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ABSTRACT – In the current study, the influence of 

lubricant additives on the scuffing process was 

investigated. In-situ observation tests of the lubricated 

area between a rotating sapphire disc and a stationary 

steel pin were conducted using four oils containing 

different additives such as the anti-wear additive, friction 

modifier, viscosity improver and so on. It was found that 

transfer layers from the steel pin grew greatly on the 

sapphire surface before an occurrence of scuffing. The 

anti-wear additive and viscosity improver prevented the 

growth of the transfer layer to increase the scuffing load. 

 

1. INTRODUCTION 

As a method to reduce the energy consumption of 

automobiles, the use of low viscosity oil is strongly 

required. As a result, operating conditions for lubricated 

parts become severer, resulting in an occurrence of 

scuffing, which is a catastrophic failure characterized by 

sudden increases in friction coefficient and temperature 

of friction surface. To prevent an occurrence of scuffing, 

various additives are contained in lubricant oil to improve 

performance in boundary lubrication conditions. In 

particular, a friction modifier of molybdenum 

dithiocarbamate (MoDTC) and an anti-wear additive of 

zinc dialkyldithiophosphate (ZnDTP) are well 

recognized as additives contained in engine oil. These 

form a reaction film by high shear force to reduce friction 

and improve anti-scuffing performance [1,2]. In severe 

condition, however, scuffing can occur after the removal 

of the reaction film. The behavior and role of lubricant 

additives in such severe condition have not still been 

understood. In-situ observation of the friction area! is an 

excellent technique to understand the change of the 

friction area and various phenomena occurring in the 

friction area [3]. 

In the current study, in-situ observation of the 

lubricated area was conducted to understand the 

influence of additives on the scuffing process. The 

lubricated area comprised of a rotating sapphire disc and 

a stationary steel pin. A monochrome high-speed camera 

was used to capture precisely the lubricated area over the 

sapphire disc. Four types of oils containing different 

additives such as the anti-wear additive, friction modifier, 

viscosity improver, and so on were tested. 

 

2. EXPERIMENTAL PROCEDURE 

The in-situ observation system used in the current 

study is mainly divided into two parts comprising a 

capturing system and a tribometer. The capturing system 

consists of a microscope, a halogen lamp, and a 

monochrome high speed camera. The frame rate of the 

high speed camera was set to 200 fps. The tribometer is a 

pin-on-disc type. The contact area is between a rotating 

sapphire disc and a SUJ2 steel pin. The diameter of the 

steel pin is 4 mm, and the curvature of the top surface is 

12.7 mm. A type K thermocouple is embedded in the steel 

pin at depth of 1 mm. The load, friction force and 

temperature of the thermocouple are simultaneously 

measured. A test was conducted under a stepwise load of 

1000 N/min and at a sliding speed of 3.0 m/s. Four types 

of oils were used and the additives in each oil were shown 

in Table 1. Oil was supplied into the leading edge of the 

contact area by a trochoid pump. The temperature of the 

oil was set to 80 ºC by a heat controlling system.  

 

Table 1 Additives of each oil. 

Oil Oil A Oil B Oil C Oil D 

SAE 

viscosity 

grade 

0W-8 0W-8   

Base oil 

Mineral oil 

KV100=3.5 

mm2/s 

Mineral oil 

KV100=3.5 

mm2/s 

Mineral oil 

KV100=3.5 

mm2/s 

Mineral oil 

KV100=3.

5 mm2/s 

Viscosity 

index 

improver 

Polymethacr-

ylate 

Polymethacr-

ylate 

Polymethacr-

ylate 
―――― 

Anti-wear 
ZnDTP 

(Secondary) 

ZnDTP 

(Secondary) 
―――― ―――― 

Metallic 

detergent 

Overbased 

Ca salicylate 

Overbased 

Ca salicylate 
―――― ―――― 

Antioxidant 
Amine-based 

Phenol-based 

Amine-based 

Phenol-based 
―――― ―――― 

Friction 

modifier 
―――― MoDTC ―――― ―――― 

Antifoaming 

agent 
Silicon Silicon ―――― ―――― 

  

3. RESULTS AND DISCUSSION 

Figure 1 shows the friction coefficients during tests 

for four oils. At the early stage of the tests, the friction 

coefficient of oil B is the lowest and that of oil A is the 

second lowest value. Figure 2 shows the friction surfaces 

for oil A and oil C at the test time of 10.0 s. At the inlet 

zone of the contact area for oil C, wear debris particles 

are accumulated. The contact area for oil C is larger than 

oil A. It is found that wear is suppressed for the oil 

containing an anti-wear additive of ZnDTP and the 

friction coefficient is the lowest for the oil containing a 

friction modifier of MoDTC. It is considered that 

reaction film originated from additives in oil is formed 

just after the test start. After approximately 60 s from the 

test start, the friction coefficients for oil A and oil B 

increase. Figure 3 shows the contact area for oil A and oil 
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C at the test time of 114 s. It is found that wear of both

oils progressed. From these results, it is considered that 

the reaction film has removed because of severe 

conditions under a high loading of 2000 N. 

 

 
Figure 1 Variations in friction coefficient for each oil. 

 

 
(a) 

 

 
(b) 

Figure 2 Friction surfaces at the test time of (a) 10s and 

(b) 114 s. 

 

At the test time of around 120 s, scuffing occurred 

in the test of oil C as shown in Figure 1. Referring again 

to Figure 2, transfer layers from the steel pin can be seen 

on the sapphire disc and the transfer layer appears to 

adhere larger for oil C.  In order to show how much the 

transfer layer exists, monochrome images are binarized 

with a brightness value as a threshold and the ratio of area 

of transfer layer occupying the friction surface as a 

function of time is shown in Figure 3. It is found that the 

ratio of the transfer layer is the largest in oil C and 

smallest in oil B. The sliding between the steel pin and 

the transfer layer makes friction of same material which 

prompts occurring of scuffing. It is considered that the 

additives showed the effect of suppressing the formation 

of the transfer layer under severe conditions. 

 

 

 

4. SUMMARY

In the current study, scuffing tests were carried out 

using four types of oils under a stepwise increase in load. 

The contact area during each test were in-situ observed 

by a monochrome high-speed camera. The conclusions 

of the current study are as follows: 

(a) Black film was formed in the contact area for 

the oil with ZnDTP and MoDTC and that with 

ZnDTP just after start of the tests while such a 

film did not appear for oils without ZnDTP 

and MoDTC.  

(b) The friction coefficient was lowest for the oil 

with ZnDTP and MoDTC while that was 

greatest for only base oil. 

(c) After the black film removal, the friction 

coefficient increased, and wear progressed, 

which did not have clear difference among the 

tested oils. 

(d) The scuffing load depended on the type of oil, 

although the black film was removed at the 

stage of light load.  

(e) The scuffing load for the oil with ZnDTP and 

MoDTC was highest while that was lowest for 

the oil with VII. 

(f) Before occurrence of scuffing, the formation 

of large transfer layer could be observed on the 

sapphire disc and the formation of transfer 

layer was more suppressed for the oil with 

ZnDTP and MoDTC and that with ZnDTC, 

compared with that for the oil with VII and 

only base oil.  

 

 
Figure 3 Area ration of the transfer layer occupying the 

surface area at the load of 2000 N. 
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