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Abstract 
Oscillating forming processes allow forming with reduced process forces when liquid lubricants are used. They are indus-
trially applied as oscillating cold forging processes for the production of splines. Previous investigations revealed that the 
force reduction is provoked by relubrication of the workpiece—tool contact zone. So far, the effect of the oscillation on tool 
wear remains unknown. The results presented in this paper show that the wear critical region of the tool is the calibration 
zone. Tool wear is emulated on a test bench under loads of representative cold forging processes. The results disclose several 
relevant phenomena. Friction conditions can vary considerably in the course of the oscillations. Wear protection layers are 
effective measures to prolong tool life also under these conditions. Prediction of wear development based on established 
models fails due to neglecting the local state of lubrication.

Graphical Abstract

Keywords Abrasive wear · Adhesive wear · Wear mechanisms · Cold forging · Oscillating forming

1 Introduction

Cold forging technologies are industrially applied for a 
cost-effective large volume production of high-quality 
components [1]. Product quality and economic efficiency 
of these processes depend on the tool life. Both are improved 

by reduced wear and better predictability of the wear 
development.

Various general wear theories have been proposed and 
applied to forming technologies. These wear theories assume 
unidirectional relative movements between the contact part-
ners. With respect to new motion controls in metal forming 
[2], the influence of other forms of relative movements on 
the tool wear development is of high interest.

Several studies focus on the advantages of oscillat-
ing tool movements. The reduction of forming forces and 
the increase of the accuracy due to oscillating movements 
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during upsetting operations are investigated by Maeno et al. 
[3, 4]. A relubrication effect causes the force reduction in 
this process. The same effect is described by Maeno et al. [5] 
and Matsumoto et al. [6] to prevent seizure during backward 
extrusion operations. Landgrebe et al. show that a deeper 
draw or more complex geometries are suitable using cush-
ion-ram pulsation in hot stamping operations [7].

Besides extrusion and forging operations, an indentation 
operation with superimposed oscillations is used to reduce 
the forming forces by 40% [8]. For industrial applications 
oscillating movements are used during gear forming pro-
cesses. Typically manufactured components are splines. The 
industrial motivated specimen in Fig. 1 was produced with 
a 3 mm forward and 1.5 mm return stroke. There is no rota-
tion during the forming process. The average forming speed 
is 20 mm/s.

The achievable force reduction provides the capability to 
form gears on hollow shafts without exceeding the buckling 

stability. Stroke and forming forces of the part, shown in 
Fig. 1, for an oscillating and a unidirectional gear forming 
process are shown in Fig. 2.

Recent studies [9, 10] identify the relubrication of the 
forming zone during the return stroke as reason for the force 
reduction. Therefore, the process takes place under continu-
ous oiling.

The prediction of wear is particularly difficult for oscillat-
ing forming processes because the contact conditions on the 
individual tool areas are alternating discontinuously.

Especially, the contact normal stress occurs in a discon-
tinuous way. Figure 3 shows the stresses of a tool in the 
return stroke and in the forward stroke. It can be seen that 
different areas are created in which the contact between 
workpiece and tool is partly lost (forming zone), and in 
which permanent contact exists (calibration zone).

Consequently, the wear prediction based on established 
wear theories like from Archard [12] and Rabinowicz [13] 
is questionable in this case.

Usually, the most pronounced wear of the gear forming 
tool can be found at the end of the calibration zone and not 
in the forming zone (see Fig. 4).

Fig. 1  Exemplary industrial 
motivated specimen. Spline 
length: 40 mm

Fig. 2  Stroke (top) and forming force (bottom) for oscillating and 
unidirectional ram movement in oscillating gear forming [11]

Fig. 3  Numerical simulation of the contact normal stress on the work 
piece and the tool wear of an exemplary tool. Material flow from top 
to bottom
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This is surprising, as the higher contact normal stress is 
expected in the forming area.

Wear usually occurs when an abrasion of the coating 
occurs first. Material then starts to adhere at this point. In 
Fig. 4 both, slight abrasion and adhesion, can be observed. 
If the production would be continued with this tool, it would 

come to a complete collapse of the tool. In this case, the 
tooth would break off gradually.

The question arises whether the wear at the calibration 
zone can also be simulated in laboratory tests and predicted 
by simulations. Furthermore, a more detailed understanding 
of the wear causes is required. In order to answer the ques-
tions a special tribometer is used together with commercially 
available simulation software to question the wear theory.

2  Wear Theory

Several models describe occurring wear phenomena. In the 
field of forging, Archard’s wear model (1953) is particularly 
popular. It presumes that the wear volume WV depends on 
the contact normal force FN, the sliding distance x and the 
hardness H, see formula 1 [12]. The parameter kV represents 
the wear factor and comprises all specific wear properties 
of the system.

Rabinowicz [13] and Holm [14] propose models that 
are formally identically to formula 1 [15]. They only devi-
ate by the parameter k. Rabinowicz’ model is used for 
abrasive wear and Holm’s model is used for atomic wear 
[15]. Since the formal description is the same, the Archard 
model with an adapted k value for abrasive wear is used 
in this paper.

Formula 1 can also be expressed in integral notation. This 
form is used in various software implementations [16]. In 
contrast to the notation given in (1), this form does not deter-
mine wear as a volume, but as a wear depth.

Under the assumption that the variables speed, contact 
normal stress and hardness are constants, (2) can be formu-
lated as:

In an oscillating process, the distances |x| in the forward 
and return strokes are included in the calculation, provided 
there is contact between the friction partners in both strokes. 
During oscillating gear forming, permanent contact is only 
present in the calibration zone.

In this paper, this notation is used. Hardness is a state 
parameter that is not variable. The speed is adapted to the 
industrial process during the forward- and the return stroke. 
The contact normal stress in the calibration zone is also quite 
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Fig. 4  Top: Tool areas. Bottom: Wear of an industrially used tool
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constant as only the calibration operation is carried out in 
this area during the entire production time, independent of 
forward and return stroke. For the forming zone, the mean 
contact normal stress at the forward stroke can be deter-
mined from the simulation. The contact length for the form-
ing zone is defined by the forward stroke.

Since the information regarding the spatial distribution of 
wear over the surface is not integrated in Archard’s equation, 
the growth of wear on the surface is monitored additionally.

2.1  Test Setup

To analyze tribological conditions in cold forging pro-
cesses, the Sliding Compression Test (SCT) is used. This 
tribometer can reproduce tribological loads of cold forging 
operations such as contact normal stresses up to 3000 MPa, 
surface enlargement up to 11 and relative sliding velocities 
up to 500 mm/s. The SCT was developed to realize a nearly 
homogeneously distributed contact normal stress and surface 
enlargement [17]. This differentiates the SCT from other 
tribometers such as the Double Cup Extrusion Test [18], the 
Ring Compression Test [19] or the Spike Test [20]. Results 
derived from the SCT are in good quantitative agreement 
with results gained with other tribometers [21].

As shown in Fig. 5, the SCT is divided into two steps. In 
the first step, a usually cylindrical specimen is compressed. 
The specimen can be placed in a horizontal or vertical posi-
tion for this purpose. For the investigations in this paper the 
horizontal position is chosen to adjust the contact normal 
stress. Due to the compression, the desired surface enlarge-
ment and contact normal stress are reached. In the second 
step, the sliding plate conducts a preset movement with a 
certain velocity, while the compression force remains con-
stant. To determine a friction coefficient, the compression 
and the sliding forces are monitored. According to Cou-
lomb’s law, the friction coefficient can be calculated by the 

division of the friction force (FR) and the compression force 
(FN):

The usual test sequence is modified to depict wear in the 
sliding compression test: after a single compression of a 
specimen, the specimen is repeatedly moved back and forth 
on the sliding plate. The force remains constant at the same 
level as during the forming process. This corresponds to the 
conditions in the calibration zone.

The tool is completely covered with oil to model the full 
lubrication state of the process. For this purpose, the tool 
sliding plate is surrounded by a silicone dam (see Fig. 8) and 
the area inside is filled with oil.

The specimens used in the SCT are made of 16MnCr5 
with a diameter of 15 mm and a height of 15 mm. One slid-
ing plate (tool) is coated with a TiN PVD layer. The surface 
condition of both tools corresponds to a polished surface 
finish. In the event of interruptions for wear checks, the 
tools are cleaned and provided with new oil. The investi-
gation of the wear is carried out by a confocal microscope 
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Fig. 5  Sliding Compression Test [22]

Table 1  Experimental details for the sliding compression test

Parameter Value

Specimen height 15 mm
Specimen diameter 15 mm
Specimen material 16MnCr5 (1.7131)
Tool material X 155 CrVMo 121 (1.2379)
Lubricant Multidraw CF4 (Zeller + Gmelin)
Viscosity 41 m/s2 at 40 °C
Sliding distance 60 mm (sum of forward and return stroke)
Sliding velocity 20 mm/s
Compression force 450 kN
Specimen position Horizontal

Fig. 6  Model in Simufact.Forming 15.0



Tribology Letters (2020) 68:128 

1 3

Page 5 of 10 128

(µSurf expert) and a digital microscope (Zeiss Smartzoom 
5). Applying the material 16MnCr5, the compression force 
of 450 kN is used.

The velocity, lubricant, and force are relative to the condi-
tions in the calibration zone (see also Fig. 3, 4) of an oscil-
lating gear forming process. The experimental details are 
summarized in Table 1.

2.2  Numerical Setup

The sliding compression test is simulated with the Finite 
Element code simufact.forming 15.0.

Figure 6 shows the simulation model. In the first step, 
the contact force is applied on the specimen (purple) via the 
die (red). Afterwards, the turquoise sliding plate is moved 
in horizontal direction. After 30 mm, the movement turns 
until the initial position is reached again. The specimen and 
the sliding plate are modeled as deformable bodies, while 
the other parts are rigid. As contact condition between both 
bodies the friction µ = 0.07, which is determined using the 
SCT, as well as the respective hardness value and kD factor 
are assigned. Since the force is controlled by the machine 
during the SCT, this process is implemented in the simula-
tion by a spring. This ensures that the force of 450 kN is 
kept constant throughout the entire test period. The sample 
(purple) is only half side simulated because of the sym-
metric geometry. The sliding process is simulated for one 
forward and one backward stroke.

The contact normal stresses acting on the specimen can 
be found in Fig. 7. The parameters of the numerical simu-
lation are presented as an overview in Table 2.

Fig. 7  Sample and simulated geometry (half symmetric model)

Table 2  Parameter for the SCT simulation

Parameter Value

Specimen material 16MnCr5 (1.7131)
Friction coefficient 0.07
Oscillating stroke (Absolute movement of the 

center of the specimen)
30 mm (forward) 

30 mm (back-
ward)

Stroke velocity 20 mm/s
Force Constant 450kN
Average stress 1050 MPa
Element size specimen x, y, z dimension 0.3 mm
Element size sliding plate x, y, z dimension 0.5 mm
Element type Hexahedron 8 

noded, 8 point 
Gauss integra-
tion

Solver Implicit

Fig. 8  Tool surfaces after the experiments. Left: TiN-coated sliding 
plate (tool); Right: Uncoated sliding plate
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3  Experimental Results

During the tests, wear can be observed on the coated and 
the uncoated tool. The wear of the uncoated sliding plate 
occurs much faster than on the coated sliding plate.

The uncoated tool is inspected every 4th stroke. The 
first pass is interrupted because wear is already visible 
after 2 strokes. Inspections of the coated tools take place 
every 12th stroke. This is necessary in order to complete 
the tests promptly, without overheating the hydraulic press. 
If additional wear is noticeable, pictures are taken and the 
oil is replaced. For the coated tool, this occurs after 36, 62, 
90, 122, 150, and 187 strokes. For the uncoated tool, this 
occurs after 2, 6, 10, 14, 18 and 22 strokes.

The location of wear can be seen in Fig. 8. It can be 
found on the uncoated sliding plates in the outer regions of 
the contact area between sample and plate. For the coated 
plate, it can additionally be found in the middle of the con-
tact area. The wear is visible nearly over the entire sliding 
length, with the right outer area being more heavily worn. 
The uncoated tool wears relatively symmetrically, whereby 

the outer area of the contact zone between tool and speci-
men is again most severely worn. As the uncoated plate 
wears completely parallel, it can be assumed that the com-
pression force is applied symmetrically to the tribological 
system. The higher rate of wear on one side of the coated 
plate is therefore due to the variance in wear. The surface 
of both tools show adhesion and abrasion.

The wear is detected as grooves. In these grooves adhe-
sion can also be partially detected. Figure 9 depicts the 
evolution of wear over the sliding length. A microscope 
image is assigned to each data point below. It can be seen 
that wear occurs much earlier on uncoated tools. In the 
test with the uncoated tools, the gradient of the groove 
evolution declines after an initially steep zone and rises 
again later. In comparison to that, the gradient of the wear 
increase is reduced drastically with coated tools.

According to Dubar et al., the coefficient of friction can 
be used as an indicator for wear in cold forging [23].

Figure 10 shows the coefficient of friction for the coated 
and uncoated tool. The coefficients of friction tend to be 
higher in the first stroke after each interruption of the test 
and then decrease. This can be attributed to the temperature 
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Fig. 10  Coefficient of friction for the uncoated and the coated tool

Fig. 11  Confocal measurement of the surface on the uncoated tool 
(wear on the left and right side of the sliding area). Adhesion is 
depicted positive, abrasion negative
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in the contact zone, which is lower during the stroke after 
an interruption.

Tests with the uncoated tool show a higher coefficient of 
friction. Focused on the lower limit of the scattering range, 
it can be detected that in the beginning the coefficient of 

friction increases, then it decreases and rises again at the 
end. This coincides with the growth of the grooves.

Tests with the coated tools display a similar level of fric-
tion. The initial wear for this tool cannot be determined from 
the coefficients of friction.

The wear is further quantified by confocal microscopic 
measurements. In particular, its depth is measured. On the 
coated tool, a depth of 0.1 µm can be found. Figure 11 and 
Fig. 12 show the profile of the surface along the displayed 
paths for the coated and uncoated tools. Up to 10 µm deep 
wear marks are present on the uncoated tool.

The wear of the coated tool can only be determined with 
a higher magnification. A × 100 magnification shows that 
200 nm wear marks are present on the tool. These can be 
found as material aggregation and as a material removal.

A closer inspection of the confocal measurement of the 
groove on the coated tool, which was performed for Fig. 12, 
can be seen in Fig. 13. The figure shows that a change in 
color of the coating also indicates wear. Brighter areas are 
less worn out than darker areas.

Fig. 12  Confocal measurement of the surface on the coated tool. 
Adhesion is depicted positive, abrasion negative

Fig. 13  Comparison of the microscope image and the confocal analy-
sis

Table 3  Parameters for the wear simulation

Parameter Value

Hardness steel surface 1845 MPa
Hardness TiN surface [25] 2450 MPa
Sliding distance Coated: 10,680 mm

Uncoated: 1320 mm
Wear depth Coated: 0.0002 mm

Uncoated: 0.01 mm
Contact normal stress 1050 MPa
Wear coefficient kcoated = 4.3695E-08

kuncoated = 1.3317E-05

Fig. 14  Simulated wear of the coated tool after step 1. Load applied, 
sliding length 0 mm
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Based on the experiences with industrial tools (Fig. 4), it 
can be assumed that first the abrasion takes place and then 
adhesion occurs on this rough surface of the substrate. It 

can be assumed that the deepest groove depth represents the 
initial wear. The resulting adhesion is shown as an positive 
altitude in the measurement. For the calculation of the k 
value, therefore, only the deepest point is considered.

3.1  Wear Forecast

Parameters for the wear model are calculated on the basis 
of the values shown in Table 3. These values are also imple-
mented in simufact.forming 15.0. The determined wear 
coefficient k is calculated according to Formula 3 with the 
parameters for wear depth, as shown in Table 3.

The simulation is carried out in two stages. In the first 
stage, a specimen is loaded with the process force. The 
specimen itself has already been formed in another simu-
lation beforehand. After the compression force has been 
reached, the second stage begins, in which the sliding pro-
cess (30 mm forward and 30 mm backward) is carried out.

Figure 14 shows the simulated wear of the specimen on 
the tool after reaching the compression force. Only the left 
half of the wear can be seen in the simulation, since the 
symmetry condition prevails on the right side. As shown in 
the experiments, the highest wear can be found at the edge 
of the contact area between the specimen and the tool. 
Only small deformations occur which result from a non-
relative movement in the center of the sample. According 
to formula 3 there is nearly no wear predicted. However, 
wear occurs at a very low level, which is why it is not 
important for the whole wear after stage 2.

As shown in Fig. 15, a different condition of the simu-
lated wear appears after step 2. Wear is decreasing slightly 
from the center of the contact surface between the speci-
men and the sliding plate to the outside. Nevertheless, 
it is relatively homogeneously distributed. This does not 
correspond to the observations in the experiment.

The distribution of wear in the simulation of uncoated 
plates is qualitatively identical. Only the amount of wear 
is different.

3.2  Validation

A path plot of the wear depth from the outside to the center 
of the contact zone, as indicated by the white arrow in 
Fig. 15, is shown in Fig. 16 for the coated and uncoated tools. 
The results are multiplied by the number of strokes in the 
experiment to allow for comparison with the experiments.

As can be seen in Fig. 16, the maximum wear depths of 
0.0002 mm and 0.01 mm, respectively, for the coated and 
uncoated tool can be detected on average. However, the dis-
tribution of the wear does not correspond to the tests.
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4  Conclusion

The experiments with coated and uncoated tools allow dif-
ferent conclusions to be made.

As expected, the uncoated tool wears faster under the 
same load in the experiment. The grooves are distributed 
symmetrically over the tool surface.

With the coated tool, the wear is significantly lower, 
grows slower, and is not distributed symmetrically.

This shows that the protective layer delays wear. It also 
shows that wear contains stochastic factors as it is also 
known, e.g., from sheet metal forming [24]. Despite identi-
cal loads, practically no wear can be measured on the oppo-
site side. Industrial experience shows that many processes 
have highly variable downtimes. One reason for this is the 
observed effect of the stochastic distribution of the initial 
wear of the protective layer, which can be caused by surface 
imperfections.

By considering the coefficients of friction, it can also be 
seen that increased friction is an indicator of increased wear 
in particular.

In the test under consideration, the form of wear occurs 
as a mixture of adhesive and abrasive wear. Therefore, the 
absolute height is a suitable value to use for wear predic-
tion. In wear volume measurements, the proportions of wear 
would partially cancel each other out. In addition, a change 
in the color of the coating is already a sign of (initial) wear.

Simulation results show that wear can be predicted on 
average. However, this predicted wear does not apply to its 
local distribution after stage 2 (sliding). Instead, wear can be 
seen on the outer areas. This observation corresponds with 
the gearing process, where wear can be observed at the end 
of the calibration zone (also at the outer area of the contact 
area between workpiece and tool).

Due to the fact that the outer area wears out most quickly, 
there must be phenomena that determine these differences. 
The contact normal stress in the center of the specimen is 
higher, as shown in Fig. 7, the stress is not the only cause 
of the wear at the edge. Rather, the geometric properties 
play a role. Lubricant pressure cannot be maintained at the 
outer areas (as a result of geometric shielding). Therefore, 
no lubrication state can be maintained. The lubricant flows 
out of the contact zone due to its fluid dynamic property, 
tribological loads increase, and wear occurs in this area.

Regarding the initial question, it can be summarized that 
the wear in the laboratory experiment also occurs on the 
outer areas which are not predicted by the results of the 
numerical simulation. A solution for this could be that edge 
areas in the numerical model are fitted with higher wear 
rates and thus wear can be predicted correctly.

As the outer area of the calibration zone also wears out 
during the gear forming process, the cause is assumed to be 

the geometric influence of the edge, since the lubricating 
condition cannot be maintained in this area. Due to the fact 
that Archard does not consider the local lubrication condi-
tion, the prediction of the simulation cannot be correct.

5  Outlook

The results indicate that the lubrication condition should 
be included in the wear prediction for cold forging. For this 
purpose, further experiments will be carried out in order to 
quantify the effect and describe it in an analysis. After that, 
this adaptation will be implemented in FE codes, e.g., via 
a subroutine.
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