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In this work two very simple apparatuses, namely the ball crater (or ball-on-plate) and the linear
reciprocating (or pin-on-plate) tests, were used in order to investigate the wear mechanisms of TPH
Spectrum® and Resilab Master® dental composite resins. Loads in the range of 100 g to 1 kg and a
total number of up to 24000 cycles were employed. During some of these tests, aqueous aluminum
oxide suspensions were used as abrasive agent either diluted or not in distilled water. In case of the
ball-on-plate test wear is dominated by abrasive and/or adhesive mechanisms, and is characterized by
scratches which are composed of wear defects comprising particle detachment, wear of the polymer
matrix and ceramic particle abrasion. However, the relative contributions of the two wear mechanisms
could not be determined separately. In case of the pin-on-plate test wear is governed by the fatigue
mechanism, although abrasive and adhesive wear mechanism are also present. After a certain number
of cycles fatigue wear dominates the wear behavior and results in severe material loss. This mechanism
seems to be more important in case of more brittle materials and when higher loads are employed.
Qualitative analysis of the results suggests that the combination of these two very simple methods
under appropriate conditions can yield sound results which may be representative of a number of
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clinical situations.
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1. Introduction

Wear in the oral cavity is a complex phenomenon which
depends on numerous factors. From a strictly tribological
point of view, the term wear applies to the loss of material that
result from the mechanical contact and relative movement of
two bodies in the presence or not of a third body or medium.
In addition to that, other effects caused solely from the
chemical attack of aggressive liquids or fluids eventually
present in the mouth may also result in wear, although they
do not include friction between materials. There are several
(tribological) wear mechanisms described in the literature:
abrasive, adhesive, fatigue, impact, corrosive and so on'?.
Abrasive wear occurs when a hard surface slides over a softer
surface and damage it by plastic deformation or fracture.
The same type of mechanism occurs when the hard surface
is replaced for a soft surface containing or in the presence of
hard particles. In the last case one has a three-body type of
wear, whereas the two previous ones are simply two-body?.
Adhesive wear occurs between two materials when the
surfaces adhere and the shear action results in detachment of
fragments of one material and attachment to the other one.
Fatigue wear results from the repeated sliding or rolling of
one surface over the other. Impact wear takes place when
two surfaces collide with each other while having large
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relative velocities in the direction normal to their interface.
When the impacting body is in the form of solid particles,
or others, wear is named erosive. When the tribological
action takes place in a corrosive environment, corrosive
wear arises and may increase wear rates dramatically. In
principle, all of these wear mechanisms can take place in
the oral cavity, either isolated or in association to each other.
This is basically the reason why it is so complex to simulate
wear of dental materials.

In spite of great development of dental materials in
the last decades, wear of restorative materials is still a
major concern especially when one deals with composite
resins. Several aspects of the composition and structure
of composite resins directly affect and limit their wear
resistance. Size, shape and amount of fillers, as well as their
mechanical properties, interface adhesion between matrix
and filler particles, the characteristics of the polymer matrix
itself and its curing process, are some of the main factors
that affect the wear properties of dental composites®.

Due to the intrinsic difficulties in performing in-vivo
evaluation of wear, several methodologies have been
specifically developed for in-vitro wear assessment of
dental materials, with the so-called wear simulators’:
Acta®, Ivoclar’, Zurich®, OHSU’, Alabama'®, Biomat'!,
Minessota!? and also toothbrushing machines!®, among
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several others. Although many of these equipment are
commercially available, wear simulators may be expensive
and are not readily available at most laboratories involved
in the evaluation of properties and materials development.
Therefore, a widely used alternative is to employ for
this purpose much simpler standard wear tests, such as:
pin-on-disk', ball-crater'’, reciprocating'®, abrasive disk'’,
taber abraser!'® and many others!'*%,

It is nowadays well accepted that no test can provide
an undisputable evaluation when one has in mind the wear
performance of dental materials, as different methods
involve different wear mechanisms resulting in different
wear rates. Indeed, when performing a carefully controlled
round-robin wear test using five different wear simulators,
other authors obtained a great variation of results among the
different test centers or test methods?'. As a consequence,
when the general wear resistance of a material has to be
evaluated it is advised to use at least two different wear
methods making, from a practical point of view, this
evaluation even more difficult. In addition to that, as the
different wear testing methods emphasize different wear
mechanisms it would be desirable to have a clear picture of
the correlation between wear tests conditions and clinical
prescription of restorative materials so as to obtain more
significant figures.

Many models developed for the different wear
mechanisms of metallic or ceramic materials can be found
in literature, but not for the more complex case of composite
resins. Some attempts were made in order to draw a
correlation of wear rates and composite materials properties
under some specific condition of certain wear mechanisms.
For instance, when studying dimetacrylate-based composites
submitted to abrasive wear Heintze et al.* obtained a good
correlation between wear index and some of the physical
characteristics of the materials. However, a more general
comprehension of this problem is still lacking.

In the present work, two very simple apparatuses are
used in order to investigate the wear mechanisms of dental
composite resins. These are the ball crater (or ball-on-plate)
and the linear reciprocating (or pin-on-plate) wear tests.
The two tests were employed on two different composites
and the wear mechanisms under certain specific conditions
are observed and discussed. The results show that under
certain conditions the ball-on-plate (BoP) wear test can
be very useful for the study of wear governed by abrasive
and/or adhesive mechanisms, while the pin-on-plate (PoP)
wear test can be successfully employed in the study of wear
governed by the fatigue mechanism. Qualitative analysis of
the results suggests that the combination of these two very
simple tests under carefully chosen conditions can yield
sound results which may be representative of a large number
of clinical situations.
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2. Experimental
2.1. Samples preparation

2.1.1. Composite resins

For the present study two different resin-based
composites were investigated, namely TPH Spectrum® and
Resilab Master®. TPH Spectrum® is a light activated material
of direct use for anterior and posterior restorations, while
Resilab Master® is a light activated restorative material
for indirect use. Table 1 shows the chemical compositions
and manufacturers of both materials. Rectangular shape
specimens of each composite with 30 mm length, 8 mm
wide and 2 mm thick were obtained using a silicon mold
(Stern Tek, Sterngold, USA). The mold was placed on
a transparent polyester film resting on a glass plate and
manually filled with one single layer of composite resin and
covered with a film in the similar way as the bottom. TPH
Spectrum® composites were photocured using a Ultrablue
Is LED according to the manufacturer specifications. As
the length of the specimen exceeds the window diameter
of the handheld light probe tip the irradiation was done in
four windows with a 8 mm diameter light guide, each of
them with a curing time of 20 seconds. Resilab Master® was
photocured according to the manufacturer specifications
during 3 minutes in a photo-polymerization unit equipped
with a strobe light source. After 24 hours of polymerization,
excess material around the samples was removed by gentle
abrasion with 600 and 1200 sandpaper (3 M ESPE, USA).
The samples surface were also submitted to paper sanding
(600, 800 and 1200 grit) and metallographic polishing
with 2 um and 1 um aqueous aluminum oxide suspensions
(White/Blue alumina®, QM Brazil, 120 g/L). With this
process the oxidized surface layer that may be present on
the sample surface is completely removed. The samples
were then ultrasonically cleaned during 10 minutes in
deionized water.

Surface morphologies of the samples before and after the
wear tests were observed by scanning electron microscopy
(SEM) with a JEOL 6460LV microscope working at 20 kV.

2.1.2. Ceramic pins

Ceramic pins were made from a wax sprue, measuring
2 mm diameter and 7 mm in length. The lost wax casting
technique was used to obtain the dental ceramic pins. The
wax sprue was imbedded in plaster or clay and burned out
leaving a space where the wax was originally placed, then
filled with pre-sintered ceramic through a hole with the aid
of pneumatic pressure and then densely sintered at 830 °C
in a high temperature and high pressure furnace (Inceramat,
Dentsply). After preparation, the pins were finished and

Table 1. Composition and manufacturers of the composite resin materials.

Material

Composition

Manufacturer

TPH Spectrum®

Resilab Master®

Matrix: BisGMA, BisEMA and TEGDMA.
Filler: barium alumino boro silicate and colloidal silica.

Matrix: BisGMA, BisGEMA, UDMA and TEGMA.

Dentsply — USA

Wilcos — Brazil

Filler: barium alumino boro silicate and silica glasses.
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polished with sandpapers of different grit sizes (400, 600 and
1200) in order to make their surfaces flat. In a second step
the pins were polished as described in previous section with
aqueous aluminum oxide suspensions, resulting in smooth
and shiny surfaces.

2.2. Wear tests

2.2.1. Ball-on-plate (BoP)

Ball-on-plate wear tests were carried outin a ball-cratering
machine (Gentest®, Gencoa, UK). A detailed description of
the BoP wear test has been given by Gee et al.?>. In this work
the samples rested over a 15 mm radius chromium steel ball
continuously rotating at 50 rpm (which corresponds to a
linear velocity of 0.078 m/s at the point of contact) while a
dead-weight load in the range of 0.1 to 1 kg was applied as
normal load to the sample. The tests were carried with a total
number of up to 24000 cycles. During some of these tests, an
aqueous aluminum oxide suspension (White/Blue alumina®,
QM Brazil) dropped continuously by a peristaltic pump
feed with a flow of 1 mL/min was used as abrasive agent.
The alumina suspensions were used either at the original
120 g/L concentration or diluted in distilled water. The
slurry was dropped over the sphere onto a spot just before
the sphere/sample contact region. Each test was repeated six
times on randomly chosen samples. The obtained result for
a certain material under a certain condition is the average
value (and corresponding standard deviation) of the six tests.
The locations of the impressions on each the samples were
also randomly chosen.

After the tests, the samples were gently rinsed with
deionized water and dried in ambient air. An Olympus
BX60M (Japan) optical microscope was used to measure
the diameter of the circular wear craters in two orthogonal
directions, i.e. the sliding direction and the direction
perpendicular to it. The average value of crater diameter, d,
was then used to obtain the volume, V, of removed material
as follows:

2
V=’Z’(3Z+hzj (1

where 4 is the depth of the wear crater and is given by:

her-[ 2L - ()
4

where R is the sphere radius (15 mm). Therefore, after N
turns the wear rate, W, can be obtained using the equation:

4
- 3)

where P is the load used in the tests and L = 2w.R.N is the
sliding distance. The test conditions employed in this work
were based on those of Antunes and Ramalho'”.

2.2.2. Pin-on-plate (PoP)

The equipment used in this test was developed in
our laboratory. In this equipment the sample rests on a
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micrometric positioned table that can be controlled by a step
motor. Over the sample a counter-body in the form of a pin
is positioned, upon which a dead-weight load can be placed.
The pin is attached to a lever-arm and on its opposite side
there is a counter-weight. A computer controls the step motor
and therefore the movement of the sample at a desired scan
length and speed. Similarly to the BoP tests, the PoP tests
also can be performed under dry, wet or abrasive conditions.
In this equipment a load in the range of 0.1 to 1 kg can be
applied to the pin while the scan amplitude and speed can be
varied up to 10 mm and 10 mm/s, respectively. In this work,
the PoP tests were carried out with amplitude of 0.5 mm,
speed of 0.5 mm/s and a total number of wear cycles of up
to 24000 (one wear cycle is counted every time the sample
passes through the middle position). For each wear test, the
pin was replaced by a new one. After the tests, the samples
were gently rinsed with deionized water and dried in ambient
air. The profiles of the wear scars were measured by stylus
profilometry (Dektak IIA, Sloan Technology, USA) in the
two directions parallel and perpendicular to the sliding
direction. A total of six measurements were performed for
each wear scar. From the obtained profiles the wear volume
was estimated. The wear rate can be then calculated by
Equation 3, where in this case L is the total sliding distance
of the test. Number of samples and repetitions were the
same as in the previous case. The test conditions employed
in this work were based on those of Ramalho and Antunes'®.

3. Results and Discussion

The main goal of the present work is to investigate the
main wear mechanisms occurring during the wear tests
performed with ball-on-plate and pin-on-plate apparatuses.
Therefore, from the various experimental conditions
employed only some results which are thought to be
significant for this purpose will be presented here.

In case of ball-on-plate wear tests, wear of the material is
observed in the form of scratches parallel to the ball sliding
direction that result from the abrasive action of the metal
sphere and/or alumina particles of the abrasive suspension.
The scratches present on the samples surface are isolated
from each other and their number clearly increases as the
number of wear cycles of the test is increased. Basically
the same wear process continues without changes up to
24000 wear cycles.

Apart from a difference on their number, similar
scratches are formed irrespective to the lubricating
conditions of the test, either dry, wet or with alumina
abrasive slurry. Figure 1 shows a SEM micrograph of
the wear scratches in the case of Resilab Master® sample
after performing 1500 cycles under dry conditions, while
Figure 2 shows a TPH Spectrum® sample after performing
8000 cycles with the use of alumina abrasive slurry. In these
figures, the wear scars appear as brighter regions parallel
to the sliding direction that result from the removal of the
polymeric matrix and ceramic particles. In spite of the
obvious differences of the microstructure of the two different
composite resins the morphology of the wear scars appear
to be quite similar in the two cases.

In fact, the wear scratches observed on the samples
surface are just a reunion of smaller wear defects, arranged



336 Souza et al.

in a linear fashion, comprising different mass loss processes.
Figure 3 shows these mechanisms in the case of TPH
Spectrum® samples. Particle detachment, wear of the
polymer matrix and ceramic particle abrasion are some wear
mechanisms that can be clearly identified in these figures.
Figure 4 shows ceramic particle pull-out and polymer matrix
removal in the case of Resilab Master® sample.

In principle, two different wear mechanisms may be
responsible for such effects, namely, abrasive and adhesive
wear mechanisms. Abrasion may result from the action
of the metal ball surface imperfections which have a high
hardness and, therefore, can plough out the polymer matrix
and/or ceramic particles from the sample surface, resulting
on the scratches shown. Likewise, when using alumina
abrasive suspension similar mechanisms can occur in
an even more effective way due to the action of the hard
alumina particles. Obviously, in this last case wear rates
are larger than under dry conditions and a decreasing wear
rate was observed when the alumina suspension is diluted
in de-ionized water.

An important point to be mentioned is that particle
removal occurs even when alumina suspension is not used
at all (dry tests). As clearly shown in Figure 4 (for the case
of Resilab Master®) particles may be removed together
with a substantial amount of polymer matrix. No qualitative
differences could be observed for BoP tests under different
conditions (dry, wet or abrasive slurry) so that the wear
mechanisms involved seem to be essentially the same under
the conditions employed.

Based on these results one can undoubtedly conclude
that abrasive wear takes place during BoP wear tests, under
all the conditions used. However, one cannot discard the
contribution of adhesive wear for such processes, as it is
in fact very difficult to separate the two mechanisms on
the present results. Although the specific conditions of the
tests in principle define the contributions of the abrasive
and adhesive wear to the total wear rate, at the present stage
it is not possible to obtain those individual contributions
separately. For instance, the use of an alumina abrasive

Figure 1. SEM micrograph of the inside of the wear crater of a
Resilab Master® sample after performing 1500 cycles with the
ball-on-plate wear test under dry conditions. The arrow indicates
the approximate sliding direction.
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Figure 2. SEM micrograph of the inside of the wear crater of a
TPH Spectrum® sample after performing 8000 cycles with the
ball-on-plate wear test with blue alumina abrasive slurry diluted
1:10 in distilled water. The arrow indicates the approximate sliding
direction.

Figure 3. SEM micrograph of the inside of the wear crater of a
TPH Spectrum® sample after performing 8000 cycles with the
ball-on-plate wear test with blue alumina abrasive slurry diluted
1:10 in distilled water.
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Figure 4. SEM micrograph of the inside of the wear crater of a
Resilab Master® sample after performing 1500 cycles with the
ball-on-plate wear test under dry conditions.



2013; 16(2)

slurry allows the control of the abrasive wear by ceramic
particles but also affects the contributions of the (two-body)
abrasive and adhesive wear mechanisms by the metal ball.
Further work is still needed in order to clarify this matter.

It is noteworthy to mention that EDS analysis (not shown
here) has shown signs of iron on the surface of abraded
ceramic particles of both materials indicating that not only
the composite resin is worn out but also the filler particles
wear some material out of the steel ball. The use of a ceramic
ball, like alumina, could in principle reduce this effect but
would probably not affect the overall results presented here.

Quantitative determination of wear has shown that the
wear volume of the material steadily increases with the
number of cycles of the BoP test. This increase is initially at
arelatively small rate and after that the wear volume tends to
increase linearly with time, corresponding to a constant wear
rate. Figure 5 shows this behavior for TPH Spectrum® and
Resilab Master® samples tested with blue alumina abrasive
slurry diluted 1:10 in distilled water and a load of 500 g.
Very similar behaviors are observed for both materials.
Under the conditions used the steady state wear rates were
determined to be approximately 2.5 x 10~ mm?*.(N.m)~" and
3.4 x 10° mm3.(N.m)™' for TPH Spectrum® and Resilab
Master® samples, respectively.

The pin-on-plate (PoP) wear test reveals a different
wear behavior for the same two dental composite materials.
At the initial stages of the wear process, a typical behavior
of the abrasive and/or adhesive wear mechanisms can be
observed, similarly to the case of the previous test. In
parallel to that, as the number of cycles increases, a new
wear mechanism initiates as shown in Figure 6 for the case
of a TPH Spectrum® samples. Comparison of Figures 3 and
6 reveals that in addition to wear of the polymer matrix and
removal of ceramic particles, in case of the PoP test the
formation of surface microcracks also appears.

This effect seems to be much more pronounced in case of
Resilab Master® samples, as abrasion of the composite resin
material and extensive formation of surface microcracks
can be seen, as shown in Figure 7. As the number of cycles
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Figure 5. Wear volume as a function of number of cycles for TPH
Spectrum® (circles) and Resilab Master® (squares) samples tested
by the ball-on-plate wear test with blue alumina abrasive slurry
diluted 1:10 in distilled water and a load of 500 g.
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increase, the microcracks propagate forming a network of
interconnected cracks (Figure 8). As this process continues,
severe material loss is observed as shown in Figures 9 to 11.
As it is apparent from these figures subsurface cracks seem
to be formed as well, which result in spalling of relatively
large portions of material, as shown in Figure 9 and 10.
Figure 11 shows the Resilab Master® sample surface after
severe material loss. The described behavior is less clear in
case of TPH Spectrum®.

The observed behavior is typical of a fatigue wear
mechanism and is related to the cyclic nature of this test>.
The fatigue wear mechanism, which is particularly strong
in case of brittle materials, occurs under rolling and sliding
conditions and is revealed when the formation of surface
and subsurface microcracks initiates after a certain number
of cycles is achieved. Before that, such mechanism is quite
difficult to be detected or identified. The formation of surface
microcracks can be understood based on the fact that as
the pin slides over the sample, the point of maximum shear
stress is located at some point near or below the surface.
This leads to the formation of microcracks and severe wear.
This is particularly important in case of brittle materials.
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Figure 6. SEM micrograph of the inside of the wear crater of a TPH
Spectrum® sample after 1500 cycles of the pin-on-plate wear test.

Figure 7. SEM micrograph of the inside of the wear crater of
a Resilab Master® sample after 5000 cycles of the pin-on-plate
wear test.
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Quantitative results of wear are presented in Figure 12
for TPH Spectrum® and Resilab Master® samples tested
in distilled water and a load of 1 kg. The results are in

Figure 8. SEM micrograph of the inside of the wear crater of a
Resilab Master® sample after 10000 cycles of the pin-on-plate
wear test.

Figure 9. SEM micrograph of the inside of the wear crater of a
Resilab Master® sample after performing after 13000 cycles of the
pin-on-plate wear test.

Figure 10. SEM micrograph of the inside of the wear crater of a
Resilab Master® sample after performing after 13000 cycles of the
pin-on-plate wear test.
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good agreement with the above described behavior as one
initially observes relatively low wear rates and after a certain
critical point wear increases substantially. Up to about
10000 cycles the wear rate is approximately constant at
about 9 x 107 mm?.(N.m)~! for both materials. This behavior
corresponds to the dashed line labeled (1) in Figure 12 and
is roughly of the same order as the wear rates observed
by the BoP test. After that point, the wear rate increases
substantially due to the onset of fatigue wear. In case of
Resilab Master® an increase of the wear rate of about a
factor of 15 is observed to approximately 1.3 x 10~ mm?.
(N.m)™!, which corresponds to the dashed line labeled (2)
in Figure 12. In case of TPH Spectrum® some increase of
wear rate is observed, but a second wear regime at a constant
wear rate could not be clearly seen.

When performing a round-robin wear test with five
different wear simulators on ten different dental restorative
materials, Heintze et al.?! analyzed seven different wear
parameters and concluded that three different wear
mechanisms can be distinguished: type 1 is a mixed type
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Figure 11. SEM micrograph of the inside of the wear crater of a
Resilab Master® sample after performing the after 24000 cycles of
pin-on-plate wear test.
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Figure 12. Wear volume as a function of number of cycles TPH
Spectrum® (dots) and Resilab Master® (squares) samples tested by
the pin-on-plate wear test in distilled water and a load of 1 kg. The
dashed lines labeled (1) and (2) indicate two different wear regimes.
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of wear composed of adhesive, attrition and fatigue wear
mechanisms and results from the direct contact between the
material and its antagonist; type 2 is basically a three-body
type of abrasive wear and type 3 is mainly due to fatigue.
The tests which are dominated by the latter mechanism did
not agree well with the results of all the others tests?'.

From a tribological point of view, basically the same
wear mechanisms are involved in the present tests. More
than that, the specific conditions under which the tests
are performed allow one to emphasize the different wear
mechanisms. For example, in case of BoP tests three-body
abrasive wear can be increased by the use of an abrasive
slurry while two-body dominates under dry conditions; in
case of PoP fatigue wear is increased when the number of
cycles and/or load is increased; and so on.

In conclusion, the results here presented suggest that it
is possible to conceive a wear test methodology for dental
restorative materials based on these two very simple wear
tests. This methodology can in principle include tests at
different experimental conditions so as to emphasize wear
by three different mechanisms, e.g., abrasive, adhesive and
fatigue wear mechanisms. The results of these tests when
used in combination may be representative of a large number
of clinical situations.

4. Conclusions

In this work two very simple apparatuses, namely the
ball crater (or ball-on-plate) and the linear reciprocating (or
pin-on-plate) wear tests, were used in order to investigate
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