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friction encountered the surface of rolls and the strip within 
the roll bite. Direct measurement of this coeffi cient has always 
been very diffi cult under laboratory conditions, and it is even 
more diffi cult to measure it during actual rolling operations 
[3,4]. 

The ring compression test is considered to be a useful tech-
nique for evaluating frictional characteristics. The test involves 
a simple forging operation carried out on a fl at ring-shaped 
specimen; the friction factor (m) or the friction coeffi cient (µ) 
can be related to the rate of change of the internal diameter 
as result of the reduction in thickness caused by the compres-
sion, as show in Figure 1. If friction is equal to zero, the ring 
will deform as if it was a solid disc, with each point fl owing 
radially outwards at a rate proportional to its distance from 
the centre. When friction has a small, but fi nite value, outward 
fl ow will take place to a lower extend, and for the same de-
gree of compression, the outside diameter will be smaller than 
in the zero-friction case. If friction exceeds a critical value, it 
will be energetically favourable for only a part of the ring to 
fl ow outwards and for the remainder to fl ow inwards towards 
the centre; thus the outside diameter after compression will 
be reduced further on. Measurement of the internal diameter 
of compressed rings provides a sensitive means of studying 
friction, since the internal diameter increases with small values 
and will decreases when friction is large [2,5,6]. 

Introduction

Frictional effects are of importance from both practical and 
theoretical points of view in all type of manufacturing me-
chanical-working operations in which a material is deformed 
by contact with rigid tools or dies. In metal deformation pro-
cesses, frictional forces are generated at the interface be-
tween the tools and the deforming materials by virtue of the 
extension of the workpiece surface. These frictional forces 
exert the following effects [1,2]:

a) The load required for deformation is increased.
b) The internal structure and the surface characteristics
  (surface fi nish and surface defects) of the
 product are affected.
c) Wear of the tooling material is produced, thus 
 reducing its useful life.
d) Dimensional changes occur in the processed
 material.

Due to these effects, friction is considered to be a major vari-
able in metalworking operations and must be controlled to 
optimize processing procedures to achieve economical goals, 
without impairing the surface quality, the desired geometry 
or the internal structure of the product. For effective friction 
control, quantitative data of the effects of lubrication and 
other processing variables, such as temperature, speed and 
pressure, are essential [1,2].

One of the most important parameters in the case of cold 
rolling of steel strip is the magnitude of the coeffi cient of 
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Fig. 1. Schematic diagram of samples with a given OD:OI:H ratio in the 
undeformed condition (A), and compressed with a low (B) and high (C) 

interfacial friction.

The geometry of the undeformed ring is characterized by the 
dimension of the outside diameter (OD), the inside diameter 
(ID) and its height (H), and it is a normal practice to refer is 
as OD:ID:H. One disadvantage of this technique is the lack 
of a full theoretical analysis; therefore, the numerical values 
of either m or µ are obtained by comparison with calibrated 
curves, such as the ones shown in Fig. 2 [2].

Fig. 2. Calibration curves for rings with an OD:ID:H ratio of 6:3:2 [1]. 
The values for the shear factor (m) of each curve are indicated.

The coeffi cient of friction can be calculated by Coulomb’s law 
of friction that assumes that the shear stress (t) is proportional 
to the yield strength (so) between the work-piece and tool-
ings [1]:

 0τ µσ=
   (1)

If it assumed that the friction is constant, the friction factor will 
be proportional to the yield strength [2,6]:

  

0

3
m στ =

          
 (2)

from which can be deduced the relationship between m and µ:

  3
mµ =

           
 (3)

The aim of this work is to present the results obtained by 
testing a series of ring samples machined to obtain a 6:3:2 
geometry with various types of lubricants. All the tests were 
conducted in a servohydraulic testing machine able to change 
the speed of deformation.

Experimental procedure

The material used to machine the specimens was an AISI type 1006 
low carbon steel (0.06 C, 0.229 Mn, 0.009 P, 0.009 S, wt.%). The 
dimensions of the specimens were of 12 mm OD, 6 mm ID, and 4 
mm in H. The samples were upset between hardened fl at, parallel 
steel plates in a servohydraulic testing machine at three different 
speeds (0.4, 4, 40 mm/s); the amount of reduction in height was 
of approximately 12.5, 25 and 50 %. The experiments were ca-
rried out at room temperature and at 60 °C. The surfaces of the 
rings and dies were cleaned with acetone and dried with hot air 
before testing.

The lubrication conditions are listed in Table I. Two differ-
ent types of emulsions were used, the ones identifi ed as oil 
emulsion were prepared fresh from a synthetic rolling oil to 
the concentration indicated. The industrial emulsion was taken 
from the supply line of a cold rolling mill had a nominal com-
position of 6% oil and residual contamination from different 
types of oils and insoluble particles. A set of specimens were 
tested using polytetrafl uorethylene (PTFE) tape as lubricant 
and another set was tested without any type of lubrication.

Table I. Lubrication conditions
Lubricant Oil content 

(%)
Temperature 

(C)

Without lubricant - 20
Polytetrafl uorethy-

lene tape
- 20

Oil emulsion 6 20
Oil emulsion 6 60
Oil emulsion 10 20

Industrial emulsion 6 20

A stirring hot plate was used to maintain the emulsion previous to 
testing and to heat-up the samples that were tested above room 
temperature. The samples that were heated to 60 °C were drilled 
at mid-height and to half distance between OD and ID to insert a 
type K (chromel-alumel) thermocouple. The dimensions of the rings 
were measured before and after testing to obtain the value of the 
friction factor (m) by comparison with the curves shown in Fig. 2.
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Results and discussion

Visual analysis of the samples helps to understand the phe-
nomena behind the fl ow of material as a function of different 
lubrication conditions. Fig. 3 shows four rings tested under low 
friction conditions (using PTFE tape); sample A corresponds to  
the original, undeformed ring, whereas samples B, C and D 
were reduced in height to 12.5, 25 and 50% respectively. It 
is worth noticing how the ID increases in size at the same time 
that OD does. 

Fig. 3. Original ring sample (A) and those compressed to 12.5 (B), 25 

(C) and 50% (D)reductions in height with a speed of 4 mm/s.

Fig. 4 shows the original ring (A) together with two rings that 
were compressed to a 50% reduction in height without the 
use of lubricant (B) and with PTFE tape (C); in this case, the ID 
of sample B has a smaller size than that of the original ring as 
result of the high frictional conditions at the interface.

Fig. 4. Original ring sample (A) and those compressed to a 50% reduc-
tion in height without the use of any type of lubricant (B) or with the 

use of PTFE tape (C), the speed was of 4 mm/s.

Changes in the geometry of the specimens tested at 0.4, 4 
and 40 mm/s are shown, respectively, in Figs. 5, 6 and 7.

Fig. 5. Experimental values obtained at 0.4 mm/s using different lubri-
cation conditions.

Fig. 6. Experimental values obtained at 4 mm/s using different lubrica-

tion conditions.

The specimens were compressed to reductions in height of 
12.5, 25 and 50%, to obtain the friction factor (m) from at 
least three points; the lubricants used are indicated. The val-
ues of the strain rate (ε) were computed from the initial nomi-
nal height (H). 

Fig. 7. Experimental values obtained at 40 mm/s using different lubrica-

tion conditions.

Table II shows the values of m and µ computed from Eq. (3). 

Fig. 8 shows the variation in temperature for a sample tested 
to the highest reduction, 50%, after being heated at 60°C, 
the rapid decrease of temperature that is shown in this fi gure 
is attributed to the contact with the colder toolings, whereas 
the increase in temperature above 70°C is due to adiabatic 
heating. The tests at 60°C were limited to the intermediate 
speed (4 m/s).
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Table II. Results of the ring tests

Lubrication
conditions

Testing speed (mm/sec)
0.4 4 40

m µ m µ m µ

Without 
lubricant

- - 0.45 0.26 - -

6% oil at 
60oC

- - 0.30 0.17 - -

6% oil at 
room tem-
perature

0.27 0.16 0.26 0.15 0.23 0.12

10% oil at 
room tem-
perature

0.23 0.13 0.21 0.12 0.20 0.12

Industrial 
emulsion

0.25 0.14 0.24 0.14 0.22 0.13

PTFE tape 0.18 0.10 0.18 0.12 0.18 0.10

Fig. 8. Variation in temperature in a ring heated up to 60oC.

It can be appreciated in Table II that the lubricant that results 
with the lower values of friction is the PTFE tape, whereas 
the highest values are found in the tests conducted without 
any type of lubricants, which were limited at the intermediate 
speed. The values of m for the different types of emulsions 
vary in the range of 0.20 to 0.27 when tested at room tem-
perature, it is worth noticing that the emulsion heated at 60°C 
resulted with a higher value of m (0.30). The values of m as 
a function of the testing speed are shown in Fig. 9, where it 
can be seen that the friction factor decreases as a function 
of speed when liquid lubricants are being used, and that the 
increase of oil in the emulsion contributes to the reduction in 
frictional conditions. The reason for the industrial emulsion ex-
hibiting a lower friction factor may be due to the presence of 
oils other than those used to make the emulsion. 

Fig. 9. Variation of m as a function of the testing speed.

Fig. 10 shows the reported values of friction calculated by 
different authors [7-12] as a function of the rolling speed. 
The values of friction found for the industrial emulsion are 
included for comparison. Preliminary work is carried out to 
simulate the ring test by fi nite element modelling.

Fig. 10. Variation of µ as a function of speed during cold rolling of steel [7-12]

Conclusions

The results of this study indicate that the ring test can be used 
to evaluate the frictional conditions of emulsions used for cold 
rolling of steel, and despite the difference in speed between 
rolling and compression, the values obtained in the present 
tests are consistent with those of rolling. 

No changes in the value of friction were observed to occur 
in the tests in which solid lubricants were used; the hydrody-
namic conditions to which the liquids are subjected to may be 
responsible for the decrease in friction with the increase in 
speed. It was observed that the amount of oil in the emulsion 
affected the frictional conditions. 
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