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Abstract
Fluctuations ofmaterial properties are one reason for the occurrence of cracks andwaviness in series production of car body parts.
Especially fluctuating tribological conditions have an effect on the friction behavior and thus on the material flow. So far
fluctuating material properties are not considered in the standard FE-simulation and consequently not in the tool design. In order
to enhance the accuracy of the simulation result and thus improve the tool design regarding a robust process, the appearance of
batch fluctuations has to be consistently understood. Therefore, the impact of varying lubricant quantities and roughness have
been investigated. Several batches have been analyzed to identify the main influencing parameter regarding the friction behavior.
Flat strip-drawing tests have been performed to determine the friction coefficient. The investigations have been performed by
using material from the series production, as delivered. Since the amount of lubricant turns out to be the main influencing factor,
the characteristics and appearance of the lubricant distribution has been analyzed in a further step. The analysis has shown that the
distribution of the lubricant changes within one coil over the coil width and length. In addition, the time of storage has been
identified as one main influencing factor on the homogeneity of the lubricant distribution over the coil width. Based on these
findings, a method has been developed tomap the series production conditions regarding the friction conditions in the simulation.
Hence, simulations were performed using a side frame blank with different friction conditions, to investigate the impact on the
forming result. The results reveal that by considering realistically existing tribological conditions, more scrap is to be expected
compared to the conventional simulation. This leads to the conclusion that previous simulation results are too optimistic.
Consequently, the introduced method offers the potential to optimize the tool design by considering fluctuating tribological
conditions already in the process of development. Thus, it is possible to reduce scrap and increase productivity.
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Introduction and state of the art

Driven by legal requirements to reduce CO2 emissions, the
automotive industry is facing new challenges. One of many
options is to reduce the weight of the car body in order to
reduce fuel consumption and consequently CO2 emissions
[1]. This is achieved for example by reducing the material

thickness of the car body parts. In addition, there are increased
demands of the customers. This includes for example, a char-
acteristic design that is reflected by sharp edges and small radii
on the body shell [2]. These geometries are challenging re-
garding the forming process, so that the car body parts are
designed at the limits of feasibility. Thus, the process window
for the production of parts in good quality is small, not yet
considering batch fluctuations, which may influence the
forming result. Consequently, a further challenge in series
production of car body parts is the occurrence of fluctuating
material properties, including the sheet thickness, mechanical
properties, sheet roughness as well as the amount and distri-
bution of lubricant. These can lead to quality problems like
cracks, thinning as well as wrinkling during the production
process which causes scrap and rework of rejects. In order to
increase the productivity and to produce car body parts in
good quality, batch fluctuations have to be consistently
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understood and further have to be considered in the develop-
ment process of the design of the tools. Furthermore, batch
fluctuations are only rarely taken into account in the simula-
tion and consequently in the tool design as well. So far, ordi-
nary material models which are based on a small number of
material properties are used, which reduces the accuracy of the
forming result in the simulation [3].

Until now, there is only a limited knowledge about batch
fluctuations regarding the material properties of rolled prod-
ucts used in series production of car body parts and its impact
on the forming process. Material scatter regarding the me-
chanical properties of a large amount of coils have first be
investigated by Wiebenga et al. [4] for robustness analysis.
Experimental and numerical investigations have been carried
out based on material of 41 coils, which has been character-
ized by 17 material parameters. The investigations demon-
strate the effect of material scatter by experimentally per-
formed cup tests, whose forming results have been reproduced
by means of numerical cup tests. Held et al. [5] investigated
the occurrence of changes of the formability due to material
fluctuations within a coil. Sturm [6] analyzed several mechan-
ical parameters regarding its fluctuation and its impact on the
forming results. However, investigations on series car body
parts have shown that the tribological properties of the blanks
may not be neglected.

Especially, fluctuating material properties regarding the
tribological conditions are not yet adequately understood.
Hence, knowledge about batch fluctuations offers the po-
tential to make the tool design more robust. The occurrence
of fluctuating lubricant distribution on rolled products is
recently introduced by Mohr et al. [7]. They suggest wash-
ing and re-oiling after cutting to length. Due to environ-
mental reasons washing processes are no longer common.
An alternative is offered by dry lubricants, which allow a
homogeneous distribution of the lubricant layer [8], but
lead to additional effort. Neumann [9] investigated fluctu-
ations of the roughness over the coil length by extracting
several samples over the coil width of one coil, concluding
that no significant fluctuations can be determined.
Analyses of a large number of batches were not carried
out. Groche et al. [10] illustrate that several material prop-
erties as well as the tool properties have an influence on the
tribological system and have to be considered as a whole.
These include for example material-sided the sheet coat-
ing, the surface topography and the lubrication and tool-
sided the coating and tool surface. Particularly with regard
to the improvement of the FE-simulation, the tribological
interdependencies have to be clarified. Sgarabotto et al.
[11] investigated two types of lubricant in combination
with three different roughness values by use of a flat strip
drawing test, showing that the friction coefficient for the
dry lubricant is lower than for the liquid lubricant. The
effect of the sheet roughness on the friction behavior is

ambiguous. In sheet metal forming mixed lubrication is
present, which represents a transition zone between bound-
a ry lub r ica t ion and hydrodynamic lubr ica t ion .
Consequently, the influence of roughness could be relativ-
ized by the effect of hydrodynamic lubrication, which in-
dicates an entire separation of the friction partners. The
effect of different lubrication types under several sliding
velocities has been investigated by Fu et al. [12], demon-
strating that with an increasing sliding velocity the friction
coefficient decreases in particular under dry condition and
boundary lubrication. Filzek [13] presents results of strip
drawing tests considering amongst other influencing fac-
tors the tool temperature. These show that by increasing
the tool temperature the friction increases. Furthermore,
Filzek et al. [14] point out that for an exact FE-
simulation friction curves as a function of contact pressure
and sliding velocity are essential, since Coulomb’s law of
friction which is commonly used does not reflect the actual
conditions. Matuszak [15] draws a similar conclusion
adding that also the lubrication conditions have a major
influence. Strip drawing tests under varying tribological condi-
tions considering several amounts of lubricant and contact pres-
sures in order to improve the FE-simulation accuracy have been
performed by Zöller et al. [16]. The results show that with in-
creasing amount of lubricant as well as increasing contact pres-
sures the friction coefficient decreases. Hol [17] developed a
multi-scale friction model for sheet metal forming applications
inwhich the friction behavior is described physically. Thismodel
takes into account the pressure, strain and temperature depen-
dence of friction and allows different lubrication regimes to be
considered by coupling a mixed lubrication friction model and a
boundary friction model. Furthermore, it is possible to consider
the surface topography of the sheet metal. Shisode et al. [18]
build up on this model and investigated the impact of the surface
topography as well as the impact of lubricant pressure, revealing
the effect of the amount of lubricant and the roughness on the
friction behavior. Azushima et al. [19] investigated the contact
pressure dependence on the friction coefficient differentiating
between three levels of contact pressure which reveals that an
increasing contact pressure leads to a friction decrease. As al-
ready mentioned, the friction behavior is likewise influenced by
the tool surface. Investigations of the friction behavior of several
modified tool surface textures carried out by Hazrati et al. [20]
and Sulaiman et al. [21] showing the possibility to decrease the
friction by use of defined surface textures. Another approach to
reduce friction is to coat the tool surface. Zhao and Tremmel [22]
investigated several diamond-like carbon coatings, showing that
friction can be reduced, in terms of lubricant-free processes.

Most of the present investigations serve to improve the
simulation accuracy or are limited to investigations of varia-
tions in mechanical properties. In addition, most of the inves-
tigations are performed under laboratory conditions and are
limited to a small amount of data.
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Recently it has become possible to gather large data vol-
umes of the before mentioned material properties by several
inline measuring systems implemented in the coil line [23].
Hence, there is the possibility to perform analyses regarding
the scope and reason of fluctuations. This knowledge is essen-
tial to improve the tool design in order to enhance the process
robustness, which will lead to a more efficient production
process and less scrap. In summary, the literature research
has shown that there remain open questions since a fundamen-
tal understanding regarding the occurrence of fluctuating tri-
bological material properties and their effect on the friction
behavior is lacking.

In the present work, the results of investigations regarding
fluctuating tribological material properties and its effect on the
friction behavior are presented. In addition, the main factor
influencing the friction behavior and the cause of its fluctua-
tions are identified. Furthermore, the findings gained are trans-
ferred to the FE-simulation in order to investigate the effects
on a series car body part. Hence, the method introduced
in the following provides an opportunity to consider
batch fluctuations and to improve in development pro-
cess of car body parts.

Methodology

The aim of the study presented in the following is to establish
an understanding of batch fluctuations regarding tribological
material properties and their effect on the friction behavior in
production of car body parts, since these pose a challenge in
terms of the part quality. On the material side, amongst others,
the amount of lubricant and the roughness determine the tri-
bological behavior [24]. Thus, the effect of fluctuating sheet
roughness and fluctuating amount and distribution of lubricant
on the friction behavior are investigated.

Although, the occurrence of fluctuations of material prop-
erties are well known, the appearance of batch fluctuations has
not yet been consistently understood and are not considered in
forming simulations, so far. Therefore, the appearance of
batch fluctuations regarding the tribological conditions and
consequently the friction behavior is analyzed using an exper-
imental and numerical approach. Hence, a method to improve
the tool design by increasing the robustness considering batch
fluctuations, is developed. Consequently, less quality issues
are to be expected in series production of car body parts in
case of fluctuating material properties and thus the number of
rejects may be reduced. Additionally, the intervention in the
process could be reduced, which leads to less plant downtime
and an increase of productivity. However, this does not only
have an economical effect, but also an ecological one, since
the rejected car body parts are recycled in order to produce
new coils by using enormous amount of energy.

For the following investigations the side frame of the cur-
rent BMWX1 has been used as reference part and experimen-
tal part since side frames are one of the most challenging car
body parts. In order to identify the main influencing factor of
the friction behavior, material from eight batches has been
investigated in a strip-drawing test to determine the friction
coefficient. In order to map the tribological conditions in se-
ries production, material from coils as delivered has been
used. To cover the factory-set material specification, material
from different batches has been analyzed, those material prop-
erties have been determined under laboratory conditions.

Inline measurement systems enable the acquisition of
large amount of data regarding the material properties.
Thus, in order to gain knowledge about the scatter
range of the material properties, 129 coils for the pro-
duction of side frame blanks have been analyzed by use
of inline measuring systems. Furthermore, the cause of
batch fluctuations with regard to the lubricant distribu-
tion is analyzed. The findings regarding the friction
conditions have subsequently been used to gain knowl-
edge about the impact of batch fluctuations on the part
quality by using the FE-simulation. For this purpose,
different friction conditions have been assigned to the
blank to map the tribological conditions in series pro-
duction of car body parts, similar to the approach of
Tatipala et al. [25]. Moreover, the Coulomb’s law of
friction has been used in this context, since it is com-
monly used for industrial approaches. In a final step, a
verification of the results is carried out on real car body
parts. Previous studies often use the design of experi-
ments method to analyze interactions of influencing pa-
rameters. The investigations described in the following
are based on real process fluctuations occurring in the
series process. Hence, it is possible for the first time to
state the effect of batch fluctuations on the quality of
car body parts. Figure 1 demonstrates the applied
methodology.

Experiment, data basis and simulation

Within this chapter, the experimental set-up of the strip-
drawing test to investigate the impact of batch fluctuations
on the tribological behavior and the approach are described.
Furthermore, the material specification of the investigated
batches and the available data basis for the analyses of the
coils are presented. Additionally, the procedure for the data
acquisition of the material properties, as well as the utilized
measuring principles are introduced, in order to investi-
gate the appearance of batch fluctuations by a large
amount of data. In a final step, the gathered findings
are used to analyze the impact of batch fluctuations on
the part quality by applying the FE-simulation.
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Experimental set-up and approach

For the investigation of the friction behavior with regard to
different tribological conditions which result from batch fluctu-
ations, several batches of one supplier have been chosen to
perform strip-drawing tests, since the material of one supplier
is dedicated to one car body part. Therefore, blanks from sev-
eral coils have been used to cover the possible range of rough-
ness values between Ra = 1.10μmandRa = 1.60μmdue to the
guidelines for car body parts. Consequently, material for the
body shell have been used including blanks from the roof, door
outer shell and side frames. The material for the roof and side
frame blanks is a CR3 deep-drawing steel and the material of
the blanks for the outer shell door is a CR180BH bake-
hardening steel. All coils are coated with a hot-dip galvanizing
of 50 g/m2 coating weight per sheet-side and have an electron
discharge textured (EDT) surface topography. In general, the
coils are delivered with an average coating of 0.80 g/m2 to
1.00 g/m2 of lubricant. Nevertheless, fluctuating lubricant quan-
tities are to be expected due to a typical inhomogeneous lubri-
cant distribution. In the following, this effect is named lubricant
redistribution. Thus, for performing the strip-drawing test,
blanks from series production have been taken to cut out sam-
ples. For each strip the amount of lubricant has been measured

at three positions on each side by a manual optical oil measure-
ment system. Moreover, roughness measurements have been
performed of each strip on the top and bottom side by a
profilometer. These values have been averaged so that each
strip is characterized by one roughness value and one value
for the lubricant amount. Figure 2a) illustrates the positions of
the extraction of the strips for measuring of the sheet roughness
as well as for measuring the amount of lubricant by taking a
side frame as an example. The strips of the door outer shell
blanks and the roof blanks have also been extracted in rolling
direction. Due to the different blank dimensions, between 5 and
11 strips have been taken from one blank. The geometry of the
strips has the dimensions 110 × 700 mm and are extracted at
right angles to the direction of traverse. Moreover, friction jaws
of the material GGG70L have been selected, since it is used in
series production as well for the forming tools [2]. The friction
jaws dimensions are 80 × 150 mm. Furthermore, the friction
jaws are uncoated and not hardened. The strips have been
drawn with a velocity of 400 mm/min at 2.0 MPa contact pres-
sure. Table 1 gives an overview of the used parameters and
materials. A schematic set up of the strip-drawing test and the
area of evaluation for determining the friction coefficient are
shown in Fig. 2b). Based on this study it is possible to deter-
mine what the main influencing factor on the tribological

Fig. 1 Methodology

Fig. 2 Scheme of blank with position of samples for roughnessmeasurement and strip drawing test (a) and schematic of strip drawing test and evaluation
area for the determination of the friction coefficient (b)
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behavior is. In total 67 strips from 8 batches equivalent to 8
coils have been extracted and analyzed. Thus, the impact of
varying tribological conditions on the friction behavior is inves-
tigated, covering a large spectrum of fluctuations.

Data acquisition and data basis

Recently, digitization has also found its way into the press
plant [26]. Numerous contactless measuring systems make it
possible to record material properties and thus also batch fluc-
tuations already in the coil line, on the running strip. This
information is allocated to a blank which can then be used
for further processing steps. Besides the recording of the sheet
thickness and mechanical properties, the tribological proper-
ties of the coils can also be recorded. For measuring the sheet
roughness the laser based system SRM 100 byAmepa is used,
which is based on the principle of triangulation [27]. The
roughness is recorded on the top side of the coil, stepwise at
five positions across the coil width over a length of 200 m. For
the purpose of determining the amount and distribution of
lubricant on top of the coils a traversing measuring system
based on the principle of law of Lambert Beer‘s light absorp-
tion is utilized, which continuously crosses the surface of the
coil [28]. The amount of lubricant is determine on the top side
as well as on the bottom side of the coil. In order to simplify
the evaluation and the demonstration the continuously deter-
mined values are dedicated to 20 tracks across the coil width.
Figure 3 demonstrates exemplarily the measuring positions of
the sheet roughness and the amount of lubricant, which are
both measured along the entire coil. Thus, investigations of
the coils regarding the appearance of fluctuations of the sheet
roughness and the amount and distribution of lubricant can be
performed on a large amount of data.

For investigating fluctuations regarding the sheet rough-
ness and to ensure a comparability of the batches, coils from
one steel supplier with an EDT surface topography and a
hot-dip galvanized coating weight of 50 g/m2 per side has
been chosen. The database for the sheet roughness analysis
of the coils comprises 11 coils of a structural car body part
with a coil width of 1135 mm and coil lengths between
1547 m and 1705 m. The factory-set specification of the
sheet roughness amounts between Ra = 1.30 μm and Ra =
1.80 μm.

Furthermore, the appearance and the characteristics of fluc-
tuations with regard to the amount and distribution of the
lubricant on the coil surface is investigated. Referring to the
approach for analyzing the occurrence of fluctuations regard-
ing the sheet roughness, 129 coils from one supplier with an
EDT surface topography and a hot-dip galvanized coating of
50 g/m2 have been chosen, in order to characterize the amount
and distribution of the lubricant. The coils, used for the pro-
duction of side frame blanks have been cut in a time span of
8 months. The material used for this study is a shell car body
part, with a width of 1780 mm and an average length of
2587 m. In addition, the delivered coils are coated with the
conventional anti-corrosion oil Multidraw PL 61 by
Zeller+Gmelin having a viscosity of 58 mm2/s at
40 °C. Since the effect of lubricant redistribution at
higher lubricant quantities is well known [7] the average
quantity has been set to 0.80 g/m2.

The analyzed coils have been annealed between November
2018 and July 2019. The processing period from annealing at
the rolling plant until the cutting into blanks in the coil line is
between 12 and 70 days. Consequently, it is possible to ana-
lyze the influencing factor of the storage time on the redistri-
bution of the lubricant.

Table 1 Overview of
experimental parameters and
materials

Batch Part Material Strips

1/2/3 Door outer shell CR180BH 18

4/5 Roof outer shell CR3 19

6/7/8 Side frame CR3 30

Parameter Specification

Strip dimension 100 × 700 mm

Friction jaw 80 × 150 mm

Friction jaw material GGG70L

Velocity vrel 400 mm/min

Contact pressure pN 2.0 MPa

Fig. 3 Scheme of inline
measuring positions of sheet
roughness and lubricant layer
thickness
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Simulation

So far fluctuating tribological conditions are not respected in
the tool design and are thus only minor considered in the
forming simulation. To evaluate the impact of fluctuating tri-
bological conditions, the standard simulation has been adjust-
ed to map the series conditions. For this purpose, the side
frame of the current BMW X1 serves for investigating the
impact of batch fluctuation as it is one of the challenging car
body parts. Hence, for calculating the forming results the com-
mercial simulation program LS-Dyna is used. The tool model
is an already existing model whose individual components are
available as rigid-body elements. This model has been used
for the development of the series tools. Furthermore, the side
frame is produced from CR3 deep-drawing steel for which,
the BMW standard material modelling according to Barlat’89
with an exponent M = 2 is utilized. Moreover, the numerical
parameters for the investigations have been chosen according
to Heinle [29] and the material data have been used as stated in
the thesis of Fleischer [30]. The definition of the boundary
conditions is derived from the present process parameters of
the series production. A validation of the model was carried
out by first checking the blank geometry and geometry chang-
es to the tool, for example the radii of the draw beads.
Furthermore, the flange draw-in of the real part was compared
with the flange draw-in of the simulated part. Figure 4 presents
the measuring positions of the flange draw-in. Changes to the
blank holder spacing were incorporated into the CAD model
to achieve a good accordance between the parts. An exact
match is not possible due to the simplified conditions, such
as a total force. In addition, deviations occur due to the blank
position caused by the blank gauges. The measuring results of
the flange draw-in are summarized in Tab. 2. With the excep-
tion of one measuring point, the deviations of the flange draw-
in between the simulation and the real part are less than
10 mm. Nevertheless, the comparison shows a good agree-
ment and is assumed as sufficiently accurate. In order to map
batch fluctuations, the blank is divided into different seg-
ments, which are determined by the areas showing different
tribological conditions by reference to the gained information
from the fluctuating material properties data analysis. The
friction coefficients determined in the strip-drawing test are
used to assign different friction conditions to the blank.

Since the coils are lubricated with 0.80 g/m2 of lubricant as
standard, this value is used as a reference for the standard
friction coefficient μS = 0.12. In addition, the Coulomb’s law
of friction has been used, since it is the industrial standard
approach. The appearance and extent of cracks, thinning and
waviness serve as assessment criterion.

Results and discussion

In order to improve the tool design the appearance of batch
fluctuations and their impact on the car body part has to be
known. Therefore, in the following chapter the results of the
performed strip-drawing tests are presented. Furthermore, the
findings of the appearance and scope of fluctuating material
properties regarding the sheet roughness and the amount and
distribution of lubricant are introduced. The knowledge
gained from these experiments is transferred to the simulation,
the results of which are finally presented.

Strip-drawing test

In a first step the material properties as well as the determined
friction coefficients have been analyzed batchwise and holis-
tically in a second step. Figure 5 presents exemplarily the
roughness values (a), the lubricant values (b) and the values
of friction coefficients (c) of one of the investigated batches.
The strip numbering displays the extraction position of the
blank in coil width direction from the left hand side to the
right hand side. Thus, strip 1 and strip 9 lie at the edge area
of the coil. The standard deviation of the roughness values and
amount of lubrication values results from the repeating mea-
surements whereas the standard deviation of the friction coef-
ficient results from all measured values within the evaluation
area. The roughness values are between Ramin = 1.03 μm and
Ramax = 1.09 μm and show no significant fluctuations. This
finding is also confirmed for the other batches, for which the
average standard deviation of the roughness values per batch
is σRa = 0.04. Furthermore, the finding of no significant fluc-
tuation of the sheet roughness coincides with those of
Neumann [9]. One reason for this could be that the skin pass
rolls wear out slowly and homogenously over the roll length.
Since skin pass rolls can be used for several coils, changes are
unlikely to be recognizable within one coil. Furthermore, noFig. 4 Measuring positions of flange draw-in at side frame part

Table 2 Difference of geometry between simulation and real part

Pos.1 Pos.2 Pos.3 Pos.4 Pos.5 Pos.6

Diff. in mm 9 4 5 10 0 7

Pos.7 Pos.8 Pos.9 Pos.10 Pos.11 Pos.12

Diff. in mm 19 10 8 3 6 2
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subsequent change in roughness, e.g. due to transportation is
to be expected.

Compared to this, the values of the amount of lubricant
show strong fluctuations. The values lie between lmin =
0.55 g/m2 and lmax = 1.23 g/m2 for the presented batch and
exceeds the specification of lspec = 0.80 ± 0.30 g/m2. Due to
the fact that the strips have been extracted over the coil width,
this example shows a typical redistribution of the lubricant
over the coil width, where the inner area of the coil is coated
with less lubricant than the outer areas. This confirms the find-
ings of Mohr [7], who firstly descried the effect of lubricant
redistribution. The surface pressure is assumed to be one reason
for the lubricant escaping into the edge areas, since the thickness
of the sheet is the highest in the middle of the coil. The different
lubricant quantities are reflected in the coefficients of friction.
Strip 3 and strip 9 show the highest amount of lubricant, l3 =
1.22 g/m2 and respectively l9 = 1.23 g/m2 and thus the lowest
friction coefficients of c3 = 0.098 and c9 = 0.102. Compared to
this, strip 5 and strip 6 have the lowest lubricant quantity of l5 =
0.58 g/m2 and l6 = 0.55 g/m

2. The related friction coefficients are
c5 = 0.116 and c6 = 0.119. In total, the friction coefficients are
between cmin = 0.098 and cmax = 0.119. Thus, higher amounts
of lubricant results in lower friction coefficients and reverse,
which leads to a correlation coefficient of r = 0.94. These results
show that the main influencing factor on the friction behavior is
the amount of lubricant. The overall correlation coefficient of all
eight batches is rtotal = 0.79 (Fig. 6b)) and show a strong correla-
tion between the amount of lubricant and the friction coefficient.

Since not all batches show distinctive fluctuating lubricant
values, the correlation coefficient is lower than the one of the
previously shown single batch.

Due to the fact that, the roughness does not vary strongly, the
impact of varying roughness can only be investigated by com-
paring several coils with different characteristics of roughness.
Hence, a range of Ratotal,min = 1.03μm toRatotal,max = 1.63μmof
roughness has been covered. In addition, due to the effect of
lubricant redistribution the lubricant quantities of the 67 strips
vary between ltotal,min = 0.37 g/m

2 and ltotal,max = 1.55 g/m
2 lubri-

cant, since the material has been used as delivered. Figure 6a)
shows the friction coefficients as a function of roughness and
lubricant quantity as a 3D-plot, highlighted by a linear plane to
illustrate the result. It can clearly be seen that the variation of
lubricant quantities has a strong impact on the friction behavior,
whereas the roughness show no significant impact. The friction
coefficients lie between ctotal,min = 0.090 and ctotal,max = 0.135 and
illustrates the influence that the friction coefficient decreases with
increasing lubricant quantities.

All in all, it can be stated that by having a constant rough-
ness, the higher the amount of lubricant, the lower the friction.
This can be explained by the fact that in case of a higher
amount of lubricant the friction behavior changes from mixed
lubrication to hydrodynamic lubrication, since the contact sur-
faces are more separated from each other. Furthermore, the
spectrum of roughness in general is small, due to the
factory-set specification. Consequently, the friction is only
mildly effected by the roughness, whereas the amount of

Fig. 6 3D-plot of lubricant
quantity, sheet roughness and
friction coefficient (a) and
correlation diagram of friction
coefficient and amount of
lubricant (b)

Fig. 5 Roughness values, amount of lubricant and friction coefficient values for one batch (CR3-Z100-EDT; lspec = 0.80 ± 0.30 g/m2; Raspec = 1.10 –
1.60 μm)
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lubricant has a wider spectrum caused by its redistribution
during storage and show a significant effect on the friction
behavior. This again confirms the assumption that the hydro-
dynamic lubrication is dominant compared to the mixed
lubrication.

Finally, the amount of lubricant can be identified as the
significant influencing tribological material property on the
friction behavior. Consequently, the scope of fluctuating lu-
bricant quantities and distributions are analyzed in detail in the
following chapter.

Batch fluctuation

The investigations of the strip drawing test has shown that the
lubricant has a significant impact on the friction behavior.
Thus, in the following, the appearance of the amount and
distribution of lubricant on the coils is analyzed on a large
amount of data gathered by the use of inline measuring sys-
tems. In addition the appearance of batch fluctuation regard-
ing the sheet roughness is analyzed.

Roughness

For the sake of completeness, the fluctuations of roughness
are investigated in the following. Thus, for analyzing the ex-
tent of batch fluctuations with regard to the sheet roughness 11
coils have been measured by an optical inline roughness mea-
surement system. The measuring values function as an indi-
cator for the roughness, since the roughness is measured indi-
rectly and repeating measurements are not possible on a run-
ning strip. The roughness values are averaged by considering
the measuring values of all five measuring positions over the
coil width and coil length per coil. Figure 7 shows the mea-
suring results of all 11 coils, for which the roughness specifi-
cation is Ra = 1.30 μm - 1.80 μm. The roughness values lie
between Ramin = 1.50 μm and Ramax = 1.60 μm and hence
show no significant fluctuations. In addition, the standard de-
viation per coil lie between σRa,min = 0.04 and σRa,max = 0.07
and indicates that no noticeable differences are to be
expected. Since the performed strip-drawing tests have
not revealed a significant influence of the roughness on

the friction behavior, no further analysis are carried out
at this point.

Lubricant

Since the coils are coated on both sides with lubricant, possi-
ble differences between the top and bottom sides are analyzed
in a first step. Therefore, the mean values of the lubricant
quantity, determined over the coil length and width of the
entire coil, are compared from the top and bottom sides of
129 coils. The measuring values are determined by an optical
inline measuring system as described previously. Figure 8a)
shows the frequency distribution of the mean values of the top
side. Approx. 80% of the coils have an average lubricant value
between 0.75 g/m2 and 0.81 g/m2. A similar result can be seen
for the bottom side (Fig. 8b)), where approx. 79% of the coils
have an average lubricant value between 0.77 g/m2 and
0.83 g/m2. Consequently, lubricant quantity values of all coils
lie within the factory-set specification of lspec = 0.80 ± 0.30 g/
m2 lubricant per side. This effect was to be expected, since the
same amount of lubricant is usually applied to both sides.

In a second step, in order to evaluate the distribution of the
lubricant over the coil width, the values of each measuring
track over the entire coil length are averaged. The comparison
of the measurement results for two coils are shown in Fig. 9.
Illustration a) shows the lubricant quantity for each of the 20
measuring tracks of one coil for the top and bottom side,
where the amount of lubricant is homogenously distributed
over the coil width. The measured values for the top side lies
between ltop,min = 0.60 g/m2 and ltop,max = 0.98 g/m2. For the
bottom side, the measured lubricant values range from l-

bot,min = 0.61 g/m2 to lbot,max = 0.96 g/m2. The mean value of
the lubricant quantity on the top side is ltop,mean = 0.71 g/m2

respectively lbot,mean = 0.74 g/m2 for the bottom side. In addi-
tion, the correlation coefficient between the mean lubricant
values over the coil length per measuring track between the
top and bottom side amounts rl,1 = 0.958. Consequently, the
amount and distribution of the lubricant can be assumed as
equal for both sides. This accordance is confirmed as well for
the second coil (Fig. 9b)). The lubricant quantities lie between
ltop,min = 0.53 g/m2 and ltop,max = 1.13 g/m2 for the top side
respectively lbot,min = 0.55 g/m2 and lbot,max = 1.11 g/m2 for
the bottom side. Thus, the measured values for the top and
bottom side show a similar range of lubricant quantity.
However, the range of the lubricant quantity is larger for the
second coil, which nearly reaches the lower tolerance limit of
0.50 g/m2 and exceeds the upper tolerance limit of 1.10 g/m2.
In this case, the lubricant shows a distinctive inhomogeneous
distribution over the coil width. The measuring tracks 7, 8, 15
and 16 show the highest lubricant quantities, whereas
measuring track 9 till 13, which lie in the middle of the coil,
show the lowest amount of lubricant. Hence, the lubricant
squeezes out from the inner area to the outer areas, due toFig. 7 Inline measured roughness values for 11 coils
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the crowning of the coils. These findings are reflected in the
findings of Mohr et al. [7] who first describe the occurrence of
lubricant redistribution. The correlation coefficient between
the mean lubricant values over the coil length per measuring
track between the top and bottom side amounts to rl,2 = 0.940.
Hence, lubricant quantity and distribution show a strong
correlation between the top and bottom side of the coil.
Furthermore, the mean value of the lubricant quantity on the
top side is ltop,mean = 0.81 g/m2 respectively lbot,mean = 0.83 g/
m2 for the bottom side. This reveals that the mean value is an
inadequate assessment criteria for the lubrication conditions.
The average correlation between the top and the bottom side
determined by the mean values per measuring track for all 129
coils leads to rl,total = 0.938. This indicates that if the lubricant
distribution is known for one side, consequently also the
lubricant distribution on the opposite side is known. Hence,
the values of the lubricant amount of the top side is considered
in the further investigations. However, differences of the
amount and distribution of lubricant cannot be excluded
entirely since different amounts of lubricant per side could
be applied. Furthermore, production interruptions during the
oiling process may lead to differences of the lubricant amount,
as well. In the following the phenomenon of lubricant
redistribution over coil width is investigated by questioning
how the distribution behaves in coil length direction. In
addition, the influencing factor regarding the cause will be
analyzed. Therefore, the coils have been split into areas of
250 m in coil length direction, for which the amount of
lubricant is averaged per track.

Figure 10 shows exemplarily the mean lubricant quantity
values over the coil width at five positions of one coil over the
coil length. At the beginning of the coil, from coil length 0 m

to 250 m the lubricant is homogeneously distributed over the
coil width (Fig. 10a)), whereas towards the end of the coil
(2201 m - 2250m) the amount of lubricant shows a significant
redistribution. In total, it can be seen that the redistribution of
lubricant over coil width increases with increasing in coil
length direction. Hence, with increasing coil length the inner
area of the coil covers less lubricant than the edge area. At the
end of the coil the measured values of the lubricant quantity
reach the limit of the lower lubricant specification (lspec,min =
0.80 g/m2), whereas they exceed the upper lubricant specifi-
cation limit of lspec,max = 1.10 g/m2. The mean lubricant values
per 250 m across the coil width lie between lmean,min = 0.77 g/
m2 and lmean,max = 0.85 g/m2. The determined range of aver-
age minima and maxima values is ltotal,min = 0.47 g/m2 and
ltotal,min = 1.29 g/m2. The effect of inhomogeneous lubricant
distribution can be explained by the fact that the highest sheet
thickness is located in the middle of the coil in coil width
direction, due to the deflection of the rolls during the rolling
process, as mentioned previously. This leads to higher contact
pressures in that area which implicates a lubricant redistribu-
tion. Furthermore, one reason for the increasing redistribution
over the coil length might be that the contact pressure and thus
the displacement of the lubricant into the edge areas increases
from the outer windings of the coil in the direction of the inner
windings the so called coil eye, due to a decreasing diameter
of the coil.

As shown before, coils may have different characteristics
of lubricant distribution. Therefore, coils from one annealing
date have been analyzed to gain information about the reason
for the lubricant redistribution. The annealing date has been
chosen as a reference to calculate the time span until the cut-
ting process, since the impact of the storage time is one

Fig. 9 Comparison of lubricant
amount and distribution of the top
and the bottom side of two coils;
homogenous lubricant
distribution (a) and
inhomogeneous lubricant
distribution (b)

Fig. 8 Frequency distribution of
mean values of lubricant quantity
for top side (a) and bottom side
(b)
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assumed factor. In Fig. 11a) the averaged lubricant values per
measuring track are plotted over the coil width for three coils
annealed at the beginning of May 2019, which have been cut
at the coil line 19 to 25 days after the annealing. All of them
show a similar characteristic of lubricant distribution. The
amount of lubricant reveals a homogeneous distribution with-
in the tolerance limits of 0.80 ± 0.30 g/m2. Slight lubricant
quantity peaks can be seen at track 8 and track 16. In addition,
Fig. 11b) illustrates again three coils from one annealing date
at the end of May 2019, which demonstrates also a similar
characteristic to each other and have been processed at approx.
50 days at the coil line. In this case, the lubricant distribution
over the coil width show a significant redistribution, where the
amount of lubricant exceed the upper as well as the lower
lubricant specification limits. Again, the greatest redistribution
is at track 7 and track 15 and thus at similar positions com-
pared to the coil shown in Fig. 11a). Hence, it can be seen that

coils from the same cast, processed at the coil line in a similar
time range have the same lubricant distribution characteristic
over the coil width. Consequently, the appearance and char-
acteristic of batch fluctuations regarding the distribution of the
amount of lubricant can be clustered.

For confirmation of the effect of the storage time, coils
from one annealing date processed at different dates have been
compared. Figure 12a) shows two of the four coils processed
after 22 respectively 26 days. It can be seen that the lubricant
is not homogeneously distributed over the coil width. The
mean values in the middle of the coil lie under the given mean
values, whereas the mean values in the edge areas are close to
the given mean value or slightly over it. Compared to these
two coils Fig. 12b) shows two coils from the same annealing
date, processed after 47 respectively 51 days. Due to the lon-
ger storage time the lubricant shows a very pronounced redis-
tribution, with the result that the mean values in the middle of

Fig. 10 Lubricant distribution over coil width at different positions over the coil length

Fig. 11 Comparison of the
lubricant distribution over the coil
width of three coils of one
annealing date each processed at
the coil line after approx. 25 days
(a) or 50 days (b)
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the coil and at measuring track 7 and measuring track 15
exceed the given specification. By comparing the coils shown
in Fig. 11a) with those of Fig. 12a) huge differences of the
lubricant distribution can be determined. Although all 5 coils
were processed within 26 days, some showed a homogeneous
lubricant distribution and others a clear redistribution. Hence,
a certain redistribution occurs shortly after the lubricant has
been applied, whereas a longer storage time increases the re-
distribution effect. In this case, again the contact pressure,
owing to the crowning of the sheet, can be assumed as one
reason for the redistribution. Due to the fact that a preferably
even coil thickness across the coil width is sought, which
means that the crowning is as minimal as possible, the flowing
of the lubricant into the edge areas is to be expected a contin-
uously proceeding process. Thus, a longer time span between
the annealing and the blank cutting process, leads to a more
distinct lubricant redistribution. Consequently, the storage
time has a significant impact on the lubricant redistribution.
The investigations so far have shown that the amount of lu-
bricant has a significant impact on the friction behavior in
context of the given roughness and lubrication specification
for the series production of car body parts. Thus, the amount
of lubricant is identified as the key parameter. Furthermore,
the analysis of the lubrication condition is carried out on the
basis of a large amount of coil data, which has shown that the
lubrication distribution changes in coil length direction as well
as over the coil width and in addition changes as a function of
time. The impact of fluctuating tribological conditions and
thus fluctuating friction conditions will be analyzed by means
of the FE-simulation.

Results of the FE-simulation

So far, the standard simulation of car body parts has been
carried out by using one friction coefficient which is assumed
for the entire blank. However, fluctuating friction conditions
are not considered until now. Thus, the aim of the following
investigations using the FE-simulation is to understand the
effect of varying tribological conditions on the forming result
of car body parts. Consequently, the knowledge can be taken
into account for designing the tools, which may increase the
robustness of the process window. As a sample part the side

frame of the BMWX1 has been utilized for the simulation, for
which the lubricant redistribution has been analyzed. For this
purpose the already existing simulation model of this car body
part has been used. In order to eliminate possible differences
between the simulation model and the real car body part, due
to tool changes, the radii have been remeasured in a first step.
Furthermore, the material draw-in behavior of an actual draw-
ing part has been matched with that in the simulation to vali-
date the model. Thus, the model has been adapted so that the
deviation of the material draw-in between the simulation part
and the real part is smaller than 10 mm and can be assumed as
sufficiently exact as described previously.

The following investigations have been carried out on the
bases of production data of a production order in which cracks
occurred. In a first step, the lubricant distribution of the coil
has been analyzed based on inline measuring results. In a
further step, in order to analyze the impact of varying friction
conditions on the forming result the previously found effects
of varying lubricant distributions across the coil width and
length have been used to apply different tribological condi-
tions to the blank in the FE-simulation.

The lubricant specification for this car body part is lspec =
0.80 ± 0.30 g/m2. Furthermore, the material used is a deep-
drawing steel CR3 with a surface roughness of Raspec =
1.10–1.60μm. Figure 13 shows the lubricant distribution over
the coil width averaged over the first 250 m and in addition
over the coil length range 2501–2750 m, on the left-hand side.
At the beginning of the coil the amount of lubricant is distrib-
uted homogenously. Towards the end of the coil the lubricant
distribution show a significant fluctuation. In the area of track
5 and track 17 the amount of lubricant lie above the lubricant
specification of lspec = 0.80 ± 0.30 g/m2. Furthermore, the
amount of lubricant between track 6 and track 16 lies close
to the lower specification limit at approx. 0.50 g/m2. The lu-
bricant amount in the edge area is within the intended range
and lies around 0.80 g/m2.

Derived from the results of the previously performed strip
drawing tests friction coefficients have been assumed for differ-
ent areas of the blank, see Fig. 13 right-hand side. For areas
where the lubricant quantity is 0.80 g/m2, a friction coefficient
of μS = 0.12 is used. Areas where the lubricant quantity differs
from 0.80 g/m2 friction coefficients are assumed depending on

Fig. 12 Comparison of the
lubricant distribution
characteristics over the coil width
of four coils of one annealing date
after less than 26 days (a) or more
than 47 days (b)
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the varying amounts of lubricant. Hence, a friction coefficient of
μ1 = 0.10 is utilized in areaswhere the lubricant quantities exceed
1.00 g/m2. Furthermore, a friction coefficient ofμ2 = 0.14 is used
in areas showing low amounts of lubricant.

Figure 14 presents the simulation results. The calculation
of the part using the standard friction coefficient of μS = 0.12
for the entire blank shows that a slight thinning and a risk of
cracks may occur at critical areas of the part. Compared to this
the simulation result of the part calculated with inhomoge-
neous friction conditions over the coil width shows that actual
cracks are to be expected in critical areas. As a result, the lubri-
cant redistribution over the coil width leads to areas where inad-
equate friction is present and thus cracks occur. In this case the
simulation result shows that cracks occur at the back door en-
trance at the level of the character line and in addition at the rear
end of the drawing part. In the present example of a real series
production order cracks appear verifiably on actual car body part,
where fluctuating tribological conditions are present. In this case
the cracks only occur in the area of the rear end of the drawing
part. Thus, the previously assumed homogenous friction

conditions are too optimistic compared to the shown simulation
results of inhomogeneous friction condition over the coil width.
The simulation result has shown that the batch fluctuations oc-
curring in the series production have an effect on the frictional
behavior so that the component quality is affected. In the present
case, the effect is reflected in the simulation result, as well as on
the real car body part by the occurrence of cracks. Thus, the
investigation reveals that the simplified assumption of one fric-
tion coefficient for the entire blank in the simulation is too
inaccurate.

The beforehand shown comparison of the part quality in the
simulation and the real car body part has revealed the occurrence
of cracks in rear end of the car but not at the door entrance. In a
further production order of the opposite side frame, the lubricant
distribution show a similar appearance than the one shown before
as shown in Fig. 15a). In particular at the inner area of the coil
from track 7 until track 14 the amount of lubricant is between
0.42 g/m2 and 0.59 g/m2 and thus fluctuates close to the lower
specification of 0.50 g/m2 lubricant. In this case, cracks occurred
at the door entrance but not at the rear end of the part, see

Fig. 14 Comparison of the simulation results under homogeneous friction (Coil length 0 – 250 m) conditions and inhomogeneous friction conditions
(Coil length 2501 – 2750 m) over the coil width

Fig. 13 Illustration of the
lubricant redistribution over the
coil width determined at two
positions in the coil length
direction and the derived friction
coefficients derived assigned to
the side frame blank
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Fig. 15b). Consequently, the investigation reveals that fluctuating
tribological conditions lead to a higher risk of cracks in the crit-
ical part areas although the actual position cannot be predicted. A
further reason for divergent results between experimental inves-
tigations and the effects in series production of car body parts
could be that further influencing variables cannot yet be taken
into account or are still under investigation. These include, for
example, the accumulation of lubricant in the forming tool, i.e. in
the draw-beads, which influences the friction behavior. In addi-
tion, simplified assumptions has been made in this thesis by
using flat strip drawing tests and merely considering material-
side variations. An added value could be achieved by investigat-
ing the friction conditions performing draw-bead strip drawing
tests, in order to take into account the friction conditions and
contact conditions in the draw-beads. Furthermore, it is possible
to influence the friction behaviormanually by removing lubricant
from the tool or on the other hand applying additional lubricant
on the blank in the press line.

The investigations have shown that the amount of lubricant
in comparison to the roughness has a significant impact on the
friction behavior in series production of car body parts and is
identified as the decisive tribological material parameter. The
analysis of a large amount of data reveal that fluctuations
regarding lubricant distribution occur depending on the time
between the oiling of the coil and the cutting to length into
blanks. Furthermore, the simulation displays the impact of
varying tribological conditions on the car body part by con-
sidering the beforehand investigated batch fluctuations, which
is confirmed by the quality of the series part.

Thus, on the basis of the presented investigations, a
method has been developed, which makes it possible to
determine actual occurring batch fluctuations with regard
to the tribological properties, to consider these in the
forming simulation and consequently improve the tool de-
sign. It can be stated that the forming result of car body parts
is influenced by batch fluctuations regarding the tribologi-
cal properties of the blanks. Quality problems as a result of
inhomogeneous friction conditions are the consequence.
The introduced method reveals, that actual batch fluctua-
tions can be displayed in the forming simulation.

Considering batch fluctuations by assigning the present in-
homogeneous friction conditions to the respective areas of
the blank leads to an improved prediction accuracy of the
forming result. In order to gain a robust production process
of car body parts, which is less susceptible to batch fluctu-
ations, the actual fluctuations occurring in the series process
must be taken into account when designing the tools. Hence,
the development of a robust tool design therefore leads to
less scrap and an optimal utilization of the process window.
The method presented is universally valid and can be trans-
ferred to other car body parts and other lubricant-surface
combinations.

Summary

One reason for cracks and waviness in series production of car
body parts are batch fluctuations. So far fluctuating material
properties, in particular fluctuating tribological conditions are
not yet entirely understood and thus not considered in the
forming simulation and respectively the tool design. Thus,
within the present contribution, a method was introduced to
take batch fluctuations into account in the simulation. The
presented results of the experimental investigation have
shown that the amount of lubricant in opposition to the sheet
roughness has a significant influence on the friction behavior
in sheet metal forming of car body parts in series production.
Furthermore, the distribution of the amount of lubricant
changes over the coil width and in coil length direction, which
results in inhomogeneous friction conditions of the blanks.
Furthermore, it was shown that the prediction accuracy of
the part was enhanced by considering these fluctuations with-
in the FE-simulation, which has been proven in series produc-
tion of car body parts. In conclusion, the method presented
offers the potential to consider the in series production
existing tribological conditions and further to design tools
more robust against batch fluctuations. Consequently, the oc-
currence of quality problems can be reduced and thus the
productivity increased.

Fig. 15 Lubricant distribution
over coil width (a) and position of
crack at the door entrance of side
frame (b)
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