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Abstract 
Friction is one of the variables that have a far-reaching influence on forming processes. In the past, less attention was paid to 
static friction than to sliding friction in forming processes. In this paper, a test stand for the determination of static friction 
under load in metal forming is presented. The results are discussed using the example of an oscillating cold forming process. 
It could be shown that the expected influence of static friction is low in this application.
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1  Introduction

Friction has decisive effects on forming processes [1]. In 
order to quantify this influencing factor, there is a multitude 
of tribometers which describe sliding friction, which occurs 
when two contact bodies move relative to each other.

Da Vinci already measured static friction. The experi-
mental setup was reported on and was rebuilt. A suspended 
rope linked to a test mass MF is guided over rolling ele-
ments onto a static plane with a sliding block with a defined 
mass MN. Various test masses MF are hooked onto the rope. 
As soon as the weight is large enough, the block is set in 
motion. Based on the weights, the friction value at which 
the movement begins, is calculated [2]. This results in the 
stick–slip condition: |FF|≤ µs FN, where µs is the static fric-
tion coefficient, if the formula is satisfied. FF is defined as 
the friction force and FN as the normal force [3].

Oscillating forming processes in which static fric-
tion occurs during the change of direction, are potentially 
strongly influenced by this phenomenon. An example of 
these processes is oscillating gear forming, in which the gear 
teeth are produced by an oscillating movement of the tool 
or component. Figure 1 shows a typical formed work piece 
and a schematic tooth of a tool, usually made of hard metal. 
Forming with tools made of conventional steel (1.2379/AISI 
D2) and without coating is also possible, but leads to faster 
wear [4]. During forming the forward stroke is longer than 
the return stroke. Due to the oscillating movement, relu-
brication with oil can improve the contact condition in the 
forming zone, which can significantly reduce the forming 
force compared to unidirectional movement [5].

The calibration zone slides on the already formed surface 
during forward and return stroke. Numerical simulations 

show that a contact normal stress of 1200 to 1800 N/mm2 
can be found in this area [6]. Therefore, this zone is poten-
tially strongly influenced by friction conditions and espe-
cially static friction.

In the past, various strategies have been used to deter-
mine or describe static friction. In the following, analyti-
cal, numerical and experimental approaches are briefly 
summarized:

Tabor presented the state of the art of friction in 1981, 
referring to the work of Coulomb and Euler, among oth-
ers. According to this, friction during sliding is usually less 
than static friction because ‘asperities on one surface could 
jump part of the way over the gap between asperities on the 
other’ [7].

Asperity was also a central topic for Bay and Wanheim, 
when they investigated friction under high loads. The study 
focused on the true contact area, but it was also possible to 
detect the effects of static friction at the beginning of the 
test. A drop from higher static friction (static friction peak) 
to sliding friction was observed, followed by an increase in 
sliding friction with rising sliding length. A statement about 
the height or the origin of the static friction peak remains 
open [8].

Chang et al. described the static friction in a mathemati-
cal model using surface mechanics approaches, where they 
also referred to asperities. The calculation includes the 
influence of the contact normal load on the shear strength 
of the interfacial junctions [9].

In 1971, Rabinowicz examined various material pair-
ings and measured 210 static friction coefficients. He made 
these observations on a tilting plane [10]. Hurtado and 
Melkote presented a test stand capable of detecting move-
ments in the submillimeter range at dynamic loads of up 
to 300 N [11]. The specimens used in the test stand had a 
surface area of 1488 mm2 at the contact area. This results 
in an average stress of about 0.202 N/mm2 which is far 
below typical conditions in metal forming.

A more recent publication by Hanaor et al. describes 
static friction at fractal interfaces. The authors were able 
to calculate static friction values with a contact mechanics 
approach [12].

In summary, there are no measurements and test rigs to 
measure static friction under contact normal stresses in the 
plasticity range of steel with a sufficient accuracy to detect 
the detachment. It is a great challenge to measure static 
friction under the loads of forming processes. The chal-
lenge is that, on the one hand, very high contact normal 
stresses must be applied and, on the other hand, minimal 
movements must be detected.

The aim of this work is to quantify static friction for 
forming processes and the effects on the gear forming 
process under oil lubrication. Since asperities were a key 
parameter for both Wanheim and Bay in their studies, as 
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Fig. 1   Work piece produced with oscillating gear forming process 
and cross section of one tooth of the tool
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well as for Chang et al. and Hanaor et al. in their calcula-
tions, it is necessary to include surface structure as an 
influencing parameter into the study.

To measure static friction with contact normal stresses 
above 1000 N/mm2, a new test rig was developed. In the 
following, this test rig will be presented. After explaining 
the evaluation methodology, various surfaces and test proce-
dures of the static friction tests are presented and discussed.

2 � Test Rig and Setup

The test stand is based on the principle of a sliding plate 
which is clamped from two sides. The schematic test setup is 
shown in Fig. 2. As can be seen, the sliding plate is clamped 
horizontally between two deformable specimens. There is 
no further guidance to avoid bearing friction.

The test stand has been designed for a Zwick Roell ten-
sile/compression testing machine that can apply forces of 
up to 100 kN. This press provides the friction force F

F
 dur-

ing the test. Since a second actuator is needed to apply the 
normal force F

N
 , a hydraulic cylinder is used to apply the 

normal force from one side.
The test assembly is housed in a frame, therefore the 

same force is generated by the reaction force F
N

 . Hydraulic 
pressure adjustment allows the cylinder to apply a defined 
normal force. In order to examine the detachment accurately, 
a precise position measurement is necessary. A laser triangu-
lation sensor LK-H027 from Keyence Corporation observes 
the movement of the sliding plate.

The specimens are cylindrical in the initial state and are 
compressed and shaped in horizontal direction, see Fig. 3. 
This shape was developed for the tribometer Sliding Com-
pression Test (see also [13]) to generate high stresses and 
to ensure that the specimen is mounted in the upsetting tool 
during the sliding movement. The initial length of the speci-
men is selected at 17 mm so that the mold is completely 
filled and the specimen cannot move in the tool during the 
test.

The tests are performed at 150 kN and 250 kN normal 
force. The contact stresses as they occur at the flat contact 
surface between specimen and sliding plate are shown in 
Fig.  4. The contact normal pressure between specimen 
and sliding plate reaches in a numerical simulation about 
1400 N/mm2 for the test with 150 kN and up to 1600 N/mm2 
for the test with 250 kN contact normal force. As work piece 
material 16MnCrS5/1.7131 (AISI 5115, Rp 0.2 = 695 N/Fig. 2   Schematic illustration of test rig

Ø 8 mm

length 17 mm

Fig. 3   Specimen initial (left), compressed at 150 kN (middle), com-
pressed at 250 kN (right)

Fig. 4   Contact normal pressure of the sliding surface of the speci-
men. Contact normal force: Left 150 kN, right 250 kN
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mm2) has been chosen. It is commonly used in the indus-
try for cold forming processes. This material is in drawn 
condition and therefore corresponds to the delivery condi-
tion of many industrial forming processes. The initial sur-
face topography of the specimen is Sa = 0.716 µm. Surface 
measurements were performed with Nanofocus µSurf-expert 
confocal microscope (magnification 20x) and evaluated with 
MountainsMap software by Digital Surf. The specimen has 
an initial hardness of 192 (standard deviation σ = 9.2) HV10. 
Specimens formed with 150 kN show a hardness of 226.0 
(σ = 4.08) HV10. After tests with 250 kN a hardness of 
259.33 (σ = 2.35) HV10 can be measured. The tool and 
sliding plate are made of the material 1.2379 (AISI D2) 
with an average hardness of 604 (σ = 16.3) HV5. Different 
plates were used for the test: Sandblasted (Sa = 0.359 µm), 
ground in sliding direction (Sa = 0.354 µm, measured in 
sliding direction Ra = 0.325  µm) and polished surfaces 
(Sa = 0.023 µm). No macroscopic wear was visible on the 
plates or the specimens. The plates were prepared (pol-
ished, ground or blasted) when the normal force has been 
varied. The surface of the tool was not varied, as there will 
be no relative movement between the forming tool and the 
specimen.

The commercial forming oil Multidraw CF4 by Zel-
ler + Gmelin, is applied as the lubricant. The specimens were 
dipped in oil, dripped off before each test and placed on the 
pre-oiled plate.

The tests were carried out in two different ways. In vari-
ant one, the press is programmed force-controlled. The force 
increases by 1 kN per second. In variant two, the press is 
programmed in a path-controlled manner. In this mode, the 
speed is set to constant 0.5 mm/s.

Specimens were formed immediately before the test. 
To keep external influences to a minimum, less than 1 min 
passes between the forming of the specimen and the start of 
the static friction test in both cases. Tests were also carried 
out with previously deformed specimens. These specimens 
were also dipped in oil again before testing.

3 � Evaluation and Results

The evaluation of the results is based on the force and dis-
placement measurements. These are shown in the following 
figures plotted over the test duration. Force measurements 
are represented by continuous lines, displacement curves by 
interrupted lines. This notation will be kept throughout the 
paper. The reproducibility can be classified as high and can 
be seen later from the error bars in Figs. 10 and 11. The fol-
lowing section presents the evaluation methodology, which 
leads to these results.

Figure  5 shows an experiment with force control 
(variant 1). The static friction force increases until the 

detachment occurs. At this moment (18.3 kN), the gradi-
ent of the position measurement (laser distance sensor in 
Fig. 2) changes because a relative movement takes place. 
The movement measured before detachment is due to the 
elastic deformation added between the sliding plate, speci-
men, punch and insulating insert.

After this initial detachment, the force FF continues to 
increase with 1 kN per second until the end of the test is 
reached. This increase in force is part of the test proce-
dure for variant 1. During this time, scattering in the force 
measurement of some tests can be observed. This effect 
is most probably based on adjustments of the press force 
control due to stick slip. If the force does not increase 
at 1 kN per second due to slipping, the process force is 
quickly increased by the press control. At the end of the 
slipping, the press regulates off again. Figure 5 shows also 
a detailed section of this effect.

The elastic deformation is used as evaluation criterion. 
The slope of the displacement curve is calculated between 
0.1 and 0.15 mm (elastic) displacement. The evaluation 
line is 0.1 mm parallel to this initial slope. This ensures 
that small movements are detected and that the detection 
is still robust. This line is extrapolated and plotted as a 
dashed line in Fig. 5. As soon as the position measurement 
crosses the evaluation line, this point is interpreted as the 
detachment point.

Figure 6 shows a test result carried out with variant 2, 
the position control. Due to the controller of the Zwick 
test bench, the force increases rapidly in the position con-
trol mode. Here it is visible that the position measurement 
changes at the moment of detachment and crosses the dot-
ted line, as previously explained.

Fig. 5   Changes in distance and stiction/friction force FF in case of 
constant increase of force 1 kN/s, normal force FN 150 kN, without 
forming, sandblasted surface
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Fig. 6   Changes in distance and stiction/friction force FF in case of 
constant velocity 0.5  mm/s, with forming, sandblasted surface, FN 
150 kN

The position control in variant 2 results in a static fric-
tion peak.

Variant 1 is better adapted for parameter variation, as the 
slow increase in force allows the detachment to be observed 
precisely. In contrast, variant 2 is more suitable for com-
paring static and sliding friction, since sliding at constant 
velocity occurs after detachment.

Scattering was observed during tests of variant 1, which 
can be explained by the press control, as explained above. 
This effect is not seen during the position controlled tests 
(variant 2). Depending on the application, it must therefore 
be decided whether the force or the position control should 
be used for the respective test.

In the following, the tests with variant 1 are first varied 
for different parameters before the results for variant 2 are 
discussed.

3.1 � Results: Variant 1

In the first step, the influence of a forming operation on the 
static friction value is examined. Here, the behavior of a 
specimen that is formed during the test will be compared to 
the detachment behavior with a preformed specimen. The 
preformed specimens have passed a complete test with form-
ing and sliding with the same loads before being placed in 
the test rig a second time. The preformed specimens repre-
sent the calibration section during oscillating gear forming 
process, since they have also already been formed and have 
undergone a relative motion when oscillation occurs. Fig-
ure 7 shows the result of a test with a ground surface.

As a result, the test performed without forming moves at a 
lower friction force than a test with forming. Causes for this 
are a leveling of the roughness (see Fig. 15) or the thinning 
of the lubricating film, as explained for sliding friction in a 
previous paper [5].

In addition, the contact normal stress was varied. This 
results in the changes being observed as shown in the Fig. 8 
for the polished surface with forming operation. The higher 
normal force has an effect on later detachment of the friction 
partners from each other.

The test results, shown in Fig. 9, were performed with 
the three surfaces explained above. The graph shows the 

Fig. 7   Comparison of changes in distance and stiction/friction force 
FF between with and without forming of workpiece (normal force FN 
150 kN, ground surface; ground in sliding direction

Fig. 8   Comparison of changes in distance and stiction/friction force 
FF with different normal forces FN (with forming, polished surface)

Fig. 9   Comparison of changes in distance and stiction/friction force 
FF with different surfaces (normal force FN 250kN, with forming)
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test results for polished, blasted and ground surfaces with 
FN = 250 kN. Detachment occurs significantly earlier on pol-
ished surfaces, which can be explained by the lower hooking 
of the asperities of the surfaces.

Figures 10 and 11 show a summary of the stiction coef-
ficient for variant 1 with both loads and the three different 
surfaces. The black bars depict the stiction coefficient with-
out forming. All tests were performed three times. The static 
friction coefficient is determined by µS = 0.5*FF/FN. There-
fore, the forces were determined in the moment of detach-
ment. Since there is no twisting of the plate, it is assumed 
that the static coefficient of friction is identical on both sides.

This confirmed the observation made before: the static 
friction coefficient is higher in tests with deformation (grey) 
compared to tests with already deformed specimens (black). 
Furthermore, the static friction coefficient decreases with 
increasing normal stress. The effect is most significant in 
the tests with the polished tool.

3.2 � Results Variant 2

In variant 2, the influence of the velocity on the static friction 
factor was observed. Figures 12, 13 and 14 show the coef-
ficient of friction plotted over the sliding distance. The fric-
tion/stiction coefficient is determined using µS = 0.5*FF/FN. 
The linear increase during the first 0.3 mm is based on the 
elastic behavior of the test rig. The depicted tests were per-
formed with 150 kN for all three surfaces. The first speci-
men (velocity 0.5 mm) was formed during the test, all the 
other tests were performed with the same, already formed 
specimen. This is done to compare the set with forming and 
without forming also for this variant. Due to the small error 
bars in Figs. 10 and 11 it is not to be expected that wear will 
occur in the tribological system, which would make a repeti-
tion with the same specimen impossible.

Experiments with forming (0.5 mm/s) show higher coef-
ficients of friction. The results of the tests without forming 
at different speeds vary more on the blasted tool surface 
than on the other surfaces. It is assumed that local stochastic 
effects due to asperities cause this effect.
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Fig. 10   Static friction coefficient (normal force FN 150 kN)
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Fig. 11   Static friction coefficient (normal force FN 250 kN)

Fig. 12   Change in coefficient of friction to distance with polished 
surface (velocity controlled, normal force 150 kN)

Fig. 13   Change in coefficient of friction to distance with sandblasted 
surface (velocity controlled, normal force 150 kN)
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It is to be noted that the results of the specimens with pol-
ished surface (Fig. 12) show only a very small static friction 
peak. In the tests with the ground surface, the coefficient of 
friction even increases after static friction.

4 � Discussion

In both variants, tests performed with forming result in a 
higher coefficient of stiction in contrast to the tests executed 
without forming.

It is plausible that the reason for this is to be found in 
the surface of the softer friction partner, the specimen. The 
surface of a specimen is examined for its surface topog-
raphy immediately after forming, at the beginning of the 
detachment, and after the experiment, with surface rough-
ness depicted in Fig. 15.

The results show that the surface topography is decreas-
ing to a lower level with increasing sliding distance. Thus, 
the topography of a specimen is always smoother after an 
experiment. The lower forces in the tests without forming 
(see Fig. 8) can be explained with this correlation since 

the experiments without forming were carried out with 
specimens that had already undergone an experiment cycle. 
Therefore, the asperities were already leveled down and the 
specimens detach earlier.

Additionally, the lack of surface enlargement significantly 
reduces the thinning of the oil film.

The surface on the tool side also influences the results. 
While experiments with sandblasted and ground tools result 
in similar stiction coefficients, the polished surface shows 
lower coefficients of friction. Based on the observation of 
the surface smoothening, the surface of the tool could be 
pressed in the surface of the softer work piece material. 
Therefore, the experiments performed with rougher tool 
material result in a rougher specimen surface after forming.

The experiments show that the static friction peak has a 
negligible influence for smooth tools under the conditions 
investigated, which are motivated by the oscillating gear 
forming process. This kind of tools and similar loads can be 
found also in cold forging or sheet metal forming. Especially 
for oscillating forming operations, the stiction peak should 
not be a major influence for the friction condition. The con-
tact area between work piece and tool, which is affected 
by static friction during forward and return stroke, is the 
calibration zone. As the change of direction takes place on 
this formed surface, no substantial smoothening effects of 
the asperities will affect the tribological system.

These findings apply only to short-term contact and must 
not be extrapolated to much longer times.

5 � Outlook and Summary

After a detailed presentation of the state of the art, the paper 
presents a method for investigating static friction under high 
normal stresses, as is common in the field of forming tech-
nology. In addition, the levelling that occurs during detach-
ment was investigated. When observing the acting stresses, 
it can be assumed that the energy required for this makes the 
difference between static friction and sliding friction. The 
results also indicate that oscillating forming processes are 
only slightly influenced by static friction.

In upcoming experiments, other lubricants, especially 
solid lubricants, which are increasingly being used in cold 
forming, will be tested on the test bench.
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Fig. 14   Change in coefficient of friction to distance with ground sur-
face (velocity controlled, normal force 150 kN)
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