13.45 (1.01) 0.05† (0.01) 0.83 (0.08)
(i) The number in parentheses indicates the standard deviation (±).
(ii) The same superscripts indicate differences that were statistically insignificant (𝑝 > 0.01).
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Figure 1: Load-displacement plots of four study groups obtained
from different force steps. Regular load-unload curves of NC
presented in the plot prove the well-composed and uniform com-
position of the material.

from the NC, MRC, NI, and GIC are presented in Table 3.
Consistent with these measurements, though the nanoiono-
mer and glass ionomer have similar hardness (𝑝 > 0.01), the
other groups differ from each other (𝑝 < 0.01). The average
Young moduli (E) of the specimens were 32.86GPa and
22.65GPa for NC and MRC, respectively, and 16.31 GPa
and 13.45GPa for the NI and GIC groups, respectively. The
differences between each of the study groups were found to
be statistically significant (𝑝 < 0.01).

3.2. Yield Strength and Fracture Toughness. Yield strength
corresponds to the point at which material deforms only
elastically under the applied stress. Once this point is passed,
nonreversible deformation occurs until the fracture point
(toughness). In the present study, both the yield strength
and fracture toughness of NC were the highest among the
groups (𝜗𝑛 = 0.17 ± 0.01GPa, 𝐾𝑐 = 1.75 ± 0.11MPa) (𝑝 <
0.01). Though NI and GIC exhibited similar yield points, the
fracture toughness of NI was significantly different from that
of MRC (𝑝 < 0.01).

3.3. AFM and SEM Observations of the Indentations. The
AFMmicrographs and SEMfigures of the indented specimen
surfaces are shown in Figures 2(a)–2(l). SEM images of

the different composites and ionomers represent the surface
morphology and the effect of the nonagglomerated surface-
modified silica particles on the hardness and fracture tough-
ness.The AFM images of all indentation tests were examined
to evaluate if any radial crack around the indentation point
was observed during the indentation tests. Cracking around
the hole will cause modulus and hardness results mea-
sured from nanoindentation tests which will not be reliable,
because, in this case, a large fraction of the force applied to
the indenter is consumed for the formation and growth of
cracks instead of material deformation [32].

The images showed that although there were different
materials tested in the study with different composition and
structure, glass ionomers with/without filler ingredient still
had the same surface roughness (Figures 2(g) and 2(j)), while
nanocomposite presented smooth and well-composed sur-
face morphology compared to the composite resin after fin-
ishing and polishing procedure (Figures 2(a), 2(d), 2(c), and
2(f)). Although nanoscale filler insertion in nanoionomer
increased the hardness of the material, it has been proven
that the yield strength and fracture resistance were the main
factors affecting the microcracks caused by the indentation
force (Figures 2(i) and 2(l)).

4. Discussion

Nanotechnology leads to the production of smaller filler
particles for resin composites with an average size of 50 nm,
unlikemilling procedures. However, inserting nanosized par-
ticles into the load of the inorganic phase in 80wt% compared
to conventional restoratives (50–70wt%) improved the wear
resistance and integrity of the resin composites and ionomers
[33, 34].Though it has been proven that nanosized filler parti-
cles provide substantial improvements in material toughness,
it is still not clear how nanosized particles affect the elasticity
and hardness of dental restorative materials [22–35].

The current study aimed to determine the mechanical
properties of dental nanomaterials using the nanoindentation
method and compared them to evaluate their compliance.
Thus, this research was conducted to include determination
of four basic mechanical properties of two nanobased dental
restorative materials compared to the conventional replace-
ments: nanohardness, elasticmoduli, yield strength, and frac-
ture toughness. According to the results of the nanoindenta-
tion tests, insertion of nanoscale fillers into both dental resins
and ionomers resulted in improved hardness, elasticity, and



Journal of Nanomaterials 5

(nm)
(nm)

600

600
600

13.3

600

450

450

450

300 300

300

150

150

150

(n
m

)

−0.7

(a)

6000
(nm)

(b)

−80

−60

−40

−20

0

20

40

60

(c)

(nm) (nm)

600

600
600
0.1
17.0

600

450

450

450

300
300

150

150

(n
m

)

(d)

6000
(nm)

(e)

−80

−60

−40

−20

0

20

40

60

(f)

(nm) (nm)

600

600
600
0.1
17.0

450

450
300 300

150

150

(n
m

)

(g)

6000
(nm)

(h)

−80

−60

−40

−20

0

20

40

60

(i)

(nm) (nm)

600

600
600
0.1
17.0

450

450
300 300

150

150

(n
m

)

(j)

6000
(nm)

(k)

−80

−60

−40

−20

0

20

40

60

(l)

Figure 2: AFM and SEM images of the four study groups. While nanoscale and microfillers were shown with white and red markers,
microfracture and indentation area were presented with black markers and blue circle.
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toughness. These findings are consistent with the previous
studies, which showed that the filler content significantly
interfered with the mechanical properties of the materials
[36, 37]. Therefore, our null hypothesis was confirmed.

The compatibility of the nanohardness and fracture resis-
tance of the dental materials used for posterior restorations
under constant masticatory stresses affects both the related
tooth and the antagonist tooth directly [32, 38]. Occlusal
wear and fracture incidence generally depend on the selected
restorative materials’ indentation hardness and fracture
toughness [38, 39]. In our study, both hardness and fracture
toughness improved for nanocomposites and ionomers due
to the increased filler loading and nanosized particle ingre-
dients. The majority of studies are in general agreement that
the fracture toughness of composites increases as filler vol-
ume fraction is increased [30, 34]. In general, it was shown
that fracture toughness was highest in the more heavily filled
resins being also independent of degree of conversion in
the matrix. An in vitro study conducted by Ilie et al. focused
on the fracture toughness of 69 resin composite and glass
ionomermaterials has proven that the presence of reinforcing
filler particles in resin composites distributes the force into
many components and causes the crack front to curve or dis-
sipate between particles [40]. When comparing these results
with our findings, resin composite and ionomer materials
with nanofiller insert showed similar increased fracture
toughness due to their regular distributed uniform shaped
filler ingredients.

In this respect, our study was consistent with previous
studies in the literature focused onmechanical properties and
behaviors of the resin and ionomermaterials tested with both
conventional and indentational test methods [7, 40–43]. In
contrast, the hardness and toughness results (GPa) obtained
from this study differ from those recently reported by Rosa
and Salerno et al., who found that lower values for both prop-
erties could be caused by the applied force and indentation
point differences [33, 44].

The elastic properties of the restorative materials, such
as yield strength and elastic moduli, measure the ability of
the materials to restore to their original shape when a load is
applied and removed [7].Themodulus of elasticity is directly
related to the amount of deformation when the material is
subjected to external forces [26, 45]. Hence, dental materials
that are used in posterior restorations must possess an ade-
quate modulus, strain, and yield ability to withstand the high
forces during mastication [46]. In addition, the percentage
of endurance combination, modulus of elasticity, and elastic
recovery of the material used in the restoration of abfraction
defects, which result from stress accumulation on the edge
of tooth enamel-cement with the impact of occlusal forces,
should be compatible with that of tooth tissue [47]. Materials
with low elasticity modulus deform more under masticatory
stresses and do not have sufficient resilience, which may
cause catastrophic failure, whereas a high elastic modulus is
required to withstand deformation and cuspal fracture [22,
37]. According to the results, the yield and elasticity of the
resin composites changemarkedly as the size of the filler con-
tent is reduced and the loading rate is increased.Nevertheless,

nanoionomers exhibit similar elastic responses compared to
glass ionomers. These findings are consistent with prior stu-
dies that show that while resin composites adjust reinforce-
ment with different types of filler insertions, the flexibility of
the glass ionomer material mostly depends on the concen-
tration of the composition, the manufacturing, and setting
process [26, 41, 48].

The AFM analysis performed to determine the indenta-
tion point and possible radial cracks that can cause the force
to be consumed by the formation of the crack and prevent the
deformation of the material to measure the yield and fracture
toughness values [32, 49, 50].

In addition, measuring the proper mechanical and physi-
cal properties of the restorative dental materials is important
for both material selection and the clinical performance of
materials. The nanoindentation test method is superior to
conventional test methods in terms of four factors that are the
reasons for being preferred by others [31]. First, the load and
displacement of the indenter tip are continuously monitored
as the probe is applied to the specimen, which enables the
calculation of the stress/strain relationship. Second, relatively
small amounts of material are required for specimen prepa-
ration, and the noninvasive measurement process does not
deform the samples prior to further experiments. Third, the
test options permit different calculation modes by changing
the experimental parameters, such as appropriate indenter tip
selection for each material and optimisation of applied load
and time. Fourth, associated software allows the calculation
and validation of multifarious mechanical properties in a
single load-unload test process [4, 27]. Therefore, these
factors should be considered in the selection of restorative
materials in clinical practice.

5. Conclusions

Nanoindentation is one of themost precise ways of determin-
ing and comparing the mechanical properties of restorative
materials. However, it was shown that the measurement of
resin composites and ionomers in the laboratory is important
for predicting the clinical performance of the materials.
Although nanoscale particle insertion in resin composites
results in improved hardness, elasticity, and toughness values,
it has failed to produce the same outcomes for ionomers in
contrast to expectations. Chemical composition of the nano-
ionomers especially the irregular glass particle distribution
on the surface of NI, which results in greater amount of acid
to react with nanoscale particles, possibly is related to the
decrease in mechanical properties of the material in certain
areas. Within the limits of this in vitro study, comprehensive
tests conducted using the experimental conditions corre-
sponding to the in vivo environment provide useable and
comparable information about dental nanomaterials.
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