
We developed a friction modifi er called FFJ-1 that does not contain environmentally hazardous atoms such as those of metals, 
sulfur, or phosphorus. Adding a small amount of FFJ-1 improved the tribology features of lubricants. Their anti-wear properties 
were improved even under high-temperature or high-load conditions, wherein the oil fi lm becomes thin. In particular, when using 
FFJ-1 with MoDTC, the low-friction properties of MoDTC were signifi cantly improved.

Abstract

1.  Introduction

Today, Improvement of the equipment effi ciency is re-
quired for resource saving and reduction in CO2 emissions. 
Reducing friction with a lubricant is one of the key solu-
tions. Lowering the viscosity of a lubricant is effective to 
reduce friction, but it is also likely to cause a break in 
oil fi lm and result in wear and seizure. To achieve both 
reduction in friction and prevention of wear and seizure, 
various additives, including an extreme pressure agent 
and a friction modifi er, are added to a lubricant besides 
the base oil1). This paper reports the tribological behavior 
of the newly developed friction modifi er FFJ-1, which is 
free of the atoms of metal, sulfur or phosphorus, in both 
the case of using molybdenum dithiocarbamate (MoDTC) 
combinedly or not.

FFJ-1 is a chemical compound having a branched structure 
as shown by the conceptual image in Fig. 1. A polar group 
interacting with the base material and a compatible group with 
hydrophobic base oil are optimally placed on the side chain. 
With that structure, FFJ-1 is designed to achieve both high 
solubility in base oil and localization to the base material, 
gather in extreme pressure areas and serve as a friction 
modifi er.
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Fig. 1　Design of FFJ-1
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Table 1 shows the properties of FFJ-1. FFJ-1 is an envi-
ronmentallyfriendly ashless friction modifi er which does 
not contain environmentally concerned atoms, such as 
metal, sulfur, and phosphorus atoms.

2.  Experiment

2.1  Sample oil
In the experiment, Group-I or -III mineral oil were used as 

base oil, and low-viscosity gasoline engine oil (ULV-GEO) 
was used as fi nished oil. To these oils, 1 to 2 wt% of the 
friction modifi er FFJ-1 was added.

2.2  Testing method
We have conducted the reciprocating ball-on-plate friction 

test. Using a 10-mm ball and a plate both made of SUJ2 (high-
carbon chromium steel), a lubricant was applied between the 
ball and the plate and the ball was reciprocated at high speed. 
We observed the friction coeffi cient at different temperatures 
and under different loads (Fig. 2).

3.  Results and discussion

3.1  Effect of FFJ-1 added to base oil

Fig. 3 shows the effect of adding FFJ-1 on the friction 
coeffi cient indicated by the friction test of Gr-I base oil at 
temperatures between 25℃ and 120℃. With the Gr-I base 
oil alone, the friction coeffi cient increased at 80℃ and 120℃. 
When 1 wt% of FFJ-1 was added, the friction coeffi cient did 
not increase at those high temperatures. We consider based on 
this result that as the temperature rose, the oil viscosity became 
low and the oil fi lm thinned, causing the oil fi lm to break and 
the metal surfaces to touch each other. That was why the fric-
tion coeffi cient increased using the base oil alone. Addition 
of FFJ-1 helped keep the oil fi lm intact and maintain steady 
friction condition.

Fig. 4 shows optical images of wear scars on the ball 
made during the friction test for 30 minutes at 120℃. With-
out addition of FFJ-1, the wear scar is large in diameter and 
the ball is heavily weared. With addition of FFJ-1, the wear is 
drastically reduced. As such, FFJ-1 suppresses wear in a 
low-viscosity region where the oil fi lm is liable to break. 
We assume that FFJ-1 adheres to or gathers in the friction 
area and maintain the oil fi lm and thereby prevents contact 
between the metal surfaces and reduces wear.

Table 1　Properties of the friction modifi er FFJ-1

Fig. 2　Friction-test method

Fig. 3　Friction coeffi  cient of Gr-I oil with and without FFJ-1
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3.2  Effect of combined use of FFJ-1 and molybdenum 
dithiocarbamate (MoDTC)

Molybdenum dithiocarbamate (MoDTC) is widely used as 
a friction modifi er for fuel-saving engine oil. This additive is 
said to provide great friction reducing effect with the inter-
layer slip of layered MoS2 it forms by reaction on a friction 
surface (Fig. 5)2). However, it has diffi culty in maintaining 
low friction. Under severe friction conditions including high 
temperature and high load, it is considered unable to keep 
low friction as the MoS2 layers rub each other hard and that 
damages the MoS2 layers.

Fig. 6 shows the effect of adding FFJ-1 on the friction 
coefficient at different temperatures. The friction test was 
conducted using commercially available low-viscosity 
gasoline engine oil containing MoDTC (ULV-GEO) and 
increasing the load from 100 N to 400 N in stages.

The friction coeffi cient of ULV-GEO is very small around 
0.05 under low loads, by the effect of MoDTC. As the load 
is increased, the friction coeffi cient begins to rise and the 
friction reducing effect of MoDTC is lost. This behavior 
becomes noticeable in a test at high temperatures, at which 
the oil viscosity becomes low. In the friction test at 130°C, 
the friction coeffi cient increases even under low loads. As 
mentioned above, MoDTC is considered to produce the friction 
reducing effect due to the MoS2 layers formed by reaction on 
a friction surface. Under severe friction conditions, such as 
high temperature and high load, the oil fi lm is likely to break. 
It is considered that boundary lubrication condition causes 
damage to the MoS2 layers and results in an increase in the 

friction coeffi cient.
When FFJ-1 is added, an increase in the friction coeffi cient 

is suppressed at higher temperatures and under higher loads. 
As FFJ-1 maintains the oil film and reduces wear, it is 
considered to have a mechanism to reduce damage to the 
MoS2 layers and keep low friction. FFJ-1 is expected to 
improve MoDTC’s sustainability of friction reducing effect.

Using the commercially available gasoline engine oil con-
taining MoDTC, we have conducted another friction test. We 
have used a very small quantity of sample and limited the sup-
ply of MoDTC in order to verify whether addition of FFJ-1 
improves MoDTC’s sustainability of friction reducing effect. 
Fig. 7 shows changes in the friction coeffi cient in relation 
to test time observed in the friction test with 0.1 micro 
liter of sample oil. Without FFJ-1, the friction coefficient 
begins to increase at relatively early test time. With FFJ-1, 
an increase in the friction coefficient is suppressed and 

Fig. 4　Optical images of wear scars on a ball after a 30-min test at 
120℃ : (a) without FFJ-1 and (b) with FFJ-1 (1 wt%)

Fig. 5　Function of MoDTC

Fig. 6　Friction coeffi  cient of a low-viscosity gasoline engine oil (containing MoDTC) with and without FFJ-1

Fig. 7　Durability of MoDTC with and without FFJ-1
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the time it takes for the friction coeffi cient to exceed 0.05 
is about 1.5 times longer. Thus, the sustainability of friction 
reducing effect is improved. We consider as described above 
that these results show that FFJ-1 reduces damage to the MoS2 
layers, enabling to lower the consumption rate of MoDTC, and 
that it helps the MoS2 layers remain intact longer and im-
proves the sustainability of low friction.

Therefore, FFJ-1 does not inhibit the functions of MoDTC. 
It works synergistically and helps MoDTC exert the friction 
reducing effect in wider temperature and load ranges, im-
proving the sustainability.

3.3  Surface analysis of friction area
We have analyzed the tribo-fi lm formed in a friction area 

and obtained information on the synergistic effect with 
MoDTC by adding FFJ-1.

After the reciprocating ball-on-plate wear test, we have mea-
sured changes in the friction coeffi cient and element distribu-
tion of the tribo-fi lm surface formed on the friction surface in 

each test time using X-ray photoelectron spectroscopy (XPS). 
As an index for the degree of coverage by MoS2 layers, we 
have used the Mo/Fe ratio, a ratio of Mo derived from the 
MoS2 layers to Fe derived from the base material (Fig. 8).

The result allows us to presume that by addition of FFJ-1, 
the percentage of Mo considered to derive from MoS2 is 
increased, forming the MoS2 layers with high density.

We have examined the tribo-fi lm formed in the friction 
area after 1800-s test using a cross-section transmission 
electron microscope (TEM). Without FFJ-1, the tribo-fi lm 
is nonuniform and discontinuous. With FFJ-1, the tribo-fi lm 
is more uniform and smoother (Fig. 9). The improvement in 
the uniformity of tribo-fi lm is also considered to come from 
FFJ-1’s reduction of damage to the MoS2 layers.

3.4  Resistance to wear and seizure
It is important to have resistance to wear and seizure as 

well as low friction as lubricant properties. Fig. 10 shows the 
result of the four-ball wear test conducted in accordance with 

Fig. 8　(a) Friction coeffi  cient and 
　　　  (b) Mo/Fe ratio of the tribo-fi lm surface

Fig. 9　Cross-sectional TEM Images of the tribo-film (test time: 
1800 s)

Fig. 10　Four-ball wear test
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the ASTM D4172. In the case of either Gr-III base oil with a 
general-purpose antiwear agent, zinc dialkyldithiophosphate 
(ZnDTP) or one with ZnDTP and MoDTC, addition of FFJ-1 
reduces wear. The effect is particularly noticeable with oil 
containing MoDTC. Optical images of wear scars also show 
that the wear scar is the smallest in diameter when FFJ-1 is 
added to MoDTC-containing oil.

Fig. 11 shows the result of the FALEX extreme pressure test 
conducted in accordance with the ASTM D3233-A. Just like 
the wear test, oil with MoDTC and FFJ-1 has the greatest 
resistance to seizure. The combined use of MoDTC and 
FFJ-1 also has the synergistic effect in resistance to wear 
and seizure.

4.  Conclusion

We have examined the tribological behavior of a new 
friction modifi er FFJ-1 free of metal, sulfur or phosphorus 
atoms and obtained the result below.

• FFJ-1 reduces wear in a low-viscosity region, where the 
oil fi lm is liable to break.

• FFJ-1, when combined with MoDTC, helps MoDTC’s 
friction reducing effect occur in wider temperature and 
load ranges and improves MoDTC’s sustainability of 
friction reducing effect. The combined use of FFJ-1 and 
MoDTC also has the synergistic effect in resistance to wear 
and seizure.

From the characteristics described above, FFJ-1 is expected 
to improve the energy effi ciency and the reliability of various 
machines including automobiles.
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Fig. 11　FALEX extreme-pressure test
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