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Abstract 
BorgWarner Powerdrive Systems is constantly developing the performance of wet clutches 
used in passenger car all-wheel drive systems. The Haldex limited slip coupling, LSC, is the 
trade name of the all-wheel drive system sold and developed by BorgWarner Powerdrive 
Systems. In a primary front-wheel driven vehicle, the Haldex LSC can transfer torque to the rear 
axle based on sensor input with full electronic control and can thus work seamlessly together 
with other systems such as traction and stability control. In the design of such an all-wheel drive 
system; it is critical to avoid issues with drive line vibrations as well as the accompanying noise 
generation. This is a complex issue and even though the goal is to avoid these problems, they 
may still occur to a certain degree. 
 
BorgWarner now wants to investigate whether changes in the friction disc quality may affect the 
occurrence of vibrations. The friction disc quality could e.g. be described in terms of variations in 
height, material composition, material porosity and Young's modulus with the variations 
distributed around the circumferential of the friction disc. This study is however limited to 
investigate if a difference in height could be the cause of drive line vibrations. The goal is to 
determine if there is a correlation between a shifting thickness around the circumferential of the 
friction disc and the occurrence of vibrations. 
 
With the help from RISE Sicomp and their 3D-scanner it was possible to determine the 
difference in height around the circumference of the disc. The discs was scanned and then 
analyzed with the help of GOM-software. When the height was measured around the disc they 
were exposed to a run-in, this with the use of an LSC test rig. This way it is possible to see how 
the friction characteristics changes while it is being used and to later see if the height difference 
has changed. All this to see the correlation between the difference in height around the disc and 
the friction characteristics. A micro tomography scanner at LTU was used to section through the 
disc. It uses x-ray and makes it possible to look at sections all through the disc to see if there is 
a difference in the strucure of certain areas. If one pillow is more porous then another one.  
 
Based solely on the tomography test it is hard explaining the difference in Young’s modulus, the 
result showed little to none difference between different areas of the disc. With the help from 
3D-scanning it has been shown that there is in fact a height difference. That difference becomes 
smaller with time when used, this due to the wearing of the highest area being greater than that 
of a lower area. The run-in seems to always have a positive result on the disc. Friction 
measurements during run-in showed that also a disc with small differences in height could 
display unfavorable friction characteristics. This would imply that the height difference matters 
but is not the only contributing factor to vibrations. 
 
  



Even though the difference in thickness of the friction disc has shown to contribute to vibrations, 
there are still factors that remains unclear. If the height would have been the only factor the 
friction measurements would support this more than what the actual case is. The other factors 
need further examination. 
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1. Introduction 
In 1998, the Swedish engineer and rally driver Sigvard “Sigge” Johansson, revolutionized the 
four-wheel drive market by introducing the intelligent AWD system, the Haldex limited slip 
coupling. He patented the limited slip coupling in 1998 and it made a debut in the Volkswagen 
Golf 4motion the same year. Since 1998, there has been five generations of the Haldex 
Coupling and it can now be found in almost every kind of AWD vehicle, everything from exotic 
Lamborghinis to daily driven Volkswagens.1 AWD has become a popular option in today's cars, 
and almost every car can now be equipped with it.  
 
BorgWarner Powerdrive Systems in Landskrona is now constantly developing the wet clutches 
used in the Haldex-coupling. The wet clutch transfers the desired torque to the secondary wheel 
pair with the Haldex-coupling. The coupling is often located at the rear axle together with the 
rear differential.2 
 
The friction system is developed to avoid noise and vibrations, although, they still occasionally 
occur. Why the noise and vibrations occur is a complex interaction between many different 
variables, for example eigenfrequencies, stiffness, damping and the friction characteristics. 
Earlier studies have shown that different configurations of the friction discs creates vibrations in 
the coupling and that the friction discs Young’s modulus varies around the disc. The task of this 
work was to study the circumferential variations in thickness of the friction discs, and find out 
whether it could cause vibrations or not.  

  

                                                 
1 BorgWarner, History, 2013, URL http://www.borgwarner.com/en/Haldex-AWD/Pages/History.aspx 
2 Auto motor & sport, Haldex Traction säljs till BorgWarner, December 2010, URL 
https://www.mestmotor.se/automotorsport/artiklar/nyheter/20101217/haldex-traction-saljs-till-borgwarner/ 
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1.2 HALDEX-Coupling 
 
The Haldex-coupling is the main component in many AWD vehicles and is used by many 
different manufacturers such as Volkswagen, Volvo and Land Rover. It is a popular choice 
thanks to its versatility, where the car manufacturers themselves can decide how their cars 
AWD-system should behave. The Haldex-Coupling is a multi-plate wet clutch with sintered 
bronze friction discs and steel separator discs alternately positioned in a clutch pack, see Figure 
1.2.1. The friction between the bronze discs and the steel separator discs transfers the torque, 
where the bronze discs have internal teeth and the steel separator discs external, see Figure 
1.2.2. A hydraulic piston is used to apply a normal load on the clutch pack and the friction 
between the friction and separator discs causes the torque transfer through the coupling. 
A centrifugal electro-hydraulic actuator is used to control the normal load from the hydraulic 
piston. If torque is requested, the actuator activates, creating a greater hydraulic pressure, 
which engages the piston and pushes the plates together, creating greater friction between the 
friction discs and the steel separator discs.3 The main purpose of the wet clutch is to transfer the 
desired torque to either the front or rear wheel pair, depending on many variables such as wheel 
spin, vehicle speed and throttle position and so on. It is used with both longitudinal and 
transverse engine vehicles, regulating the torque to the secondary wheel pair, either to the rear 
or to the front.4 
 

 
Figure 1.2.1 Complete Haldex gen 5 coupling.5       Figure 1.2.2 Friction disc and steel  
             plate. 

  

                                                 
3 BorgWarner, Haldex genV AWD Coupling, July 2013, URL 
https://www.youtube.com/watch?v=Tbs9TeS6Qxo 
4 David Wolfe, Haldex, December 2018, URL https://www.wolfeden.org/cars/golf-r/haldex.html 
5 BorgWarner, Haldex genV AWD Coupling, July 2013, URL 
https://www.youtube.com/watch?v=Tbs9TeS6Qxo 
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1.3 Problem Description 
 
BorgWarner has indicated that they believe that vibrations in the drive line could be caused by 
height variations around the circumference of the friction discs. That makes way for problems 
with comfort, performance and life length of the discs. One of the reasons for these vibrations 
could be the height difference between the different “pillows” on the friction discs due to the 
manufacturing process, see Figure 2.1. During the manufacturing process, a steel plate is 
moving on a conveyor, during the plate’s transportation bronze powder is transferred to the steel 
disc. After that, the bronze powder is heated up and pressed upon the steel plate. The press 
gives the friction disc the square shaped pillows on the top. During the sintering, there is no way 
to make sure that the bronze powder is equally distributed over the whole friction disc. 
 

 
Figure 2.1 Close up on friction disc showing the “pillows”. 
Between the bronze layers lies a steel plate.  
 
This thesis will further examine the height variations around the circumference of the friction 
discs to see whether it is a contributing factor to the vibrations.  
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1.4 Limitations 
As previously stated, the cause of vibrations is a complex area and the reason behind it could 
consist of many different factors. Since there is a limited time to complete the project, limitations 
have to be made to what type of tests are made. This thesis main focus will be trying to find a 
connection between the difference in heights on the friction disc and the performance of the 
disc. Experience from industry indicate that the vibrations sometimes may disappear after a 
certain time when the wet-clutch has been used in a car. With that being said, the best way to 
get to similar results is with a Haldex test rig, LSC-rig, this due to the limit in time. 
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2. Background and Theory  
Vibrations and noise are two problems which sometimes occur in the coupling today. The 
underlying case for the vibrations are not known. The friction discs could have different height 
around the circumference, which could be one possible explanation to these problems. Another 
theory is that if Young’s modulus would differ in various parts of the sintered friction material the 
difference in height could then occur when the discs are being pressed together. If the discs are 
poorly aligned in the coupling vibrations could occur. Studying if there is a difference in height 
around the circumference of the disc would be of interest both before and after a run-in of the 
discs, to see if there is a difference and how it changes during the the run-in. 

2.1 Height Difference 
If the bronze material is not evenly distributed over the friction disc, the different heights of the 
"friction material pillows", see Figure 2.1, can cause an uneven pressure distribution, see Figure 
2.1.1. When the disc starts to rotate in the clutch the disc will start to wobble and vibrations 
could occur. In the case of Figure 2.1.1, the right side would be exposed for a much greater 
pressure due to the uneven contact. If there is only certain sections of the discs that gets 
contact, some unexpected friction based vibrations like stick-slip vibrations in the coupling, 
could occur. That in turn would mean that the disc would not reach the expected performance. It 
would also mean that the wearing of the disc would not be the same all around, which reduces 
performance and service life. 
 

 
Figure 2.1.1 Cross section of a disc showing the difference in height.  
 

2.2 Structural Difference 
A theory is that the difference in structure would lead to different values of Young’s modulus all 
around. Young’s modulus refers to the stiffness of a material, how the deformation responds to 
applied force. See equation (1), where E is young’s modulus, ε is the relative deformation and σ 
is the stress in the material. Young’s modulus is a material specific constant, which differs 
depending on the material.6 
 
        (1) 

                                                 
6 ScienceDirect, URL https://www.sciencedirect.com/topics/materials-science/youngs-modulus 



6 
 

 
The different values could then lead to the discs being poorly aligned when pressed together in 
the wet clutch, because of the pillows not being equally deformed. A disc that seems even 
could, due to its uneven structure and Young’s modulus end up with the same problem as the 
height difference example. If the discs are unevenly deformed and not vertical against the 
applied pressure, the previous problem shown in Figure 2.1.1 would take place and vibrations 
could then appear. 

2.3 Friction 
Friction can be described as a force that resists the relative movement of two objects in contact. 
If the friction is high enough, the object cannot move or slide at all, it becomes static friction.7 
Because of the way the wet clutch works friction is vital. Figure 2.3.1 shows two different cases 
of how the friction coefficient is affected when ramping rpm, revolutions per minute. The left 
picture in Figure 2.3.1 shows a good behavior of the friction coefficient. When ramping up the 
rpm it is important to have a positive slope of the friction coefficient vs sliding speed curve to 
avoid vibrations. The right graph in Figure 2.3.1 shows a negative trend for the friction.8 This 
could excite driveline for vibrations.  
 

 
Figure 2.3.1 The graphs show different friction behaviors. The left picture shows the optimal 
appearance, the right appearance is typical for vibrations. Friction coefficient on the y-axis and 
rpm on the x-axis.    

                                                 
7 Khan Academy, What is friction? URL https://www.khanacademy.org/science/physics/forces-newtons-
laws/inclined-planes-friction/a/what-is-friction 
8 K. Berglund, P. Marklund, H. Lundh, R. Larsson, Prediction of driveline vibrations caused by ageing the 
limited slip coupling, 2016. 
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2.4 Stick-Slip Vibration 
Imagine having a log or a brick with a spring attached to it. At first, when dragging the spring, 
the brick will not move. When the force in the spring overcomes the force due to static friction, 
the block will start to move. When the block starts to move, the friction drops and suddenly the 
force in the spring is greater than the frictional force which will cause the block to accelerate in 
relation to the end of the spring which is moving with constant speed. Next, the force in the 
spring drops when the compression of the spring is decreased and the block comes to a stop 
after which the process repeats itself. This is shown in Figure 2.4.1.9 That is stick-slip in a 
simple form. This same type of reaction will occur in the coupling when looking at the right graph 
of Figure 2.3.1.  

 
Figure 2.4.1 Stick-slip shown as an example with a spring and a brick where F is the force 
applied on the spring. The spring is fully stretched in position 1. F is constant. 

  

                                                 
9 Igor Emri, Arkady Voloshin, Statics: learning from Engineering Examples 
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2.5 Previous Work 
Previous work has focused on the surface topography, the pressure distribution and on the 
difference of Young’s modulus of the friction discs. From that study, it was hard to draw any 
specific conclusions from the topography measurements, more experiments would have been 
needed. The pressure distribution of the friction discs was shown to be uneven. The outer part 
of the friction disc was compared with the inner part. The pressure on the inner part, i.e. towards 
the center, of the disc was greater than at the outer part of the friction disc. It was also shown 
that Young’s modulus differs a lot when comparing the different pillows on a single disc. This is 
shown in Figure 2.7.1.10 This is a likely factor that contributes to the vibration in the coupling. 
 

 
Figure 2.7.1 The graph shows the span of Young’s modulus on different friction discs. The 
letters A - F refers to the different discs that has been used.11 
 
Besides the difference in Young’s modulus the previous work that has been made have not 
been able to prove anything to a reassuring degree. It has, however, been able to indicate 
different things that could be potential factors which could affect the occurrence of vibrations. 
Investigating how the height difference between the pillows is affected in correlation to how the 
friction is affected during time would be the next step to see if this is a factor big enough to 
cause vibrations or if future work would lean towards investigating other factors.  

                                                 
10 Khashayar Shahrezaei, Edvin Öberg, Evaluation Methods for Friction Materials in a Four-Wheel Drive 
Drivetrain, September 2018 
11 IBID 
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3. Experimental Setup 
There were 9 different friction discs sent over from BorgWarner in Landskrona, marked as two 
different batches. The friction discs are named as digits, 1 to 9, and because of their round and 
homogenous shape, they also needed some kind of identification radially. This was important 
since the pillows on each friction disc may be analyzed further and the correct pillow then has to 
be localized depending on the scanned data. It must be possible to easily find a problematic 
pillow based on the results found in the computer. One of the inside teeth on each friction disc 
was cut away, which makes it possible to find each pillow horizontally and vertically. The tooth 
right next to the cut tooth was then marked on one side with a dremel, see Figure 3.1. The two 
different sides were therefore named “marked” and “unmarked”. Some examples would be 
1_unmarked, 5_unmarked, 8_marked. Batch 1 contains friction discs 1 to 4 and batch 2 
contains friction discs 5 to 9.  
 

 
Figure 3.1. Marked friction disc, with one tooth removed and one side marked. 

3.1 First Scan of the Friction Discs 
RISE Sicomp in Öjebyn was contacted and visited, since they had a GOM 3D scanner with high 
accuracy that could be used. The scanner was calibrated before the scanning started, a 
procedure with 18 steps where the scanner was moved around a calibration table. 1.5mm 
reference points were pasted to the scanning table and to the friction discs. At least 3 reference 
points were needed on the friction discs, although 4 were used in case one falls off or wasn’t 
recognized by the scanner, see Figure 3.1.1.  
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Figure 3.1.1 1.5mm reference points on the friction disc and scanning table. 
 
Each scanning sequence consisted of 3 different disc positions, one where the disc was 
standing and two where it laid down on each side. One “picture” was taken on each side in the 
standing disc position. In the laid disc position, 8 pictures were taken, 4 with the scanner located 
right above the disc while the table was rotated approximately 90 degrees between every 
picture, and 4 with an angled scanner and the same table rotation, see figure 3.1.2. The scans 
from these different positions where then mated together using the 4 reference points to create 
a model as close to reality as possible.  

 
Figure 3.1.2 Arrangement of two different disc positions, laid with angled head and standing.  
 
The scanned data was analyzed in a software called “GOM Inspect”. For each of the friction 
discs, a normalized plane was created in the middle of the disc for deviation studies. The goal 
with the deviation studies was to find pillows with high or low deviation. A thickness study was 
also made. Because of time constraints, further tests could only be made on 4 friction discs, 2 
good discs and 2 bad discs were therefore chosen. To decide which discs to choose, the 
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difference between highest and lowest pillow for each side were calculated. The total difference 
was calculated by adding the differences of each side together. The total difference in deviation 
is one of the factors used when 2 bad and 2 good friction discs were chosen, but also the 
general appearance of the discs.  

3.2 Running-in with the Haldex-rig 
The HALDEX-rig consists of multiple important parts. The hydraulic cylinder applies load on the 
clutch. A friction disc is connected to a rotating shaft and the reaction plate is connected to the 
stationary outgoing shaft. The normal load on the clutch pack is measured with a load cell 
situated in the clutch housing lid. The outgoing shaft is connected to a torque meter. With 
information from both the torque and load cell the friction coefficient can be calculated. Under 
the housing is a canister, which contains oil. The oil pumps through the clutch and both 
temperature of the oil and the clutch is measured. Both the inertia disc and the outgoing shaft 
can be varied to get a different eigenfrequency of the system. A programmable control program 
allows for changes in the test sequences and an infinite number of test cycles.12 
 
The Haldex-rig was set up and programmed. It simulates the wet clutch in the real Haldex-
coupling, where the friction disc is spinning while the steel separator discs is locked to the rigid 
end. The 4 friction discs were set to drive with 2 rpm for 5 minutes, in 10 instances and at 2500 
Newton, a total of 50 minutes at 2 rpm. In the end of each instance the rotation stops and starts 
again at the beginning of the next. When the rotation of the disc goes from 0 to 2 rpm at the 
start of every instance, it is ramped for a time of 2 seconds. It is operated and controlled through 
a computer using LabVIEW. The Haldex-rig measures many different variables, these are time, 
speed, temperature, force, torque, friction coefficient and pressure. All of these variables are 
presented in LabVIEW and saved as a text document. These variables can then be analyzed 
using Matlab.  
 

3.3 Second Scan of the Friction Discs 
To see how the running-in has affected the different characteristics of the friction discs, a 
second scan was executed. As the first scan, it was made at RISE Sicomp in Öjebyn. Unlike the 
first scan, the reference points were changed to points with a diameter of 3mm instead of 
1.5mm. This made it easier for the scanner to find all the reference points stuck to the friction 
disc in the scanning sequence. The scanning sequence was executed as the first scan, one 
standing position and one laid down position. As the first scan, one “picture” was taken of each 
side in the standing position. In the laid disc position, 8 “pictures” were taken, 4 with the scanner 
located right above the disc while the table was rotated approximately 90 degrees between 
every picture, and 4 with an angled scanner and the same table rotation. Scans were saved as 
inspection files and were analyzed using GOM inspect. 

                                                 
12 Wet clutch shudder test rig, manual 
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3.4 Tomography 
A tomograph is a device used to scan through an object with x-ray, sectioning the object. Once 
the scan is complete it is possible to look through the object in sections to analyze the structure 
of the object. That way it will be possible to look at the density of the different materials which it 
consists of. If there is a structural difference in the sections of the disc, that one area has larger 
and more pores of air for example, it could cause a difference of Young’s modulus. 
 
Since the tomography only supported small specimen, the whole disc could not be analyzed. 
For the tomography to work a material that depletes upon use is required. For that reason, 
scanning every pillow on all the discs would not only be too time consuming but also be very 
expensive. Using the scans of the friction discs, two pillows from friction disc 1 were selected for 
a scan in the tomography, one “high” and one “low” pillow. With “high” and “low” means two 
different pillows with high or low deviation from the disc center. The goal of the tomography was 
to determine if the differences of young’s modulus for a single friction disc can be explained due 
to difference in pores and air inside the pillows. The tomography used, a Zeiss Xradia 510 
Versa, was located at LTU and can be seen in figure 3.4.1.  
 

 
Figure 3.4.1 The inside of the tomography used to scan the pillows. 
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The pillows were cut out using EDM, “Electrical discharge machining” and placed in the 
tomography for scanning, see Figure 3.4.2. The tomography pictures were then analyzed using 
a program called “Dragonfly” by ORS. 
 

 
Figure 3.4.2 EDM cut specimen from friction disc 1, mounted in the tomography. 
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4. Results 
The purpose of this thesis was to examine possible reasons for vibrations in the wet clutch, 
primarily the wet clutch in a Haldex-coupling. Results will be presented below.  
 

4.1 Scanned Friction Discs 
As earlier mentioned, 4 different friction discs were scanned and used for friction characteristics 
measurements in the Haldex-rig, two discs with a great difference in thickness and two with low 
difference. These 4 discs were determined through results of the first scan. The chosen friction 
discs were disc 1, 2, 6 and 7, where disc 1 and 7 were discs with great difference and 2 and 6 
were discs with low difference. An interesting coincidence was that there were one good and 
one bad disc from each batch, disc 1 and 2 were from batch 1 and disc 6 and 7 were from batch 
2. This made it possible to examine if there were any differences between the two batches. 
 
Friction disc 1 was a “bad” disc and were chosen because it had a great deviation difference 
between the highest and the lowest point on each side. The shape of the disc was also 
interesting, since it had a conical shape if observed from the side, i.e. the highest and lowest 
points of each side coincided. This can be seen if the total thickness of the disc is observed, see 
Figure 4.1.1. 

 
Figure 4.1.1 Total thickness of disc 1 before running-in.  
Red is the higher side, and green is the lower side. 
 
Disc number 7 was also a “bad” disc. This disc was chosen because of the same reasons as 
disc number 1, which also was a “bad” disc. Conical shape and a great difference in total 
deviation. Disc number 7 had the same characteristics as disc 1 but was a little better. In Figure 
4.1.2, the total thickness of disc 7 can be observed. 
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Figure 4.1.2 Total thickness of disc 7 before running-in.  
Orange is the higher side, and green is the lower side. 
 
Friction disc 2 and 6 were considered as “good” discs due to their even shape and low 
deviation. As seen in Figure 4.1.3, the total thickness is evenly distributed along the friction disc, 
and they will thus respond with an evenly distributed pressure in the Haldex-coupling opposed 
to discs 1 and 7. They were therefore considered as “good” friction discs.  
 

 
Figure 4.1.3 Evenly distributed thickness in disc 2 (left) and disc 6 (right). 
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4.2 Impact of the Running-in 
To investigate the different impacts of the running-in, a plane was created in the middle of the 
friction discs with Gaussian approximation. Observe that the Gaussian plane is straight through 
the disc but can vary in height between the scans. The only purpose with the plane is to study 
the deviation, disc by disc, not the height difference between the discs. The total height 
difference can be observed in the total thickness comparisons.  
 
When running the discs in the Haldex-rig, important data is collected for every interval, i.e. every 
5-minute run. The 2nd and 9th interval will be presented in every plot, to avoid extreme values, 
where run 2 represents the data before running-in, and run 9 after the running-in. The friction 
data is presented in two graphs, friction coefficient against time and friction coefficient against 
rpm. Theory of the friction characteristics is described in Section 2.3. 
 
The impact of the run-in will be presented disc by disc. 
 

4.2.1 Friction Disc 1 
Friction disc number 1 was considered a bad disc, with possible vibrations due to its uneven 
shape. After the running-in things were a bit different, the friction disc has become even in 
shape and the deviation from the Gaussian plane has been smoothed out, see Figure 4.2.1.1.  

 
Figure 4.2.1.1 Friction disc 1, unmarked side, compared with deviation from the Gaussian plane, 
before (left) and after (right) the running-in. [mm] 
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The comparisons of thickness prove the same thing, the friction disc has become much more 
even in thickness throughout the disc. While the total thickness at the upper side of the discs 
remain the same, the lower side of the disc loses a lot of material thickness, see Figure 4.2.1.2. 

 
Figure 4.2.1.2 Friction disc 1 in comparison of total thickness before (left) and after (right) the 
running-in. [mm] 
 
The plotted data from the Haldex-rig of friction disc 1 proves a difference between run 2 and run 
9, i.e. in the beginning and end of the running-in. This proves the effect of the running-in also 
affects the friction coefficient, see Figure 4.2.1.3. 

 
Figure 4.2.1.3. Friction graphs for friction disc 1 in the Haldex-rig, friction coefficient against time 
(left) and friction coefficient against rpm ramp (right). 
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4.2.2 Friction Disc 2 
Friction disc 2 was a good disc, with its even shape. Because of its even shape, the running-in 
did not have a direct effect on the friction disc; this can be seen in Figure 4.2.2.1 with the 
Gaussian plane.  

 
Figure 4.2.2.1 Friction disc 2, unmarked side, compared with deviation from the gaussian plane, 
before (left) and after (right) the running-in. [mm] 
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The same thing can be seen when comparing the total thickness of the friction disc, barely any 
noticeable difference before and after the running-in, see Figure 4.2.2.2. 

 
Figure 4.2.2.2 Friction disc 2 in comparison of total thickness before (left) and after (right) the 
running-in. [mm] 
 
The change in friction coefficient for friction disc number 2 is almost similar to disc number 1, 
though some differences can be noticeable. In the graph with friction coefficient against time, 
run 2 and run 9 looks almost similar, see figure 4.2.2.3. 

 
Figure 4.2.2.3. Friction graphs for friction disc 2 in the Haldex-rig, friction coefficient against time 
(left) and friction coefficient against rpm ramp (right).  



20 
 

4.2.3 Friction Disc 6 
Friction disc 6 was, as mentioned, a good disc. It was a little uneven on each side, but nothing 
like a bad disc. The evenly shaped disc has become even more flat after the running-in, see 
Figure 4.2.3.1. 

 
Figure 4.2.3.1. Friction disc 6, unmarked side, compared with deviation from the Gaussian 
plane, before (left) and after (right) the running-in. [mm] 
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The same conclusion can be made when looking at the total thickness of the disc; the running-in 
didn’t have much effect, see figure 4.2.3.2. 

 
Figure 4.2.3.2. Friction disc 6 in comparison of total thickness before (left) and after (right) the 
running-in. [mm] 
 
The graphs of the friction coefficient against time for friction disc number 6 looks almost the 
same compared to the disc number 2. In the graph with friction coefficient against ramped rpm, 
friction disc 6 is showing a different behavior, where the friction coefficient for low revs starts at 
a high value, see figure 4.2.3.3. This behavior can create stick-slip vibrations in the wet clutch, 
see Section 2.3. However, after the running-in, everything becomes as preferred. 

 
Figure 4.2.3.3. Friction graphs for friction disc 6 in the Haldex-rig, friction coefficient against time 
(left) and friction coefficient against rpm ramp (right). 
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4.2.4 Friction Disc 7 
As mentioned earlier, friction disc 7 was a bad disc considering its uneven shape. The running-
in had a positive effect on the disc, due to its uneven shape becoming flatter and more even, 
see figure 4.2.4.1. Friction disc number 7 would probably need a longer running-in to become 
completely flat. 

 
Figure 4.2.4.1. Friction disc 7, unmarked side, compared with deviation from the Gaussian 
plane, before (left) and after (right) the running-in. [mm] 
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The total thickness distribution of friction disc number 7 was at first uneven, but after running-in 
the disc becomes flat and the thickness is evenly distributed.  

 
Figure 4.2.4.2. Friction disc 7 in comparison of total thickness before (left) and after (right) the 
running-in. [mm] 
 
The graphs for friction disc number 7 is similar to the ones for friction disc number 6. Same kind 
of friction behavior and the same kind of running-in effect, see figure 4.2.4.3. 

 
Figure 4.2.4.3. Friction graphs for friction disc 7 in the Haldex-rig, friction coefficient against time 
(left) and friction coefficient against rpm ramp (right). 
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4.3 Tomography Study 
From the tomography, different views through the material were extracted. To compare the 
pillows a and b, a low and a high pillow, they were examined from the surface to the core of the 
friction plate. Figure 4.3.1 shows the scan with the plane close to the surface of the disc. 
 

 
Figure 4.3.1 Tomography scan close to the surface of one high pillow and one low. The left scan 
is from a low pillow (a) and the right picture is from a high pillow (b). 
 
Figure 4.3.2 shows the scan with the plane placed closer to the core of the disc. As shown, 
there are no great differences in the structures. 
 

 
Figure 4.3.2 Tomography scan close to the core of the friction disc. The left scan is from a low 
pillow (a) and the right picture is from a high pillow (b). 
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5. Discussion 
In the following sections, different aspects of the results are discussed. 

5.1 Impact of the Running-in 
When studying the appearance of the friction discs using the scans before and after the 
running-in, it is clear that the bad discs has become flatter and the good discs has not been 
affected much. The friction characteristics of the discs will be discussed in the following 
sections. 
 

5.1.1 Friction Disc 1 
When looking at the scans before and after the running-in, the results prove that the running-in 
has flattened the friction disc, and the possible vibrations caused by its uneven appearance 
should be eliminated. When analyzing the first and second scan it becomes clear that the disc 
had more contact on one side of the disc during the running-in, the lower side in Figure 4.2.1.2. 
When comparing the disc before and after the running-in, it is clear that the upper side in the 
same figure has been driven in the Haldex-rig almost without any contact at all for 50 minutes, 
since the total thickness on that side of the disc is the same before and after. What is positive 
with this outcome is that, due to contact and wear on one side only, the disc becomes flat. This 
kind of wear on the disc is positive, since it fixes the uneven appearance, see figure 4.2.1.2. 
 
Most likely the thicker parts of the friction discs are subjected to higher pressures and more 
abrasive wear. The abrasive wear probably also accounts for the initially higher friction. Once 
the higher parts are worn off, the pressure is more evenly distributed and there is less abrasive 
wear of the friction material. 
 
The graph describing friction coefficient against ramped rpm shows a favorable behavior and 
does not indicate disc vibrations. See Section 2.3. This is good, but a bit concerning since 
friction disc 1 was a bad disc.  
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5.1.2 Friction Disc 2 
Friction disc 2 was considered a good disc, which is proven in all of the tests it was exposed by. 
According to both the scans and the friction data, it had low to no wear during the running-in. 
The running-in did not have a negative effect either, since the wear on the disc was very small.  
 
Friction disc number two is not likely to induce vibrations due to evenly distributed thickness and 
good friction coefficient characteristics.  
 

5.2.3 Friction Disc 6 
Friction disc 6 was, as earlier mentioned, a good disc, but it turns out it was a lot more 
problematic than expected. Despite it being a good disc, it was however a bit worse than friction 
disc number 2. This can be seen in the scans, not least in the scans with the Gaussian plane, 
see Figure 4.2.3.1.  
 
The general appearance of the disc after the running-in stays the same, the highest and lowest 
points is located the same, which indicates on an even wear of the disc. The thickness 
distribution of the disc has, after the running-in, become a little uneven, see figure 4.2.3.3. What 
this depends on is still unknown. There are 2 possible reasons for this, something may have 
gone wrong with scans of the disc or something may have gone wrong with the running-in. 
Worth to mention is that disc 6 was from batch 2, and the material distribution may have been 
different from batch 1, thus the different response of the running-in. 
 
The result could also point to a problem with the disc. If the scans are to be trusted, the running-
in really had this effect on the disc, and something might be wrong with the sintered composition 
of the material on the disc. It could be a wide spread of young’s modulus across the disc. If the 
composition between the sides of the friction disc vary, this might lead to an uneven wear on the 
disc, if one side responds better to wear than the other. This could be the case regarding this 
disc. This is still unverified and needs more work to be fully understood. 
 
The friction data from the Haldex rig points at another problem with this disc. There is nothing 
out of the ordinary with the friction coefficient against time graph, since it is similar to the one for 
disc 2, which also was a good disc. However, in the graph with friction coefficient against 
ramped rpm, this friction disc shows vibration behavior. This was unexpected since it was a 
good disc with evenly distributed thickness. The positive side of this is that this behavior 
disappears after the running-in, since the graph for run 9 is as desired. 
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5.2.4 Friction Disc 7 
The 7th friction disc was considered a bad disc, due to its uneven appearance. It reminds of 
disc number 1 with its conical shape and the maximum and minimum thickness opposite of 
each other, see figure 4.2.4.2.  
 
The running-in has had a good effect on this disc, similar effect as on disc 1. The contact and 
pressure in the Haldex-rig has probably mostly occurred on one side. Thus, the wear mostly 
occurs on one side until the thickness distribution along the disc is even.  
 
The friction graphs shows some interesting results. Friction coefficient against time shows an 
expected graph, where the friction coefficient for run 2 decreases through the run, while it is 
constant for run 9. This explains, as in the case with disc 1, that the effective area becomes 
larger due to the wear on the disc. It also explains the scanned pictures, where the disc has 
become evenly thick, see figure 4.2.4.3. 
 
The appearance of the friction coefficient against ramped rpm indicates unfavorable friction 
characteristics, which in a real application may cause stick-slip vibrations. This could be due to 
the uneven thickness at the start of the running-in, but since the good disc, number 6, also 
showed this behavior it could be something related to the different batches, see figure 4.2.4.3. 
This behavior of the friction coefficient for friction disc 7 disappears after a running-in, since run 
9 shows good behavior. 
 
Friction disc number 7 is a mix between disc number 1 and number 6. The appearance of disc 7 
is similar to disc 1 both before and after a running-in. The friction coefficient behaves the same 
way for disc 6 and 7, showing characteristics in the beginning of the running-in which can cause 
vibrations. This points at something interesting for all of the different discs, there is an unknown 
difference between the two batches, where one batch is showing unfavorable friction 
characteristics in the rpm graph. This behavior is not caused by the discs appearance, since 
batch 2 contained one good and one bad disc. This behavior is caused by something else, 
which is still unknown.  
 

5.2 Tomography 
The tomography scans were performed to see if there were any differences between a high and 
a low pillow, and if that could be an explanation to the change in young’s modulus through the 
disc. The tomography shows a density distribution through the material, and in our case it is 
mostly the distribution between bronze and air, since the pores in the disc is just made of air.  
 
The wide range of Young’s modulus is a complex problem that probably depends on many 
different variables. This tomography tests were just one step towards the final explanation. 
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Earlier studies13 prove that the Young’s modulus differs a lot on a single friction disc, which 
indirectly says that there is something changing along the disc and that every pillow is unique in 
some way, see figure 2.7.1. Based on this knowledge, it did not really matter much which two 
pillows to run a tomography on. The tomography test is made to find a problem, and optimal 
prerequisites to find a problem would of course be to first test young’s modulus and then choose 
two pillows with a great difference. Because of great time constraints there were no time to first 
test Young’s modulus, so another tactic was chosen. 
 
Friction disc number 1 was chosen, since it was a disc with bad appearance. As earlier 
mentioned, one high and one low pillow were chosen, i.e. one pillow with a great deviation from 
the Gaussian plane and one with low deviation, see figure 3.4.2. By doing it like this, it tells us a 
lot about how appearance and pores in the material is interrelated. One theory was that every 
pillow consists of the same amount of sintered bronze, which means that the high pillow must 
contain more are than the low pillow since the total volume of that pillow is greater. If the high 
pillow contains more air, the young’s modulus should be lower than the low pillow since the 
actual material is not as compact. This would mean that on a larger scale, if every pillow differs 
in the ratio between bronze and air, every pillow also differs in young’s modulus, just as earlier 
studies say. Because of our high and low pillows chosen, conclusion could also be made about 
the relationship between appearance and young’s modulus. 
 
When studying Figure 4.3.1 and Figure 4.3.2 it becomes clear pretty quick that tomography is 
an effective way to determine this ratio, but also that there is no particular difference in the ratio 
between air and bronze for the high and low pillow. The theory about a high pillow containing 
more are than a low pillow is false, they contain the same approximate amount. The 
composition of the high and low pillow is thus the same. Therefore, if these pillows even had a 
different young’s modulus to begin with, it was hard to visually spot any differences in 
composition between the bronze and air.  

                                                 
13 Khashayar Shahrezaei, Edvin Öberg, Evaluation Methods for Friction Materials in a Four-Wheel Drive 
Drivetrain, September 2018 
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6. Conclusion 
In conclusion, the height difference on the pillows may be a contributing factor to the vibrations. 
All the discs wear down so that the discs are much more even, something which is also shown 
with the changes of the friction curves as the friction materials were run-in. 

6.1 Result of Running-in  
When comparing the scans there is a noticeable difference in the wear process. Looking at the 
second scan every disc has a somewhat good appearance while in the first scan the discs that 
were defined as bad had many height differences. Due to this, it can be said that a running-in 
has had positive effects. A disc that from the first scan looked bad now has an even height 
distribution while the good discs have barely had any change in the relation between the pillows. 
Experience from the occurrence of drive line vibrations in actual vehicles is also that vibrations 
may disappear after a short time period of use. 

6.2 Friction coefficient 
In all cases, the run-in procedure was shown to improve the friction characteristics. The results 
were however inconclusive in terms of relating the height distribution to the frictional 
performance. 

6.3 Tomography 
The tomography did not prove to be a way of determining the difference in structure of the 
pillows, based on height. Conclusions that can be drawn from these scans is that there is in fact 
no difference between a high and a low pillow in this regard.  
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8. Future Work 
The tests made during this thesis was able to show some good results. However, since this 
problem is a complex issue there are still questions that needs further work. 

8.1 Extensive Tests 
More scans and even more precise could prove useful since this gave a clear result on 
something that points towards a problem. Examine the height difference on even more discs 
and study how they would be affected by a running-in could, because of that, be interesting. To 
test the friction discs in a real situation to see how the height difference would change when 
used in a real car could also be interesting since it is known that the vibrations sometimes seize 
to exist. 

8.2 Tomography and Batches 
The tomography could not show any difference between a high and a low pillow in structure. 
Continuous work in this area would involve other methods in trying to figure out the reason for 
the different values of Young’s modulus across the discs. Instead of looking at one high and one 
low pillow, check the difference between batches in the tomography. The friction graphs shows 
that instead of showing difference in behavior between one “good” and one “bad” disc it shows 
difference in batches.  
 
When looking at difference in thickness on friction disc 6 there seems to have been a slight 
difference in how the wearing affected the disc. A possible reason for this could be a difference 
in composition when comparing the different areas. If one side had a “weaker” composition than 
the other did it would lead to greater wearing on that side compared to the other. This is not 
something that can be said to a reassuring degree and therefore needs more work.  
 
The next step would be to check one pillow from each batch; this might give a clearer result and 
a correlation to the different behaviors of the friction coefficient. The height difference is a 
contributing factor to the vibrations that is clear when comparing the first run of the running-in 
and the later. All the discs achieve a good appearance after the running-in. What makes it 
unclear is that disc 6 which is supposed to be a “good” disc has a bad friction graph, while disc 
1, which is supposed to be “bad” disc, has a good friction graph. Therefore, the results from 
these tests are not able to prove the reason for the friction graphs. Looking closer on the 
difference on the batches may give that result. 
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10. Appendix 

8.1 Scans Friction Disc 1 
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8.1 Scans Friction Disc 2 
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8.1 Scans Friction Disc 6 
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8.1 Scans Friction Disc 7 
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8.1 Friction Data Discs 1, 2, 6, 7 
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8.1 Tomography “High” pillow 
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8.1 Tomography “Low” pillow 
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