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Abstract

Pin-to-disk wear test experiments were conducted in order to investigate the wear
characteristics of a commercially available type of oil (5W-40) with Nano-
Diamond (ND) particles. The upper specimen was a high-carbon chromium steel
ball with a diameter of 4 mm, and the lower specimen was tool steel. The applied
load was 35N and the sliding speed was 0.18 m/s. The wear tests were run at a
sliding distance of 24 km. The friction coefficients and wear rate of the specimens
were tested using a commercial oil with different ND concentrations ranging
from 0 to 0.02 wt %. The addition of ND particles to the commercial oil was
found to reduce the wear rate of the tool steel. The addition of ND particles into
the commercial oil was also found to reduce the coefficient of friction of the tool
steel. ND particles as a solid additive in oils are shown to improve the tribological
behaviour of tool steel. For the tool steel, the best concentrations were found to
be 0.015 wt. % and 0.02 wt. % in terms of the wear rate and the friction
coefficient, respectively. Further investigates of the optimal concentration of ND
particles under various loadings, sliding speeds, oil temperatures and sliding
distances are needed.

Keywords: Friction coefficient, Lubricant, Nano-diamond (ND) particles, Wear rate.

3174



3175 P.-J. Bong et al.

1. Introduction

In order to improve the performance capabilities of a lubricant, the most commonly
applied method is to add additives to the lubricant [1-5]. However, most of the
additives used for this purpose are heavy metals, which are harmful to the
environment. In recent years, these additives have been reduced worldwide, and
ND has emerged as a more eco-friendly additive [6-8]. ND is an environmentally
friendly material, which exhibits excellent abrasion resistance, scratch resistance,
corrosion resistance, acid resistance, alkali resistance, stable chemical properties
and high hardness.

Several studies have reported that adding a small amount of ND to a lubricant
can effectively reduce the friction coefficient, abrasion resistance, and degree of
scuffing [9-15]. For example, Chou and Lee [9] conducted wear tests using
chromium carbon steel balls and ND-added oil of the medium-carbon steel AISI
1045, the low-carbon steel ALSI 1025, and the aluminium alloy Al-6061. As a
result of their investigation, it was reported that carbon steel reduces the friction
force and wear rate when the oil has ND particles added to it. However, for the
aluminium alloys, ND was reported to increase the wear rate and frictional force
due to the abrasive action it caused. Chu et al. [10] evaluated the tribological
characteristics and scuffing resistance of SKD11 tool steel samples as contact
materials for lubricants with ND particles at various speeds and load conditions.
Their investigation demonstrated that the addition of ND led to an anti-scuffing
effect, and when the lubricant contained 2% ~ 3% of ND particles, a remarkable
friction-reducing effect was realized as compared to the outcome with no
lubricant added.

Lee et al. [11] conducted wear tests of low- carbon steels lubricated with oil
with ND particles added to it. For low-carbon steel types with high hardness after
heat treatment, it was reported that ND particles improve the wear resistance by
acting as a spacer, similar to rolling micro-bearing between surface protrusions. For
low-carbon steels with relatively low hardness levels, which are not heat-treated, it
was reported that ND particles act as an abrasive, increasing the amount of wear
caused by the ND particles. Hwang [12] conducted wear experiments using an Al-
6061 T6 aluminium alloy disk specimen and SUJ-2 high-carbon chromium steel
balls lubricated with oil both with and without ND particles added to it. Their
experimental results showed that the lubricant containing 0.005 wt. % ND particles
had the lowest wear rate, at 25% less than an ND-free lubricant. However, as the
ND content was increased, the wear rate also increased continuously, and it was
found that the lubricant containing 0.015 wt. % ND showed the maximum wear
rate. They reported that ND acts as a type of abrasive.

In the present study, wear tests are carried out using SK3 tool steel in the form
of disks and high-carbon chrome steel SUJ-2 balls, with commercial diesel oil
(5W-40), which has had 0 ~ 0.02 wt. % ND particles added to it. In the tests, ball-
on-disk type wear tests were carried out and the friction coefficients were
measured. The experimental results present the results of an evaluation of the
effect of the addition of ND to oil on the friction and wear behaviour of the SK3
tool steel disks and SUJ-2 steel balls. Ultimately, this study seeks to understand
the utility of lubricating oil containing ND when used with machine parts made
of SK3 tool steel.
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2. Experimental Procedures

Analytical for the sliding wear test, ball-on-disk wear tests were conducted. The
test setup is shown in Fig. 1. For the wear test, a ring-shaped specimen immersed
in lubricating oil was rotated and the coefficient of friction between the ball and the
specimen when subjected to the vertical load was measured. This system, as shown
in Fig. 2, is mainly composed of a load train system that transfers the vertical load
to the specimen, a rotary motion system that rotates the specimen, and a load
measuring system to measure the tangential load on the rotating specimen to
determine the coefficient of friction.

Ball Sliding Track

Disk Specimen Sliding Direction

Fig. 1. Ball-on-disk wear test in a ND oil bath.
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Fig. 2. Schematics of wear testing machine system.
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The test specimens used in this study were made of SK3 tool steel, which has a
hardness level of 42 HRC. The specimens were manufactured into a disk with an
inner diameter of 24 mm, an outer diameter of 40 mm, and a thickness of 5 mm.
SUJ-2 chromium steel ball with a hardness of 49.90 HRC and a diameter of 4 mm
were also used in the wear tests. In the wear tests, the sliding distance was up to 24
km and the sliding speed was 0.18 m/s. The friction coefficient was measured every
second during the tests, and the surface roughness was observed using a surface
roughness tester after the wear test.

Each wear specimen was polished using a 0.05 pm alumina abrasive before the
experiment. The lubricating oil, a typical diesel vehicle engine oil (W-40), used in
the experiment contained different amount of ND added to it. These levels were
0.005 wt. %, 0.0075 wt. %, 0.01 wt. %, 0.015 wt. %, and 0.02 wt. %. These five
types of oil containing ND as well as another type without ND were used. The
lubricants with the ND are shown in Fig. 3. As shown in this figure, ND particles
approximately 5 nm in diameter were clustered after surface treatment of the ND
particles to ensure high dispersion stability. The tiny particles in Fig. 3 are
individual nanodiamond particles in the base oil.

3. Results and Discussion

The effects of the ND additives on the wear performance of the SK3 carbon tool
steels were evaluated through wear tests using a typical diesel engine oil (5W-40)
with various contents of ND. As noted above, the experiments were conducted with
oils containing 0%, 0.005 wt. %, 0.0075 wt. %, 0.010 wt. %, 0.015 wt. %, and 0.020
wt. % of ND. The wear tests were carried out using balls under a contact load of 35
N for the disk specimens up to a distance of 24 km. The average values of the
friction coefficient and the wear rate for each test specimen were determined six
times. If the deviations in the experimental results were severe, the outcome was
excluded from the analysis data and further experiments were conducted. The
friction and wear behaviours of engine oils with respect to the added amount of ND
were investigated by determining the wear rate and friction coefficient, through
measurement of surface roughness and observation of the sample surface.
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3.1. Wear rate and friction coefficient

When measuring the weight of a specimen before and after the 24 km sliding test,
it was expected to be difficult to measure the weight loss due to wearing. Therefore,
the wear rate was determined from the surface roughness test results of the worn
specimens. Total wear volume was calculated by multiplying the worn area on the
bottom of the reference plane by the average circumference of the worn trajectory
of the specimen from the roughness test results. Then, the wear rate was determined
by dividing the total wear volume by the contact load (35 N) and the total moving
distance (24 km). Table 1 summarizes the wear rate and average friction coefficient
of the lubricants with the various ND concentrations.

Table 1. Wear rate and average friction coefficient of specimens lubricated
with oils with different ND concentrations after 24-km wear test.

ND content Friction Wear rate

(wt. %) coefficient (um*/Nm)
0 0.1112 62.74
0.005 0.1071 25.11
0.0075 0.1013 10.76
0.01 0.1023 7.36
0.015 0.1022 6.95
0.02 0.1007 7.14

Figure 4 shows the wear rate of the oil with various concentrations of ND
added to it. According to the results shown in Fig. 4, the wear rate of the oil to
which, ND particles were added after the 24-km wear test is decreased
remarkably as compared to the oil without ND particles. That is, for the SK3 tool
steel, the reduction in the wear rate is remarkable when ND is added to the oil.

Moreover, it was noted that as the ND concentration is increased, the wear
rate decreases. It is considered that the ND particles are interposed between
surface protuberances on the specimen as a type of rolling bearing, as was found
in other research [11], thereby reducing the wear. Figure 4 shows that oil with
0.015 wt. % ND particles added to it has the lowest wear rate among the oil with
ND additions of 0 ~ 0.02 wt. %, and the amount of wear is reduced by
approximately 800% compared to the oil without ND particles.

However, it was also noted that the wear rate increases slightly with an addition
of 0.015%. According to work by Hwang [12], ND-containing oil showed an
increase in the wear rate when ND-added oil was applied to a relatively soft Al-
6061 alloy. As ND particle concentration increases, wear amount increases
continuously, with the maximum value reached when an amount of 0.015% ND is
added. He reported that these results stem from the fact that the hardness of Al-
6061 is relatively low compared to that of the balls; thus, the ND particles act as a
type of abrasive.

Therefore, for the oil with ND particles added to it, it is considered that when
the hardness difference with reference to the contact material is small, the ND
particles serve as rolling bearings, and the ND particles added to the lubricant
efficiently improve the wear rate and friction performance.
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Fig. 4. Wear rate of disk after 24-km wear test.

The average friction coefficient of the oil with the different ND concentrations
ranged from 0.1007 to 0.1112 during the wear test. Figures 5(a) to (f) show the
changes in the coefficient of friction during the 24-km wear test with the oils with
various ND concentrations. In the ND-free oil, as shown in Fig. 5(a), the average
friction coefficient is 0.112, which is the highest among the six oils. It can be seen
that the variation of the friction coefficient of the ND-free oil is greater than those
of the other oils. For the oil with the ND concentration of 0.02 wt. %, as shown in
Fig. 5(f), the average friction coefficient was the lowest, remaining very stable
during wear test. As the ND concentration increases, the variation of the friction
coefficient generally remains very stable. The correlation between the average
friction coefficient and the wear rate when using the oils with the various ND
contents is shown in Fig. 6. The graph shows, in general, that there is a correlation
between the average friction coefficient and the wear rate for the specimens
lubricated with the oil with ND added to it.
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Fig. 5. Variations of friction coefficient for oils with a ND concentration of:
(a) 0%, (b) 0.005%, (c) 0.0075%, (d) 0.01%, (e) 0.015%
and (f) 0.002% during 24-km wear test.
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Fig. 6. Relation between wear rate and average friction
coefficient of oils with different ND concentrations.
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3.2. Surface roughness

In order to measure the surface roughness of each specimen after the 24-km wear
test, the roughness of each worn specimen was observed and measured. Before the
roughness measurement of the ring-shaped worn specimen region, the region where
wear did not occur was measured. As a result of this measurement, it was confirmed
that the average roughness of the region (Ra) was 0.05 um, which is identical to the
size of the alumina abrasive particles.

Generally, when the hardness levels of two materials between which, friction
occurs are different, the material, which is less hard, wears most. For this type of
specimen here, the ball hardness was 49.9 HRC, which was higher than the value
of 42 HRC of the SK3 disk specimen, resulting in a relatively large amount of wear
on the disk specimen. Surface profiles of the disk specimens after the 24-km wear
test show that the surface roughness decreases overall as the ND concentration
decreases. Figure 7 shows the relationship between the average roughness Ra and
the average depth for various ND concentrations. This figure shows that the average
roughness and depth decrease continuously with an increase in the ND
concentration, showing similar values when ND concentration exceeded 0.015%.
This phenomenon mostly coincides with the wear rate trend found in the specimen
lubricated with the oil with different ND concentrations.
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Fig. 7. Average roughness and depth as a function of ND concentration.

The surface roughness measurement results and the wear damage surfaces of
the disk specimen and the ball were compared using a Scanning Electron
Microscope (SEM). Wear damage was observed through SEM for the specimen
lubricated with oil at levels of 0 wt. % to 0.02 wt. % ND. Figures 8(a) to (f) show
the shape of the worn surfaces of the disk specimens lubricated with oil with 0%,
0.005%, 0.0075%, 0.01%, 0.015% and 0.02% ND concentration, respectively, after
the wear test. From Fig. 8(a), it was confirmed that severe scratches occurred on
the wear-damaged surface of the disk specimen lubricated with the oil added
without ND added to it. However, from Figs. 8(e) and (f), corresponding to the
results of the test specimens, which used oil with 0.015% and 0.02% ND
concentrations, respectively, the damage surfaces are relatively smooth.
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Comparing Figs. 8(a) and (f), it can be found that the damaged surface lubricated
with 0.015 wt. % ND, which is the optimum concentration in terms of the wear
rate, is much smoother than that of the test specimen lubricated with oil not
containing ND particles.

According to the results of wear test of the six types of oil, the oil with the
0.015 wt. % ND concentration was superior in terms of wear resistance and that
the oil with the 0.02 wt. % ND concentration was superior in terms of friction
resistance. However, this study has limited applicability in that it was conducted
under specified constant load conditions. Therefore, it is necessary to study the
optimal ND concentration, considering various contact forces, sliding speeds, and
sliding distances.

(b)

(d)

(f)
Fig. 8. SEM micrographs of wear tracks on disks after the wear
tests using oil with: (a) 0%, (b) 0.005%, (c) 0.0075%, (d) 0.01%,
(e) 0.015% and (f) 0.02% ND concentrations.

4. Conclusions

The effects of the addition of ND to diesel engine oil (5W-40) on the lubrication
performance were evaluated here through wear tests. Experiments were carried out
on oils with 0.005 wt. %, 0.0075 wt. %, 0.01 wt. %, 0.015 wt. %, and 0.02 wt. %
concentrations of ND particles. Wear tests were conducted up to a sliding distance
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of 24 km with SK3 tool steel disks and SUJ-2 high chromium steel balls under a
ball contact load of 35 N. The friction and wear outcomes due to the ND particles
addition in the engine oil were investigated by examining the wear rate and changes
of the friction coefficient, by measuring the surface roughness levels, and through
surface observations. The experimental results are as follows.

e The wear rates of ND-added oil samples decreased sharply compared to the
ND-free oil after the 24-km wear test. Specifically, the oil containing 0.015%
of ND particles showed the lowest wear rate, and the wear rate was found to
have decreased by 800% more. It is considered that the ND particles became
interposed between the surface protuberances of the specimen, serving as a
type of rolling bearing and, thereby reducing the wear rate.

o The average friction coefficient was highest for the oil without ND and lowest
for oil containing 0.02% of ND during the wear test. In addition, a correlation
was found between the average friction coefficient and the wear rate. The
friction coefficient of the oil was relatively low and remained stable as the ND
concentration was increased.

o After the 24-km wear test, the average surface roughness of the disk specimens
decreased continuously as the ND concentration was increased, showing
similar value when ND concentration exceeded 0.015%. This phenomenon
mostly coincides with the wear rate trend.

o After the 24-km wear test, the wear-damaged surfaces of the disk specimens
in oil without ND were severely scratched. When using the oil with a 0.015%
ND concentration, it was confirmed that the damaged surfaces were much
smoother than when ND was not added to the oil.

o The wear test results for the six types of oils showed that the oils with 0.015%
and 0.02% ND concentrations were best in terms of wear and frictional
resistance, respectively. However, one limitation to be considered when
applying these results is the specified load condition used here. Therefore,
additional research is necessary to determine the optimal ND concentration,
considering various contact forces, sliding speeds, and sliding distances.
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