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ABSTRACT
Scientists are working on the development of materials and lubricants to reduce friction as well as wear at metalto-metal interfaces having relative motion. Aluminum is a widely used metal due to its high strength to weight ratio
and availability in nature as compared to other metals that are manufactured by the rolling process. The output of the
product quality and quantity from the rolling process requires less energy as compared to other manufacturing processes.
A tribological study has been carried at the in-situ condition for the interface of Al6061 and steel EN31 on the pin on
disc setup. To analyze the effectiveness of lubricant with mating surfaces, the effect of rolling lubricant was analyzed
for tribological behavior and compared with the dry condition. The coefﬁcient of friction was reduced up to 80% and
the speciﬁc wear rate was reduced up to 96% by using rolling lubricant compared to dry conditions at the interface of
metals that had relative motion.
Keywords: Friction; Speciﬁc wear rate; Pin-on-disc; Lubrication; Dry friction.

INTRODUCTION
The rolling process is a widely used metal forming process. Small hand-driven rolling mills were used even as
early as the ﬁfteenth century (Swank, James M., 1965). 70% of the products by mass were made by rolling process.
The cold rolling process is economical and efﬁcient which is used for producing sheets and strips which may be used
directly as well as a by-product for further cold forming processes. Cold-rolled sheets have uniform mechanical properties,
uniform surface texture and microstructure, close tolerance sheet thickness, and good surface quality. Generally, cold-rolled
sheets may be used directly as a product, no other surface treatment is required (E. Degarmo et al., 1988).
The interacting surfaces along with their surrounding of roll and strip affect the power consumption to generate
the required surface ﬁnish of the product during the rolling process. The study of tribological properties like lubrication,
wear, friction is important for economic and to maintain dimensional stability of the mating parts.
Various researchers had studied the friction phenomenon between the Aluminum strips and roll (S. Jianlin and
Z. Xinming, 1997, J. G. Lenard 1991, L. Lai-Seng and J. G. Lenard, 1984, B. Hum et al. ,1996 & Z. Wang et al., 2003).
The coefﬁcient of friction was more affected by rolling speed than the rolling load in cold rolling of Aluminum. As
rolling speed increased coefﬁcient of friction decreased (S. Jianlin and Z. Xinming, 1997). A cold rolling model for
dry friction was developed (Baltov and Nedav, 1995) For the rolling process, friction is essential but its optimization
is required as more friction will consume more power (S. Kondo, 1975). The roughness of the strip surface also affects
the lubrication conditions in the rolling (S. S. Lu and Y. H. Chuang, 1995). The surface roughness in the rolling direction
had an adverse effect on lubrication while roughness in transverse direction had favorable lubrication conditions for
rolling due to the formation of oil pockets (Y. J. Liu et al., 2001). Roughness transfer from steel roll to Al strip was
observed during rolling (F. Plouraboué and M. Boehm, 1999). Roll load was varied with roll roughness.
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Smooth roll provided the lowest load as starved contact was observed at high surface roughness of rolls (J. Jeswiet, 1998).
Ecofriendly easter synthesized by alcohol and acids were prepared and compared with existing aluminum lubricant. These
ecofriendly lubricants shown good physical and chemical and tribological properties (P. Nagendramma et al., 2016).
Water-based nano lubricants reduced the rolling forces in micro ﬂexible rolling of Aluminum up to 18% and the surface
roughness of the sheet was also improved (M. Huo et al., 2020).
So, the effect of lubricants on tribological properties of the tribo-pair of roll and strip material is to be studied.
To meet the major challenges of future needs of rolling, the researchers are continuously putting their effort to optimize
the power consumption and reduce the wear of the advanced materials used in daily life. On the other hand, some
researchers are carrying out the ﬁne art of formulating the working lubricants for maintaining the suitable tribological
environment for the lubricating contacts within the rolling regime (J. G. Lenard ,2004; L. B. Sargent and C. J. Stawson,
1974; A. Shirizly and J. G. Lenard, 2000; C. McConnell and J. G. Lenard & A. I. Baltov and A. G. Nedev, 1995).
Hence, improvement of the lubricating condition of rolling has become a subject of an investigation by many
designers and researchers. In this study, an attempt has been done for analyzing the effect of rolling lubricant at the
mating surface of Al6061 and steel EN31against dry conditions on the Pin on Disc test rig.

EXPERIMENTATION
Frictional and wear properties have a vital role in the daily lives of human beings. It consumes power and
decides the life of the product. A Pin-on-disc tribometer was employed to analyze the coefﬁcient of friction and the
speciﬁc wear rate of the in-situ material having relative motion. The material of the disc was steel EN31and the material
of the pin was Al 6061. Negligible wear of steel EN31was assumed as compared to the pin of Al 6061. The composition
of the material was as per Table1 &2.
Table 1. Composition of Aluminum Pin.

Table 2. Composition of steel EN 31 Disc.

The Vickers microhardness of the specimens was measured on a Vickers microhardness tester. The specimen
was polished and kept on the platform of the tester. Then a speciﬁc load of 0.30 N or 0.03 kg was applied for 120
seconds. An impression was marked by the Vickers hardness indenter on the specimen surface. The hardness values
were taken at a different position on the specimen surface. Then arithmetic mean was calculated of all the values. The
testing was done for the Aluminum pin and EN31 steel disc specimen. The average microhardness for the Aluminum
pin was 33.0 HV and for the EN31steel disc was 2004.9HV.
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SPECIFICATIONS OF EN31 STEEL DISC AND ALUMINUM PIN SAMPLES

Figure 1(a). Bottom Specimen, EN31 Disc 100 mm diameter.

Figure 1(b). Top Specimen, Aluminum 6061 cylindrical pin 8mm diameter and 30mm length.
An EN 31 steel disc was taken for experimentation as in Figure1 (a). Disc surface was prepared by the ﬁrst
surface grinding and then lapping (R.C. Singh et al.,2016). Surface roughness was checked by a stylus surface roughness
tester at a radius of 20,30,40,50,60 and 70 mm in the circumferential direction and 60 degrees in radial directions from
a reference line. The reading was repeated on 5 surfaces of the disc and 5 samples of the Aluminum pin. The average
surface roughness Ra value was 0.51 and 0.44 µm respectively. A cylindrical Al 6061 pin of diameter 8 mm and 30mm
in length was taken for testing on EN31 steel circular disc as shown in Figure 1(b). The cylindrical pin face was prepared
by rubbing pins on ﬁne grade emery paper and debris was removed by rubbing it on soft tissue. Flatness was checked
by ink impression. To minimize the bending effect Aluminum cylindrical pin was rigidly clamped so that only 4mm
length remained out of the clamp for the test on the EN31 steel disc. An aluminum rolling lubricant was used for
starved lubrication between mating pairs. The properties of the lubricant used was as given in Table 3.
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Table 3. Properties of Rolling Lubricant.

DESCRIPTION OF PIN ON DISC TEST RIG
A high-temperature rotary tribometer performs as per ASTM G-99 was used for the testing rig. The bottom
specimen is ﬁxed on a circular disc which is rotated by a motor with varying speeds. The speed ranges between 300
to 3000 rpm. The specimen is ﬁxed by four bolts on the circular disc. The upper specimen of Pin has been clamped
in the specimen holder vertically. Dead weights on pans that have a horizontal platform supporting the direction of
gravity were used for loading. The forces were transmitted through a lever mechanism. The speciﬁcations of the wear
test rig are shown in Table 4.
Table 4. Speciﬁcation of the pin on the disc Tribometer.
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EXPERIMENTAL PROCESS
Wear tests as per ASTM G99 were carried on the high-temperature rotary tribometer as shown in Figure 2.Five
set of EN31discs and 50 samples of pins were used in the tests. First, the test was done in dry conditions than in starving
lubrication conditions. In the ﬁrst set at 20 N load, tests were done on sliding speed of 1.25, 1.5, 1.75, 2, and 2.5 m/s,
and sliding distance was taken constant 1500m.Same process were repeated for load 25,30, 35,40 N with sliding speed
of 1.25, 1.5,1.75, 2.0, 2.5 m/s respectively. Initial weight and weight after the test of the Aluminum pin were recorded
on the electronic balance having the least count of 0. 001gm.The same sets of tests were done with starving lubrication
conditions.
Friction and wear values were recorded on a computer by the sensors. The weighing balance method was used to
calculate the speciﬁc wear rate of the cylindrical pin.

Figure 2. Tribometer in working condition.

RESULTS AND DISCUSSION
Results showed that at all loads and all sliding speeds coefﬁcient of friction had been reduced in starved lubricating
conditions. At 25N and 2.5m/s sliding speed, it had been reduced up to 86.75% and had been reduced up to 86.63 %
at 35 N load at 2.0 m/s sliding speed (Table5).
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Table 5 .Comparison of coefﬁcient of friction (COF) in dry and starved lubricating condition.
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Results showed that at all loads and all sliding speeds speciﬁc wear rate (SWR) had been reduced in starved
lubricating conditions. At 25 and 35 N load and sliding speed of 2.5m/s, it had been reduced up to 98.38 % (Table 6).
Table 6. Comparison of speciﬁc wear rate (SWR) in dry and starved lubricating condition.
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Figure 3. Variation of the COF at contact load of 20N (Sliding distance=1500m, ambient temperature 30°C, dry and
starved lubrication).
The coefﬁcient of friction (COF) was reduced at all the sliding speed in starving lubrication condition art 20N
load (Figure 3).

Figure 4. Variation of the COF at contact load of 25N (Sliding distance=1500m, ambient temperature 30°C, dry and
starved lubrication).
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COF in starving lubrication was reduced at 25N load also than the dry condition. It was also observed that at
25N load COF increased in dry condition than the COF at 20N load while it reduced in starving lubrication condition
(Figure 3 &4).

Figure 5. Variation of COF at contact load of 30N (Sliding distance=1500m, ambient temperature 30°C, dry and
starved lubrication).
COF in starving lubrication was reduced at 30N load also than the dry condition. It was also observed that at
30N load COF increased in dry conditions than the COF at 20N and 25N load (Figure 3,4 &5).

Figure 6. Variation of the COF with contact load of 35N (Sliding distance=1500m, ambient temperature 30°C, dry
and starved lubrication).
COF in starving lubrication was reduced at 35N load also than the dry condition (Figure 6).
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Figure 7. Variation of the COF with contact load of 40N (Sliding distance=1500m, ambient temperature 30°C, dry
and starved lubrication).
COF in starving lubrication was reduced at 40N load also than the dry condition. (Figure 7).
From the plots between sliding speed and the coefﬁcient of friction (Figure 3-7), it is clear that the COF was
higher in dry conditions than the coefﬁcient of friction in starving lubricating conditions.

Figure 8. Variation of the SWR at contact load of 20N (Sliding distance=1500m, ambient temperature 30°C, dry and
starved lubrication).
Speciﬁc wear rate also reduced in starving lubrication condition than the dry condition at 20N load (Figure 8).

Figure 9. Variation of the SWR at contact load of 25N (Sliding distance=1500m, ambient temperature 30°C, dry and
starved lubrication).
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At 25N load also speciﬁc wear rate reduced in starving lubrication conditions than the dry condition (Figure 9).

Figure 10. Variation of the SWR at contact load of 30N (Sliding distance=1500m, ambient temperature 30°C, dry and starved
lubrication).
At 30N load also SWR reduced in starving lubrication conditions. It was varying with sliding speeds (Figure10).

Figure 11. Variation of the SWR at contact load of 35N (Sliding distance=1500m, ambient temperature 30°C, dry and starved
lubrication).
At 35N load, the SWR rate was reduced in starving lubrication conditions. SWR for the dry condition was increased with
sliding speed (Figure11).

Figure 12. Variation of the SWR at contact load of 40N (Sliding distance=1500m, ambient temperature 30°C, dry and starved
lubrication).
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At 40N load also SWR rate was reduced in starving lubrication conditions. SWR for the dry condition was
varying with sliding speed (Figure12).
From the plots between SWR and sliding speed at various loads (Figure 8-12), it is clear that SWR at all the
sliding speeds in dry conditions was less than the SWR at starving lubricating conditions.

Figure 13. Variation of COF with sliding speed (m/s) at different loads (Sliding distance=1500m, ambient temperature
30°C, dry and starved lubrication).
From the bar chart also, it is clear that at all the sliding speeds COF was reduced. COF has been increased
with load in dry condition. (Figure13).

Figure 14. Variation of SWR with sliding speed (m/s) at different loads (Sliding distance=1500m, ambient temperature
30°C, dry and starved lubrication).
From the bar chart also, it is clear that at all the sliding speeds SWR was reduced in starving lubrication
conditions. (Figure14)

Rahul Kumar Jain, Ranganath MS and RC Singh

254

From the plots, it is also clear that variation in SWR with sliding speed is more at all the loads in dry conditions.
While SWR does not vary so much with varying sliding speeds that indicates that wear particle which is between mating
surface during process affected the wear in dry condition while in the lubricating condition these may remove by
lubricant and not enhanced the wear.

CONCLUSION
Rolling lubricant was found effective in reducing friction and wear rate of material in tribo test of mating pair
of EN31 and Aluminum 6061 material. Results showed that at all the sliding speeds and for all the loads coefﬁcient
of friction in starving lubricating conditions reduced up to 83% than the dry condition. Speciﬁc wear rate also reduced
up to 98% when rolling lubricant was used between mating surfaces in starved conditions. In dry conditions, the speciﬁc
wear rate was ﬂuctuating and non-predictable while in the lubricating condition it had a smooth rate. These results may
be used in the cold rolling process of Al 6061 for selecting lubricants between the roll and the strip.
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