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Abstract

There are two objectives. One is to show the differences in the mechanical properties of various dental restorative
materials compared to those of enamel and dentin. The other is to ascertain which dental restorative materials are
more suitable for clinical treatments. Amalgam, dental ceramic, gold alloy, dental resin, zirconia, and titanium alloy
were processed as dental restorative material specimens. The specimens (width, height, and length of 1.2, 1.2, and
3.0 mm, respectively) were compressed at a constant loading speed of 0. mm/min. The maximum stress (I15.0 + 40.6,
55.0 £ 24.8, 291.2 £ 45.3, 274.6 + 52.2, 2206.0 + 522.9, and 953.4 £ 132.] MPa), maximum strain (7.8% * 0.5%,
4.0% £ 0.1%, 12.7% + 0.8%, 32.8% + 0.5%, 63.5% * 14.0%, and 45.3% + 7.4%), and elastic modulus (1437.5 + 507.2,
1548.4 + 583.5, 2323.4 + 322.4, 833.1 + 92.4, 3895.2 + 202.9, and 2222.7 + 277.6 MPa) were evident for amalgam,
dental ceramic, gold alloy, dental resin, zirconia, and titanium alloy, respectively. The reference hardness value of
amalgam, dental ceramic, gold alloy, dental resin, zirconia, and titanium alloy was 90, 420, 130135, 86.6—124.2, 1250,
and 349, respectively. Since enamel grinds food, its abrasion resistance is important. Therefore, hardness value should
be prioritized for enamel. Since dentin absorbs bite forces, mechanical properties should be prioritized for dentin. The
results suggest that gold alloy simultaneously has a hardness value lower than enamel (74.8 + 18.1), which is important
in the wear of the opposing natural teeth, and higher maximum stress, maximum strain, and elastic modulus than dentin
(193.7 £ 30.6 MPa, 11.9% + 0.1%, 1653.7 £ 277.9 MPa, respectively), which are important considering the rigidity to
absorb bite forces.
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Introduction

Dental caries typically damage tooth enamel and dentin.
Tooth function and shape are impaired by damage,
although they can be recovered and restored by dental
treatments. Dental restorative materials are used to clini-
cally treat and reconstruct damaged teeth as well as to
recover their functions.!-?

Amalgam and dental resin are commonly used as cav-
ity-filling materials for enamel and dentin that are dam-
aged by dental caries.> Dental resin, dental ceramic, and
zirconia are used for the aesthetic fabrication of denture
resin teeth.*¢ In particular, they are used for inlay proce-
dures because they can be made of a color that is very

similar to natural teeth.” Gold alloy, which has the same
thermal conductivity as natural teeth, is used in inlay,
crown, and bridge procedures.*’ Titanium alloy dental
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Figure |. Compression test jig of micro-test machine: (a) Jig—jig cover was installed to prevent the broken pieces from popping
when the specimens reached their breaking points and (b) compression test was performed after placing the specimens on the

lower jig and lowering the upper jig.

implants are performed when the entire tooth is lost; tita-
nium alloy is also used to produce implant abutments, den-
ture frameworks, and implant fixtures.?

During mastication, bite forces are applied on the
occlusal area of the tooth. These bite forces comprise a
vertical compression force and a lingual side compression
force. Most previous studies on dental restorative materi-
als investigated the stress—strain curves of materials and
hardness values based on indentation tests.’!> Each of
these studies focused only on one dental material; none
were comparative studies of the mechanical properties of
dental restorative materials and dental hard tissues.
Furthermore, no studies have investigated the mechanical
properties of dental restorative materials and dental hard
tissues with specimens of identical shape and dimension.
This is a significant gap in existing research as the mechan-
ical properties of dental restorative materials and dental
hard tissues may vary with the shapes and dimensions of
test specimens. Furthermore, as dental hard tissue (enamel
and dentin) is a nonhomogeneous and anisotropic material,
it does not obey Hooke’s Law. Therefore, it is not feasible
to compare the mechanical properties based on the elastic
modulus alone. It is essential to also consider the stress and
strain values.

In this study, the mechanical properties of various
dental restorative materials (amalgam, dental ceramic,
dental resin, gold alloy, zirconia, and titanium alloy)
were determined using test specimens of identical shape
and dimensions under the same compressive test condi-
tions. The hardness values of enamel and dentin, obtained
from a previous study,!? were compared with those of the
dental restorative materials obtained in other previous
studies.!41?

The results of this study might help in identifying which
dental restorative materials show optimal mechanical

properties and hardness values approaching those of
enamel and dentin.

Materials and methods
Specimen preparation

Amalgam (Cavex 68; CAVEX, Netherland), dental
ceramic (Omega 900; Vident, USA), dental gold alloy
(Autofluid® 2PF; Metalor, USA), dental resin (Sinfony;
3M, USA), zirconia (Lava™ Frame Framework Ceramic;
3M), and titanium alloy (Daesung, Korea) were processed
as dental restorative material specimens. For each mate-
rial, 10 specimens with width, height, and length of 1.2,
1.2, and 3.0 mm, respectively, were used (Figure 1). The
geometric error was +0.02 mm from the machine-cut pro-
cesses below. The materials were machine cut at a feeding
speed of 0.2 mm/s and 1000 revolutions per minute (RPM)
using a model 140-5L water spray-cooled carborundum
wheel (PSI, USA) in a RB216 Culux micro-diamond saw
machine (R&B, Korea). Each specimen was prepared for
testing after it was wet-sand polished using a METPOL2
device (R&B) using #3000 wet sanding polisher at
45 RPM. After polishing, each specimen was viewed with
an IX71 microscope (Olympus, Japan) at 40x magnifica-
tion to check for the presence of cracks and to identify any
potential damage that may have occurred during polishing.
No cracks were found in most of the specimens.

Compression test

A micro-load system (Universal Testing System; R&B)
with £0.5% operating accuracy was used for the compres-
sion tests. The volume of the load cell was evaluated from
the failure loads of the specimens. The 10 kilogram force
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Table I. Mechanical properties from compression tests (n = 10 for each material) and their hardness values of dental hard tissues

and dental restorative materials.

Materials Maximum stress (MPa) Maximum strain (%) Elastic modulus (MPa) Vickers hardness values (HV)
Enamel 62.2 +238 45 +0.8# 1338.2 + 307.9t 2748 + 18.1

Dentin 193.7 £ 30.6 11.9£0.1 1653.7 + 277.9% 65.6 + 3.9

Amalgam 115.0 £ 40.6 78+0.5 1437.5 + 507.2t 90

Dental ceramic 55.0 £ 24.8 40+0.1# 1548.4 + 583.5t 420

Gold alloy 291.2 +453 12.7 £ 0.8 2323.4 + 322.4* 130-135

Dental resin 274.6 £ 52.2 328 £0.5 833.1 £ 924 86.3—124.2

Zirconia 2206.0 £ 522.9 635+ 14.0 3895.2 + 202.9 1250

Titanium alloy 953.4 £ 132.1 453174 2222.7 £ 277.6* 349

#Significant difference (p > 0.05) based on t-test.
*Significant difference (p > 0.05) based on t-test.
tSignificant difference (p > 0.1) based on t-test.

(kgf) UM-K10 load cell (Dacell, Korea) was installed in
the upper jig of the micro-load system to measure the com-
pressive force of the specimen during the compression
tests (Figure 1(a)). The system was used for amalgam,
dental ceramic, and dental resin specimens. A SM603
100 kgf load cell (MScell, Korea) was used for gold alloy
specimens, and a UM-K500 500 kgf load cell (Dacell) was
used for zirconia and titanium alloy specimens. A prepared
specimen was placed on the lower jig (Figure 1(b)), and a
compression test was performed by lowering the upper jig
at a constant loading speed of 0.1 mm/min. The compres-
sive stresses (o in MPa), strains (¢ in %), and elastic modu-
lus (E, MPa) of the dental restorative materials were
calculated using equations (1) and (2), and the elastic mod-
ulus was calculated using equation (3)

oL (1)
A

where o is the compressive stress, P is the load or force,
and 4 is the cross-sectional area of specimen

(I=Dx100 2

0/:
6(0) | |

100 2)

where ¢ (%) is the strain, | is the original length, 1" is the
changed length, and A =1'-1

=2
&

(3)
where F is the elastic modulus.

Results

Compression test

Table 1 shows the mean values and standard deviations of
the maximum stress (MPa), maximum strain (%), and £
(MPa) for dental restorative materials tested, enamels, and

dentins. Here, the maximum stress and maximum strain
were obtained at the yield point. The mean values and
standard deviations of the maximum stress (MPa), maxi-
mum strain (%), and £ (MPa) of enamel and dentin were
obtained from a previous study.!3 SPSS statistical software
(USA) was used to conduct independent sample #-tests to
examine the significance of the maximum stress, maxi-
mum strain, and £ values.

The maximum stress of amalgam, dental ceramic, gold
alloy, dental resin, zirconia, and titanium alloy specimens
was 115.0 £ 40.6, 55.0 + 24.8,291.2 + 45.3, 274.6 + 52.2,
2206.0 £522.9, and 953.4 + 132.1 MPa, respectively. The
maximum strain of amalgam, dental ceramic, gold alloy,
dental resin, zirconia, and titanium alloy specimens was
7.8% +0.5%, 4.0% % 0.1%, 12.7% + 0.8%, 32.8% + 0.5%,
63.5% + 14.0%, and 45.3% + 7.4%, respectively. As shown
in Table 1, the maximum strain of dental ceramic was not
significantly different from that of enamel (p > 0.05). The
elastic modulus value of the amalgam, dental ceramic,
gold alloy, dental resin, zirconia, and titanium alloy speci-
mens was 1437.5 +£507.2, 1548.4 + 583.5,2323.4 + 322 4,
833.1 £ 92.4, 3895.2 + 202.9, and 2222.7 + 277.6 MPa,
respectively. No significant differences were observed
among the elastic modulus values of enamel, dentin, amal-
gam, and dental ceramic (p > 0.1). Furthermore, no signifi-
cant difference was observed between the elastic modulus
values of zirconia and titanium alloy (p > 0.05).

Figure 2 shows the typical stress—strain curve of each
dental restorative material. Since the linear regression
equation indicated that the R?> value for amalgam, dental
ceramic, gold alloy, dental resin, zirconia, and titanium
alloy specimens was 0.9998, 0.9941, 0.9938, 0.9911,
0.9992, and 0.9983, respectively, slips and frictions
between the jig (compressor) and specimen were assumed
not to be presented during the test. Hereafter, the slope of
the typical stress—strain curve of each material is consid-
ered to indicate the elastic modulus. Based on the slopes
shown in Figure 2 and Table 1, the elastic modulus of zir-
conia was the largest, making it the stiffest material with a
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Figure 2. Typical stress—strain curves of dental restorative
materials from compression tests.

stiffness value of 3895.2 + 202.9 MPa, and dental resin
had the smallest, making it the least stiff material with a
stiffness value of 833.1 + 92.4 MPa.

Vickers hardness values

The Vickers hardness value of enamel (274.8 + 18.1) was
approximately 4.2 times greater than that of dentin
(65.6 = 3.9) (Table 1).13 The reference hardness value of
amalgam, dental ceramic, gold alloy, dental resin, zirconia,
and titanium alloy was 90, 420, 130-135, 86.3—124.2,
1250, and 349,'%1° respectively. The hardness values of
dental hard tissues and dental restorative materials are
listed in Table 1.

Discussion and conclusion

The mechanical role played by enamel is to grind (crush)
food and protect dentin because of its higher wear resist-
ance, and that played by dentin is to absorb bite forces
because of its higher force resistance.!®> Therefore, a
replacement material for enamel should have a hardness
value that is similar to or lower than that of enamel. A
replacement material for dentin should have maximum
stress, maximum strain, and elastic modulus similar to or
higher than those of dentin.

Dental ceramic, zirconia, and titanium alloy showed
higher hardness values compared to that of enamel
(Table 1).

Amalgam, gold alloy, dental resin, zirconia, and tita-
nium alloy showed higher maximum stress values than
enamel. Amalgam, dental ceramic, gold alloy, dental resin,
zirconia, and titanium alloy showed higher maximum
strain values than enamel. Gold alloy, zirconia, and tita-
nium alloy showed higher elastic modulus values than
enamel (Table 1 and Figure 3). Gold alloy, dental resin,
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Figure 3. Comparison of (a) maximum stress (MPa), (b)
maximum strain (%), and (c) elastic modulus (MPa) of each
material from compression tests.

zirconia, and titanium alloy showed higher maximum
stress values compared to dentin. Gold alloy, dental resin,
zirconia, and titanium alloy showed higher maximum
strain values compared to dentin. Gold alloy, zirconia, and
titanium alloy showed higher elastic modulus values com-
pared to dentin. From these results, gold alloy, zirconia,
and titanium alloy were considerably suitable dental
restorative materials for replacing dentin, only considering
their mechanical properties to absorb bite forces (Table 1
and Figure 3).

In dental treatments, amalgam, dental resin, and zirco-
nia are the most commonly used dental restorative for cav-
ity filling. Dental ceramic, gold alloy, and dental resin are
usually used for inlay and/or onlay. However, maximum
stress  (2206.0 + 5229 MPa), maximum strain
(63.5%+14.0%), and elastic modulus (3895.2+202.9 MPa)
of zirconia were significantly different from the maximum
stress (62.2 + 23.8, 193.7 + 30.6 MPa), maximum strain
(4.5% £ 0.8%, 11.9% = 0.1%), and elastic modulus
(1338.2 + 307.9, 1653.7 + 277.9 MPa) of enamel and
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dentin, respectively.!> The hardness value of zirconia is
approximately 4.5 times higher than that (274.8 + 18.1) of
enamel and approximately 20 times higher than that
(65.6 £ 3.9) of dentin.!? Thus, zirconia may have poor bio-
compatibility with natural teeth due to its markedly higher
mechanical properties and hardness value.

Titanium alloy is a well-known suitable material for
dental implants because of its biocompatibility and
osseointegration. However, its maximum stress
(953.4 + 132.1 MPa), maximum strain (45.3% =+ 7.4%),
and elastic modulus (2222.7 + 277.6 MPa) values are sig-
nificantly different from the maximum stress (62.2 +23.8,
193.7 + 30.6 MPa), maximum strain (4.5% + 0.8%,
11.9% + 0.1%), and elastic modulus (1338.2 = 307.9,
1653.7 + 277.9 MPa) values of enamel and dentin, respec-
tively.!? Owing to the excessive mechanical properties of
titanium alloy, the bite force applied by the dental implant,
which adheres to the bone, would apply stress to the dental
hard tissues and mandibular bones. Therefore, a new den-
tal restorative material for dental implants that has mechan-
ical properties similar to those of dental hard tissues and
sufficient osseointegration needs to be developed for func-
tional recovery and dental treatments.

In this study, the mechanical properties of dental hard
tissues and various dental restorative materials were com-
pared and studied with respect to the bite force.
Furthermore, the hardness values of dental hard tissues
and dental restorative materials were determined and ana-
lyzed with respect to the wear resistance.

Most dental treatments are aimed at simultaneously
restoring the functions of enamel and dentin instead of
addressing them separately. Because the mechanical role
of enamel is grinding (crushing) food, its abrasion resist-
ance is of vital importance; therefore, the hardness value
should be prioritized when identifying replacement mate-
rials for enamel. In contrast, dentin absorbs bite forces;
therefore, the mechanical properties (maximum stress,
maximum strain, and elastic modulus) should be
prioritized.

Dental restorative materials including amalgam, gold
alloy, and dental resin have lower hardness values than
enamel, which is important considering the wear of the
opposing natural teeth. Gold alloy and dental resin have
higher maximum stresses and maximum strains than den-
tin, amalgam has similar elastic modulus to dentin, and
gold alloy has a higher elastic modulus than dentin, con-
sidering the rigidity to absorb the bite forces.

The results of this study suggest that gold alloy simulta-
neously satisfies the requirements of having a hardness
value lower than that of enamel and mechanical properties
similar to or higher than those of dentin. These results
should help dentists to decide better clinical treatments,
and they should contribute to the development of better
dental restorative materials possessing suitable mechani-
cal properties to replace dentin, with a hardness values to
replace enamel, and having esthetically pleasing colors.

This study has some limitations especially including
the aspect ratio of the specimen. Since the aspect ratio
may change the stress—strain relationship in enamel,
dentin, and dental restorative materials, further studies
are needed.
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