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Abstract
The aim of this work is to simultaneously evaluate the effects of inhomogeneous strain-induced and
anisotropy on the friction during the deep drawing of DC06EK sheet metal. To do that, stretched and
unstretched DC06EK strips in different rolling directions (0°, 45° and 90°) with different levels of
equivalent plastic strain were used in microscratch tests under the same conditions as those used in deep
drawing process (DDP) coming from a local industry. The �ndings show that the coe�cient of friction
(COF) decreases as a function of the equivalent plastic strain for different rolling directions. Two
empirical friction laws are obtained depending on the equivalent plastic strain following 0° and 90° to the
rolling direction. Since the COF have a clear trend of regression except in the case for 45°. Trend lines of
the COF following 0° and 90° converge to very closely values, since the effect of anisotropy disappears
with the increase in the level of plastic strain.

Introduction
The friction at tools-sheet metal contacts in DDP is a complex phenomenon. Combined with tool
geometries and blank holder pressure, it is considered as a key parameter responsible for the occurrence
of necking or tearing, wrinkling and surface defects in the �nal product [1–4]. Generally, Coulomb’s �gure
lubrication contact, - relative sliding velocities, - applied load, - and lubricant viscosity. In addition to the
mentioned parameters, several research works a�rm that the friction in the DDP can also be in�uenced
by other parameters: contact area, lubricant, temperature, surface topography and oil �lm thickness.
These parameters have been the subject of several experimental and numerical studies [4, 7–18] which
state the need to take a variable COF or at least to evaluate it in different zones of the forming process.

Plastic strain-induced and anisotropy are among the most important forming characteristics in DDP.
These two parameters have a signi�cant in�uence on the COF and the surface roughness [19–23].
Trzepieciński and Fejkiel [19] used a strip drawing test to evaluate the COF for different specimens taken
from steel sheets at 0° and 90° to the rolling direction (RD). Both contact conditions, dry and lubricated,
are considered in the experiments. The results show that the roughness increases with plastic strain level,
however the COF decreases. This is explained by the increase in the sheet hardness as a function of the
plastic strain that results from the work hardening phenomenon. In the work of Wu et al. [20], the
frictional behavior was also evaluated on pre-strained specimens in strip drawing tests. The measured
COF and surface roughness increase with plastic strain level. The sheet materials used are:
coated/uncoated DC06 and HX340LAD. Azushima and Sakuramoto [21] used bending under tension test
to investigate the effects of plastic strain on COF and surface roughness. Tests were carried out on an
aluminum sheet (A1100). The results show that at lower pressure, the surface roughness increases and
the COF remains constant as the average elongation (plastic strain) increases. At a higher pressure, the
surface roughness decreases due to the �attening of surface asperities and the COF decreases with the
average elongation. Bending under tension tests were also performed on the DC04 sheet metal in the
work of Trzepiecinski [22]. The �ndings indicate that the COF increases with the average elongation in
both dry and lubricated conditions following the two RD (0° and 90°). This is explained by the increase in
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surface roughness due to plastic strain. Masters et al. [23] investigated the frictional behavior of three
commercially automotive aluminum grades using strip drawing tests. Strips were pre-stretched following
three RD (0°, 45° and 90°). In this work, the found COF can increase or remain constant depending on the
plastic strain. According to the authors, this is due to changes in surface roughness. From the results of
the above research works on the in�uence of plastic strain on the COF, all authors agree that the
roughness of different surfaces increases with the plastic strain level for most of materials, but the
obtained COF may increase, decrease or remain constant. Therefore, the COF has not a clear tendency
according to surface roughness. Masters et al. [23] indicated that the lack of a generally accepted model
for friction resulted in the use of constant COF values, and this is adopted in numerical modeling of DDP
for certain speci�c combinations: forming operating conditions, material, roughness and lubricant.
However, they recommend to incorporate a friction law into a numerical model by relating it to the plastic
strain-induced during sheet metal forming.

From an overview, tribological tests for DDP were performed at macroscopic scale such as: strip drawing
tests, draw bead tests, pin-on-plate tests, draw bend friction tests [4, 24]. These tests have a surface-to-
surface contact for which average COF values are obtained and therefore do not allow a suitable analysis
of the effect of grain orientation for anisotropic sheet metal, especially when this latter is in�uenced by
plastic strain. At microscopic scale and depending on the sheet material and its fabrication process, the
grains vary in both size and orientation. At this scale, the in�uence of grain orientation on COF can be
faithfully analyzed using microscratch tests, because the friction response could potentially be used to
reproduce a tribological event such as contact and deformation of asperities [25, 26].

It is well known that microscratch test with a conical indenter is originating from asperity micro-
mechanisms. This test was used to study broad quantitative aspects of the effects of material properties,
especially work hardening characteristics, on the friction of different pairs of materials [25, 27]. Shugurov
et al. [28] used also this test to investigate the effect of crystallographic grain orientation of
polycrystalline Titanium on plastic ploughing. Peng et al. [29] recommend single-cone scratch test in
future works to investigate the effect of grain size on the adhesive and ploughing frictional behaviors of
polycrystalline metals in forming process. In the literature, very little information is found on the principles
behind the in�uence of inhomogeneous plastic strain-induced and anisotropy on the frictional behavior in
DDP. In order to contribute to this study, this experimental work attempts to evaluate the COF via
microscratch tests under conditions of pre-strained specimens following different RD (0°, 45° and 90°)
similar to the condition of the plastic strain-induced in DDP.

Materials And Methods

Sheet material
The deep drawing steel DC06EK (DIN EN10209:1998 - Material no. 1.0869) with a sheet thickness of 1.6
mm was used to perform the experiments. This sheet metal is steel with a low carbon content dedicated
to enameling by vitri�cation. The mechanical characteristics are determined from uniaxial tensile tests
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following 0°, 45°, and 90° to the RD and are presented in Table 1. The chemical composition of the as-
received DC06EK is measured by spark optical emission spectrometer and is shown in Table 2.

Table 1. Mechanical properties of the DC06EK.

 
Table 2

Chemical composition of the DC06EK (in weight %).
Fe C S Mn P Si Al Ni V

99.3 0.0183 0.0110 0.185 0.0002 0.0202 0.05 0.0216 0.0089

Ti Co Cu NB Cr Mo W Pb B

0.118 0.0005 0.0199 0.0076 0.025 0.0058 < 0.005 0.0025 0.0055

DC06EK sheet metal was cut in strips of 200´20 at 0°, 45° and 90° to the RD. These strips were used to
perform friction tests in the as-received condition as used in DDP. Strips of each orientation were pre-
stretched using a tensile testing machine to obtain different plastic strain levels. The tensile tests were
carried out on a machine with a capacity of 50 kN with a constant velocity of 1 mm/min. The useful part
of strips is �lmed with an acquisition velocity of 1 image/s. The plastic strain levels are obtained in post-
processing by the digital image correlation. The arithmetic average roughness (Ra) of each strip was
measured using the Tencor P-12 Surface Pro�ler in accordance with the ISO 4287 standard. The effect of
pre-strained of the strips on the microhardness change of the surface sheet is determined via the Vickers
method according to EN ISO 6507-1 standard.

Microscratch test
Microscratch test involves sliding a rigid indenter under normal load (Fig. 1). Scratches were performed
using a Rockwell indenter of an angle of 120° and a radius of 0.2 mm with an imposed normal force and
a constant speed. In this condition, the microscratch test is composed of two steps: A microindentation
step until an imposed normal load of 0.8 N, then a microscratching step with a constant normal load and
a constant speed of 1.85 mm/s along distance of 10 mm. These data correspond to the majority of deep
drawing parameters (force, punch velocity and blank holder pressure) coming from an industry of
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sanitary products. During the tests, normal and tangential forces and displacement are measured. The

overall COF is expressed as the ratio between the tangential force and the normal force COF =
Ft
Fn

.

Results And Discussions
The arithmetic average roughness (Ra) versus equivalent plastic strain relationship, shown in Fig. 2,
de�nes the changes in surface roughness for the DC06EK strips under the aforementioned uniaxial
loading conditions. The measured Ra remains relatively constant with plastic strain level following 0° and
90° to the RD, however it increases for the case of 45°. Also, in a previous work [23], the measured surface
roughness (Ra) did not have always a trend of progression depending on the plastic strain level. This no
clear trend depends on the grain size and the level of plastic strain [21, 30]. This was explained by the
rotation of the grains in the direction of their preferred crystallographic orientations due to plastic strain
thus causing surface roughening [19, 23, 30]. This leads to the conclusion that the trend of the surface
roughening may not be the same following different RD.

Figure 3 shows the evolution of Vickers microhardness versus equivalent plastic strain relationship. Up to
~ 7% strain, the microhardness remains unchanged and then increases linearly with the level of plastic
strain for different RD. This increase is due to the work hardening phenomenon. It is well known that the
change in hardness of the sheet implies a change in the COF. It is important to point out here that since
the work of Bowden and Tabor [31], the analysis of COF as a function of hardness is often not included or
is omitted as an irrelevant parameter in the sheet metal forming [19].

At �rst, the COF is determined just for unstretched strips, and compared for different RD under dry and
lubricated contact regime (Fig. 4). The lubricant used in microscratch tests is a mineral oil-based type
TORJAN 460 – G006 [32]. We note that the COF is slightly reduced by the application of lubricant and
this concerns the different RD. Depending on grain direction in strips, the attack angle between sliding
direction and RD varies in the indenter-strip contact. This angle is large following the elongated grains (0°
to the RD) compared to that following transverse direction to the elongated grains (90° to the RD). When
indenter-strip contact forms a large attack angle, the COF decreases, which corresponds to the case of
microscratching following 0°; the indenter slips easily in the direction of elongated grains. However, when
attack angle of the contact becomes narrow, the COF increases, which corresponds to the case of a
microscratching following 90°. At 45° to the RD, the COF takes an intermediate value compared to 0° and
90°. Karupannasamy [3] found similar results regarding the in�uence of different RD on the COF for the
DC06 sheet metal.

Now, microscratch tests are performed on stretched DC06EK strips in different RD (0°, 45° and 90°) under
lubricated contacts such as the conditions of deep drawing of sanitary products coming from a local
industry and this is the case for most industries using DDP. Calculated COF as a function of equivalent
plastic strain for different RD is illustrated in Fig. 5. The results show that the COF decreases as a

( )
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function of the equivalent plastic strain for different RD. This is due to the increase in the microhardness
of DC06EK with plastic strain level (Fig. 3). As a result, the DC06EK surface is less sensitive to plastic
strain during contact with the indenter, so the penetration depth of this latter is low as a function of the
microhardness as it is indicated by Trzepieciński and Fejkiel [19].

From the results shown in Fig. 5, two empirical laws were determined using linear trend lines (
COF0 ∘(ϵ) = − 0.0703ϵ + 0.1552 and COF90 ∘(ϵ) = − 0.1029ϵ + 0.1763). These two laws relate
the COF to the equivalent plastic strain following 0° and 90° to the RD. COF values following 90° to the
RD are greater than the other directions. For 45°, COF are between the two trend lines but do not have a
clear tendency. With the increase in plastic strain level, trend lines of the COF following the two directions
0° and 90° converge until they become very close, since the RD disappears when looking at the optical
microscope images of DC06EK illustrate in the same Fig. 5. The disappearance of the RD is due to the
fact that the plastic deformation is too large to be totally absorbed by the surface asperities. This results
in a change in grain orientation in the material which destroys the orientation introduced by the rolling
process and this is very pronounced following the direction of 90° [10, 19, 23, 30].

It should be noted here that a serious precaution should be taken during the forming process, the
orientation of the sheet metal must be kept once the blank holder pressure values are set. Since the COF
is in�uenced by the RD which in turn in�uences the blank holder pressure in the DDP. This parameter is
important in the success of deep drawing operations. Machine operators respond to rupture in the deep-
drawn product based on their experience by acting on the blank holder pressure. Optimal values of this
latter must be introduced into the machine to prevent rupture (Fig. 6, a-b-c) or wrinkling (Fig. 6, d) in the
�nal product. The rupture exists at the start or during the forming operation. It is usually the result of poor
control of the blank holder pressure and/or not effectively lubricated contact causing excessive frictional
stress and a draw rate that is not suitable to the formability.

Conclusions And Prospects
The following conclusions can be drawn from the experimental results:

The roughness Ra remains relatively constant as a function of plastic strain following 0° and 90° to
the RD, but it increases for the case of 45°. This no clear trend depends on the material and the RD.

The COF is reduced by applying lubricant and this concerns different RD. For microscratching
following 0° to the RD, the COF is lower compared to other RD since the indenter slips easily in the
direction of elongated grains.

For the studied material DC06EK, the change in the level of plastic strain and material anisotropy are
the main parameters dominating the COF rather than the sheet metal surface roughness.

The effect of anisotropy disappears with the increase in the level of plastic strain, this implies that
trend lines of the COF, determined following 0° and 90° to the RD, converge until they become very
close. Industrially, the orientation of the sheet must be kept once the pressure values of the blank
holder pressure have been set during the forming process.
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Finally, microscratch tests can be used to accurately analyze the in�uence of both grain orientation
for anisotropic sheet metals and plastic strain on frictional behavior in DDP.

Declarations
Declaration of competing interest

The authors have no competing interests to declare that are relevant to the content of this article.

References
1. Kirkhorn L, Frogner K, Andersson M, Ståhl JE. Improved Tribotesting for Sheet Metal Forming.

Procedia CIRP 2012;3:507–12. https://doi.org/https://doi.org/10.1016/j.procir.2012.07.087.

2. Padmanabhan R, Oliveira MC, Alves JL, Menezes LF. In�uence of process parameters on the deep
drawing of stainless steel. Finite Elem Anal Des 2007;43:1062–7.
https://doi.org/https://doi.org/10.1016/j.�nel.2007.06.011.

3. Karupannasamy DK. Friction modeling on multiple scales for Deep drawing processes. University of
Twente, Enschede, The Netherlands, 2013.

4. Trzepiecinski T, Lemu HG. Recent Developments and Trends in the Friction Testing for Conventional
Sheet Metal Forming and Incremental Sheet Forming. Met 2020;10.
https://doi.org/10.3390/met10010047.

5. Hol J, Cid Alfaro M V, de Rooij MB, Meinders T. Advanced friction modeling for sheet metal forming.
Wear 2012;286–287:66–78. https://doi.org/https://doi.org/10.1016/j.wear.2011.04.004.

�. Wang W, Zhao Y, Wang Z, Hua M, Wei X. A study on variable friction model in sheet metal forming
with advanced high strength steels. Tribol Int 2016;93:17–28.
https://doi.org/https://doi.org/10.1016/j.triboint.2015.09.011.

7. Bay N, Azushima A, Groche P, Ishibashi I, Merklein M, Morishita M, et al. Environmentally benign tribo-
systems for metal forming. CIRP Ann 2010;59:760–80.
https://doi.org/https://doi.org/10.1016/j.cirp.2010.05.007.

�. Sha�ee Sabet A, Domitner J, Öksüz KI, Hodžić E, Torres H, Rodríguez Ripoll M, et al. Tribological
investigations on aluminum alloys at different contact conditions for simulation of deep drawing
processes. J Manuf Process 2021;68:546–57. https://doi.org/10.1016/j.jmapro.2021.05.050.

9. Dattatraya Bachchhav B, S. Lathkar G, Bagchi H. Tribology of drawing lubricants for low carbon
steel. Ind Lubr Tribol 2014;66:640–4. https://doi.org/10.1108/ILT-10-2012-0105.

10. ter Haar R. Friction in sheet metal forming, the in�uence of (local) contact conditions and
deformation. University of Twente, Enschede, The Netherlands, 1996.

11. Singh C, Agnihotri G. Study of Deep Drawing Process Parameters: A Review. Int. J. Sci. Res. Publ.,
2015, p. Vol. 5 – 2.



Page 8/14

12. Wilson WRD, Hsu T-C, Huang X-B. A Realistic Friction Model for Computer Simulation of Sheet Metal
Forming Processes. J Eng Ind 1995;117:202–9. https://doi.org/10.1115/1.2803295.

13. Evin E, Daneshjo N, Mareš A, Tomáš M, Petrovčiková K. Experimental Assessment of Friction
Coe�cient in Deep Drawing and Its Veri�cation by Numerical Simulation. Appl Sci 2021;11.
https://doi.org/10.3390/app11062756.

14. Kott M, Erz C, Heingärtner J, Groche P. Controllability of Temperature Induced Friction Effects during
Deep Drawing of Car Body Parts with High Drawing Depths in Series Production. Procedia Manuf
2020;47:553–60. https://doi.org/https://doi.org/10.1016/j.promfg.2020.04.166.

15. Tigrinho LM V., dos Santos RA, Chemin Filho RA, Marcondes PVP. Experimental investigation on the
in�uence of the lubricant type in the punch stretching of extra deep-drawing steel. J Brazilian Soc
Mech Sci Eng 2008;30:290–4. https://doi.org/https://doi.org/10.1590/S1678-58782008000400004.

1�. Le HR, Sutcliffe MPF. Measurements of friction in strip drawing under thin �lm lubrication. Tribol Int
2002;35:123–8. https://doi.org/https://doi.org/10.1016/S0301-679X(01)00104-9.

17. Kim YS, Jain MK, Metzger DR. Determination of pressure-dependent friction coe�cient from draw-
bend test and its application to cup drawing. Int J Mach Tools Manuf 2012;56:69–78.
https://doi.org/https://doi.org/10.1016/j.ijmachtools.2011.12.011.

1�. Kim H, Sung JH, Sivakumar R, Altan T. Evaluation of stamping lubricants using the deep drawing
test. Int J Mach Tools Manuf 2007;47:2120–32.
https://doi.org/https://doi.org/10.1016/j.ijmachtools.2007.04.014.

19. Trzepieciński T, Fejkiel R. On the in�uence of deformation of deep drawing quality steel sheet on
surface topography and friction. Tribol Int 2017;115:78–88.
https://doi.org/https://doi.org/10.1016/j.triboint.2017.05.007.

20. Wu Y, Recklin V, Groche P. Strain Induced Surface Change in Sheet Metal Forming: Numerical
Prediction, In�uence on Friction and Tool Wear. J Manuf Mater Process 2021;5.
https://doi.org/10.3390/jmmp5020029.

21. Azushima A, Sakuramoto M. Effects of Plastic Strain on Surface Roughness and Coe�cient of
Friction in Tension-Bending Test. CIRP Ann 2006;55:303–6. https://doi.org/10.1016/S0007-
8506(07)60422-3.

22. Trzepiecinski T. A Study of the Coe�cient of Friction in Steel Sheets Forming. Met 2019;9.
https://doi.org/10.3390/met9090988.

23. Masters IG, Williams DK, Roy R. Friction behaviour in strip draw test of pre-stretched high strength
automotive aluminium alloys. Int J Mach Tools Manuf 2013;73:17–24.
https://doi.org/https://doi.org/10.1016/j.ijmachtools.2013.05.002.

24. Bay N, Olsson DD, Andreasen JL. Lubricant test methods for sheet metal forming. Tribol Int
2008;41:844–53. https://doi.org/10.1016/J.TRIBOINT.2007.11.017.

25. Bellemare S, Dao M, Suresh S. The frictional sliding response of elasto-plastic materials in contact
with a conical indenter. Int J Solids Struct 2007;44:1970–89.
https://doi.org/10.1016/J.IJSOLSTR.2006.08.008.



Page 9/14

2�. Bellemare SC, Dao M, Suresh S. Effects of mechanical properties and surface friction on elasto-
plastic sliding contact. Mech Mater 2008;40:206–19.
https://doi.org/10.1016/J.MECHMAT.2007.07.006.

27. Mendas M, Ben Tkaya M, Benayoun S, Zahouani H, Kapsa P. Experimental and Numerical Analysis of
the Scratch Behaviour of Steels: Description of the Effect of Work Hardening. Int J Eng Appl (IREA);
Vol 5, No 4 2017.

2�. Shugurov A, Panin A, Dmitriev A, Nikonov A. The effect of crystallographic grain orientation of
polycrystalline Ti on ploughing under scratch testing. Wear 2018;408–409:214–21.
https://doi.org/10.1016/J.WEAR.2018.05.013.

29. Peng LF, Mao MY, Fu MW, Lai XM. Effect of grain size on the adhesive and ploughing friction
behaviours of polycrystalline metals in forming process. Int J Mech Sci 2016;117:197–209.
https://doi.org/10.1016/J.IJMECSCI.2016.08.022.

30. Jain M, Lloyd DJ, Macewen SR. Hardening laws, surface roughness and biaxial tensile limit strains
of sheet aluminium alloys. Int J Mech Sci 1996;38:219–32. https://doi.org/10.1016/0020-
7403(95)00038-Y.

31. Bowden FP, Tabor D. The Friction and Lubrication of Solids. New York Oxford Univ Press 1950:337.

32. Exol-lubricants Company. Website of Exol-lubricants Company 2022. https://www.exol-
lubricants.com/products/327/trojan-460-g006/ (accessed April 30, 2022).

Figures

Figure 1

Microscratch test on DC06EK strip.
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Figure 2

Arithmetic average roughness (Ra) vs. equivalent plastic strain at 0°, 45° and 90° to the RD.
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Figure 3

Microhardness (Hv0,03) vs. equivalent plastic strain at 0°, 45° and 90° to the RD.
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Figure 4

COF of unstretched strips as a function of different RD under dry and lubricated contact regime.
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Figure 5

COF vs. equivalent plastic strain at 0°, 45° and 90° to the RD.
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Figure 6

Principal defects in deep-drawn sanitary products.


