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Worldwide, at least twenty different tribological tests have been proposed for the empirical determination of friction coefficients in cold forging
processes. Due to the varying test setups, means of measurement, and level of abstraction, the comparability of the outcomes is, however, disputable.
Within this work, six established test principles are compared using identical tribological systems. Large differences between the empirically determined
friction coefficients are observed but can be explained under consideration of the respective tribological loads. Additional investigations of an extrusion
process reveal that friction models also have to take into account the varying local thickness of the lubricant film.

Friction, Cold Forming, Tribology

1. Introduction

Numerical simulations are essential for the efficient design of
modern process chains. The quality of the herewith gained results
depends heavily on the input parameters of the numerical model.
These input parameters refer mainly to the description of
material as well as frictional behaviour. Both groups of
parameters are preferably determined empirically beforehand
with the help of model tests. Whereas the process of gaining
material modelling parameters has been widely standardized, the
determination of frictional coefficients is still carried out
heterogeneously. No universally agreed upon test procedure has
been established to characterize friction in cold forging
operations. Thus, at least 20 different tribotests for cold forging
have been proposed. Actually, the development of new friction
tests is an ongoing topic of research [1]. Due to the differing test
setups, means of friction measurement, and level of abstraction,
the comparability of the determined friction coefficients is highly
disputable. Yet, no empirical comparison of the most commonly
used tests is available to the knowledge of the authors.
Benchmark studies of sheet metal forming friction tests have
shown that large deviations between the determined friction
coefficients exist for different friction tests [2]. With friction being
a relevant system parameter that affects the result of the
numerical simulations of cold forging operations substantially [3],
a systematic comparison of friction tests and their outcomes is of
high significance.

Within this paper, six established friction tests for cold forging
operations are used to determine friction coefficients (Amontons-
Coulomb) of one state of the art industrial tribosystem. The
setups of the friction tests are designed according to a reference
forming operation. Consistency in between the studied tests is
ensured by reproducing the tribological loads of the reference
forming operation within each of the frictional tests. The factored
tribological loads comprise the contact normal stress, surface
enlargement, relative sliding velocity, and temperature at the
interface. However, due to the individual frictional test setups,
not all of the mentioned tribological loads can be set

independently [4]. Thus, accompanying numerical analyses of the
frictional tests and the reference forming operation are used to
gain additional insight into the impact of the tribological loads.

2. Experimental and numerical procedure

The reference forming operation is a single stage extrusion
process [5] as depicted in Figure 1 (aandb). All specimens
consist of a case hardening steel (16MnCrS5, DIN 1.7139, SAE
5115). The flow curves (see Figurel (c)) are determined
empirically by cylinder upsetting with strain rates of ¢=0.1 and
¢=1 at temperatures of T=25°C, 100°C, 200°C, 300°C, and 400°C
according to the procedure described in [6]. Work pieces of the
reference extrusion process and samples for the friction tests are
all numerically modelled elastic-plastic with these flow curves. A
Young’s modulus of E=210GPa and a Poisson’s ratio of v=0.3 is
assumed.
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Figure 1. Tool geometry of reference forming process (Fe: extrusion force,
a), detail of forming die (b), and experimentally determined flow curves.

All employed tools are made of M2 grade tool steel with a
hardness of H=61-63 HRC. The tools surfaces are coated with an
AICrN based coating (Balinit Alcrona Pro) and polished to a
roughness of Ra<0.2um. The specimens are sandblasted to a
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roughness of Sq=3.64+0.20um. Consecutively, the lubrication Backward Can extrusion Test (CFRBCT) [8]. Here, a cylindrical
system, consisting of a zinc-phosphate conversion coating and specimen is extruded simultaneously in forward and backward
reactive soap, is applied. As a result, the specimens feature a  direction. Analogous to the RCT-B, the friction coefficient is
combined lubrication layer weight of w=22g/m2. The main steps determined by measuring the forward extruded rod length B and

of the lubrication process are displayed in Table 1. can height Hp and comparing these parameters to numerically

determined calibration curves. Within the present study, the

Table 1. Process of application of the lubrication system. friction coefficient is determined based on specimens with a
stroke length of Sp=15mm; 17 mm; 19 mm; 20 mm.

Step Description The Backward Can Extrusion Test (BCET) is the first

L cleaning GardoClean 350, 50g/01 at 90°C for 10 min. representative of the investigated direct tests [9]. This test

g' Ziﬂé:ggon }Gl}; ?Sglc;lrllzr\;c:sc;dz(;sﬁ’) o method is based on a backward can extrusion operation. By

. ,2g/lat 20°C .
4. phosphating Gardobond Z 3190 at 65°C for 6 min. measuring the pullback force F of the punch after the backward

5. lubricant application Gardolube L 6176 (soap), 4 %, at 85°C for 5 min. extrusion, a friction coefficient can be determined by division of
the pullback force F with the numerically determined radial force
Fr acting during the pullback sequence. Friction coefficients are
determined with cups extruded to a cup depth of c=51mm.

The Backward Can Extrusion with simultaneous Rotation Test
(BCERT) [10] is based on a backward can extrusion process with
superimposed rotation of the die together with the work piece.
Measurement of the torque during the extrusion combined with
Finite Element Analysis (FEA) of the contact normal stress and
relative sliding velocity allows subsequently to determine the
local direction of friction and the coefficient of friction. Within the
current study, friction is determined at a relative can height of
hc/dp =0.6.

The Upsetting Sliding Test (UST) [11] is designed to reproduce
loads in wire drawing. A convex indentor is upset into the surface
of a cylindrical work piece and subsequently moved in axial
direction. The friction coefficient is determined by analysing the
semi elliptic contact surface submitted to the measured axial
force Fq and the radial force F». Within this study, a track depth of
t=0.2mm is chosen which results in a plastic strain of ¢=0.9. A
mean friction coefficient is determined for the entire sliding

In total, six tribological tests are investigated: two indirect tests,
in which the friction coefficients are determined by measurement
of geometric properties, and four direct tests, in which the
friction coefficients are determined by force or torque
measurements. All tests feature an open tribological system [6].
The empirically determined friction coefficients are based on at
least three test runs. In Figure 2 (top), a schematic overview of
the employed tests, along with the relevant quantities to be
measured, is illustrated. The dimensions of the used samples are
given in the respective publications.

The first representative of the indirect tests is the Ring
Compression Test with Boss (RCT-B) [7]. Friction is determined
by compression of the rings in between two platens. By
geometrical measurement of the reduction of height Ru=(Ho-
Hi1)/Ho as well as the increase of the outer diameter Rp=(Di-
Do) /Do, friction coefficients are determined by comparing these
parameters to numerically generated calibration curves. These
are generated with friction coefficients of Au=0.01 spacing.
Within the present study, the specimens were upset to three

different heights up to Ru=58.9%. distance. ) )
The second indirect test is the Combined Forward Rod The Sliding Compression Test (SCT) [12] is a two stage process.
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Figure 2. Comparison of tribological loads of the investigated friction tests.



After compression of the specimen, the tool is moved while the
compression force F, is upheld. Friction is determined by
measurement of the compression force F; and tangential force F.
Within the current study, a compression force of F,=350KkN is
chosen. A mean friction coefficient is determined for the entire
sliding distance. To obtain the tribological loads, all described
tests are modelled numerically with the help of FEA with a
constant friction coefficient £ =0.05 and an element edge length of
k<0.2mm.

Next to giving a schematic overview of the utilized tests,
Figure 2 also gives a detailed description of the tribological loads.
While mean contact normal stresses range from
0.7 GPa < on< 1.5 GPa, the relative sliding velocities cover a larger
interval, ranging from 4 mm/s<vri<250mm/s. Large deviations
of the surface enlargement are also observed. The BCET offers a
surface enlargement that is more than one dimension greater
than any of the other tests’ surface enlargement. Mean
temperatures only reference the contact zone. Due to the low
degree of deformation as well as relative small contact zone in
relation to the work piece volume, the contact temperature of the
UST is relatively low with Tc=55°C (tool temperature Tr=100°C).
Similarly, the contact temperature Tc=65°C of the RCT-B is also
lower than the temperature of the other tests because of a low
upsetting velocity of v=5mm/s and a large contact area in
relation to the work piece volume.

3. Results and discussion

The empirically determined friction coefficients are displayed
in Figure 3. Additionally, a summary of the in Figure 2 described
tribological loads of the friction tests as well as the reference
process are depicted.
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Figure 3. Friction coefficients and tribological loads of the friction tests
and the reference process.

Large deviations in between the tests are observed, with
friction coefficients ranging from 0.02<u<0.07. The CFRBCT,
BCET, UST, and SCT lead to a friction coefficient of x=0.04. In
general, the tribological loads of CFRBCT, UST, and SCT
correspond well to each other as well as to the reference process,
except for the surface enlargement.

In contrast to the aforementioned tests, the BCET features
lower contact normal stresses (onscer=700MPa) and a
significantly higher relative sliding velocity (vre,pcer=250mm/s),
yet also results in the same friction coefficient of ppcer=0.04. The
RCT-B, on the other hand, exhibits lower contact normal stresses
as well as a very low relative sliding velocity vreircr-s=4mm/s,
which leads to an increased friction coefficient of prcr-5=0.07. The
lowest friction coefficient of upcerr=0.02 is measured with the
BCERT. This test also features the highest mean contact normal
stresses with onscerr=1,500 MPa.

While four of the six investigated tests show the same friction
coefficient of u=0.04, two tests deviate significantly. Due to test-
specific restrictions and boundary conditions, the tribological
loads also deviate. It can thus be assumed that the deviation of
the tribological loads leads to a deviation of the measured friction
coefficients. No galling is observed in any test. The comparison of
the results gained with the CFRBCT, the UST, and the SCT leads to
the assumption that the surface enlargement is of insignificant
importance under the investigated conditions.

Additional test series with the SCT were performed to prove
these assumptions. In order to check the insignificance of the
surface enlargement, two different die geometries (Die A and B)
are used to create a comparable mean contact normal stress of
onpiea=1,024 MPa and o pies=1,052 MPa while achieving different
surface enlargements of wpiea=5.2 and wpies=1.5. The usage of
these dies leads to a significantly different plastic deformation of
the specimens. Therefore, the tools were heated to Tr=100°C in
order to guarantee that the heat generated during the upsetting
of the specimens does not influence the measurement of friction.
The respective results are depicted in Figure 4 (a). Both
configurations show a friction coefficient of u=0.03 with
overlapping error bars. It is thus assumed that surface
enlargement plays a subordinate role in the investigated
lubrication system.

In order to validate the assumption that the variation of
tribological loads in between the friction tests is the source of the
deviating friction coefficients, three additional test series are
performed with the SCT. The contact normal stress is lowered to
on=743MPa while the relative sliding velocity is also lowered to
vrei=2mm/s in order to emulate the tribological loads of the RCT-
B. This setup yields a friction coefficient of u=0.07, see
Figure 4 (b), which corresponds well with the friction coefficient
obtained by the RCT-B. The error bars of the SCT are
comparatively high for this specific combination of tribological
loads. This is due to the rising friction coefficient over the course
of the sliding distance, whereas the friction coefficient is mostly
constant for the other combinations of tribological loads.
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Figure 4. Friction coefficient as a function of the tribological loads,
determined with the SCT, in comparison to the RCB-T, BCERT, and BCET.

To mimic the conditions of the BCERT, the contact normal
stress is raised to on=1,409MPa in the SCT, as well as the
temperature increased to T=150°C. With this setup, a friction
coefficient of u=0.02 is obtained, see Figure 4 (c), which coincides
very well with the BCERT.

In order to better reflect the tribological loads of the BCET, the
SCT is modified to obtain a contact normal stress of on=743 MPa
and a relative sliding velocity of vre=250mm/s. This yields a
friction coefficient of u=0.04 which corresponds well to the
BCET, see Figure 4 (d).

A functional relationship is assumed between the friction
coefficients of all investigated friction tests in the form of
Equation 1 and 2:



wiKi=pj-K; M
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The subscripts i and j denote the frictional tests (i/j=1:RCT-B;
i/j=2: CFRBCT; i/j=3: BCET; i/j=4: BCERT; i/j=5: UST; i/j=6:
SCT). The relevant tribological loads are taken from Figure 3.
Equation 1 is minimized according to Equation 3:

2 . . . .
N0, S0 (e — g - (K /KD)” = min. with i # ] 3)

with n1 representing the total number of investigated friction
tests (n1=6). Equation 3 is found to be minimized with exponents
of m=7.731,n=0.232,0=0.050, and p=1.286.

Through transposing of Equation1 and substituting the
subscript i with subscript e (extrusion process), u¢ can be
derived, see Equation 4:

ey = #j - (K;j/Ke) (4)

Using the determined exponents m, n, o, and p as well as the
tribological loads of the six friction tests, a medium friction
coefficient of p, = 1/n, Z;};lue(]—) = 0.041 is determined for the

reference extrusion process.

Figure 5 (a) displays the comparison of the empirically
measured extrusion forces Feemp (three specimens) with
numerically calculated extrusion forces. Numerically, force trends
Fesim were calculated for constant friction coefficients of ©=0.00
and 0.041 as well as one trend based on the friction model as
described in Equation 4 (subscript j=1 (RCT-B)). Upper and lower
bounds for the friction model were set to 0.02 < <0.07 according
to the empirically determined friction coefficients, see Figure 3.
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Figure 5. Comparison of extrusion forces Fe (left) and schematic depiction
of lubricant accumulation and o (right).

Modelling the extrusion process with the help of the friction
model leads to a very good agreement with the empirical data up
to a stroke length of s=5mm. Then, a distinct difference in
between the two curves is observed. The authors assume that this
deviation of force arises from the accumulation of lubricant
within the forming zone. Equivalently, it is shown in [13], that an
accumulation of lubricant on the tool surface can lead to a
decrease of the friction coefficient. In contrast to the friction tests,
the cylindrical area of the extrusion process is a closed
tribological system. Due to the high contact normal stresses in the
extrusion zone (on~1.4GPa), lubricant does not escape during
forming and thus accumulates in the contact zone, as is
schematically depicted in Figure 5 (b). This accumulation of
lubricant leads to a reduction of friction which is so far not
considered in friction tests and models.

4. Summary

Six different friction tests for cold forging operations are
contrasted within this paper. Although all tests were designed to
reproduce the tribological loads of a reference extrusion process,
numerical simulations of the friction tests reveal that none of the
frictional tests is capable to fully reproduce all tribological loads.
This is due to interdependencies of the tribological loads that are
inherent in all friction tests. Empirical investigations reveal that
the friction coefficients vary within a range of 0.02<u<0.07.
Additional friction tests with the Sliding Compression Test show
that by selectively varying the tribological loads, high agreement
of the friction coefficients can be achieved.

Using a semi-empirical friction model within the numerical
simulation of the extrusion process reveals that a distinct
deviation of the forces exists. This is attributed to the
accumulation of lubricant over the course of the forming process
within the contact zone. However, since none of the investigated
friction tests can account for this phenomenon, the numerically
determined force trends deviate from the experiments after the
die has been fully filled with material (s>5mm) and lubricant has
been encapsulated in between the die and work piece.
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