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Abstract

Wet multi-plate clutches are relevant components of modern drivetrain applications, not only in terms of function
but also safety and comfort. Especially at the beginning of their lifetime, distinct changes of the friction behavior may
occur and make the actuation of the clutch challenging. This transcript describes the typical running-in behavior of
wet multi-plate clutches and gives a general definition for running-in of clutches. Moreover, a new test method to sys-
tematically investigate the running-in behavior of clutches is introduced. This test method contains a test procedure
to characterize the running-in behavior on different load levels. Furthermore, a multi-stage procedure to evaluate

and characterize the running-in behavior of clutches with mathematical approaches and new characteristic values

is given. The quality of the test method is demonstrated on the example of three different tribological systems from
dual clutch transmissions (DCT) and automatic transmissions (AT) application using paper friction linings.
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1 Introduction

Driving safety and comfort enhancements are highly rel-
evant to development of modern drivetrain applications.
As wet multi-plate clutches are important components
of modern power shift transmissions, e.g., in automatic
transmissions (AT), dual clutch transmissions (DCT)
and limited slip differentials (LSD), the requirements
for safety and comfort behavior of clutches are exacting.
Functional behavior and shifting comfort of the clutch
mainly depend on its friction behavior. Level and pro-
gression of the friction coefficient depend on the tribo-
logical system (see Figure 1) and therefore on fluid and
operating conditions as well as types and conditions of
steel and friction plates [1]. Both the base oil and its addi-
tives show a significant influence on the friction behavior
of wet multi-plate clutches. Many detailed studies show
effects of single additives and additive combinations on
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the friction behavior in different tribological systems.
Fundamental works are given by Ichihashi [2] and Maki
et al. [3], that are expanded regarding modern lubricants
and friction materials by Ingram et al. [4] and Stockinger
et al. [5]. Regarding the operating conditions, several
works show an influence of sliding velocity, pressure and
temperature on the friction behavior. Typically, the fric-
tion coefficient increases with sliding velocity (see Refs.
[6, 7]). In addition, there is typically a decrease in friction
coefficient with temperature (see Ref. [8]). The influence
of the steel plate condition on the friction behavior is also
an important research topic and is discussed in Refs. [7,
9, 10]. The influence of the steel plate is usually smaller
than the influence of the friction pairing. Important
parameters are porosity of the friction lining (see Refs.
[11-13]) and proportion of the resin (see Ref. [14]).

2 Running-In of Wet Multi-plate Clutches

Especially at the beginning of use, when running-in pro-
cesses are not completed yet, distinct changes in friction
behavior may occur and lead to significant challenges in
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Figure 1 Tribological system—schematic representation

actuating the clutch. Therefore, it is important to be able
to understand and characterize the running-in behavior
of wet multi-plate clutches.

During running-in mechanical, chemical and physical
changes of the component surfaces in contact take place.
The result is an adaptation of the body in the contact area
and a change in the tribological behavior.

Abbott and Firestone [15] described the running-in of
technical surfaces in the year 1933: “When two newly
machined surfaces are placed together, they touch only
on the peaks of the highest irregularities, and the actual
contact area is very small. If surfaces are ‘running’ under
load, or otherwise fitted, the projecting irregularities
are gradually removed and the actual area of contact is
increased”

According to Blau [16, 17], frictional running-in is
characterized by the overall trend in friction force with
time, the duration of characteristic features in the curve
of friction over time and the degree of frictional fluc-
tuations as a superimposition of the general trend.
Depending on the tribological system, changes in surface
composition, microstructure, and third-body distribution
may occur.

Running-in is often equalized with a decrease of fric-
tion (see Ref. [18]), since most of the research works on
running-in behavior refer to a metal-metal-contact of
rolling element surfaces. In addition, many works com-
bine running-in with an increase in load-bearing liquid
film by smoothing of the surfaces in contact (see Ref.
[19]). These model representations are largely not trans-
ferable to clutches; moreover, the target of minimizing
friction is not pursued for clutches.

The running-in behavior of wet multi-plate clutches
is rarely in focus of research works, as most of these
works focus on the friction behavior of the run-in
clutch (see Refs. [20, 21]). If a running-in program
is run, this serves to achieve a stable friction behav-
ior. Wordings similar to the following are often found:
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“After running-in, the friction coefficient was stable,
and the test was then started” [22]. Conditions and
duration of running-in programs as well as changes of
friction behavior during running-in, are usually not dis-
cussed at all. Nevertheless, distinct changes to friction
level and progression can occur during running-in of
wet multi-plate clutches and can lead to clutch control
challenges.

However, few research works describe respectively
touch the topic of running-in behavior of wet multi-plate
clutches.

Pokorny [23] provided the earliest description of the
running-in behavior of wet multi-plate clutches in the
year 1960. The level of the friction coefficient increased
during running-in. He attributed this to larger contact
areas in the friction contact of the run-in clutch com-
pared to the new condition. Duminy [24] took up these
considerations in the year 1979 and continued them:
With an increasing number of shifting operations, the
contact area in the friction contact increases and fluc-
tuations in friction behavior decrease. Depending on the
type of clutch, friction pairing and number of shiftings, a
“quasi-stable” friction behavior evolves. Pfleger described
in Refs. [25, 26], that, especially in the phase of running-
in, the properties of the steel plate could influence the
friction behavior of the clutch. Yesnik et al. described
similar observations in their publication [27] on the fric-
tion behavior of steel plate variants with different surface
surface treatments. As part of their work on the influence
of the surface quality of the friction plate on the friction
behavior, Zou et al. [28] briefly described the friction
behavior during running-in. In the phase of running-in,
different tests showed significant differences in friction
behavior. The friction behavior stabilized with increas-
ing test duration. Katsukawa [14] showed trends of fric-
tion coefficient for friction materials with different types
of resins. Depending on the resin, there were differences,
particularly in the running-in phase, both with regard to
the development of the friction behavior and with regard
to the level of the friction coefficient.

Moreover, some research works deal with the change
in surface topography and real area of contact in the
phase of running-in. The research group led by Tak-
ayuki Matsumoto carried out extensive investigations
on the running-in behavior in connection with total
reflection measurements of the real contact surface of
a paper friction surface [29]. The measurements show a
clear increase in the real contact area during running-
in. Ingram et al. [30] made comparable observations by
interference measurements. In Ref. [31] we simulated the
real area of contact between a steel plate and a paper fric-
tion lining. The real area of contact is larger for a run-in
friction pairing than for the new state.
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Research works on the influence of the running-in
phase on the performance of the run-in clutch are not
known.

The characteristics and amount of changes in friction
depend on the tribological system including the oper-
ating conditions. Until now, no clear definition of run-
ning-in of wet multi-plate has been given. As part of our
research work, we established a general definition for
running-in of a clutch in Ref. [32]: As long as the clutch
shows non-linear changes in friction behavior, it is still
running-in. As soon as these changes in friction derive
a linear progress, the clutch is run-in (also see Figure 2).
This definition takes requirements of practical applica-
tion into account, as linear changes are easy to control,
while non-linear changes may be challenging for clutch
actuation.

Figure 3 shows the development of coefficient of fric-
tion CoF over number of cycles for clutches with three
different tribological systems I, II and III with different
fluids and paper friction linings of DCT and AT applica-
tion. At the beginning of use, non-linear changes in fric-
tion occur. This phase is defined as the running-in of the
clutch. Depending on the tribological system, degree and
duration of the non-linear sections differ: With tribologi-
cal systems I and III, non-linearities in friction behavior
last less than 25 cycles, while tribological system II runs
about 50 cycles before it gains linear changes in friction
behavior.

Changes in friction behavior during running-in are
mainly caused by the formation of chemical boundary
layers in the friction contact and smoothing of surfaces.
Figure 4 shows surface pictures of a steel plate in new
condition and a steel plate after running-in recorded with
a scanning electron microscope (SEM). Smoothing and
therefore a decrease of surface roughness of the run-in

Linear Changes

T T
Non-Linear Changes

CoF

Running-In

Number of Cycles

Figure 2 Definition of running-in of clutches
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Figure 3 Change of coefficient of friction during running-in for
different tribological systems with paper friction lining [32]

surface compared to the new surface is clearly visible and
can also be measured.

3 Test Method to Investigate Running-In Behavior
of Wet Multi-plate Clutches

As of today, friction and running-in behavior of wet
multi-plate clutches can only be investigated by experi-
ment. To determine the running-in behavior of wet
multi-plate clutches, we have elaborated a new test
method. This test method introduces a test procedure
to characterize the running-in behavior on different load
levels. Furthermore, we submit a multi-stage procedure
to evaluate and characterize the running-in behavior of
clutches with mathematical approaches and new charac-
teristic values.

3.1 Test Procedure

The objective of the test procedure is to be able to charac-
terize the running-in behavior of the clutch on different
load levels. To achieve this, we have defined a load spec-
trum consisting of four load stages (variation of pressure
and sliding velocity). Figure 5 shows specific pressure and
sliding velocity values of the four load stages. The test
procedure is given by a single power shift on each load

and run-in state (right) [32]
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stage, sequence shown in Figure 5. A test to investigate
running-in behavior consists of numerous repetitions of
this sequence. Number of repetitions needed for investi-
gation of the whole running-in is given by the criterion
given in Section 2: Running-in is finished when changes
in friction behavior are no longer non-linear but linear.
It is recommended that one longer test be run first to
ensure that changes in friction behavior are in fact linear.
Quantitative criteria to evaluate the number of needed
repetitions are given in Section 3.2. During our investiga-
tions, we ran 200 repetitions of the sequence consisting
of four load stages each.

3.2 Characterization of Running-In Behavior

To be able to compare the running-in behavior of dif-
ferent clutches, e.g., with various fluids, steel plates
and paper friction materials, a quantitative method for
characterization is needed. Therefore we have defined a
multi-stage procedure to evaluate running-in behavior
of clutches (see Figure 6). Friction behavior is described
by friction curve, characteristic friction values and trend
plots (see Section 3.2.1). To describe the development of
friction behavior during running-in, we have developed
a mathematical equation and use regression analysis to
elaborate compensating curves for trends of coefficient of
friction CoF (see Section 3.2.2). As a last step of evalu-
ation, we defined new characteristic values that allow a
quantitative characterization of running-in behavior (see
Section 3.2.3).

3.2.1 Friction Curve, Characteristic Friction Values and Trend
of CoF

Friction behavior of wet multi-plate clutches is typically

given by friction curve and characteristic friction values. A

friction curve shows the values of CoF over sliding velocity.

Figure 6 Method for characterization of running-in behavior

On a friction curve, characteristic friction values y; to yg
and p,,, are given according to Figure 7. These character-
istic friction values are recognized values and are used in
numerous scientific works on wet multi-plate clutches (e.g.,
Refs. [5, 20, 33-35]).

For each cycle of a test, a friction curve and the charac-
teristic values are evaluated. By plotting the characteristic
values over the number of cycles, friction trends are gen-
erated. Figure 8 shows an exemplary trend plot 4,,. The
friction behavior changes from cycle to cycle and shows
variations and deviations due to physical phenomena.

3.2.2 Describing Trend Plots of CoF by Compensating Curves
To reach a quantitative description of the friction develop-
ment during running-in, we have developed a parametriz-
able Eq. (1) to characterize progression and level of the
friction coefficient at the beginning of use [32]:

Javg = @ — b 4 d - (x — 200), (1)

S :
ps: max. 0...10% Vg max
~ g b
<
Mayg? arith. mean 0...60% Vi max
0 10 15 50 85 100
end sliding velocity in % Vgmax start

Figure 7 Sample friction characteristic with characteristic friction
values [36]
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Table 1 Explanation of regression parameters of Eq. (1)

Parameter Description

X Number of cycles

a Friction level at end of test (x = 200)

—b*tce Increase of friction at begin of test
(non-linear section)

d - (x — 200) Slope in linear section

By choosing the parameters a, b, ¢ and d in a regres-
sion analysis, this equation can describe different friction
trend plots of various tribological systems (e.g., as shown
in Figure 3) by compensating curves.

Table 1 gives an overview and description of the regres-
sion parameters and terms of Eq. (1). The parameter x is
the number of cycles and therefore greater than 0. The
term a + d - (x — 200) describes the linear (run-in) sec-
tion of the friction trend with d as the slope of the line
and 4 as the friction level at the end of test (x = 200). The
non-linear part at the beginning of test is mathematically
represented by the term —b*"¢The parameter b influ-
ences the slope of the curve and its radius of curvature:
small values for b lead to high slopes and small radii of
curvature and the other way round. By choosing param-
eter ¢, the angular point of the curve is shifted to the
left (¢ > 0) or right (¢ < 0). With values for b between 0
and 1, the curve described by the term —b**¢ is strictly
increasing and converges towards zero with increasing
x. To determine optimized parameters a, b, ¢ and d, the
method Least Absolute Residuals (LAR) is used for opti-
mization. With this method, single outliers in CoF (e.g.,
caused by interruption of test for measurements or due
to failure) affect the optimization less as residuals are not
squared as in the least squares method.

Figure 9 shows the compensating curve for the trend
plot 4, given in Figure 8. The compensating curve is
given by Eq. (1), the parameters a, b, ¢ and d are deter-
mined by regression analysis (explaned above) to the

Table 2 Regression parameters (values) for compensating
curve in Figure 9

Parameter Value
a 0.134
b 0.837
c 25.62
d —695x107°

values given in Table 2. In the clearly non-linear section
at the beginning of the friction trend plot (about first 20
cycles) the compensating curve has a steep rise and a
small radius of curvature given by a comparatively small
value for parameter b. The positive value for ¢ indicates
a shift of the curve to the left. The comparatively small
but negative value for d expresses the slightly downward
trend of 1,,, in the linear section of the trend plot ending
up at a friction level of round about 0.134 represented by
the parameter a.

3.2.3 Characteristic Values to Describe Running-In Behavior
Running-in behavior of a clutch with paper friction lin-
ing is characterized by non-linear changes of the friction
behavior. When changes in friction behavior become lin-
ear, the clutch is defined as run-in (see Section 2). Eq. (1)
describes the running-in behavior of clutches mathemat-
ically. When the term —b**¢ diverges to zero, the friction
curve segues into its linear section and the running-in
of the clutch is finished. As the significance of the term
—b**¢ is limited, we have developed pursuing character-
istic values to describe changes of coefficient of friction
at the beginning of the lifetime. The number of cycles run
before the friction curve changes to a linear characteris-
tic (and the term —b*¢ diverges to zero) is described by
the value xj;,. The change of coefficient of friction from
the beginning of the lifetime to cycle xy;, is expressed by
the characteristic value A,y Figure 10 visualizes the
characteristic values xj;,, and A (tgzqz.
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Figure 11 Concept of Test Rig ZF/FZG KLP-260 [37]

Requirements for safe and comfortable actuation of
the clutch are small changes in friction behavior and
therefore low levels for the characteristic values xy;, and
Alstart.

4 Test Rig, Test Parts and Fluids

4.1 Component Test Rig ZF/FZG KLP-260

The tests are performed on the standard component test
rig ZF/FZG KLP-260 [37], as component testing is very
efficient while also being easily transferred to practical
application. The test rig ZF/FZG KLP-260 (Figure 11)
operates in braking mode, the outer carrier is fixed and
the inner carrier rotates. In power shift mode, the main
shaft is accelerated by the main drive. The clutch is actu-
ated by a hydraulic piston in a force-controlled mode.
Axial force, difference in rotational speed, displacement
and friction torque are measured, and coefficient of fric-
tion is calculated online.

4.2 Test Parts and Fluids

The experimental investigations are carried out with
clutches of the same size (d,/d; = 170/196 mm; six fric-
tion interfaces) under variation of friction material and
fluid. As friction materials, typical paper friction lin-
ings from DCT and AT application are used. Fluids

000

Figure 12 Test parts—steel plate (left), friction plate with DCT
friction material (middle), friction plate with AT friction material (right)
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Figure 13 Sample friction trend plot 4,4 with compensating curve
and residuals for tribological system |

are typical serial fluids from DCT and AT application
(see Figure 12).

5 Results and Discussion

We applied the test method described in Section 3 on
three different tribological systems I, II and III (see Fig-
ure 3). System I is a typical DCT application (DCT
friction material, DCT fluid), System II a typical AT
application (AT friction material, AT fluid). System III
represents a DCT fluid with an AT friction material and
therefore is no series application.

With each tribological system I, II and III we ran tests
on the component test rig ZF/FZG KLP-260. In each test,
we interrupted the test after 20 cycles and 100 cycles.
Evaluating the friction behavior of the clutches, we get
friction trend plots for each of the four load stages given
in Figure 5. In a regression analysis, we describe these
friction trends with compensating curves given by Eq.
(1). Characteristic values xj;;, and A gy, are derived to
reach a quantitative description of the running-in behav-
ior of the three different tribological systems. In Fig-
ures 13, 14, 15, we show the friction trend plots for the



Voelkel et al. Chin. J. Mech. Eng. (2020) 33:34

0,140 - T q
0,135
0,130 .
. IR
20125 I i el
EA >
o
0,120 #
I
0,115/ * Measurement -
g Compensating Curve
0,110 L L 1
1 50 100 150 200

Number of Cycles

0,004 -

0,002 -

0,000

Residual

-0,002 |-

-0,0041 L L

.
50 100 150 200
Number of Cycles

Figure 14 Sample friction trend plot y,,, with compensating curve
and residuals for tribological system Il

0.140

0.135

Ao, - =
v e

0.130 .o

o

@
5 0.125
=

0.120

0.115 * Measurement
——Compensating Curve
0.100 - : I a
1 50 100 150 200
Number of Cycles

0,004

0,002

0,000

Residual

-0,002 - 4

-0,004 L L L
1

50 100 150 200
Number of Cycles

Figure 15 Sample friction trend plot i, with compensating curve

and residuals for tribological system Il

three tribological systems on one sample load stage. Sin-
gle outliers in CoF occur due to interruption of test at
cycles 20 and 50. For each tribological system, the regres-
sion parameters a, b, ¢ and d and the characteristic values
%1 and A ftgqre are given in Table 3. Besides the compen-
sating curves we evaluated the residuals of measurement
and compensating curve for each cycle. The statistical
values R? and R are also given in Table 3.

According to the definition of running-in given in
Section 2, the system III shows the shortest running-in
and therefore the best running-in behavior: The section
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with non-linear changes in friction behavior is short
and slightly pronounced, the clutch quickly reaches a
linear friction behavior. This behavior is also displayed
by the regression parameters b and ¢ (small value for b
and small positive value for ¢) and—more striking—by
the characteristic values xy;, and Apg,s, that are both
comparatively low. As the tribological system III is not
a series application, reconditioning of friction behavior
after interruptions of test (cycles 20 and 50) is quite pro-
nounced. This is also expressed by a comparatively low
value for R? in Table 3. System II takes the longest until it
is run-in (high values for b and ¢ and xy;;,): with xy;, = 44,
running-in lasts more than four times longer than with
system III. Changes in CoF during running-in are also
much stronger with system II than with system III. This
is clearly shown by a significantly higher value A g
for system II. In the linear (run-in) section of the friction
trend plot, system I shows a negative slope while systems
II and III show differing but both positive slopes. This
behavior is clearly given by different values for regression
parameter d. Differences in friction behavior at the end
of test are given by parameter a. For all systems, the mean
amount of residuals is very low (< 0.5 %), what shows the
high quality of the regression analysis.

6 Conclusions

Wet multi-plate clutches with paper friction linings show
distinct changes in friction level and progression due to
running-in processes at the beginning of the lifetime. The
more pronounced these changes in friction behavior are,
the more challenging safe and comfortable actuation of
a clutch can be. Therefore, it is important to be able to
systematically investigate and characterize the running-
in behavior of wet multi-plate clutches.

In this paper, we introduce a clear definition for run-
ning-in of a clutch: Running-in of a clutch is character-
ized by non-linear changes in friction behavior. A clutch
is run-in as soon as these changes in friction derive a lin-
ear progress. This definition takes requirements of practi-
cal application into account, as linear changes are easy to
control, while non-linear changes may be challenging for
clutch actuation.

To systematically investigate the running-in behavior of
wet clutches, we have elaborated a new test method. This
test method introduces a test procedure to characterize
the running-in behavior on different load levels. Tests are
performed as component tests on the standard test rig
ZF/FZG KLP-260. We submit a multi-stage procedure
to evaluate and characterize the running-in behavior of
clutches. The friction behavior of the clutch is evaluated
by friction curve, characteristic friction values and trend
plots. To describe the development of friction behavior
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Table 3 Running-in behavior of different tribological systems: results of test method being introduced in Section 3

Tribol. system Parameter

a b c d
I 0.134 0.837 25.62 —695x107°
Il 0.129 0.903 39.85 2369 x 107°
MM 0.132 0.759 19.61 14.99 x 107°
Tribol. system Parameter

Xlin Apistart R? R
I 23 0.007 0.979 0.0004
Il 44 0.014 0.996 0.0005
11l 10 0.003 0.716 0.0006

during running-in, we have developed a mathemati-
cal equation and use a regression analysis to elaborate
compensating curves for friction trends. Newly defined
characteristic values xj;,, and A gy, allow a quantitative
characterization of running-in behavior.

The quality of the test procedure is demonstrated by
the example of three different tribological systems from
DCT and AMT application using paper friction linings.
We are able to rate the running-in behavior of the three
systems using the given definition of running-in and
show how this rating is displayed by mathematical equa-
tions and the new characteristic values xj;, and A Lszzrs.
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