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ABSTRACT – The adhesive wear mechanisms of 

medium carbon steel were analysed using spatiotemporal 

mapping analysis to know the influences of hardness of 

materials on the adhesion phenomena. The specimens 

were undergoing different heat treatment to condition 

their hardness. Dry sliding tests with different hardness 

combination of pin and disk specimens were conducted 

utilizing a pin-on-disk tribo-tester. As a result, the 

combinations including soft pin showed lower friction 

coefficient as comparing with those including hard pin. 

The difference between the combinations is supposed to 

be attributed to the characteristics of oxide layer formed 

by sliding. 

 

1. INTRODUCTION 

 Adhesion is the predominant wear mechanism in 

many sliding systems. The elucidation of the adhesion 

phenomena provide necessary information for the design 

of sliding systems based on theoretical understanding. 

Sliding of metallic materials usually experiences 

adhesion [1] which is accompanied by plastic 

deformation depending on the applied load and metal 

properties [2]. As Mokhtar reported, the resistance to 

adhesion increases for hardened material by heat 

treatment [3]. Stated earlier by Rabinowicz [1], different 

hardness materials in sliding produce more friction 

variation compared to the same hardness materials in 

sliding. In spite of many works done till now, wear 

mechanism has not yet been clarified sufficiently to 

predict the sliding phenomena. Also, wear mechanisms 

including adhesion are not simple and influenced by 

various factors [4,5]. Fukuda [6] and Belin [7] developed 

a new analysis technique which is the spatiotemporal 

mapping analysis showing dependency of data on sliding 

position and time. In this research, the influences of 

hardness of materials on the adhesive wear mechanism 

are investigated using the spatiotemporal mapping 

analysis.  

 

2. METHODOLOGY 

2.1 Sample preparation 

Pin specimen with diameter of 4 mm and length of 

25 mm and disk specimen with diameter of 25 mm and 

thickness of 5mm were prepared using medium carbon 

steel AISI 1045/JIS S45C. Sliding surface of the pin has 

a spherical shape with radius of 4 mm. Both specimens 

were gone through heat treatments to get desired 

hardness values [3]. Specimens with hardness more than 

600 HV were prepared by quenching in water containing 

rock salt after 1 hour heating with temperature at 840 0C. 

Those with hardness less than 200 HV were prepared by 

annealing with furnace cooling for 6-7 hours after 1-hour 

heating at temperature 830 0C. Hereinafter, soft pin, hard 

pin, soft disk and hard disk were named SP, HP, SD and 

HD, respectively. After heat treatment, oxide layer on 

disk surface was removed by polishing to have surface 

roughness (Ra) of less than 0.08 μm. Then, specimens 

were cleaned ultrasonically in a mixture of acetone and 

hexane at 1:1 ratio before dried at 100 0C.   

 

2.2 Sliding test 

Dry sliding tests were conducted for the prepared 

specimens with a pin-on-disk tribo-tester as shown in 

Figure 1. The pin and disk were matched to have 

combination of SP/SD, SP/HD, HP/SD and HP/HD. Each 

combination test was repeated trice using new specimens 

to confirm the repeatability of the tests. The test condition 

for each test was as stated in Table 1. The pin was sliding 

on the disk to make a wear track with diameter of 20 mm. 

0.15 V was applied between pin insulated from its holder 

and disk when specimens apart with each other. While the 

test, friction force and voltage between pin and disk 

measurement were recorded as the dependent variables at 

the sampling rate of 720 points per disk rotation. 

 

 

 
Figure 1 Pin-on-disk tribo-tester schematic diagram [8]. 
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Table 1 Experimental conditions.

Properties Data 

Sliding Speed 0.0628m/s 

Load 10 N 

Relative humidity 
Air with room temperature & 

relative humidity of 50% 

Sliding Distance: 

Initial sliding 
126 m 

 

2.3 Spatiotemporal mapping analysis  

The grey charts in Figures 2 and 3 represent the 

range of each dependent variable on the maps. The 

dependent variables and their changes throughout sliding 

tests are visualized as maps having two axes [8]. X-axis 

is for sliding position on the disk from 0 to 2π rad and y-

axis is for the number of repeated sliding from 0 to 2,000 

rotations.  

 

3. RESULTS AND DISCUSSION 

Friction coefficient maps in Figure 2 show the 

distribution of friction coefficient on the disk for different 

hardness combinations. Low friction coefficients were 

observed on few positions for SP/SD and SP/HD. For the 

HP combinations, although HP/HD shows slight 

variation in friction coefficient, no significant positions 

for low friction coefficients were recorded.  

 

 

         
   

          
 
 

Figure 2 Friction coefficient maps. 

 

 

 

       

 

        
 

Figure 3 Contact voltage maps. 

 

 

 

 

One of possible reasons for low friction coefficient 

that appeared mainly for the SP combinations is oxide 

layer formed on the surface. The oxide layer is supposed 

to reduce the metallic contact between pin and disk and 

thus reduce friction coefficient. The high voltage shown 

in Figure 3 represents non-metallic contact area, and 

comparison between Figures 2 and 3 supports this 

possibility. Although oxide layer formations were 

observed for all the combinations, low friction 

coefficients were noticed only in SP combinations. On 

the other hand, even with higher contact voltage on 

HP/HD, the friction coefficients were not as low as SP 

combinations. Differences in characteristic of oxide 

layers between SP and HP combinations are supposed to 

cause the difference in low friction coefficient occurrence. 

Oxide layers formed by HP combinations are not 

influential enough to give low friction coefficients. 

However, identifying oxide layers characteristic is left 

for future work. Since the pin is always in contact with 

disk, the pin hardness might give more impact on the 

adhesion of sliding system than the disk hardness.  

 

4. CONCLUSION 

Adhesion in sliding system is influenced more by 

pin hardness than disk hardness. SP combinations 

exhibited low friction coefficient on certain positions 

while HP combinations did not. The oxide layers reduced 

metallic contact between pin and disk for all 

combinations and reduced friction coefficient only on SP 

combinations. Hence, the oxide layers were considered 

as the cause of differences in friction coefficient between 

SP and HP combinations. The characteristic of oxide 

layers formed on HP combinations might be different 

from those formed on SP combinations, thus they have 

lees effect in reducing the friction coefficient for HP 

combinations. To clarify the characteristic of each oxide 

layer is left for future work. 
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