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Abstract: Among many friction tests, the bending under tension (BUT) test simulates 
the frictional conditions on rounded edge of punch in deep drawing operations. The 
experimental evaluation of coefficient of friction value has been carried out using a special 
tribological simulator. Two friction conditions i.e. dry friction and lubrication were analysed. 
As a test material the deep drawing quality (DDQ) steel sheet commonly used in automotive 
industry was selected. The mechanical properties of the sheets were selected in the uniaxial 
tensile test. The experimental results show that the friction coefficient value is very stable 
after reaching a certain value of sheet deformation. It was found that an increase of rolls 
surface led to an increase of the sample elongation value at which exists the maximum 
effectiveness of lubricant. It was also observed that an increase of the amount of sample 
elongation decreases the sheet surface roughness and friction behaviour changes as a result 
of high contact pressure and plastic deformation of surface asperities.
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1. Introduction
 Friction in sheet forming processes is a complex function of material properties, 
process parameters, surface topography both of sheet metal and tools, and 
lubrication conditions. The friction occurring at high pressure values can significantly 
differ from the phenomena occurring at low loads due to the high impact of plastic 
deformations that may intensify many phenomena in the asperities contact zone. 
High pressure leads to greater tendency to frictional connections, which in turn 
increases the frictional resistance leading to increased wear. One of the most 
important factors affecting the value of friction resistance is surface topography. 
Review of the literature [1-3] regarding the impact of roughness parameters on the 
value of the coefficient of friction confirms that, depending on the nature of the 
contact, each parameter, such as the roughness of the cooperating surfaces and 
the material type, has a smaller or larger influence on the frictional resistance.
 The main factors affecting the tribological phenomena in sheet extrusion 
processes are macro- and micro-contact, character of loads (static or dynamic), 
and temperature [4, 5]. In order to comprehensively describe the role of friction, 
the concept of tribological system is developed [6], which consists of four main 
elements: a friction pair (deformed metal and tool), a third body (e.g. grease), a 
control system and macro and micro-environment. The last component of the 
tribological system consists of the machine and environmental conditions, such as 
humidity, temperature, dustiness and vibrations. During the friction process, friction 
connections are created, which are destroyed during the movement [7-9]. The type 
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of friction connections between asperities to be 
created depends on the materials of the friction 
pair, in particular on their shear strength. High 
values of deformation and temperature increase 
in the micro-contact areas favor the formation of 
non-diffusion adhesive connections.
 Bending Under Tension (BUT) developed by 
Littlewood and Wallace [10] attributable to 
friction modeling on the rounded edge of the 
die. The test consists in drawing a strip of sheet 
metal around a cylindrical counter-sample (Fig. 
1). The BUT test allows to determine not only the 
value of coefficient of friction, but also its change 
during the process of deformation of the sample. 
This change may be related to the change of the 
surface topography of the sheet as a result of 
deformation and the change of contact conditions 
related to the strain hardening of the sample 
material [1]. Recent studies have shown that 
many factors have an effect on the coefficient of 
friction in a variety different manners. The literature 
contains numerous numerical and experimental 
investigations of a wide range of both die and 
workpiece materials, bend ratio and lubrication 
conditions.

Fig. 1: Forces acting on an elementary section of the strip.

 Melander et al. [11] used BUT machine for 
numerical and experimental evaluation of spring 
back in sheet metal forming. The ability of achieving 
high strains by combined bending and stretching 
in continuous BUT test is studied by Hadoush et al. 
[12]. In recent paper, Lemu and Trzepieciński [13] 
studied the frictional resistances of CuZn20 and 
AA5754 H24 sheets using bending under tension 
simulator. In numerical tests, the bending test of 

the bending sheet [13] analyzed with focus on 
the pressure distribution and the influence of the 
friction conditions on the deformation character 
of the sheet during its stretching around the 
cylindrical countersample. It was found that in the 
case of large unit pressures, the dominant influence 
on the deformation distribution in the contact 
zone is the countersample geometry. Tribological 
conditions in deep drawing using BUT at elevated 
temperature were investigated numerically by 
Ceron et al. [14]. Moghadam et al. [15] applied the 
acoustic emission technique in BUT testing for 
assessment of tribological conditions during sheet 
forming with an objective of determining the onset 
of galling. Andreasen et al. [16] developed a special 
BUT transducer in which friction around the tool 
radius can be directly measured when drawing a 
sheet strip around cylindrical pin under constant 
back tension. Analytical models for determination 
of frictional resistances on die drawing edge by strip 
drawing test have been developed by Evin et al. [17]. 
In another work, Evin et al. [18] evaluated the friction 
coefficient at drawing edge of die by using modified 
Ouehler formula. Folle and Schaeffer [19] have also 
investigated the contact pressure in bending under 
tension test by a pressure sensitive film. In this paper 
the experimental evaluation of coefficient of friction 
of DDQ steel sheet value has been carried out using 
a tribological simulator. Two friction conditions i.e. 
dry friction and lubrication were analysed.

2. Experimental Section
2.1 Material
 In this research, a deep drawing quality steel (DDQ) 
sheets with a thickness of 1 mm were examined. A 
tensile test in the universal testing machine was 
carried out to determine the mechanical properties. 
The mechanical properties of the sheets were 
determined in uniaxial tensile test using universal 
testing machine. The samples were cut in two 
orthogonal directions: along the rolling direction 
(0°) and transverse to the rolling direction (90°). 
The following basic mechanical parameters were 
determined (Table 1): yield stress R

p0,2
, strain 

hardening coefficient C and strain hardening 
exponent n. Table 1 also shows the basic roughness 
parameters, i.e. arithmetic average height Ra, root 
mean square roughness Rq and maximum height 
of the profile Rt determined using Surtronic 3+ 
instrument manufactured by Taylor Hobson.
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Tab. 1: Basic mechanical parameters and surface roughness 

parameters of sheets tested.

Sample orientation
R

p0,2

MPa
C

MPa
n

Ra
μm

Rq
μm

Rt
μm

0° 170 385 0.16 1.64 2.13 11.3

90° 160 369 0.15 1.79 2.41 11.9

2.2 Method
 The BUT tests were carried out by using the test 
setup shown in Fig. 2. A test strip was held at one 
end in a grip supported by a load cell. The flat 
sample with a width of 10 mm is wrapped around 
a cylindrical fixed roll and loaded in a tensile testing 
machine. The test was carried out using four rolls 
with a diameter of 20 mm made of tool steel. The 
surface roughness of rolls was characterized by 
arithmetic average height Ra with the value of 0.32, 
0.63, 1.25 and 2.5 μm measured parallel to the roll 
axis.

Fig. 2: Schematic view of testing device: 1 – machine base, 

2 – device frame, 3 – specimen, 4 and 5 – tension members, 6 – 

working roll, 7 - fixing pin, 8 and 9 – extensometer.

 The occurrence of frictional resistance between 
the sheet metal and roll causes that the value of 
tensile force F

1
 > F

2
. The forces F

1
 and F

2
 were 

measured simultaneously during the test and the 
coefficient of friction is determined according to the 
formulae:

1
2

2 ln F
Fµ π

 
 
 

= ( )1

 Constant stretching speed, which is the speed of 
the test machine head, is equal to 0.3 mm/s. The 
tests were carried out until fracture of the specimen. 
Before friction testing, both rolls and samples 

were degreased using acetone. As lubricant, the 
conventional machine oil LAN-46 was used.

3. Results and Discussion
 Friction coefficient value is quite stable in the 
analysed range of specimen elongation e evaluated 
using formulae:

0 0

0 0

( )g gl l l l
l l

ε
+ −

= = ( )3

where: l
0
 – length of the sample between grippers, 

l
g
 – displacement of upper grip of testing machine.

 In general, increasing surface roughness of rolls 
increases the friction coefficient value (Fig. 3). In the 
case of dry friction conditions, the smallest values 
of frictional resistances are observed for the rolls 
with surface roughness of Ra = 0.32 μm. In this case, 
shearing of asperities does not affect significantly 
in terms of increasing the frictional resistance. The 
higher roughness of roll the more hard asperities of 
the roll surface intensify galling process. For the roll 
with roughness of 2.5 μm, on the other hand, the 
high height of profile causes that the real contact 
area of the sheet and tool surface is relatively small. 
It should be noted that the contact area between 
the sheet strip and countersample in BUT test is 
smaller than the area calculated geometrically. 
This is also true according to the observations of 
Folle and Schaeffer [19]. This is the case in metal 
forming because the frictional resistance of high 
deformations of the formed body depends on the 
contact area. It causes that the friction coefficient 
value of rolls when Ra = 2.5 μm is smaller than in the 
case of countersample with roughness Ra = 1.25 
μm. Asn a result of application of lubricant, the rolls 
with Ra in the range between 0.32 and 1.25 μm are 
observed to have local minimum friction coefficient 
value at the sample elongation e = 0.08-0.12  
(Fig. 4). In contrast, the countersample characterized 
by the highest value of Ra parameter is observed 
to have maximum value of friction coefficient in the 
mentioned range of sample elongations.
 To analyse the effectiveness of lubrication the L 
factor was introduced, defined as follows:

100%d o

o
L µ µ

µ
−= ( )2

where: m
d
 – friction coefficient determined at 

dry friction conditions, m
o
 – friction coefficient 
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Fig. 3: Effect of specimen elongation on the value of friction 

coefficient determined at dry friction conditions.

Fig. 4: Effect of specimen elongation on the value of friction 

coefficient determined at lubricated conditions.

Fig. 5: Effect of specimen elongation on the effectiveness of 

lubrication.

determined at lubricated conditions.
 For all used rolls, the maximum peak of 
effectiveness of lubrication is observed. Increasing 
surface roughness of rolls led to an increase of the 
sample elongation value at which the maximum 
effectiveness of lubricant is obtained. For the most 
roughened surface of roll, the L-value is the highest 
for sample elongation e = 0.04 (Fig. 5). Although the 
higher surface roughness of roll ensures the high 
volume of the valleys which entraps the lubricant, 
the mechanism of mechanical roughening of 
asperities is dominant. The highest effectiveness of 
lubrication is obtained for the countersample with 
Ra = 0.32 μm and sample elongation of e = 0.12. 
At these conditions, the beneficial volume of oil 
pockets entrap the lubricant which was supplied 
into the contact area with an increased value of 
sample elongation. Depending on the surface 

roughness parameter Ra value of the countersample, 
the use of lubricant reduces the friction coefficient 
by about 15-37%. The use of tools with a low 
surface roughness value to reduce the frictional 
resistance seems unjustified because, in this case, 
the increased actual contact surface increases the 
interatomic interaction of the cooperating surfaces 
and in this way increasing the value of the friction 
coefficient.
 During the BUT test, the sheet strongly resists 
deformation and is subjected to strain hardening 
phenomenon [2]. Increasing the amount of sample 
elongation decreases the sheet surface roughness 
and friction behaviour changes as a result of 
plastic deformation of surface asperities and high 
normal pressure. The topography led to continuous 
evolution as an influence of plastic deformation and 
flattening of asperities as a result of high contact 
pressures around the countersample circumference.

 As found by Trzepieciński and Fejkiel [1] increasing 
the sample deformation increases the sheet surface 
roughness, and as a consequence, the frictional 
resistance increases due to intensification of the 
roughness flattening mechanism. The highest value 
of frictional resistance at dry friction conditions, for all 
sample elongations, is registered for countersample 
roughness of Ra = 1.25 μm (Fig. 6). In the case of 
high surface roughness, the load pressure acts on 
the asperities, which results in a higher degree of 
surface flattening and increased frictional resistance.
 In the case of high surface roughness of the 
countersample, the mechanism of ploughing can 
increase the frictional resistances. Application of 
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Fig. 6: Effect of roughness of rolls on the value of friction coefficient 

at dry friction conditions.

Fig. 7: Effect of roughness of rolls on the value of friction coefficient 

at dry lubricated conditions.

lubrication stabilizes the friction coefficient value in 
the range of countersample roughness Ra between 
1.25 and 2.5 μm (Fig.7). The real contact area is smaller 
than the nominal surface and depends on the 
surface roughness of the roll and sheet, tendency to 
strengthen the surface asperities, and the geometry 
of the contact area. This makes it difficult to 
generalize and interpret the obtained changes in the 
friction coefficient value. The load pressure between 
the materials of friction pair are transferred through 
the micro-areas of the real contact. In these areas, 
complex states of triaxial compression arise and the 
yield stress in surface asperities are exceeded. This 
causes an increase in tangential stresses and a local 
increase in temperature in the micro-areas of the 
contact. This situation of large deformation and high 
temperature favors the formation of non-diffusion 
adhesive joints that increase friction resistance.

4. Conclusions
 In this paper, the frictional resistances of 
deep drawing quality steel sheets in deep 
drawing process were examined experimentally. 
The experimental results allow the following 
conclusions to be drawn:
avalue of friction coefficient is quite stable in the analysed range of 
specimen elongation and countersample roughnesses.
aincreasing surface roughness of rolls led to increase of the sample 
elongation value at which the maximum effectiveness of lubricant 
is found.
athe highest effectiveness of lubrication is obtained for the 
countersample with Ra = 0.32 μm and sample elongation of ε = 
0.12.
adepending on the surface roughness parameter Ra value of the 
counter-sample, the use of grease reduces the friction coefficient up 
to 37%.
aincreasing  the amount of sample elongation decreases the sheet 
surface roughness and friction behaviour changes as a result of 
plastic deformation of surface asperities and high contact pressure.
ain the case of high surface roughness, the load pressure acts on 
the asperities, which results in a higher degree of surface flattening 
and increased frictional resistance.
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