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Abstract

In industry today there are increasing demands not only on product performance, but
also on environmental performance. In striving to develop high performance envi-
ronmentally adapted products, optimization of product life is a central issue. The
success of design optimization relies on an understanding of the degradation process
and of the associated degradation mechanisms. A high level of costs is often associ-
ated with downtime of machinery caused by service and by replacement of machine
components. Knowledge of ageing mechanisms facilitates evaluation of the remaining
useful life, thus optimizing performance during the entireservice life of components.

In this study the ageing process of wet clutches has been investigated. Wet clutches
are used in automatic transmissions and limited slip differentials in private vehicles
and are designed to transfer torque. A wet clutch consists ofa clutch pack submerged
in lubricant. Separator and friction discs are alternatelypositioned in the clutch pack.
The separator discs are connected to the input shaft and the friction discs are connected
to the output shaft. When the clutch pack is pushed together friction is generated
between the friction and separator discs. Torque transfer is thus created in the interface
between contacting surfaces and torque transfer characteristics are determined by the
interaction between lubricant and contacting surfaces.

The investigations performed in this thesis have been designed to increase the
understanding of wet clutch ageing and failure. Tests have been performed from full
scale to model tests. Full scale testing describes the actual system which means that
all significant degradation mechanisms are present. The disadvantage with full scale
testing is that it is difficult to separate and isolate degradation mechanisms. In small
scale model tests it is possible to isolate the degradation mechanisms and hence also
what effects they have. Correlation of results from full scale to small scale can in turn
increase the understanding of which degradation mechanisms are important for the
system and how they influence the wet clutch system.

The wet clutch lubricant and the contacting surfaces provide the friction charac-
teristics of the clutch. Therefore, this work has focused onhow lubricant degradation
affects friction characteristics and hence wet clutch performance.

Results in this study show that friction levels increase as lubricant degradation
proceeds. In accelerated wet clutch test rig ageing, results in this study indicate that
high temperatures in the interface between contacting surfaces greatly influence wet
clutch degradation.
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Chapter 1

Introduction

To survive in the competitive market of industry today, optimization not only on prod-
uct performance and price, but on product life must be addressed. Replacing worn out
machine parts and lubricants before the end of the component’s service life could be
regarded as both a waste of money and a burden on the environment. Knowledge of
why and how a product fails is of importance early in the design of the product. It facil-
itates good design choices which optimize lifetime performance and cost. Large costs
are often associated with downtime of machinery caused by failure of parts which need
to be replaced. To reduce the costs of machinery downtime, estimation of remaining
useful life is often desirable. Knowledge on ageing mechanisms can facilitate remain-
ing useful life evaluations, thus optimizing the lifetime performance of each specific
product.

The purpose of a wet clutch is equivalent to the purpose of a dry clutch, to transfer
torque. A wet clutch consists of a clutch pack submerged in lubricant, see Fig. 1.1.
Separator and friction discs are alternately positioned inthe clutch pack. The separator
discs are connected to the input shaft and the friction discsare connected to the output
shaft. When the clutch pack is pushed together by an axial force, friction is generated
between the friction and the separator discs which makes theclutch transfer torque.

Friction discs

Separator discs

Output shaft
Input shaft

(a) Disengaged (b) Engaged

Figure 1.1: Schematic sketch of a wet clutch

Wet clutches are not as sensitive to slippage as dry clutches. The lubricant used
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12 CHAPTER 1. INTRODUCTION

in the wet clutch allows for efficient cooling of the contacting surfaces. Hence, a wet
clutch is suitable for applications where controllable torque transfer is required.

There are also differences in the operating conditions of a wet clutch depending on
which application it is used in. During engagement in an automatic transmission the
sliding speeds can be quite high and the clutch disc surfacesare for a large portion of
the engagement separated by a lubricant film. When the clutchhas reached the state of
lock-up sliding is no longer allowed. In limited slip differentials, the situation differs
from that of the automatic transmission. Here the engagement times can be longer
and surfaces mainly are not separated by a lubricant film and the surfaces of the clutch
discs are in contact. In this thesis, the focus is on the degradation of the limited slip
differential type of the wet clutch.

1.1 Wet clutch degradation and failure

Commonly encountered in literature are investigations of two troublesome phenom-
ena, stick-slip and shudder. Stick slip is described as "thephenomenon of unsteady
sliding resulting from varying friction force in combination with elasticity of the me-
chanical system of which the friction contact is part", as stated in [1]. Shudder is a
phenomenon similar to stick-slip. However, stick slip is "induced by a discontinuous
friction coefficient change on transition from static friction to dynamic" while shudder
is "self-induced vibration due to negative slope of the friction-velocity relation" [2]. It
should also be noted that the terms are often used interchangeably, which can lead to
confusion. However, a positive slope of the friction coefficient versus velocity curve,
theµ− v curve is beneficial in terms of avoiding both these phenomena, see Fig. 1.2.

The contact between the clutch discs where lubricant-surface interactions occur is
where the application performs its function. It is thus at these interactions that there
is failure. The lubricant plays an important role to the performance of the frictional
system. Degradation of the lubricant and how this takes place is therefore of interest:
this will affect the function of the specific application. First of all, wet clutch failure
can be associated with either material failure or lubricantfailure. The situation is also
complicated since a lubricant failure is often soon accompanied by material failure.
Material failure can occur in a number of ways:

• glazing or loss of porosity as a result, for example, of clogging of pores

• increase of surface contact area due to e.g. excessive loading or the wear process
itself

• delamination of friction material

A hydrocarbon base oil may degrade in various ways dependingon the working
environment and working conditions. Some are as below:

• oxidation

• thermal degradation



1.2. LUBRICANT FORMULATION 13

v [m/s]

µ
[-

]

Positive slope-Suppresses vibrations
Negative slope-Induces vibrations

0 0.5 1 1.5
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

Figure 1.2: Friction vs. velocity

• water contamination

• shear

More information on lubricant degradation mechanisms can be found in Section 1.3.

1.2 Lubricant formulation

When it comes to the performance of wet clutches, the lubricant is an essential and
vital part of the system. A lubricant is typically composed of a base stock, which
provides base properties and an additive package which enhances the performance of
the lubricant in a variety of ways. A short introduction to some of these additives will
be outlined here, for more information see [3].

1.2.1 Additives in wet clutches

The additives commonly used in automatic transmission fluids are described in de-
tail by Shirahama [4]. Among these are viscosity index improvers, pour point de-
pressants, friction modifiers, antioxidants, detergents,dispersants, antiwear, metallic
de-activators, anti-rusting agents, seal sweller and foaminhibitors. Examples of rep-
resentative compounds for each additive group along with guidance in the form of
friction performance influence of individual groups of additives were also included.
It is concluded that detergents typically yield a high dynamic friction coefficient low-
ering the static friction coefficient and that zinc alkyl dithiophosphate (ZDTP) was
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a suitable antiwear agent for sintered bronze friction systems. It is also stated that
the type of friction modifier must be chosen according to the friction material that is
used since adsorption force of the friction modifier polar group on different materials
varies.

Nakada et al [5] investigated the stick-slip tendencies forpaperbased wet clutches,
adding various additives to a reference oil composed of a paraffinic base oil and
ZnDTP. Results showed that the alcohol type friction modifier provided a high static
friction and large stick-slip tendencies while the phosphoric ester type friction modi-
fier reduced static friction and tendencies for stick-slip to occur. This was explained
by the authors by the fact that the alcohol-type friction modifier adsorbed weakly to
the contacting surfaces while the adsorption force of the friction modifier was strong.
It was also concluded that to be able to formulate an ATF one must carefully adjust
dosage and combination of additives.

Zhu et al investigated boundary lubrication of a model friction modifier in tetrade-
cane which was compared to a fully-formulated ATF using a surface forces appara-
tus [6]. Results indicated similar interfacial propertiesbetween low levels of model
friction modifier in tetradecane and the fully formulated ATF.

Kitanaka examined the effects on friction characteristicsof dispersant alkenyl-
succinimide and some different metal sulfonate detergents, for paper-based friction
discs [7]. Kitanaka concluded that the effect of viscosity on both the dynamic and the
break-away friction coefficient was eliminated using either the alkenylsuccinimide
dispersant or the metal sulfonates. The dispersant also increases the dynamic friction
coefficient while lowering the break-away friction coefficient.

Kasrai et al [8, 9] used X-ray absorption near-edge spectroscopy (XANES) to ex-
amine the effects of calcium sulfonate detergents on antiwear film formation incorpo-
rating ZDDP. They suggested that the addition of detergentscan decrease the antiwear
film effectiveness, which is caused by the elimination of long-chain polyphosphates
which exhibit favorable antiwear properties, and that formation of calcium phosphates
can lead to abrasive wear of the protecting anti-wear film.

Tohyama et al [10] developed model automatic transmission fluids composed of
base oil, detergents, dispersants, friction modifiers, extreme pressure agents, antiox-
idants, viscosity modifiers and antifoam agents, to study the effect of additives on
shudder performance. A commercial automatic transmissionfluid was used as a com-
parison. They concluded that overbased Ca sulfonate detergents and friction modifiers
to a significant degree improve anti-shudder durability andthat shudder is strongly af-
fected by the contact area roughness and the boundary frictional property of the sepa-
rator disc where large contact area roughness and low boundary friction are beneficial
to prevent shudder. They also suggested that an increase in contact area roughness is
caused by overbased Ca sulfonate detergents and that the decrease observed in bound-
ary friction is caused by overbased Ca sulfonate detergentsand friction modifiers.
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1.2.2 Friction modifiers

Friction modifiers are additives which modify the friction characteristics through sur-
face activity. Organic friction modifiers, e.g. copper carboxylate, can form a quite
thick, deposited, soap like film, which reduces friction [11]. Soluble molybdenum ad-
ditives are another group of friction modifier common in lubricants today. In general,
it is considered that they form a layer-lattice structure, exhibiting low shear strength,
and are composed of MoS2 [11]. More information on the nature of friction modifier
molybdenum dialkyldithiocarbamate (MoDTC) is available in literature [12–15].

The effect of friction modifiers does not solely depend on thetype of friction
modifier used, but also depends on how they interact with the base oil and with the
surfaces used. Costello [16] used a mini traction machine toexamine and compare
the effects on traction of various friction modifier chemistries together with various
detergents. Three different base stocks were used in the investigation. Investigations
showed that the additive effects depended on the base stock used and that different
friction modifiers alter friction behavior in different ways.

1.2.3 Anti-wear additives

Resistance to wear in the lubricant formulation is providedby antiwear additives like
zinc dialkyldithiophosphate (ZDDP) and tricresylphosphate (TCP) which can form
boundary films of iron phosphates and phosphate glasses [17]. ZDDP is one of the
most common additives in lubrication due to its multifunctional capabilities. ZDDP
exhibits both anti-wear and antioxidant properties while protecting metals from cor-
rosion and is one of the most explored additives in literature [12–15,17–26].

1.2.4 Detergents and dispersants

Detergents and dispersants are the cleaning agents of the lubricant [3]. They keep
debris and lubricant oxidation products soluble in the oil,thus preventing sludge and
varnish formation and maintaining stable viscosity and flowproperties. The detergent
is composed mainly of two parts: one hydrocarbon tail to keepthe detergent soluble
in the oil, and one polar head containing a metal cation. The three most commonly
used metals in detergents are calcium, magnesium and sodium. The dispersants are
non-metallic or ashless cleaning agents which keep sludge soluble at low tempera-
tures where detergents are inefficient. In addition, a hydrocarbon tail is used to keep
the additive soluble in the lubricant, but the polar metal head is replaced by a polar
head of oxygen, phosphorus or nitrogen atoms. There are fourdifferent types: succin-
imides, succinate esters, mannich types and phosphorus. Both detergents and disper-
sants are important for automatic transmission fluid formulation. Detergent sulfonates
neutralize oxidation and acidic products and most importantly, sulfonates stabilize
friction characteristics. Generally, calcium sulfonatesare used but use of magnesium
sulfonates can also occur. Dispersants on the other hand areused to keep thermal
decomposition and oxidation products suspended, failure to do so would lead to clog-
ging of the porous structure of the friction material. In wetbrakes of tractors where
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water compatibility is an important concern, dispersant use is limited, and generally
high alkalinity calcium or magnesium sulfonates are preferred. Detergents and disper-
sants can also exhibit stabilization effects of water-oil emulsions. More information
on detergents and dispersants are available from [3].

1.3 Lubricant degradation mechanisms

Most commonly, the degradation of a lubricant occurs through oxidation. In hydro-
carbon oxidation there are four basic steps: initiation, propagation, chain branching
and termination [27].

During the initiation free radicals are formed which are usually short-lived and
highly reactive. The predominant source of free radicals isoxygen, but there are
several others such as nitro-oxides, ultraviolet light andflow electrification.

The initiation reactions are quite slow at room temperature, but the rate increases
rapidly with temperature. As these reactions continue, theconcentration of peroxides
increases. As peroxide numbers increase, the cleavage of peroxides can increase the
number of free radicals in the lubricant. The process usually requires high tempera-
tures of around 120◦C and higher to occur at a higher rate. If catalysts are present, such
as copper and iron, the reaction can occur at lower temperatures but then the reaction
rate is much slower. An increased amount of wear metal ions inthe lubricant catalyze
the amplified formation of free radicals, resulting in additional oxidation. Tempera-
ture affects any reaction in two ways. For the reaction to occur a certain threshold
energy is needed and if this energy in the system is sufficient, the reaction rate will
roughly double with every 10◦C increase in temperature.

The free radicals produced are now able to propagate the oxidation process. New
free radicals and hydroperoxides can be formed and the cycleof radical formation
continues. In the propagation sequence the number of free radicals remains the same
which is unlike in the initiation phase where the number increases. Radical decom-
position can generate additional oxidation related products such as, most commonly,
ketones and aldehydes. The ketones formed can then react with oxygen to form car-
boxylic acid.

The cycle is then finally terminated and here the efficiency ofthe termination step
determines the extent of oxidation of the lubricant. In order to increase the efficiency,
and hence decrease oxidation, antioxidants of various types can be formulated into the
lubricant. Some of these can be seen below:

• UV absorber

• peroxide decomposer

• chain breaking electron acceptor

• chain breaking electron donor
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Most commonly phenolic and aromatic amine antioxidants (primary antioxidants)
are used and these are of the chain breaking type. They work byabsorption of a free
radical forming a stable radical.

Since the oxidation reaction rates are normally faster for the antioxidants than for
the base oil or additives they protect the lubricant efficiently. The second most com-
mon type of antioxidants are the peroxide decomposers or secondary antioxidants.
These typically include sulfur and phosphorous chemistries such as ZDDP, alkyl phos-
phates, alkyl phosphites and phenothiazines. These work bydestruction of peroxides
or hydroperoxides into alcohols or water.

When a lubricant is oxidized an increase in viscosity usually can be observed.
This is due to additional side reactions occurring involving reaction products from
the oxidation process. High molecular size products are formed via aldol and claisen
condensation reactions [27].

The aldol condensation products can increase even further in size by polymer-
ization when initiated by free radicals from the propagation step. Growth of these
molecules will continue as the oxidation process continues, resulting in high molecu-
lar weights and high viscosity. When more and more oxygen atoms are included into
the hydrocarbon molecules polarity also increases. Eventually, the increase in size of
the polar materials will be enough to exhibit poor solubility in the nonpolar hydrocar-
bons base of the lubricant and insoluble material is formed.Condensation reactions
can then result in varnish, sludge, deposit formation and anincrease in viscosity. For
more information on oxidation see [27–33].

Thermal decomposition occurs at high temperatures and, unlike oxidation, is to oc-
cur in the absence of oxygen [3]. Micro dieseling or pressure-induced thermal degra-
dation, occurs when an air bubble moves from a low pressure toa high pressure zone
resulting in adiabatic compression and localized temperatures above 1000◦C [34].
Electrostatic spark discharge can occur when clean, dry oilrapidly flows through tight
clearances: internal friction in the lubricant can generate static electricity and accu-
mulate until a sudden spark occurs at an estimated temperature of between 10 000◦C
and 20 000◦C [34].

Water contamination in a lubricant can exist in three statesstarting with when the
water is dissolved in the oil. In this state, water moleculesare dispersed evenly in the
lubricant. Depending on age and temperature of the oil, manylubricants can hold 200
to 600 ppm in the dissolved state [35]. When the maximum levelof dissolved water
in the lubricant is reached, microscopic water droplets areevenly distributed in the
lubricant: an emulsion is formed. When sufficient water is added the two phases are
separated resulting in free water in the lubricant. The two most harmful phases are
the emulsified and free water phases. Effects of water in the lubricant include rust and
corrosion, erosion, water etching and hydrogen embrittlement [36]. Water can also
accelerate oxidation, deplete oxidation inhibitors and demulsifiers, cause additives
to precipitate and compete with polar additives such as friction modifiers for metal
surfaces. A number of methods for detecting water in lubricant can be seen in [36].
Additional information regarding lubricant-water interaction can also be seen in [37].

Shear can also be another explanation of lubricant degradation, e.g. molecular
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chain scission of various types of viscosity modifiers can result in permanent viscosity
loss [38–41].

1.4 Investigating wet clutch degradation

As a consequence of the complexity of wet clutch degradation, many approaches to
wet clutch failure and degradation have been used. For instance, Stadler et al [42]
used 3D-topography, SEM/EDX, XPS, TOF-SIMS and AFM to characterize the sur-
face and layers of a steel disc used in a field trial transmission system. The results
from the field were correlated with results from model discs tested in a disc-on-disc
tribometer. Differences could be seen between wet clutch discs from model and field
trials. Formation of a tribolayer composed of additives andfragments of additives in
the oil, such as antiwear ZDDP, viscosity modifier polymethacrylate and antioxidants
phenylamine derivatives was also detected. Boron-containing molecules were also
found in the contact zone, though it was speculated that theyslowly adhere to the sur-
face. Chromium and iron were also found in the form of oxides or oxygen containing
compounds and sulfates and metal sulfides could also be detected. The sulfates and
metal sulfides were found on new discs after tribological contact, while only sulfates
were found on used discs. CaCO3 was also found on both used and new surfaces and
was concluded to be formed by tribological load.

Surface analysis was also used by Zhao et al [43] to analyze tribofilms formed
on friction material surfaces. From durability testing, itcould be concluded that a
model lubricant consisting of a PAO base oil, two friction modifiers and a dispersant
exhibited the best resistance to shudder while PAO base oil and one single friction
modifier exhibited the worst.

Approaches where the lubricant itself has been the focus rather than the friction
material have been used. Çavdar and Lam examined effects on wet clutch performance
of partial synthetic and mineral based automatic transmission fluids [44]. The fluids
were analyzed using viscometry, elemental analysis using inductively coupled plasma
(ICP), fourier transform infrared spectroscopy (FTIR), gel permeation chromatog-
raphy (GPC), gas chromatography (GC), nuclear magnetic resonance spectroscopy
(NMR), thermogravimetry (TG) and mechanical testing. Gas chromatography was
used to identify and quantify the synthetic portion of the partial synthetic fluid while
gel permeation chromatography was used to determine the molecular weight distri-
bution of the fluid. Evaporation losses of lubricant were also examined, as weight
losses with temperature using thermogravimetry. Thermal oxidation tests were also
performed and analyzed with FTIR, showing that the different fluids exhibited differ-
ent oxidation paths.

Approaches to predict the remaining useful life of the lubricant also have been
made in order to optimize lubricant change intervals. Calcut et al [45] developed a
bulk fluid oxidation model for a reference automatic transmission fluid using the the
total acid number as a measure of oxidation and the the Aluminium Beaker Oxidation
Test (ABOT) was used to oxidize the lubricant. Variables taken into account for the
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model were time and temperature and the end of useful life wasdefined as an increase
in total acid number of 2.5. According to the authors the bulkfluid oxidation model
could be used to predict the life of a lubricant using temperature profile data from
realistic customer behavior during normal and severe driving conditions. It could
also be used as an integrated model and in this case the required temperatures must
be measured continuously to calculate remaining useful life. A friction degradation
model also was developed using SAE No. 2 Modified Plate Test and energy per shift
and bulk fluid temperature was used as variables while the total number of shifts to
shift quality failure was the response. This model also could be used to measure the
consumption of life both in a predictive and integrated manner. The model must,
however, be developed for a specific fluid and vehicle powertrain displaying a major
limitation.





Chapter 2

Objectives

In literature, the definition of the end of wet clutch life, usually involves the phenom-
ena of stick-slip and shudder. Another approach to wet clutch failure is associated with
the ability of the wet clutch to transfer torque, i.e. that the clutch does not transmit too
high or too low a torque in comparison to the torque it is designed to deliver.

Friction modifiers, detergents and dispersants have been shown to have significant
influence on friction characteristics, yet improved knowledge of what happens to the
system over time is needed. Although several degradation mechanisms have been
investigated in literature, there is still a lack of knowledge of how they interact and
which that are most significant in the actual wet clutch application. Therefore the aim
of this work is to:

• Determine how the friction characteristics change when theadditive content
varies.

• Determine how the friction characteristics change when thelubricant is oxi-
dized.

• Determine how the friction characteristics change when thelubricant is aged in
a wet clutch test rig.

• Determine how the wet clutch lubricant properties and friction characteristics
change during normal and harsh conditions in vehicles in thefield.

• Correlate changes in lubricant properties with changes in friction characteris-
tics.

• Design suitable measurement parameters of the ageing of a wet clutch system.

• Clarify and identify the mechanisms of the ageing of a wet clutch system.

21





Chapter 3

Method

The investigations performed in this thesis have been designed to increase the un-
derstanding of wet clutch failure mechanisms. Tests have been performed both as
applied full scale tests and small scale model tests. Full scale testing describes the
actual system and all significant degradation mechanisms will be present. The disad-
vantage with full scale testing is that it is difficult to separate and isolate degradation
mechanisms. The results from such tests will always correspond to a mix of different
degradation mechanisms. There are difficulties in distinguishing the effects of differ-
ent degradation mechanisms. In small scale testing it is possible to isolate degradation
mechanims and hence the effects of them. Correlation of results from full scale to
small scale can in turn increase the understanding of which degradation mechanisms
are important to the system and of how they influence the system.

3.1 Paper A: Lubricant ageing effects on the friction
characteristics of wet clutches

In paper A the effects of lubricant oxidation on wet clutch friction characteristics
were investigated. A modified dry-TOST (Waterless Turbine Oil Oxidation Stability
Test) ASTM D 943 was used in order to isolate the effects of lubricant oxidation.
The effects of reduced additive content on wet clutch friction characteristics were
also investigated. Additive content was reduced to different levels and for each level
the frictional behavior was characterized. Accelerated test rig ageing tests were also
performed. Friction characteristics measurements were performed in all three cases
using fresh surfaces. The method used for the friction analysis was a modified version
of the method first developed by Marklund [46]. The method consists of a pin on disc
setup and test specimens are cut out of friction discs using spark erosion.

23
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3.2 Paper B: Wet clutch degradation monitored by lu-
bricant analysis

In paper B the effects of lubricant ageing on friction characteristics in both the field
and in wet clutch test rig ageing were investigated. Lubricant analysis in different
levels of lubricant ageing was also conducted in order to finda suitable measurement
parameter of lubricant ageing and to find predominant ageingmechanisms of lubricant
ageing. Friction characteristization was performed usingthe same method as in Paper
A. The lubricant analysis methods used can be seen in Table B.4.



Chapter 4

Results and discussion

Wet clutch degradation and failure is a complex issue and many degradation pathways
can be used to describe the degradation and failure of wet clutches. In Fig. 4.1 some
of these paths are addressed. It can be seen how temperature,contaminants and water
affect different modes of wet clutch degradation. The figurecan be useful when trying
to establish the degradation and failure of a specific wet clutch system. From Fig. 4.1 it
can be seen that temperature affects a wide range of ageing mechanisms. Temperature
in a wet clutch is affected both by the temperature of the surroundings and the oper-
ating conditions of the clutch. Contaminants like wear particles and water also can be
seen to have an impact on wet clutch ageing. Hence, the dominant degradation mech-
anisms for any given wet clutch system will depend on the operating conditions and
operating environment. In the following sections the effects of lubricant degradation
on wet clutch friction characteristics are addressed.

4.1 Lubricant degradation: Effects of lubricant oxida-
tion on friction characteristics

Often associated with lubricant degradation is the processof oxidation. The effects of
oxidation on friction characteristics were examined in Paper A using a modified dry-
TOST (Waterless Turbine Oil Oxidation Stability Test). It could be observed that the
general friction levels increased as ageing progressed, see Fig. 4.2. The corresponding
antioxidant levels can be seen in Table A.4. Interestingly,a negative slope arises
for oxidized lubricants. Oxidation clearly affects the friction characteristics of the
lubricant when antioxidant reserves deteriorate. Hence, when lubricant oxidation is
the predominant ageing mechanism, antioxidant consumption is a suitable measure of
the remaining useful life of the wet clutch system.

25
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Wet clutch failure

Loss of torque transfer Degradation of friction characteristics

Surface failure Lubrication failure

Lubricant degradation

Adhesive/Tribochemical wear Oxidation Thermal degradationAbrasive wear Hydrolysis

Temperature WaterContamination 
(e.g. Wear particles)

Evaporation

Figure 4.1: Pathways of wet clutch degradation
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Figure 4.2: Friction characteristics comparison of different oxidation levels from a
dry-TOST oxidation test at 70◦C (Paper A)

4.2 Lubricant degradation: Effects of reduced addi-
tive content on friction characteristics

As shown in Fig. 4.3 friction levels can increase when the amount of additive is re-
duced. However, the changes are not as clear as in the progress of oxidation.
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Figure 4.3: Friction characteristics comparison of different additive concentration at
70◦C (Paper A)

4.3 Lubricant degradation: Wet clutch test rig and field
trials

In paper B oxidation reserves from wet clutch test rig experiments and field trials were
measured. The results are shown in Fig. B.7. It can be observed that none of the sam-
ples have reached the levels of antioxidant depletion corresponding to deterioration of
friction characteristics previously seen in Fig. 4.2.

Interestingly, measurements of friction characteristicsfor the 40 000 cycles wet
clutch test rig trial seen in Fig. 4.4 displayed a negative slope although antioxidant
reserves were sufficient. Hence, it appears as if oxidation is not responsible for the
deterioration of friction characteristics in the case of wet clutch test rig ageing.

The results of field trial friction characteristics seen in Fig. 4.4 display increased
friction levels with ageing. The desired behavior of increased friction coefficient levels
while sliding speed is increased was preserved. Antioxidant reserves seen in Fig. B.7
were sufficient and approximately at the same levels as the wet clutch test rig trials.

The fact that the wet clutch test rig is working in accelerated operating conditions
can be observed in the lower levels of extreme pressure, wearand detergency reserves
compared to the lubricants from the field trials, see FiguresB.6, B.8 and B.11.

The results of particle content and metal content reveal information not only on
the progression of wear, but also on the nature of wear. Particle content results seen
in Table B.5 indicate a rapid run in process followed by stable numbers of particles
in the tested lubricants. However, metal content increaseswith ageing progress, see
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Figure 4.4: Friction characteristics of aged lubricant samples for a temperature of
70◦C (Paper B)

Fig. B.12. This indicates that normal wet clutch wear is not to any extent an abrasive
wear process but a mild tribochemical/adhesive wear process. If abrasive wear were a
significant wear mechanism, it would be observed in rising levels of particle content
as wet clutch degradation proceeds. Hence, measures of metal content in conjunction
with metal particle content can be used to evaluate both the progression and nature of
wear for wet clutch systems.

4.3.1 Summary: Wet clutch test rig trials

Analyzing the gathered results from the wet clutch test rig trials can reveal some in-
formation as to which mechanisms of wet clutch degradation are most important. In
paper B, lubricant samples from the wet clutch test rig displayed low levels of water
content compared to field trials, see Fig. B.10. A reason for this could be the high oper-
ating temperatures of the wet clutch test rig. The lower water content compared to the
lubricants from the field trials and the higher operating temperatures in the wet clutch
test rig rules out hydrolysis as the major degradation mechanism. Since antioxidant
results shown in Fig. B.7 were sufficient it is not likely thatoxidation was responsi-
ble for the deterioration of friction characteristics. Additive reserves in Figures B.6,
B.8, B.9 and B.11 were also sufficient, hence evaporation of lubricant additives is not
likely.

Particle and metal content results analyzed in Section 4.3 support the hypothesis
that the dominant wear mechanism is tribochemical/adhesive rather than abrasive. A
modified version of Fig. 4.1 is displayed in Fig. 4.5. Since weare analyzing lubricant
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degradation and friction characteristics measurements are made with fresh surfaces,
the path of surface failure has been removed.

Wet clutch failure

Degradation of friction characteristics

Lubrication failure

Lubricant degradation

Adhesive/Tribochemical wear Thermal degradation

Temperature

Figure 4.5: Lubricant ageing in wet clutch test rig: Pathways of wet clutch degradation

It is interesting to note that both remaining degradation mechanisms present in
Fig. 4.5 are directly related to the contact where surfaces meet and interact. Thermal
degradation needs high temperatures above the thermal stability of the lubricant and
the only place where temperatures could reach that kind of level is in the contact.
From the wet clutch test rig results it seems likely that the high frictional power of the
accelerated wet clutch test rig causes temperatures to risein the contact, which leads
to lubricant degradation. It should also be noted that although friction and antiwear
reserves are sufficient, these additives may still have degraded. The reason for this is
that the analysis performed is based on tracking specific elements and does not take
into account molecular changes.

4.3.2 Summary: Field trials

No result from field trials actually displayed any degradation of friction characteristics,
although friction levels increased. Therefore it is difficult to draw any conclusion for
dominant degradation and failure mechanisms. However, some general observations
can be made.

Water levels are high, see Fig. B.10. Effects of water on lubricant degradation
from Fig. 4.1 include acceleration of lubricant oxidation and hydrolysis of lubricant
additives. To have a direct impact from interference with lubricant additives directly
on surfaces leading to immediate failure, water levels mustbe higher. Antioxidant
levels seen in Fig. B.7 are sufficient although some of the field trials exhibited lower
values than those of the 40 000 km field trial. Although power levels are probably
much lower than in the case of the wet clutch test rig trials, the lubricant has deterio-
rated. However, the time that the lubricant has been used is much longer than in the
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case of wet clutch test rig trials. Friction reserves are lowest for the 160 000 km field
trial, see Fig. B.9. The 160 000 km field trial also differs from the other field trials
mainly in two ways: the time the lubricant has been used and the water content.



Chapter 5

Conclusions

Some conclusions from this licentiate thesis:

• Friction levels are found to increase when the lubricant degrades.

• The degradation of friction characteristics correlate well with antioxidant con-
sumption. Hence, antioxidant consumption is a suitable measure of the remain-
ing useful life of a wet clutch system, when lubricant oxidation is the predomi-
nant ageing mechanism.

• Reduced additive content can be seen to increase friction coefficient levels.

• Friction characteristics degradation occurs in the case ofaccelerated test rig
ageing although oxidation reserves are sufficient. The mostlikely causes of
friction degradation are thermal degradation and degradation of additives in the
contact.

• Field trials display higher water content than acceleratedwet clutch test rig
trials, probably due to the differences in operating conditions.

• Metal content levels increase as ageing progresses. However, particle content
levels initially show a rapid increase, but are more stable as ageing progresses.
Hence, it is probable that a mild adhesive/tribochemical wear occurs as age-
ing progresses. Measures of metal content in conjunction with metal particle
content can be used to evaluate both the progression and nature of wet clutch
wear.
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Chapter 6

Future work

• Investigate how different levels of transferred power by the clutch affect the wet
clutch system regarding degradation of the friction system.

• For a given power level, investigate how the variation of sliding speed and nom-
inal surface pressure affects wet clutch degradation.

• Investigate how water contamination affects wet clutch degradation.

• Investigate how additives interact with the surfaces and how the interaction is
affected through the service life of the wet clutch.

• Find suitable measures to be used to evaluate the remaining useful life of the
wet clutch.
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Abstract

The friction characteristics and performance of wet clutches have been investigated
by several authors. Studies have also been made to understand the frictional perfor-
mance during the service life of the clutch system. However,most lifetime studies
have been conducted for systems with paper based friction material so that systems
using sintered bronze friction material remain largely unexplored. To study the fric-
tion performance of how these systems can vary over time, thefriction characteristics
for a clutch system using lubricants aged in three differentways were compared. The
effects on friction characteristics resulting from oxidation of the lubricant, reduced
additive concentration and ageing under real operating conditions in a wet clutch test
rig were studied.

The oxidation effects on friction characteristics were examined using a modified
Waterless Turbine Oil Oxidation Stability Test on a fully formulated lubricant. Five
oxidation time periods from 48 to 408h were investigated. For each period of oxida-
tion, a friction performance test was run using a pin on disc machine.

The ageing carried out in a wet clutch test rig is a standard test of a wet clutch
systems manufacturer which is used in order to verify that anoil-friction disc combi-
nation will last the full service life of the specific application. This test gives a realistic
ageing process similar to that in a wet clutch in a field test.

Under boundary lubricated conditions additives are vital to the performance of
wet clutches. Therefore, the effect of reducing the additive concentration in the oil
was also studied, in the range of 10% to 100% of the original additive package used
in the fully formulated wet clutch lubricant.

Results showed that a general friction increase can be observed for both oxidation,
additive reduction and test rig ageing. It was also concluded that different methods of



38 PAPER A. LUBRICANT AGEING EFFECTS ON FRICTION

simulating the wet clutch ageing process differ and can not be directly correlated with
each other.
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A.1 Introduction

Wet clutches are common transmission components in cars of today. The working
principle of a wet clutch is shown in Fig. A.1. Friction discsare alternately positioned
with separator discs in a clutch pack submerged in lubricant. The friction and separator
discs are connected to separate shafts, in this case this means that friction discs are
connected to the output shaft while separator discs are connected to the input shaft.
In Figure A.1(a) the wet clutch is disengaged and only the input shaft is rotating.
When the clutch pack is pressed together the friction generated between friction- and
separator discs generates torque transfer to the output shaft and it begins to rotate, see
Fig. A.1(b).

Friction discs

Separator discs

Output shaft
Input shaft

(a) Disengaged (b) Engaged

Figure A.1: Wet clutch schematic sketch

The slippage or sliding speed in a clutch is created when there is a speed difference
between the input and output shafts. Conventional dry clutches are damaged by slip-
page while wet clutches can withstand slippage for extensive periods of time which
improves lifetime performance. This means that wet clutches are especially suitable
in applications where controllable torque transfer is required. One example of such an
application is the Limited Slip Coupling (LSC), which is an electronically controlled
All-Wheel Drive (AWD) system for passenger cars. A wet clutch is installed between
the front and the rear of the vehicle, and through controlledslippage the torque transfer
to the rear wheels are electronically controled.

Extensive research has characterized the friction performance of wet clutches [47,
48]. The friction performance of wet clutches which involvesintered bronze friction
material was explored by Mäki [49]. Marklund [46] developeda pin-on-disc method
to evaluate the same kind of wet clutch. This method was simple and inexpensive and
was thus suitable for screening-tests.

The failure of wet clutch systems is usually associated withthe detoriation of
friction characteristics. There are basicly two modes of failure due to changes in
friction characteristics:

• Failure due to vibrations and noise caused by stick-slip or shudder.

• Loss in torque transfer capabilities due to low friction coefficient.

In the first failure mode the two troublesome phenomena of stick-slip and shudder
is mentioned. Investigations involving these two phenomena are commonly encoun-
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tered in the literature [1, 2]. Unfortunately the terms are often used interchangeably,
which can lead to confusion. Stick-slip in a wet clutch can arise when the static fric-
tion is higher than the dynamic friction. The phenomena causes contacting surfaces to
alternately stick and alternately slip, accompanied by vibrations and noise. Sufficient
damping of the wet clutch system can however cancel out the effects of the different
friction levels. Shudder is a phenomenon similar to stick-slip but occurs for higher
velocities and the contacting surfaces never actually stick to each other. The phenom-
ena can occur when a decrease in sliding speed is accompaniedby a rise in friction
coefficient and wet clutch system damping is insufficient.

Since the tendencies of a wet clutch to both stick-slip and shudder are highly
influenced by the variation of the friction coefficient with sliding speed, theµ− v
curve is often used to analyze wet clutch systems. In order toavoid the failure modes
previously mentioned, a high enough friction coefficient isrequired and also a positive
slope of theµ− v curve, see Fig. A.2.
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Figure A.2: Friction vs. velocity

Originally developed by Ohtani et al. [50], theµ1/µ50 ratio is often used in the
literature to characterize theµ− v relationship, where a ratio below 1 is desirable to
avoid shudder or stick-slip tendencies in a friction system. The authors define the ratio
as: "µ1/µ50 is the ratio of the coefficient of friction at 1rpm (0.6 cm/second) and at
50rpm (30 cm/second)".

As stated by the authors, however, a single ratio is not adequate in predicting
shudder, so that a ratio from 100rpm to 300rpm also is usedµ100/µ300. For certain
cases, this can be an efficient way of analyzing theµ− v relationship. However, it
only takes into account the friction coefficient values at four specific speed values
(using both ratios) and not what happens in between. When analyzing changes in
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friction characteristics over time it is essential to analyze the whole friction versus
velocity curve since it is hard to predict at what velocity shudder will occur.

Zhao et al. then introduced new methods and parameters to be used to evaluate the
µ− v relationship [43]. The friction versus velocity curve was analyzed not only on
the principle of friction coefficient ratios, but a more systematic approach to analyze
the whole curve was used. A total of seven parameters was thenevaluated using spider
charts, providing a way of analyzing ageing wet clutch systems.

Further studies have been made to understand the ageing of wet clutches. For
example Newcomb et al. developed a methodology to evaluate worn or damaged
friction material plates [51]. Devlin et al. investigated the loss of friction control
in automatic transmissions, a result of stick-slip and shudder, when samples age [52].
The samples were aged both in a test rig and by oxidation of theoil. Similar tests were
performed by Willermet et al. [53]. Additionally, in this study oil samples from actual
cars were collected and the friction characteristics of thesamples were determined.
However, most studies on the ageing of wet clutches are performed with systems
incorporating paper-based friction materials and systemsinvolving sintered bronze
friction discs remain largely unexplored.

The lubricant ageing process during ageing of the wet clutchsystem requires fur-
ther study. Methods that can be used to simulate the lubricant ageing process need to
be developed. Oxidation, thermal cleavage and shear are mechanisms that might play
a role in ageing. Thermal cleavage can occur at high temperatures, especially when the
supply of oxygen is limited. Oxidation can occur at much lower temperatures, but the
rate of oxidation increases rapidly with temperature. Oxidation may be an important
ageing mechanism as a result of the working conditions of a wet clutch. The effect of
oxidation of lubricant on frictional performance is, therefore, part of this study.

During oxidation both base oil and additives are consumed. The additives are
of critical importance for the performance of a wet clutch since they alter frictional
behavior to optimize torque transfer and, at the same time toavoid the troublesome
phenomena of stick-slip and shudder. The effect of reduced additive content on the
friction characteristics is, therefore, also studied.

Both the costs and the time of performing expensive full scale experiments can be
reduced by simulating the wet clutch lubricant ageing process in a simple way. It is,
of course, important that a good correlation between full scale and small scale testing
is established. To be able to compare different levels of ageing, the lubricant will also
be aged in a wet clutch test rig, which simulates a real application closely.

To conlude, the aims of this investigation are to:

• Determine how the friction characteristics change with theadditive content.

• Determine how the friction characteristics change with theoxidation of lubri-
cant.

• Determine how the friction characteristics change with theageing of lubricant
in a wet clutch test rig.

• Relate and compare these three previous points of simulating ageing.
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A.2 Method and materials

In a standard pin on disc test, an axial force is applied to thepin which is in contact
with a rotating disc which is submerged in an oil bath. The friction force on the pin
can be measured and hence the friction coefficient can be calculated. In the method
developed by Marklund [46] a small test specimen is mounted in the stationary pin
and is in contact with the disc. The experimental setup is displayed in Fig. A.3.

Figure A.3: Pin on disc setup

The test piece is cut out of friction discs using spark erosion. The friction material
is sintered bronze and the countersurface is hardened steel. For this study a modified
version of Marklund’s method [46] is used. The maximum sliding speed for this study
is three times higher than in Marklunds study, which introduces problems such as dif-
ficulties in stopping the oil from escaping from the contact at high rotational speeds.
To solve this problem an external oil pump is added which collects oil from the bottom
of the oil bath and then supplies it directly into the contact. For temperature measure-
ments a thermocouple (type K) is inserted in the small sintered bronze test specimen
so that temperature is measured at a point about 0.3 mm from the contact. This is
the temperature referred to when analyzing the results and gives an indication of the
contact temperature. However, it is important to have in mind that flash temperatures
where contacting surfaces meet at an asperity level, can reach much higher levels and
in turn affect the lubricant-surface interaction. The oil temperature is also monitored,
at the inlet of the contact using another type K thermocouple. The pin on disc ma-
chine used for these experiments is a Phoenix Tribology TE67. The resolution of the
monitored parameters are shown in Table A.1.
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Table A.1: Test rig specifications
Parameter Resolution

Temperature 0.2 [◦C]
Sampling Rate 10 [Hz]

Rotational speed 1 [rpm]
⇒ Sliding speed ⇒ 0.0016 [m/s]

Friction force 0.015 [N]

A.2.1 Test procedure

Before testing starts the surfaces are run in at an ambient temperature of 25◦C for 20
minutes. The sliding speed is 0.15 m/s and the surface pressure is 3 MPa. The test
starts at an interface temperature of 30◦C and is then gradually heated to 100◦C. At
every 10◦C the sliding speed is increased from standstill to 1.5 m/s and then decreased,
see Fig. A.4(a). The total time of each of these runs is about 90 seconds. The interface
temperature increase during one test cycle for a starting temperature of 30◦C can be
seen in Fig. A.4(b). Temperature follows sliding speed quite well, indicating that the
measured temperature satisfactorily represents the mean surface temperature. The test
parameters are displayed in Table A.2.
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Figure A.4: Speed and interface temperature during one testcycle

To be able to compare and analyze the results correctly, it isimportant to consider
the scatter of the output data, in this case the friction coefficient. Typical friction
coefficient standard deviation values within one test cyclewith a fully formulated
wet clutch lubricant are displayed in Fig. A.5. The standarddeviation is calculated
over a velocity interval in order to acquire an adequate amount of data needed for the
analysis. It can be noted that generally standard deviationvalues are small at high
sliding speeds but increase at low sliding speeds.
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Table A.2: Test parameter specifications
Variable Value

Temperature 30-100 [◦C]
Sliding Speed 0-1.5 [m/s]

Contact pressure 3 [MPa]
Oil flow 200 [ml/min]
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Figure A.5: Standard deviation of friction coefficient, onetest cycle and fully formu-
lated lubricant, at 70◦C

A.2.2 Lubricant ageing

In earlier research a modified dry-TOST (Waterless Turbine Oil Oxidation Stability
Test) ASTM D 943 was used to evaluate oxidational stability of lubricants. Oil sam-
ples are in contact with oxygen (3.5l/h) in the presence of aniron-copper catalyst at
120◦C for a period of time, for more information see [54]. A tailormade fully formu-
lated wet clutch lubricant was oxidized using the modified dry-TOST to investigate
how friction performance varies with different levels of oxidation. The oxidation time
period was divided into five steps from 48 hours to 408h and a friction performance
test was run for each level of oxidation. The remaining concentrations of antioxidants
are measured for each oxidation level using RULER (remaining useful life evaluation
routine), a quantitative linear voltammetry method [54,55].

An oil aged in a wet clutch test rig was also tested for friction performance. A
schematic sketch of the test rig used can be seen in Fig. A.6. The occurance of stick-
slip and/or shudder was measured by noise control which was carried out periodically
at temperatures between 25◦C and 100◦C. An electric motor drive was used to accel-
erate a flywheel. Between the flywheel and a braking device a complete wet clutch
was installed. When the brake was applied a transfer of torque from the flywheel to
the brake occurred. The input axle and the output axle of the clutch decreased in rota-
tion but at different rates to achieve different rotationalspeeds. A maximum torque of
1200 Nm and a maximum differential in the rotational speed of75 rpm was reached.
Each braking cycle took about five seconds and a total of 53000cycles were run.
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Figure A.6: Schematic sketch of the wet clutch test rig

The test was designed to verify that an oil-friction disc combination will last the
lifetime of the application. Both applied disc pressure andpower efficiency in the
discs can be adjusted to the maximum level permitted. To accelerate ageing further
tests were run at a temperature of 100◦C.

The additive package in a lubricant plays a significant role in the performance of a
wet clutch. Therefore we also studied the effect of reducingthe additive concentration
in the oil. The additive content was varied from fully formulated to only 10% of the
additive package added to the base oil. A complete overview of the lubricants tested
we shown in Table A.3.

Table A.3: Lubricants tested
Oil number Oxidation level Additive level

(Duration of modified dry-TOST) (% of additive package)
1 48h 100
2 96h 100
3 192h 100
4 360h 100
5 408h 100
6 N/A 100
7 N/A 75
8 N/A 50
9 N/A 25
10 N/A 10
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A.2.3 Materials and lubricants

The friction pair was sintered bronze and steel, as mentioned in section B.1. A char-
acteristic of sintered materials is their porosity. The pores in the material can act as
reservoirs for the lubricant and capillary forces keep the fluid in place [56]. An image
of the sintered bronze surface taken with a scanning electron microscope (SEM) can
be seen in Fig. A.7.

The bronze material is made up of copper and other elements such as tin and
zinc. Particles of carbon and silica are included in the bronze material to stabilize and
modify friction behavior.

The tested lubricant was tailor made for a limited slip clutch and does not follow
any existing ATF standard. The additive package is optimized to work with already
mentioned materials, sintered bronze and steel, under boundary lubricated and limited
slip conditions.

Figure A.7: Scanning electron microscope image of a worn sintered bronze surface

A.3 Results

During experiments a large amount of experimental data was collected. In the follow-
ing sections the outcome of these experiments are displayedand explained.
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A.3.1 Variation in friction characteristics with additive concen-
tration

Figure A.8 shows average frictional behavior at different additive concentrations. The
curves are curve fitted from experimental data and generatedfrom three to four sep-
arate runs. For each run, fresh surfaces and new lubricant isused. Friction increases
with a reduction in additive content. The inclination of thecurve at low velocities
increases with reduced additive content. For additive levels of 75%, 50% and 25% the
friction characteristics are very similar. A distinct difference in friction can be seen
between 25% and 10% of the additive package.
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Figure A.8: Friction characteristics comparison of different additive concentration at
70◦C

However, when the repeatability of the experiments is takeninto account, this dif-
ference is not as clear, see Fig. A.9. Each figure shows friction data from four separate
experiments together with fitted curves and values of standard deviation between the
experiments. In Figure A.9(b) it can be noticed that for an additive level of 25% the
friction can vary between friction levels similar to fully formulated to levels similar
to 10% of the additive package. The repeatability of the experiments decreases when
additive content is reduced. One explanation for this couldbe that at lower additive
levels, friction becomes more sensitive to surface characteristics, and differences be-
tween individual sintered bronze test specimens may come into play.

To investigate if this could in fact be due to surface effects, two test pieces were
selected for further testing. These were run at the same additive level, but exhibited
distinctive differences in friction characteristics. Foran additive content of 10% of
the additive package, friction characteristics at 70◦C for two separate test pieces are
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Figure A.9: Friction data, fitted curves and values of standard deviation between ex-
periments for friction coefficients at 70◦C

shown in Fig. A.10(a). After the full test ranging from 25◦ to 100◦C, a new test was
performed at 25◦C with the same sintered bronze test pieces, but this time with new
countersurfaces and fresh lubricant, see Fig. A.10(b). There was a similar distinction
in friction characteristics in both cases, indicating thatsurface characteristics of the
sintered bronze surfaces were responsible for the difference in friction characteristics.
However, this only occurred for lower additive contents.
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(b) Friction characteristics at 25◦C after full test

Figure A.10: Comparison test pieces at 10% of additive package
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A.3.2 Variation in friction characteristics with oxidatio n

In Fig. A.11 it can be noted that the friction coefficient levels increase with oxidation.
For the 408h and 360h oils the negative slope is significant incomparison to the others.
The behavior for these two are also quite similar, which could indicate that the friction
rate of change with oxidation is decreasing. In comparison to the friction change with
additive content, see Fig. A.8, the friction change with oxidation is larger. In Table
A.4 the results of the RULER measurements are shown, note that the antioxidant level
for 408h and 360h dry-TOST are less than satisfactory and large changes in friction
behavior occur.
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Figure A.11: Friction characteristics comparison of different oxidation levels at 70◦C

Table A.4: Antioxidant levels
Oxidation time Antioxidant level

(Duration of modified

dry-TOST)

48h 100%
96h >50%
192h 50-35%
360h 35-20%
408h <20%
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A.3.3 Comparison ageing methods

Friction characteristics at 70◦C for some test oils are displayed in Fig. A.12. An oil
aged in a wet clutch test rig, two oils aged by dry-TOST, one oil with 10% additives
and one fully formulated oil are compared. It is noticable that the oil aged in a wet
clutch test rig shows a steep positive slope for low speed which is similar to the 408h
dry-TOST oil. The maximum friction coefficient, however, isconsiderably smaller
for the oil aged in the wet clutch test rig and the negative slope is also less severe. For
higher speeds both the 96h dry-TOST oil and the 10% additive oil are showing similar
behavior as the oil aged in the wet clutch test rig.
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Figure A.12: Influence of different ageing methods on friction characteristics at 70◦C

A.3.4 Influence of temperature

From Fig. A.12 in section A.3.3 it would appear that the 96h dry-TOST oil and the
10% additive oil exhibit nearly the same friction behavior as the oil aged in a wet
clutch test rig. However, this is only true for that temperature, 70◦C. As can be seen
in Fig.A.13 friction behavior varies significantly with temperature. Figure A.13(a)
shows a fully formulated oil and friction characteristics for 30◦C, 70◦C and 100◦C.
The friction coefficient decreases with increasing temperature and the difference in
friction is clear. In Fig.A.13(b) it can be noted that the separation in friction between
the different temperatures is less for the oil aged in the wetclutch test rig than for the
fully formulated oil; the curves are closer together. Similar behavior can be seen for
the 96h dry-TOST oil, especially for higher speeds, see Fig.A.13(c). For the lubricant
aged in a wet clutch test rig, the curves approach each other in the same way only at
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lower speeds. At higher speeds they are not closer together,instead they shift order,
see Fig.A.13(d). The separation of the friction curves are clear and the friction coef-
ficent, at speeds above about 0.2 m/s, increases with increasing temperature, which is
the reverse of what happens for a fully formulated fresh oil.
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Figure A.13: Friction behaviour with temperature
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A.4 Discussion

Measurements of friction and its variation with temperature indicate that the dry-
TOST ageing method is not comparable with the wet clutch testrig ageing. The
dry-TOST thermally ages the lubricant while the circumstances in a test rig are not
the same. In a wet clutch, the lubricant is sheared in the contact and under high tem-
peratures while wear particles are generated. Different operating conditions could lead
to different reactions and other reaction products may be formed.

What is interesting, though, is that there are similaritiesbetween reducing ad-
ditive content, oxidation and test rig ageing; all show a general increase in friction
coefficient. Since some of the additives such as friction modifiers reduce friction, it
is probable that reducing them will increase friction. Thisis supported by the work
performed by Slough et al. [57].

When additive content is reduced, the repeatability of the experiments decreases.
This could be due to destruction of the sintered bronze surface such as clogging of
pores when material is smeared across the surface. Less additive content leads to
reduced protection of the contacting surfaces. In turn, this could lead to destruction of
the sintered bronze surfaces. Variation of surface roughness and material composition
of test pieces could be factors influencing whether the surface is damaged.

The overall effect of lubricant oxidation is hard to predictsince the lubricant has
a complex composition of base oil and additives which can interact in many various
ways. Additive consumption and reaction products formed may play a significant role
in frictional behavior. However, for the oxidized oils the influence on friction is even
greater than for additive content reduction, and friction change follows oxidation quite
well. Here it is important to note that in this study the additive content is reduced to a
minimum of 10% and for lower additive content than this friction may reach the same
levels as oxidation.

Even though there are dissimilarities between different ageing methods, they can
all be useful in understanding how frictional behavior changes when a wet clutch
system ages. Evaluating the results of different methods taking into account the dis-
similarities of the different methods can lead to a better understanding of the ageing
process.

Changes in friction level and characteristics will also influence the ability to con-
trol the wet clutch system. As the friction coefficient increases with ageing, the control
system of the clutch needs to compensate for the change in friction in order to preserve
desired torque transfer characteristics. The difference in friction behavior for an aged
lubricant compared to a fresh one can make the aged wet clutchdifficult to control and
in some cases also induce vibrations.

A.5 Conclusions

The following conclusions can be drawn from this investigation:
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• Reduced additive content, oxidation and test rig ageing allincrease the friction
coefficient in a wet clutch system.

• A lubricant aged in a wet clutch test rig shows significantly different friction
characteristics with changes in temperature than lubricants aged by dry-TOST
implying that dry-TOST on its own is not a sufficient method for evaluating
lubricant ageing in wet clutch systems.

• A lubricant aged in a wet clutch test rig shows significantly different friction
characteristics with temperature change than lubricants with reduced additive
content, implying that varying additive content is not a satisfactory way to sim-
ulate lubricant ageing in wet clutch systems.

• To simultaneously use both ageing in wet clutch test rig and dry-TOST age-
ing can provide information about differences in the ageingprocesses, thereby
leading to a better understanding of the wet clutch ageing process

A.6 Acknowledgements

The authors would like to thank our colleagues at Haldex Traction Systems and Statoil
Lubricants for their contributions. The authors would alsolike to thank the Swedish
Foundation for Strategic Research (ProViking) and the Swedish research programme
FFI for financial support.





Paper B

Wet clutch degradation
monitored by lubricant analysis

55





57

To be submitted for publication in journal.

Wet clutch degradation monitored by lubricant analysis

K. Berglund, P. Marklund and R. Larsson

Luleå University of Technology, Division of Machine Elements,
Luleå, SE-971 87 Sweden

M. Pach

Statoil Lubricants,
Nynäshamn, Sweden

R. Olsson

Haldex Traction,
Landskrona, Sweden

Abstract

In the competitive market of the car industry today, companies need to continuously
strive to optimize the performance, price and environmental properties of their prod-
ucts in order to survive. Wet clutches, as parts of transmission components of passen-
ger cars are no exception. An understanding of how the wet clutch system functions
and fails is necessary to optimize price and service life. The friction characteristics
of the wet clutch system are determined by lubricant-surface interactions in the con-
tact between the friction discs. Wet clutch failure can often be associated with the
deterioration of friction characteristics which eventually leads to stick-slip or shud-
der. Consequently, knowledge of why and of how friction characteristics change over
time is of the outermost significance to enable the understanding and prediction of
wet clutch performance. As the lubricant is an essential component of the wet clutch
system, lubricant ageing is a factor of importance. Oxidation, thermal degradation,
shearing, additive degradation and water contamination could all be considered to in-
fluence lubricant ageing. The aim of this work was therefore to find suitable ways of
measuring the remaining useful life of wet clutch lubricants and to correlate changes
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in friction characteristics with changes in lubricant properties. Both field trials and
measurements in a wet clutch test rig were performed. Viscosity, acid number, addi-
tive degradation, water contamination, particle content and metal content were mea-
sured for the lubricant as it degraded. Particle content results showed a rapid increase
early in the ageing process. However, as ageing progressed particle levels actually
decreased and this was probably a result of particles slowlygrinded between contact-
ing surfaces. On the other hand, metal content increased as ageing progressed, which
could indicate slowly progressing wear. Water levels were found to be higher in field
trials than in lubricants used in wet clutch test rigs. It is concluded that this was due
to the severe and accelerated operating conditions of the wet clutch test rig.
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B.1 Introduction

A machine designer of today faces many challenges. Optimization of performance,
price, environmental properties and length of the product’s service life is essential
to survival in a competitive market. An understanding of howthe system functions
and fails is necessary when optimizing the system in terms ofboth price and service
life. Wet clutches, which are common transmission components in passenger cars, are
especially a subject of this increased demand to understandthe ageing process.

Wet clutches are often used in electronically controlled All-Wheel Drive (AWD)
systems for passenger cars. In such an application they are used to control torque
transfer, through controlled slippage at low sliding speeds. This means that wet
clutches are especially suitable in applications where controllable torque transfer is
required. One example of such an application is the Limited Slip Coupling (LSC),
which is an electronically controlled All-Wheel Drive (AWD) system for passenger
cars. A wet clutch is installed between the front and the rearwheel axle of the vehicle,
and through controlled slippage the torque transfer to the rear wheels are electronically
controlled.

To the authors’ knowledge there is no general definition of the end of wet clutch
service life. However, wet clutch failure is often associated with the presence of stick-
slip and/or shudder. A higher value of the static friction than the dynamic friction in a
wet clutch can initiate the stick-slip phenomenon. The surfaces in contact between the
friction discs alternately stick and slip, accompanied by vibrations and noise. How-
ever, sufficient damping in the wet clutch system can reduce stick-slip and/or shudder
problems caused by different friction levels. Shudder occurs at higher velocities than
stick-slip and the contacting surfaces do not stick to each other. This phenomenon can
occur when a decrease in sliding speed is accompanied by increased friction coeffi-
cient and wet clutch system damping is insufficient. Becauseof the detrimental effects
of these phenomena on the wet clutch system, the point in timewhen stick-slip and/or
shudder begins is of the utmost importance. For more information and definitions of
stick-slip and shudder, see [1,2].

The tendencies of a wet clutch to experience both stick-slipand shudder are often
characterized by the relationship between friction coefficient and sliding speed, or
in other words, theµ− v curve. A positive slope of theµ− v curve is beneficial if
stick-slip and shudder is to be avoided, see Fig. B.1.

The friction characteristics in boundary lubrication are essential for the perfor-
mance of wet clutches, especially for limited slip differentials. Hence the friction
coefficient-sliding speed characteristics are determinedmainly by surface active ad-
ditives in the lubricant interacting with contacting surfaces. Wet clutch lubricants are
therefore often complex formulations developed for a specific material combination.
The effect on wet clutch friction characteristics of the formulation of wet clutch and
automatic transmission fluids have been studied in literature [4,5,10,43,58].

As the lubricant is an essential component of the wet clutch system, lubricant
ageing is a factor of importance. Oxidation, thermal degradation, shearing, additive
degradation and water contamination could all be considered to be able to influence
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Figure B.1: Friction coefficient vs. velocity

lubricant ageing.
During oxidation both base oil and additives are consumed. Oxidation requires

oxygen to proceed and can occur at much lower temperatures than thermal degra-
dation. However, the rate of oxidation increases rapidly with temperature. Thermal
degradation can occur at high temperatures which are well above the thermal stability
limit of the lubricant and requires no oxygen. Devlinet al. investigated the influ-
ence of oxidation and thermal degradation on the loss of friction control in automatic
transmissions, as a result of stick-slip and shudder [52]. They concluded that thermal
degradation of the wet clutch lubricant showed similar results to a lubricant aged in
a wet clutch test rig. A similar study was performed by Sloughet al. which studied
thermal degradation effects on friction characteristics.Lubricant samples were aged
in air at 150◦C for different periods of time and friction characteristics were studied.
Results indicated that friction modifiers gradually depleted or were chemically altered
as ageing progressed, resulting in increased friction levels.

Igari et al. investigated the degradation mechanisms of amide-type friction modi-
fiers [59]. They observed that reactions between base oil oxidation products and amide
type friction modifier could occur and that this was detrimental to the function of the
friction modifier.

Permanent shearing damage has been reported to affect largemolecules such as
viscosity modifiers [38, 41]. Water contamination can be of importance since hydrol-
ysis could lead to additive and lubricant degradation.

Studies have been carried out on the degradation of lubricants. However, there
remains a lack of knowledge of which measurements of lubricant properties are im-
portant when it comes to evaluating lubricant life. Most studies on the ageing of wet
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clutches have been performed on systems incorporating paper-based friction materials
while systems involving sintered bronze friction discs remain largely unexplored.

The objectives of this investigation are:

• A determination of how the wet clutch lubricant properties change during nor-
mal and harsh conditions in vehicles in the field.

• A determination of how the wet clutch lubricant properties change during ac-
celerated wet clutch test rig ageing.

• A correlation of changes in lubricant properties with changes in friction charac-
teristics.

B.2 Method and materials

The methods and materials used are described in the following sections.

B.2.1 Friction characterization

The friction measurements were performed in a pin-on-disc setup using a Phoenix
Tribology TE67 pin on disc machine. Test pieces were cut fromfriction discs using
spark erosion. The method used was originally developed by Marklund [46] and was
later modified in [60]. For temperature measurements a thermocouple (type K) is
inserted in the small sintered bronze test specimen so that temperature is measured
at a point about 0.3 mm from the contact. This is the temperature referred to when
analyzing the results. The oil temperature is also monitored at the inlet of the contact
using another type K thermocouple. The resolution of the monitored parameters are
shown in Table B.1.

Table B.1: Pin on disc specifications

Parameter Resolution

Temperature 0.2 [◦C]
Sampling Rate 10 [Hz]

Rotational speed 1 [rpm]
⇒ Sliding speed ⇒ 0.0016 [m/s]

Friction force 0.015 [N]

The test starts at an interface temperature of 30◦C and is then gradually heated to
100◦C. At every 10◦C a speed ramp is performed; the sliding speed is increased from
standstill to 1.2 m/s and then decreased. The total time of each of these runs is about
90 seconds. Before testing starts the surfaces are run in at an ambient temperature
of 25◦C through three successive speed ramps. The test parametersare displayed in
Table B.2.
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Table B.2: Pin on disc parameter specifications
Variable Value

Temperature 30-100 [◦C]
Sliding Speed 0-1.2 [m/s]

Contact pressure 3 [MPa]
Oil flow 200 [ml/min]

B.2.2 Wet clutch test rig

A wet clutch test rig designed to evaluate the service life performance of wet clutches
was used to age lubricant samples. A schematic sketch of the wet clutch design can be
seen in Fig. B.2. An electric motor drive was used to accelerate a flywheel. Between
the flywheel and a braking device a complete wet clutch was installed. When the
brake was applied, transfer of torque from the flywheel to thebrake occured. The
rotational speed of the input and output axle of the wet clutch decreased at different
rates, hence accomplishing a difference in rotational speed. Tests were performed at
a maximum torque of 1200 Nm and a maximum difference in rotational speed of 75
rpm. Each braking cycle took about three and a half seconds and tests were performed
at temperatures between 90-110◦C.
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Figure B.2: Schematic sketch of the wet clutch test rig
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Table B.3: Lubricants tested
Type of sample Mileage Comments

[km]
Reference 0 Fully formulated

fresh oil
Field trial 39819 Normal drive
Field trial 160 000 Normal drive
Field trial 76924 High velocity and

high temperature
Field trial 77142 High load

Type of sample Cycles Comments
Wet clutch test rig 100
Wet clutch test rig 20 000
Wet clutch test rig 40 000

B.2.3 Lubricant analysis

Oil samples were collected from accelerated trials in the wet clutch test rig, and from
field trials in vehicles. The wet clutch system was of the limited slip differential type
used in all wheel drive systems for cars. Lubricant samples were collected from cars
in normal operating conditions,e.g. day-to-day driving, and from cars in accelerated
operating conditions. Acceleration of field trials occuredin two ways: through high
speed driving and through driving in high load conditions. The oil samples collected
for analysis can be seen in Table B.3. A summary of the standards and lubricant anal-
ysis used is seen in Table B.4. Field trial lubricant samplesoriginated from different
batches which means that small differences in lubricant composition may occur. Small
changes in the results thus can be expected. Samples from thetrials in the wet clutch
test rig all originate from the same batch.

B.2.4 Materials and lubricants

The friction pair was steel and sintered bronze. An important characteristic of the
sintered materials is the porosity. The pores in the material may act as reservoirs
for the lubricant and capillary forces keep the fluid in place[56]. An image of the
sintered bronze surface taken with a scanning electron microscope (SEM) can be seen
in Fig. B.3. All measurements in this study are performed with fresh surfaces.

The bronze material consists of copper and other elements such as tin and zinc.
Carbon-based particles and silica are included in the bronze material to stabilize and
modify friction behavior.

The lubricant used is a tailor-made wet clutch lubricant designed to work under
boundary lubricated operating conditions.
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Table B.4: Analysis and methods

Property Analysis Method
Viscosity Viscosity@40◦C ASTM D7042
Viscosity Viscosity@100◦C ASTM D7042
Acidity Acid Number ASTM D664

Reserves wear X-Ray Fluorescence Spectroscopy ASTM D4927
Reserves friction X-Ray Fluorescence Spectroscopy ASTM D4927

Reserves extreme pressure X-Ray Fluorescence Spectroscopy ASTM D4927
Reserves detergency X-Ray Fluorescence Spectroscopy ASTMD4927

Water content Water content Karl Fischer
Metal content (Cu) ICP-AES ASTM D5185
Metal content (Fe) ICP-AES ASTM D5185

Cleanliness Particle analysis ISO 4406
Oxidation protection Linear Sweep Voltametry ASTM D6971

Figure B.3: Scanning electron microscope image of a worn sintered bronze surface, a
silica particle can be seen in the middle
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B.3 Results and discussion

During experiments a large amount of experimental data werecollected. In the fol-
lowing sections the outcome of these experiments are explained. It is of importance
to note, concerning the property reserves results by X-ray Fluorescence Spectroscopy,
ASTM D4927, that the results are based on elemental trackingand do not track molec-
ular changes. Hence, the reserves account mainly for lossesof additives through re-
action with surfaces where the tracked element stays on the surface, or through vapor-
ization. Loss of additive function through modification of the additive molecule is not
taken into account. This is an important consideration whenanalyzing the results.

B.3.1 Lubricant properties analysis

Fig. B.4 shows that a general viscosity decrease was observed. Although a viscosity
decrease is normal initially in the bulk oxidation process,a viscosity increase is ex-
pected as oxidation proceeds. The low viscosity values could be explained by a slowly
progressing oxidation process in combination with permanent shear damage and water
contamination in the lubricant. Thermal scission could be another factor that could be
of importance. It can also be seen that viscosity tends to be lower for the field tests.
An explanation for this behavior could be found in the higherwater content results of
the field trials, as seen in Fig. B.10. The high water content could in turn degrade the
lubricant to lower viscosities.

The acid number is often used to monitor the propagation of the oxidation process,
since the oxidation process involves the formation of acids. In this investigation an
initial general acid number increase was observed, see Fig.B.5. However the cause of
this increase is more probably due to hydrolysis. A substantial acid number increase of
the 100 cycle wet clutch test rig lubricant was observed. This kind of behavior could
be explained by changes in additive chemistries due to such processes as hydrolysis
of certain additive chemistries. As ageing progressed, theacid number was seen to
decrease in the field test and in the wet clutch test rig. This kind of behavior can be
explained by additive depletion. This characteristic increase in acid number followed
by a decrease in acid number has been observed previously in certain antiwear and
extreme pressure chemistries [61].

Detergency reserves are shown in Fig. B.6. It can be noted that for the wet clutch
test rig lubricant, an initial run-in period exists where a large part of the detergents are
consumed. As ageing progresses the detergency reserves decrease.

From the protection against oxidation results in Fig. B.7 itcan be observed that the
high load field trial, the 160 000 km field trial, and the 20 000 and the 40 000 cycle wet
clutch test rig samples exhibit the lowest reserves, thoughthey are still highly reserved
at around 60%. An initial run-in period where a substantial part of the antioxidants
are consumed can be seen for the 100 cycles wet clutch test rigtrial.

The wear reserve results generally show a decrease with ageing, see Fig. B.8. The
wet clutch test rig exhibits the most significant losses in wear reserves. This could
be related to operating conditions at high temperature where material and lubricants
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are nearing the limit of their torque transfer abilities. However, all samples are highly
reserved.
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Figure B.8: Wear reserve of aged lubricant samples measuredaccording to ASTM
D4927

Friction reserves differ from the other reserves where generally wet clutch test rig
reserves have been lower than those in field trials. Interestingly, the 160 000 km field
trial exhibits the lowest friction reserves. Operating conditions also vary significantly
between the field trials of 40 000 km and 160 000 km when compared to the other
tests which are accelerated in order to achieve results speedily. Lower temperatures,
lower loads, and less slippage are expected for the field trials of 40 000 km and 160
000 km when compared to the other tests. However, trials willprogress over a longer
period of time.

The results of the water content measurements are shown in Fig. B.10. The water
content from the field trials are seen to be fairly high while wet clutch test rig results
show much lower water content. Water content is expected to arise from the humidity
in air. This is to be expected since the wet clutch test rig operates at severely acceler-
ated operating conditions and lubricant bulk temperature is around 100◦C in an indoor
enviroment. One effect of water content that could be important is hydrolysis, which
could affect certain additive chemistries, such as some friction modifiers. This could
lead to deterioration of wet clutch friction characteristics without running under severe
operating conditions.

The severe operating conditions of the wet clutch test rig can also be seen in the
extreme pressure results in Fig. B.11. The extreme pressurereserves which exhibit
significant difference are all in the wet clutch test rig trials. However, all tests exhibit
high reserves of extreme pressure additives. The increase of extreme pressure reserves
seen in the lubricant sample of the 40 000 km field trial may be aresult of the sample
originating from a different batch than the reference lubricant.

Metal content results can be seen in Fig. B.12. A clear correlation between the
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Figure B.9: Friction reserve of aged lubricant samples measured according to ASTM
D4927
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Figure B.11: Extreme pressure reserve of aged lubricant samples measured according
to ASTM D4927

severity of operating conditions and metal content in the lubricant can be seen. It is
also of importance to note that the Fe content displays a rapid increase for the 40 000
cycles wet clutch test rig lubricant. The Cu content is predominant in the tougher
field tests while for the wet clutch test rig lubricants Fe-Cucontent is more evenly dis-
tributed. One reason for this behavior could be that the operating conditions activate
additives differently. From the detergency, anti-wear andextreme pressure reserves in
Figures B.6, B.8 and B.11 it can also be observed that these are significantly lower for
the wet clutch test rig results than for the high velocity andload field test results. An-
other interesting observation is that the particle contentresults in Table B.5 differ from
the metal content results. The three different range numbers each denote the amount
of particles within a certain size range. The smallest particles are accounted for by the
first range number and the largest particles by the third range number. The larger the
range number the more particles in the sample. Particle content in the lubricant from
the 100 cycles test in the wet clutch test rig is almost as large as for 20 000 cycles and
actually larger than 40 000 cycles. However, metal content can be seen to increase
with the number of cycles, see Fig. B.12. To explain this it could be speculated that
during running-in many particles are generated through more or less abrasive wear.
After running-in particle pulverization can occur, but also a slowly progressing tri-
bochemical type of material wear. The large particle count in the lubricant from the
100 cycles wet clutch test rig trial is also in line with the results from the detergency
reserves in Fig. B.6. As particles are generated the detergents are consumed.

B.3.2 Friction characteristics

The friction characteristics at 70◦C for the tested lubricants are shown in Fig. B.13. In
general, a friction increase is seen for all aged lubricantsexcept for the lubricant from
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Figure B.12: Metal content of aged lubricant samples measured by ASTM D5185

Table B.5: Particle range numbers according to ISO 4406

Sample Range numbers

Fld tr. 40 000km 22/18/15
Fld tr. 160 000km 23/21/16

Fld tr. High vel. and temp. 23/23/20
Fld tr. High load 23/22/17

WCTR 100 cycles 23/23/17
WCTR 20 000 cycles 23/23/18
WCTR 40 000 cycles 23/22/15
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the 100 cycles wet clutch test rig trial. There is no clear change in friction charac-
teristics for the lubricant from the 100 cycles wet clutch test rig trial, probably due to
having been used for such a short while and therefore being just run-in. The lubricants
aged in a wet clutch test rig in general also exhibit greater change in friction charac-
teristics than do the lubricants from the field trials. Between the lubricant sample from
the 20 000 cycles wet clutch test rig trial and the lubricant from 40 000 cycles, it can be
observed that a negative slope of the friction and sliding speed relationship developed.
The 40 000 cycles lubricant sample exhibit a clear increase in Fe content compared
to the 20 000 cycles lubricant sample, see Fig. B.12. It couldbe speculated that ad-
ditive depletion causes the additive film to fail to protect the steel discs from abrasive
particles embedded in the sinter bronze material. Althoughadditive reserves are suf-
ficient, additives may still have degraded through, for example, thermal degradation.
The reason for this is that additive reserves are measured byelemental analysis, which
does not account for changes in molecular structure. None ofthe field trial lubricants
have developed a significant negative slope of the friction coefficient and sliding speed
relationship, though friction levels have increased.
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Figure B.13: Friction characteristics of aged lubricant samples for a temperature of
70◦C
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B.4 Conclusions

The following conclusions can be drawn from this investigation:

• The viscosity is decreased for the lubricants used in field trials and wet clutch
test rig trials.

• Water content is high for lubricants used in field trials compared to lubricants
from wet clutch test rig trials.

• A rapid run-in process of both lubricant and surfaces can be observed.

• The lubricants used in wet clutch test rig trials, display higher reserves of ex-
treme pressure additives compared to lubricants used in field trials while water
content is lower, due to the accelerated operation conditions of the wet clutch
test rig.

• Although antioxidant reserves are sufficient, undesirablechanges in friction
characteristics can be observed for the lubricants used in the wet clutch test
rig trials.
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