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Liquid lubricants are not suitable for lubrication at high 
temperature and high vacuum conditions. Under such 
extreme conditions, powder lubricants are more useful for 
lubrication. The present work investigates the tribological 
characteristics of metals lubricated with three different 
powders ZrO2, CuO and MoS2 under extreme contact 
pressures and dry conditions. The experiments were 
conducted with these powder lubricants in a reciprocating 
wear test apparatus for various load and temperature 
combinations. The surface morphology of the 
mechanically developed films formed in the sliding 
metals' contact area was investigated by Scanning 
Electron Microscope and Energy Dispersive X-ray 
spectroscopy. It was observed that CuO works effectively 
as a lubricant for steel specimen when constant wear 
characteristics is required at varying combinations of load 
and temperature. In general, it was found that at high 
temperature and high load conditions, the powder 
lubricants exhibit a low value of wear coefficient. 

 
 
1.0 INTRODUCTION 

Solid lubricants are solid materials that reduce the friction and wear between the rubbing 
parts by eliminating direct contact between them under various loading conditions (Sharma & 
Anand, 2016). Solid lubrication is considered the only way to control friction and wear 
characteristics for various tribological applications when its service conditions become severe 
(Donnet and Erdemir, 2004). In aerospace/space applications, the presence of low temperatures 
impedes the use of liquid lubricant since it becomes too viscous or may even solidify (Roberts, 
1990 & 2012). Liquid lubricants used in hydrodynamic bearings and working in high 
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temperatures deteriorate due to thermal instability and results in degradation of the lubricant 
(Stachowiak and Batchelor, 2013).  

As per Arrhenius law, the chemical reaction rate doubles for every 10°C rise in liquid lubricant 
temperature, which results in the breakage of chains in molecules. This leads to polymerization 
and sludge formation and thus affects its lubricating capability. In the case of hydrodynamic 
bearing, this will also reduce the load-carrying capacity of the bearing. Hence to overcome these 
difficulties, powder lubrication was employed in journal bearings and many other applications. 
Dry granular powders can work efficiently as lubricants in bearings operating in hot 
environments and at extreme operating situations (Wornyoh et al., 2007) 

Several researchers have tried to analyze the lubrication characteristics of different powders. 
The friction and wear characteristics of powder lubricants MoS2 and WS2 in a three-pad journal 
bearing at high temperatures were analyzed (Heshmat and Brewe, 1995 & 1996). Another 
analysis found that MoS2 has a frictional characteristic, which is almost equivalent to a 
hydrodynamic lubricating film (Higgs et al., 1999). The behavior of granular powder lubricant in 
slider bearings was investigated by Heshmat and Heshmat (Heshmat and Heshmat, 1999) and 
Heshmat (Heshmat, 1992b & 2000). In dampers, granular powder lubricants' performance was 
studied (Heshmat and Walton, 1992 & 1993). Flow visualization experiments with powder were 
conducted in a transparent cup-shaped journal bearing with a variable speed motor (Heshmat, 
1992a). It was found that the adhesion of powders at the mating surface is responsible for the low 
friction characteristics. From these studies, it was found that the mechanism of pressure 
development using a powder lubricant was very much similar to that of a liquid lubricant.  

Rahmani et al. compared bearings' stability performance using oil lubricant and powder 
lubricant (Rahmani et al., 2016a). They also presented a numerical solution of equations for 
elliptical-bore journal bearings lubricated with solid particles of size 1 and 2 microns (Rahmani 
et al., 2016b). It was found that 2 µm sized particles have higher stability and higher magnitude 
of a static parameter than 1 µm sized particle. The static and dynamic characteristics of powder 
lubricated symmetrical three-lobed bearing were numerically analyzed for various ellipticity 
ratio, L/D ratio and particle diameter (Jose & Behera, 2020). It was found that large-sized 
powdered particles exhibit better load carrying capacity and higher stability than the small-sized 
particles. 

This work aims to analyze the performance of powder lubricants at various loads and 
temperatures similar to that in a journal bearing using a reciprocating wear testing apparatus. 
The journal's rolling motion on the inner bearing surface is more of a sliding contact type than 
pure rolling with lubricant between them. In the reciprocating wear testing apparatus, the contact 
between the upper ball specimen and the lower flat specimen will be a sliding contact with 
powder lubricant. Hence further literature survey was conducted to determine the powder 
lubricant, load and temperature with which the reciprocating wear test is to be conducted. 

Powders can act as a lubricant between two surfaces to reduce wear and frictional 
characteristics (Godet et al., 1991). Very few wear and friction analyses could be found in 
literatures using dry powder as lubricant and pure metal. The importance of SnS/ZnO solid 
lubricant in improving the tribological properties of M50 steel alloy under different operating 
conditions was experimentally analyzed on a pin on disc tribometer (Elsheikh et al., 2020). For 
the analysis, the operating loads range from 3-12N and the temperature ranges from 150°C to 
450°C.  

The pressure and temperature developed inside journal bearing were experimentally 
analyzed by applying 30N, 40N and 50N load for various journal speeds (Patil et al., 2019). Based 
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on this observation, three different loads i.e., 30N, 50N and 70N were considered for the present 
work. Since the load is applied to the flat specimen using the ball specimen, the contact between 
the two specimens will be a point contact. Hence high pressure will be developed on the flat 
specimen due to the point contact. This pressure will be equivalent to that developed within a 
normal journal bearing. 

A numerical investigation by researchers reveals that the operating temperature inside a 
journal bearing (with L/D ratio 1) varies from 50°C to 120°C when the rotation speed of the 
journal changes from 400rpm to 2000rpm (Torgal and Saini, 2015). Therefore, the tests were 
conducted by selecting 3 different temperatures 50°C, 100°C and 150°C to study these powders' 
performance at these temperatures. 

Based on these observations, temperatures 50°C, 100°C and 150°C and load value of 30N, 50N 
and 70N were considered for the experimental analysis. The powder lubricants to be applied to 
the steel specimen for conducting the reciprocating wear test were selected based on the 
following observation from literature. 

Different dry granular powders were used in combination with metals, polymers, ceramics, 
sintered metals, and composites to improve the material's tribological characteristics. By adding 
the MoS2 in Fe–Cu–Sn composite, the coefficient of friction and wear rate of the material were 
lowered (Mushtaq et al., 2019). Another study was conducted to determine the tribological 
behaviour of bearing material, EN 31 alloy steel, using conventional lubricant SAE 20W40 having 
MoS2 particles (4 different sizes) as an additive by varying the loads 75N,100N and 125N (Charoo 
et al., 2017). The experiment results suggested that the lubricant made by using MoS2 particle as 
additive reduces the wear loss to about 60% compared to lubricant without additive. 

At elevated temperatures, ZrO2 has high strength, good wear resistance, high hardness, and 
high fracture toughness than steel. The addition of different percentages of ZrO2 in PMMA 
composites has lowered the wear rate (Akinci et al., 2014). Reciprocating sliding tribo tests were 
conducted on steel specimens by adding ZrO2 nanoparticles as an additive in lubricating oil (PAO 
6) at 100°C and 20N load (Shah et al., 2015). It was observed that the coefficient of friction was 
much lowered than that lubricated with normal lubricating oil.  

CuO in granular powder form has better anti-friction and anti-wear characteristics. The 
tribological characteristics of zirconia composite by the addition of CuO were analyzed (Kong et 
al., 2014). At high temperatures, it was found that the presence of CuO improved the friction and 
wear resistance of zirconium dioxide. The tribological behavior of copper oxide nanoparticle as 
an additive in multi-grade engine oil under 40N and 60N loads and different concentrations was 
analyzed on a pin on disc tribometer (Jatti and Singh, 2015). It was observed that the lubricating 
properties of engine oil were effectively improved when CuO nanoparticles were used as additives 
in lubricating oil.   

Hence CuO, MoS2 and ZrO2 were selected as powder lubricants for the experimental analysis 
since these powders have superior tribological characteristics.  

Although several works discussed in the literature deal with solid lubricants' performance in 
bearings, none of them were found discussing the influence of variations in load and temperature 
on the lubrication performance of powder lubricants. Hence, the purpose of the present work is 
to analyze powder lubricants' performance at various loads and temperatures similar to that in a 
journal bearing using a reciprocating wear testing apparatus. The friction and wear 
characteristics of steel specimen lubricated with granular powders (ZrO2, MoS2 and CuO) at three 
different loads and temperatures were analyzed. The temperature values considered were 50°C, 
100°C and 150°C and the loads considered were 30N, 50N and 70N, similar to that developed 
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inside a journal bearing. Hence the effectiveness of using powders as lubricants in bearings could 
be analyzed. The worn sample was characterized by using Scanning Electron Microscope (SEM). 
Energy-dispersive X-ray spectroscopy (EDS) was employed to conduct the elemental analysis of 
the worn surfaces. 
 
 
2.0 EXPERIMENTAL PROCEDURE 
 
2.1 Test Sample Preparation 

A flat metal piece made of AISI 52100 steel was subjected to a heat-treatment process for 
obtaining the desired hardness. This process included heating the flat specimen to a temperature 
of about 850°C and maintaining at this temperature for about 45 minutes, followed by oil 
quenching. The specimen was then tempered at 150°C. Then it was cut to the required dimension 
of 30mm×30mm×10mm. Before the test, each specimen was cleaned with methyl alcohol and 
acetone. The upper specimen for the test was a ball made of AISI 52100 steel with a diameter of 
10mm. The chemical composition of this material has been presented in Table 1. The roughness 
values of the specimens prepared were obtained in the range of 0.431µm. 

By using a micro-Vickers hardness testing machine, the hardness of the lower flat specimens 
was measured. At three random positions of the specimen, 5N load was applied each time with 
10s dwell time. The average measured hardness value of the flat specimen was obtained as 800 
kg/mm2 and that of the ball specimen was obtained as 677 kg/mm2. 

 
Table 1: Elements present in AISI 52100 steel. 

Components Weight percentage (%) 
Fe 97.116 
Cr 1.09 
C 0.96 
Mn 0.57 
Si 0.21 
S 0.023 

 
2.2 Tribological Testing 

In this test, a reciprocating wear test apparatus (Ducom TR-285-M9, Standard – ASTM G181-
11) was used (Figure 1). The apparatus consisted of a tiny ball sliding on a flat surface, which 
resulted in high contact pressure. The ball specimen reciprocates over the lower flat specimen 
with the length of stroke being 15mm with an average sliding velocity of 0.3m/s. The powder 
lubricant was applied in between the ball and flat specimens. The test specimens were loaded 
with the help of dead weights. A heater was provided in the experimental apparatus to maintain 
the required temperature. Critical parameters, such as friction force and coefficient of friction, 
were recorded during the test at regular intervals. The duration of each experiment was set as 5 
minutes. Parameters considered in the experiment are presented in Table 2. Based on central 
composite design (CCD), fifteen experiments were conducted as per the experimental plan 
presented in Table 3. 
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Figure 1: Reciprocating wear testing machine and its various parts. 

 
Table 2: Parameters considered in the experiment. 

 Levels 
 -1 0 1 

Load (N) 30  50  70 
Powder ZrO2 CuO MoS2 
Temperature(°C) 50 100  150 

 
Weight loss of the specimen was measured at the end of each test to calculate the wear rate. 

The wear track formed on the flat lower specimens during the sliding wear test has been shown 
in Figure 2 (b). After each test, the upper ball specimen's impression of wear scar was taken in an 
aluminum foil of 20-micron thickness. The images of wear scar of ball specimen from three tests 
have been presented in Figure 2(c).  

The diameter of the impression of the wear scar obtained was measured with a Dynalite 
microscope.   
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Table 3: Experimental plan and the tribological parameters obtained from experiments 

Exp No. Powder Load Temperature 
Wear 
coefficient 

Frictional 
force 

1 -1 -1 -1 6.12E-04 52.04 
2 1 -1 -1 4.50E-04 51.26 
3 -1 1 -1 4.25E-05 59.92 
4 1 1 -1 1.33E-06 42.39 
5 -1 -1 1 2.09E-04 22.98 
6 1 -1 1 9.98E-06 10.49 
7 -1 1 1 3.69E-05 44.92 
8 1 1 1 3.09E-06 8.14 
9 0 0 0 2.59E-05 40.39 
10 -1 0 0 5.86E-05 41.34 
11 1 0 0 4.42E-04 26.29 
12 0 -1 0 1.38E-04 31.04 
13 0 1 0 9.44E-05 40.66 
14 0 0 -1 1.18E-04 53.63 
15 0 0 1 1.45E-04 27.17 

 

 
Figure 2: Experimentally tested steel specimens and microscopic wear scar images of ball 
specimens. 
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3.0 WEAR COEFFICIENT ESTIMATION 
The quantity of volume loss from the ball specimen due to wear was calculated from the scar 

diameter (Winer and Peterson, 1980) 
 

Wear volume, V= 
πz

6
[

3d2

4
+z2]       (1) 

The depth of the scar is calculated by z = r-√(r2-
d2

4
)     (2) 

Wear rate is given by 𝑄 =
𝑉

𝑆
        (3) 

Sliding distance S was calculated by S=0.002× t × f ×ls    (4) 
 
Wear coefficient K for any particular time interval can be calculated, based on the assumption 

that the wear coefficient varies linearly with the time interval considered. 
 

K=
Q x H

W
          (5) 

 
 

4.0 RESULTS AND DISCUSSION 
 
4.1 Response Surface Methodology (RSM) 

Response surface methodology (RSM) is a set of statistical and mathematical techniques to 
model and analyze a problem in which the output or response depends upon several parameters.  
The sole objective of this method is to optimize the output variable. Central composite design 
(CCD) is an experimental design technique used in response surface methodology for designing a 
quadratic model for the response variable without conducting a complete three-level factorial 
experiment. The approach of using Central composite design (CCD) in RSM was found successful 
in many pieces of literatures. A design method using CCD was developed for surface texture 
optimization to contact ultrahigh molecular weight polyethylene and steel under boundary 
lubrication (Cho and Choi, 2014). Confirmation experiments were also conducted using a pin on 
disc tribometer and the results were found to be in close agreement with the response surface 
model. Similarly, a quadratic model to predict the surface roughness using CCD in RSM was 
developed and the accuracy of the model was verified by conducting experiments (Sagbas, 2011).  
It was found that the average of the absolute error between the predicted and experimental values 
is only 2.82%.  

In the present analysis, the three factors considered were load, temperature and powder. The 
loads considered in the analysis were 30N, 50N and 70N. The different temperatures tested were 
50°C, 100°C and 150°C. Powder lubricants tested in the analysis were MoS2, CuO and ZrO2. Hence 
a total of three-level factorial experiments were needed for the complete analysis. But by using 
central composite design, the whole analysis could be performed by conducting 15 experiments. 
The results of the remaining experiments will be predicted accurately by using Minitab software 
using CCD. Therefore CCD was used for designing the model for response variables without 
conducting three-level factorial experiments. In this work, the frictional force and wear coefficient 
were considered the response, whereas load, temperature, and type of powder were considered 
the parameters that were influencing the response. A second-order polynomial regression 
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equation has been used as given in equation (6) to predict the relationship between parameters 
and response. 

Ru =  b + ∑ bI yiu + + ∑ bii y2
iu

+ ∑ bij yiuyju      (6) 

 
where Ru is the response  
b, bI, bii and bij are the coefficients. 

 
The experimental results were analyzed by using statistical software, Minitab 17. Central 

composite design (CCD) has been employed for selected temperature and load values to evaluate 
the friction and wear characteristics. For the analysis, load and temperature were chosen as the 
continuous factor and powder were selected as the categorical factor, including MoS2, CuO and 
ZrO2. Statistical analysis was carried out using ANOVA with a 95% confidence level or a P-value 
of 0.05. Different categories of graphs have been plotted using the software, which are analyzed 
in the forthcoming sections.  

 
4.2 Frictional Force 
 
4.2.1 Main Effects Plot, Surface Plots and Contour Plots of Frictional force 

Friction force depends on the parameters such as load, temperature and type of powder. In 
this section, effect of these parameters on frictional force have been analyzed from the various 
categories of plots such as main effect plot, surface plot and contour plot. 

 

 
Figure 3: Main effect plot of frictional force. 

 
Frictional force variations for metals lubricated with powders ZrO2, MoS2 and CuO are shown 

in Figures 3 and 4. The highest and lowest magnitudes of mean friction force occur for ZrO2 and 
MoS2, respectively. 

At low loads, the mean value of the frictional force is found to be low. But at increased loads, 
the mean value of the frictional force does not increase significantly. A 130% increase in load from 
the initial value of 30N to 70N the frictional force increases by only 17% (34 N to 40N). The mean 
frictional force is high at low temperatures and it reduces as the temperature increases. For the 
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temperature increase from 50°C to 150°C (about 200% increase), friction force reduces by 57%. 
Regression equations of frictional force in un-coded units can be extracted from the experimental 
data. Equations (7), (8) and (9) are the regression equations for materials CuO, MoS2 and ZrO2, 
respectively.  
 

Frictional Force = 69.7 + 0.314 Load - 0.651 Temperature - 0.00331 Load x Load + 
0.001290 Temperature x Temperature + 0.002571 Load x Temperature 

(7) 

Frictional Force = 88.2 - 0.067 Load - 0.762 Temperature - 0.00331 Load x Load + 
0.001290 Temperature x Temperature + 0.002571 Load x Temperature  

(8) 

Frictional Force = 63.6 + 0.446 Load - 0.607 Temperature - 0.00331 Load x Load + 
0.001290 Temperature x Temperature + 0.002571 Load x Temperature 

(9) 

 

 
Figure 4: Surface plots and contour plots of the frictional force. 
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4.2.2 Analysis of Variances 
The analysis of variance for Frictional force is presented in Table 4. Table 5 indicates the 

estimated regression coefficient of frictional force. Factors such as load, temperature and powder 
are found to be significant. Calculated values of p-values of temperature, load and powder are 0, 
0.030 and 0.004, respectively. This indicates that temperature has more effect on the frictional 
force than the other two parameters, such as load and powder type. This can also be observed 
from the surface plots and contour plots of frictional force. 

 
Table 4: Analysis of variance for frictional force. 

Source DF Adj SS Adj MS F-Value P-Value 
Model 11 3327.77 302.52 51.13 0.004 
Linear 4 2650.23 662.56 111.99 0.001 
Load 1 89.40 89.40 15.11 0.030 
Temp. 1 1848.88 1848.88 312.51 0.000 
Powder 2 711.95 355.98 60.17 0.004 
Square 2 27.19 13.59 2.30 0.248 
Load x Load 1 4.50 4.50 0.76 0.447 
Temp. x Temp. 1 26.73 26.73 4.52 0.124 
2-Way interaction 5 397.51 79.50 13.44 0.029 
Load x Temp. 1 52.90 52.90 8.94 0.058 
Load x Powder 2 220.41 110.20 18.63 0.020 
Temp. x Powder 2 124.21 62.10 10.50 0.044 
Error 3 17.75 5.92   

Total 14 3345.52    

 
Table 5: Estimated Regression Coefficient for Frictional force. 

Term Effect Coefficient 
SE 
Coefficient 

T-Value P-Value VIF 

Constant  35.58 1.36 26.12 0.000  
Load 6.303 3.152 0.811 3.89 0.030 1.11 
Temp. -28.666 -14.333 0.811 -17.68 0.000 1.11 
Powder       
  CuO 4.48 2.24 1.01 2.21 0.114 1.73 
  MOS2 -18.768 -9.384 0.920 -10.19 0.002 1.43 
Load x Load -2.65 -1.32 1.52 -0.87 0.447 1.30 
Temp. x Temp. 6.45 3.22 1.52 2.13 0.124 1.30 
Load x Temp. 5.143 2.571 0.860 2.99 0.058 1.00 
Load x Powder       
  CuO 3.31 1.66 1.28 1.29 0.287 1.67 
  MOS2 -11.92 -5.96 1.07 -5.55 0.012 1.56 
Temp. x Powder       
  CuO 2.21 1.10 1.28 0.86 0.453 1.67 
  MOS2 -8.84 -4.42 1.07 -4.12 0.026 1.56 
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4.3 Wear Coefficient 
 
4.3.1 Main Effects Plot, Surface Plots and Contour Plots of Wear coefficient 

The wear coefficient also depends on the parameters such as load, temperature and type of 
powder. In this section, the effect of these parameters on the wear coefficient has been analyzed 
from the various categories of plots such as main effect plot, surface plot and contour plot. Figure 
5 depicts the main effect plot and Figure 6 indicates the surface and contour plot of wear 
coefficient corresponding to the powders ZrO2, MoS2 and CuO.  The highest and lowest 
magnitudes of the mean value of wear coefficients occur for CuO and ZrO2, respectively. 

 

 
Figure 5: Main effect plot of wear coefficient. 

 
For an increase in load from 30N to 70N, the wear coefficient decreases significantly by 89% 

(i.e., from 0.00028 to 0.00003). The wear coefficient also decreases significantly with an increase 
in temperature. For an increase in temperature from 50°C to 150°C, the wear coefficient decreases 
by 70%, (i.e., from 0.00025 to 0.000075). Compared to other powders, for CuO, the variation wear 
coefficient with load or temperature was not much significant. 

Also, for CuO, the wear coefficient was minimum at high load (70N) and high temperature 
(150°C). 

Regression equations of wear coefficient in un-coded units can be extracted from the 
experimental data. Equations (10), (11) and (12) are the regression equations for materials CuO, 
MoS2 and ZrO2, respectively.  

 
Wear Coefficient = 0.000406 - 0.000003 Load - 0.000004 Temperature (10) 
Wear Coefficient = 0.000978 - 0.000008 Load - 0.000006 Temperature (11) 
Wear Coefficient = 0.001153 - 0.000012 Load - 0.000006 Temperature (12) 
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Figure 6: Surface plots and contour plots of wear coefficient. 

 
4.3.2 Analysis of Variances 

Analysis of variance for wear coefficient is presented in Table 6. Table 7 indicates the 
estimated regression coefficient of the wear coefficient. Analysis of variance showed that there is 
no significant effect of the parameters on the wear coefficient. This occurs due to the large 
variations in the value of wear coefficient corresponding to the three different powders with 
variations in load and temperature. Also, the value of the variation inflation factor (VIF) of various 
parameters in the analysis lies between 1 and 5. Variance inflation factors (VIF) measure the 
inflation of the estimated regression coefficients' variance compared to that when the predictor 
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variables are not linearly related. The value of VIF lies between 1 and 5, which indicates that the 
correlation of predictors is moderate. It is inferred that the load had the highest influence on wear 
coefficient followed by temperature and powder. The two-way interactions term load x 
temperature is also found to be significant on the wear coefficient. 

 
Table 6: Analysis of variance for Wear coefficient. 

Source DF Adj SS Adj MS F-Value P-Value 
Model 11 0.000000 0.000000 0.97 0.583 
Linear 4 0.000000 0.000000 1.14 0.475 
Load 1 0.000000 0.000000 2.78 0.194 
Temp. 1 0.000000 0.000000 1.06 0.379 
Powder 2 0.000000 0.000000 0.36 0.722 
Square 2 0.000000 0.000000 0.06 0.941 
Load x Load 1 0.000000 0.000000 0.07 0.804 
Temp. x Temp. 1 0.000000 0.000000 0.02 0.897 
2-Way interaction 5 0.000000 0.000000 0.80 0.617 
Load x Temp. 1 0.000000 0.000000 2.38 0.221 
Load x Powder 2 0.000000 0.000000 0.49 0.654 
Temp. x Powder 2 0.000000 0.000000 0.31 0.755 
Error 3 0.000000 0.000000   

 
Table 7: Estimated Regression Coefficient for Wear Coefficient 

Term Effect Coefficient 
SE 
Coefficient 

T-
Value 

P-Value VIF 

Constant  0.000192 0.000108 1.78 0.173  
Load -0.000214 -0.000107 0.000064 -1.67 0.194 1.11 
Temp. -0.000132 -0.000066 0.000064 -1.03 0.379 1.11 
Powder       
  CuO -0.000136 -0.000068 0.000080 -0.85 0.458 1.73 
  MOS2 0.000058 0.000029 0.000073 0.40 0.719 1.43 
Load x Load -0.000065 -0.000032 0.000120 -0.27 0.804 1.30 
Temp. x Temp. -0.000034 -0.000017 0.000120 -0.14 0.897 1.30 
Load x Temp. 0.000210 0.000105 0.000068 1.54 0.221 1.00 
Load x Powder       
  CuO 0.000170 0.000085 0.000101 0.84 0.462 1.67 
  MOS2 -0.000014 -0.000007 0.000085 -0.08 0.941 1.56 
Temp. x Powder       
  CuO 0.000159 0.000079 0.000101 0.78 0.490 1.67 
  MOS2 -0.000087 -0.000043 0.000085 -0.51 0.644 1.56 

 
 
5.0 SEM ANALYSIS WITH EDS 

 SEM combined with an Energy Dispersive X-ray spectroscopy analyzer was used to analyze 
surface morphology. Scanning Electron Microscope (SEM) has been used to analyse the wear 
tracks on the specimens for oxide layer presence. EDS has been used to determine the chemical 
composition of the oxide layer. Specimens with the lowest value of wear coefficient corresponding 
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to the three different powders were chosen for SEM and EDS since the oxide layer's possibility is 
more in these specimens. At 50°C and 70N load, MoS2 had the lowest value of the wear coefficient. 
Similarly, CuO had the least wear coefficient at 100°C and 50N load, whereas ZrO2 had at 150°C 
and 70N load. The SEM images for the steel specimen lubricated with MoS2, ZrO2 and CuO with a 
magnification level of 5000X have been presented in Figure 7. 

The results of the EDS have been presented in Figure 8. Mechanically formed film on the MoS2 
lubricated specimen consists of elements Mo, O, C, Fe and S. The film on the specimen lubricated 
with ZrO2 consists of elements Zr, C, Fe and O. The presence of elements Cu, O, Fe and C were 
detected on the specimen lubricated with CuO. The presence of oxide was revealed in all the 
specimens. 

 

 
Figure 7: SEM images of worn surface of specimens lubricated with ZrO2, MoS2 and CuO. 



Jurnal Tribologi 26 (2020) 101-119 

 

 115 

.  
Figure 8: EDS results of worn specimens lubricated with ZrO2, MoS2 and CuO 

 
 

6.0 DISCUSSION 
It was observed in preceding sections that the mean frictional force and wear coefficients were 

high at low temperatures. Whereas at high temperatures, the mean of frictional force and wear 
coefficient was found to be low. Similarly, at low loads, the mean frictional force was low and the 
wear coefficient was high. As the load increases, the mean frictional force increases slightly, but 
the mean wear coefficient decreases significantly. With an increase in load, the mean value of the 
wear coefficient decreases. A thorough investigation of the SEM images is needed to evaluate the 
friction and wear characteristics. In the SEM images, bright patches were found in between the 
smooth regions. These bright patches were the mechanically developed oxide film formed on the 
specimen surface during the sliding motion. The mechanically formed oxide layer protects the 
specimen from severe wear and thereby improves the lubrication between the sliding surfaces in 
solid lubricants. 

(a) For the specimen lubricated with MoS2, the minimum wear coefficient was observed at 
50°C and a load of 70N. A worn track covered with a layer of wear debris particles in 
compacted condition was observed from the SEM images. The layers were so hard and 
compact such that they were seen as sintered in some areas. Some cracks were also 
observed, which may be due to the thermal effects and shrinkage that occurred during 
the sintering process. 
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(b) Minimum wear coefficient was observed at 100°C and 50N load for the specimen 
lubricated with CuO powder. From the SEM images, many wear debris particles were 
found adhered to the worn surface. Load bearing smooth areas were also observed 
between the particulate layers. These layers covered the wear scar formed during the 
reciprocating sliding motion  

(c) The minimum wear coefficient was observed for ZrO2 at 150°C and 70N load. By 
observing the SEM images, it can be analyzed that the load-bearing layers were smoother 
than the layer formed on the specimen by using CuO as the lubricant. On top of such 
surface, 'Glaze layers' were also developed. These glaze layers were mostly solid 
compacted on the worn surface. Many fine wear debris particles were also found sticking 
to the worn surface in between the load-bearing glaze area.   

 Wear tests were conducted by supplying fine Fe2O3 particles on two steel surfaces in sliding 
motion (Kato, 2003). It was observed that as the load increases, the area of the developed oxide 
film also increases. Also, a transition from severe to mild wear occurred when the relative area of 
oxide film reached a particular value. The same trend was observed in the present analysis at 70N 
load, i.e., at maximum load, where the wear coefficient was found to be minimum using MoS2 and 
ZrO2 powders. For the specimen lubricated with CuO, it was found that a change in load or 
temperature does not have a significant impact on the wear characteristics of the metal. The 
transition of severe to mild wear was observed since the formation of an oxide layer on the sliding 
interface prevented the inter-metallic contact (Kato. 2008). 

During the sliding motion of specimens, frictional heating occurs in the mechanically produced 
oxide layer and it increases with an increase in load. This reduces the moisture content in the 
oxide film produced. Chemical reactions formed mechanically developed films and during 
frictional heating, these chemical reactions get accelerated. This produced film reduces the 
frictional force and wears coefficient between the interacting surfaces. Similar variations in the 
friction coefficient of MoS2 with load were noticed by other researchers (Boyd and Robertson, 
1945) & (Hyde, 1957). With increased load, similar variations in wear coefficients were observed 
with solid lubricant graphite (Kim and Kim, 2015). 

The powder lubricant gets compacted at an elevated temperature to form a solid layer. More 
powdered particles get accumulated on the compacted solid layer, which gets polished to develop 
a smooth wear protective oxide layer on the interacting worn surface. Hence the magnitude of 
friction and wear characteristics reduce at high temperatures. When MoS2 was used as a solid 
lubricant, the friction coefficient's value reduces with an increase in temperature (Peterson and 
Johnson, 1954). Similarly, reduction in the material's wear characteristics was observed with an 
increase in temperature when solid lubricant graphite was used as a lubricant (Jiang et al., 1998).   

 
 

7.0 CONCLUSIONS 
To study the lubrication capability of dry powders MoS2, ZrO2 and CuO as powder lubricant, 

Reciprocating sliding wear tests were conducted on steel specimens lubricated with these 
powders in the dry state to analyze the friction and wear characteristics. By using a ball on a flat 
specimen, extreme contact pressure conditions were generated. Three different temperatures 
(50°C, 100°C and 150°C) and loads (30N, 50N, and 70N) were considered for the analysis. The 
tests were performed with different combinations of temperature and load based on the central 
composite design (CCD) in Response surface methodology. The morphology of the worn surfaces 
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was analyzed by using SEM and EDS analysis. The following conclusions were obtained from the 
analysis. 

(a) The presence of mechanically developed film was found by SEM analysis of the steel 
specimens on which the wear test was performed. This suggests that the powders ZrO2, 
MoS2 and CuO act efficiently as a dry solid lubricant under extreme contact pressure 
situations. 

(b) For the specimens lubricated with powders ZrO2 and MoS2, an increase in temperature 
and load reduces the wear coefficient drastically. With an increase in load from 30N to 
70N, the wear coefficient decreases by 89%. Similarly, when the temperature increases 
from 50°C to 150°C, the wear coefficient decreases by 70%. Hence these powders are 
effective at high load and high-temperature applications.  

(c) With an increase in temperature, the frictional force was found to decrease for all the 
powders. Friction force reduces by 57% when the temperature increases from 50°C to 
150°C. The frictional force does not increase significantly with an increase in loads. For 
an increase in load from 30N to 70N, the frictional force increases only by 17%. 

(d) The wear coefficient was not much altered with changes in temperature and load for the 
specimens lubricated with CuO. At any temperature or load, a low value of wear 
coefficient was observed for the specimen lubricated with CuO. Hence CuO can be used as 
an excellent powder lubricant when a constant wear characteristic is required in varying 
temperature and load situations. 
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