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Abstract

Wet clutches are machine components using friction to transfer torque and providing 
interruptible connection between rotating shafts in different automobile applications 
including automatic transmissions.  Like any friction generating machine components, 
wet clutches are susceptible to continuous wear and degradation during sliding. This 
regular deterioration process as well as the choice of operating conditions, ultimately 
change the overall system performance during operation due to resultant change in the 
system parameters. 
  
The first part of this thesis summarizes some of the notable studies on the wet clutch 
tribological performance and clarifies goals of the investigation. 
 
Previously, plenty of experimental studies on wet clutches have been reported but still 
some effects regarding the water contamination problem and the influence of 
mechanical design factors are not covered thoroughly. The thesis aims to 
experimentally analysing these two different aspects for improving wet clutch 
performance regarding frictional characteristics and reliability. These two 
investigations are focused on wet clutches in automatic transmission applications.  
 
For evaluating friction behaviour during a long clutch engagement period, suitable test 
equipment is designed where standard paper based friction plates and steel separator 
plates are tested with commercially available ATF.  To investigate a clutch operated in 
a controlled environment is one of main the research objectives. The vital concern 
while designing the test rig is to monitor the clutch parameters for achieving the 
desired operating conditions for individual tests. Instead of using a multiple clutch 
plate configuration, as in real applications, a single friction and reaction plate 
arrangement is considered to simplify the analyses. 
 
An experimental study on wet clutch frictional behaviour under water contaminated 
lubrication condition reveals the change in the friction level for a water contaminated 
lubricant. It was shown that the friction level increased for the addition of water in the 
system. This is not a desirable clutch frictional behaviour for maintaining frictional 
stability. The increase of friction for added water was influenced by the water amount 
but not by the water exposure time. The test results also showed a higher change in the 
separator plate's roughness parameter (Ra) for water contaminated systems compared 
to an uncontaminated wet clutch.  
 
In the second part of this thesis, the influence of the clutch’s output shaft’s stiffness 
and inertia on the clutch system‘s friction reliability is experimentally evaluated. Test 
results show that the choice of these design factors can provide different outcome 
concerning clutch frictional performance and shudder sensitivity. Shudder tendency is 
seen to be increased for decreased torsion shaft stiffness. High frictional losses and 
clutch degradation are observed for systems with less inertia. 
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Chapter 1 

Introduction 

Wet clutches are currently essential parts for many modern vehicles equipped with 
automatic transmissions. They can be used for several purposes including shifting 
gear, lock up etc.  The torque transferring performance, smoothness in operation and 
the lifetime of the wet clutch depend chiefly on its frictional characteristics. For the 
operator or user of a car with an automatic transmission the clutch performance and 
durability is an important concern for the ultimate smooth drivability and comfort. But 
the clutch lifetime is limited by the more or less continuously degraded frictional 
performance due to unavoidable wear and temperature change for the frictional 
interface. This is probable for the specific lubrication system. Though wet clutches are 
lubricated, they mostly work in boundary lubrication and the applied load is mainly 
carried by the asperities of the contact.  Hence there are several wet clutch friction 
influencing factors, e.g. material, lubricant temperature, frictional surface, load and 
speed. There is a long history of wet clutch investigations by different researchers to 
understand the wet clutch engagement and its frictional behavior as well different 
performance limitations. These continuous researches and analysis improve the 
performance positively and are helping to develop the finest one. However there 
remain some limitations in clutch performance and the influence of some specific test 
conditions were not studied. 
  
The main research goals of this thesis are twofold. Firstly to investigate whether the 
friction behavior of a wet clutch system can be influenced by the water contamination 
and how it is influenced. Secondly to study the influence of output shaft design 
parameters on the wet clutch’s frictional behavior.  
 
The present section introduces wet clutches- their applications, purposes, operations, 
limitations, etc. as well as summarises some of the notable studies on the wet clutch’s 
tribological performance and some friction influencing factors. This can give an 
outline of previous work and progress has been done so far to develop the wet clutch 
system and can find the additional parameters those need to be taken into account.   
  

1.1 Automotive tribology 
 
The invention of steam engine driven human transportation around 1769 was the 
initiation of automobile history [1]. The journey towards the modern and future 
vehicle then includes the introduction of internal combustion engine, electric power 
driven cars, etc.  The development was not only the power source but also in the whole 
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internal and external design and production to provide the best possible transport 
considering the  comfort, cost, size, purpose, fuel efficiency and of course the 
environmental influence (see Fig. 1.1). All these considering factors inherently depend 
on the continuous development and improvement in the automobile tribology.  
 
The word ‘tribology’ comes from the Greek word tribos (meaning rubbing). Tribology 
has become a multipurpose word about friction, wear and lubrication rather than only 
the science of rubbing literally. From 1966 it has been recognised as the science and 
technology of two interacting surfaces in relative motion and about other related 
factors as reported in Jost report [2]. Though the name itself is new, but the practice of 
this science was seen from 3500 B.C, for reducing friction in wheels with the help of 
water lubrication [3]. Hence from the ancient times the use of tribology and the 
transportation facilities are interconnected. The continuously developing automobile 
fields utilizes vehicle tribology to increase performance, fuel efficiency and  comfort 
at the same time while maintaining reduced cost and environmental effect with the 
help of the understanding of friction, wear and lubrication in the automotive 
components. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.1 A six wheeled battering ram from the bronze gate of 9th century B.C. (left)[4]; 

a passenger car from GM in 2011 equipped with automatic transmission (right) [5]. 

1.2 Automatic transmissions and clutches

An automatic transmission (Fig 1.2) is obviously a popular choice for the present and 
future vehicle generations for their quick response and convenience in use.  This type 
of vehicle transmission can automatically change the gear ratios as the vehicle is 
moving and the operator or driver is free from manual gear shifting task.  Since 1930 
the journey of automatic transmissions begins with General Motors and the 
improvement regarding design, performance, comfort and fuel economy continues till 
now.  

The mechanism of a vehicle that shifts the engine power to the wheels and / or 
additional equipment is called the power train. This process is a complex operation of 
clutch components in any automatic transmission.  A clutch system can transmit 
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torque or rotation between shafts by engaging and disengaging, when one shaft is 
driven by engine and the other shaft is connected to transmission or other device. A 
clutch device links these two rotating shafts to be connected together and rotate with 
the same speed, or be separated and rotate at different speeds. A clutch is very 
important for the performance of automatic transmissions. Though the machine 
components in most of the applications are designed to experience low friction, for 
clutches a higher friction is a primary necessity.  
 

 
 

Fig. 1.2 Automatic transmission of a passenger car with key machine elements [6]. 
 

1.3 Clutch classifications – wet and dry 
 
A clutch can be wet or dry on the basis of lubricant use. The clutches used in 
automatic transmission for gear shifting are normally oil lubricated (wet) clutches. The 
wet clutch has a steady stream of filtered oil that keeps the clutch interfaces cool. 
Moreover, since a wet clutch is immersed in a cooling lubricating fluid, the clutch 
interfaces are kept dirt free and provides smoother performance and longer application. 
On the other hand, no lubricant is used for dry clutch operations. Though a dry clutch 
can engage quicker than a wet clutch and the shifting process is rather fast; it does not 
offer the above mentioned advantage with cooling, clean and noise free operation as   a 
wet clutch. As a result, the dry clutch is also less durable and can serve for shorter life 
period than the wet clutch.  
 

1.4 Wet clutch –designs and arrangements  
 
The wet clutch usually consists of an alternate arrangement of separator and friction 
discs. Separator discs are often plain steel discs and the friction disc comprises a core 
steel disc on which friction-lining materials are bonded on both sides. In between the 
separator disk an automotive transmission fluid acts as a lubricant and coolant. Also 
the friction material is bonded to the separator disks in an alternate order for single-
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sided clutch designs, so there is no need of separator discs. However, this single-sided 
con guration has the coining problem due to the difference in heat expansion of the 
core disc and friction material during operation. It is why the double sided friction 
discs are favoured in wet clutch applications. In some special applications like limited 
slip differentials with low power density, the clutch pack can also be built up of simple 
steel discs without friction material attached. 
  
A wet clutch configuration can be of single-, double-, or multiple-disc types depending 
on the purpose. The clutch that has the simplest arrangement is the single-disc type; as 
shown in Fig. 1.3 a. The design and operation of double-disc clutch is almost the same 
as the single disc. Only an extra disc drive and an intermediate driving disc are added 
here. This clutch is used in heavy-duty vehicles and construction equipment. The 
multiple-disc clutch (see Fig 1.3 b) is used in the automatic transmission. This is 
composed of a series of separator disks and friction discs [7, 8, 9]. 
 

 
(a)      (b) 

Fig. 1.3 A schematic of wet clutch model a) single disc (above) [8], and b) multiple 

discs. 

 
In regular arrangements (Fig. 1.3 b and Fig. 1.4), friction discs and separator discs are 
alternately connected to two oppositely positioned splines of the corresponding input 
and output shafts. These discs become engaged by an external hydraulic pressure of 
the admitted oil under pressure through a piston. When the clutches are engaged by 
this normal pressure, friction is generated in between the clutch discs. Therefore the 
friction force acting between the lubricated steel and friction discs are utilized during 
clutch operation. When the clutch discs are pressed together during engagement the 
shafts are at a relatively different angular velocity. The relative speed of the clutch 
discs as well as the shafts comes to zero by generated friction at the end of engagement 
[7, 9]. 
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Fig. 1.4 A schematic of wet clutch pack arrangements in an automatic transmission 

[redrawn from ref. 10]. 

1.5 Applications 
 
The oil lubricated wet clutches are mainly used for torque transfer purposes where it is 
required to handle more energy, heat and to control  torque transfer (such as in wet 
brakes, lock-up clutches, launch clutches). A wet clutch can be used for several 
purposes. Its’ applications include transmission applications in machine and vehicle 
construction. In the automatic transmissions wet clutches are used for numerous 
functions. This is why wet clutches have been studied for mostly automatic 
transmission applications. They are also used in applications like in wet brakes, lock-
up clutches, launch clutches in motor cycles and limited slip differentials, four wheel 
drives etc. where control of torque transfer is the requirement.  Working condition 
varies for different clutches in the transmission depending on their applications [7, 11-
17].  Some common areas for wet clutch applications are listed in the Table 1.1. 

Table 1.1 Wet Clutch applications in automobile power train 
 

Wet clutch 
Automatic 
transmission

Shift device

Lock up in torque converter 

Limited  slip drives 
Lock up differentials 

Torque transfer in four wheel drive 

Others
Continuously Variable transmission 

Dual clutch transmission 
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Three main applications for wet clutch are described below: 

1.5.1 Shift Clutch 
 
The gear shifting of automatic transmissions is usually handled by wet clutches. The 
task of the shifting clutch (Fig 1.4) is to engage correct gear pairs for the selection of 
gear ratios and directions is to shift gear. This clutch can be a part of a planetary gear 
system and connects the shafts [1, 5]. Its functions are similar to the already mentioned 
regular clutch operation (see sec. 1.4 and Fig 1.4). 

1.5.2 Lockup clutch 
 
In automatic transmissions (AT), lock-up clutches are also used to lock up the torque 
converter at high vehicle speed [12]. This can amplify the efficiency of the AT by 
creating a mechanical connection between the turbine and the impeller (see Fig 1.5) 
[11]. At high vehicle speed the torque converter is not needed, so the lock up clutches 
engaged at that time to eliminate slip in clutches and the engine is then directly 
connected to the transmission. In this way the losses in torque converter is eliminated 
at high speed and the fuel efficiency is improved consequently. Lock up clutches are 
immersed in oil for the entire time. 
 
 

 
Fig. 1.5 Structure of lock up clutches in torque converter. 

1.5.3 Limited slip drive systems 
 
Wet clutches can also be used to lock up differentials and to transfer torque in four 
wheel drive (4WD) limited slip drive systems. These wet clutches work with very low 
sliding speeds and higher surface pressures than those used for automatic transmission 
applications. These types of clutch applications also have much longer clutch 
engagement times and work mainly in the boundary lubrication regime [11, 13, 14, 

 

Torsion spring 

stator
Impeller

Clutch disc 

Clutch apply 
piston 

Turbine

Transmission
input shaft 
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16]. They are used to lock up the differential of the vehicle when one of the wheels 
connected to the differentials starts to slip. The figure 1.6 (a) shows an active LSD 
system consists of a wet multidisc clutch. In four wheel drive systems the wet clutches 
are used to distribute torque between rear and front drive shafts of the vehicle (fig. 
1.6 b).  
 

 
(a) 

 
(b) 

Fig. 1.6 (a) Schematic of a final drive unit with limited slip differential [16]; (b) 

Schematic of the Haldex Limited Slip Coupling, generation 1-3 [13]. 
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1.5.4 Other applications 
 
 
Dual clutch transmission 

Double clutch automatic transmission (DCT) (Fig. 1.7), consists of wet multi-disc 
clutches for torque converting operations. Here the wet multi-disc clutches use 
hydraulic pressure to drive the gears like the torque converter and can manage around 
1,250 N.m torque [17]. Dry clutches can also be used for this. When the clutch is 
engaged, hydraulic pressure presses a series of stacked clutch discs and friction discs. 
The pressure on the friction disc transfers the force to attach the shaft which is 
connected to the gear set. This eliminates the torque converter as used in conventional 
automatic transmissions. 

 
Fig. 1.7 General dual clutch transmission layout with coupled clutches, C1 and C2, 

gear train with synchronisers S1, S2 and gears G1, G2 [18]. 

1.6 Clutch components 
1.6.1 Friction materials 
 
Wet friction material is one of the basic functioning components in wet clutch system. 
Before 20th century in fact only dry frictional pairs were used in clutches and brakes, 
and natural products like rubber, leather, cloth etc. were used for this purpose [19]. 
From 1918 asbestos fibres were introduced in this application. Later on around 1930’s 
the longer lasting sintered materials came in the market to replace the asbestos one. 
With the improvement in the automobile industries after the 2nd world war, more and 
more research in this field provided with the newer and better friction materials from 
cork to carbon fibres and advanced resins for them [19, 20]. Some of these materials 
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like asbestos fibres have also been restrained to use for the health and environmental 
risk since 1970 [21].  
                                                                                                                                                       
In generally there are three main types of friction materials used are: 
 
(i) Paper based materials. 
(ii) Carbon based materials. 
(iii) Sintered bronze materials. 

(i) Paper based friction material  
 
Paper based friction materials are used as a wet friction material since 1957. Paper 
friction lining is composed of raw paper (made of natural pulp or other fibrous 
materials and several filler materials) and phenol or some other type of resin and is 
bonded over the metal substrate [8, 22, 25]. The performance and durability of paper 
based wet friction materials differ depending on their elasticity, porosity, permeability 
and strength of fiber and resin [25]. In general the coefficient of friction of paper based 
friction materials is rather low at the initial stage and gradually increases with time 
[22, 24]. The common raw materials of paper based friction disc manufacturing and 
structural component of paper based material are shown in the Table 1.2. 
 

Table 1.2 Typical raw materials for paper based friction disc [26] 

(ii) Carbon based friction material 
 
Carbon composite friction materials are used to meet specific friction requirements 
and also for its mechanically and thermally stable nature. It has distinctive open and 
porous surface structure allowing good amount of friction additive molecules. The 
open structure prevents fast clogging of the pores through oil and additive degradation 
product that can deteriorate the frictional properties and lifetime [27]. Therefore they 
can provide positive friction characteristics during long service life. This type of 
linings are used in dry brakes, for agricultural or constructional equipment, in limited 
slip differential (LSD) used in all wheel drive (AWD) power trains. Carbon fibre has 
high to medium pressure resistance, low wear, very stable friction, low noise 
generation (smooth engagement quality) but it is costly. Carbon friction linings are 
more costly than the metallic and paper linings but cheaper for long term use in some 
applications, since it can provide better quality and durability [27- 29]. 
 

Fibers Cellulose, mineral, aramide, carbon, glass, PBO 
Friction
Modifiers

Diatomaceous earth, cashew nut, carbon, mica, calcium, nitride, 
silica 

Solid Lubricates Graphite, Molybdenum disulphide 
Typical Binders Phenolic resin, silicon resin, modified Phenolic 
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(iii) Sintered Bronze 

Sintered bronze is used in heavy duty applications (like limited slip differentials) when 
the clutch operating conditions (like sliding speed, load, temperature etc.) does not 
allow the use of paper friction material [11, 16]. It is usually manufactured by 
dispersing sintered lining with a bronze base [20]. These materials are able to tolerate 
higher stresses and temperatures than paper based materials, able to lower the clutch 
temperature due to their good thermal conductivity and they are relatively cheaper to 
manufacture than carbon based material [20].The performance of the sintered bronze 
can be modified with the composition of the material or by increasing the porosity [11, 
16, 20]. 

(iv) Other Friction Materials 

There are also some new types of hybrid materials. These are typically manufactured 
using a similar process for manufacturing paper-based materials, where carbon fibers 
in combination with organic or synthetic fibers are used [26-28]. They can be used in 
more heavy duty applications where commonly sintered bronze, carbon bers are 
used. Hybrid materials are a cost effective alternative to carbon fiber materials [26]. 

1.6.2 Separator disc material 
 
Though many different friction materials exists, steel is used as counter surface or 
separator disc materials from the early clutch applications for the sintered materials till 
now for the hybrid materials. The choice of friction materials is not influencing the 
separators materials; however the surface roughness of the counter surface are adopted 
according to the frictional materials. Such as, the steel separator disc’s surface 
roughness should be lower for paper based counter friction discs to prevent the 
excessive wear of the softer paper surface. On the other hand, the roughness of the 
separator disc should be high enough against sintered metal surface for the correct 
alignment of the friction interfaces after running in. Therefore surface finish is an 
important aspect during selection of the separator disc for a specific use. Some 
hardened (nitrided) steel clutch discs can be found in the market for the advanced 
applications or research. 
 

1.6.3 Lubricant  

In any automatic transmission for an automobile, an agricultural machine, a 
construction machine, or other industrial machines torque is transmitted through the 
wet clutch by regulating the frictional properties of this lubricated clutch frictional 
interface. Since inappropriate frictional properties cause a power transmission loss and 
discomfort in machine operation, it is important for the clutch lubricant to have 
appropriate frictional properties in the contact. And this property should sustain for 
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longer period to improve the clutch durability as well. In a wet clutch, the lubricant is 
very important for the overall performance of the system and the anti-shudder property 
of the lubricants is an essential for all advanced vehicle applications [22]. 

Wet clutch lubricant: Automatic transmission fluid (ATF)  

The clutch disks and separator discs are submersed in a lubricant commonly referred 
to as automatic transmission fluid (ATF). As there observed rapid development of 
automobile AT (automotive transmission) systems in recent years, it requires more 
efficient and effective ATF to carry out the clutch operation perfectly. With the 
development of different transmission systems the automobile companies go through 
much research for developing new ATF. A wide range of ATF types and specifications 
are developed in different industries. DEXRON®VI introduced for GM Hydra-Matic 
6L80 6-speed rear-wheel-drive transmissions during 2006 has been used in this 
work [30]. 

A typical ATF consists of two parts, base oil and additives. 

(i) Base Oils 

Commonly, the base oil determines base properties of the ATF, e.g. viscosity. Base 
oils in general can be produced from vegetable, mineral or synthetic sources [31, 32].  
 
Vegetable oils like rapeseed oil, canola oil and sunflower oil etc. have some benefits 
such as high biodegradability, good lubricity, high viscosity index and flash point. 
Oppositely they usually age rapidly and they exhibit poor fluidity for low temperature.  
 
Mineral base oils, mixtures of different hydrocarbons, are refined from crude oil and 
are used for most lubricating oils currently. Depending on chemical structure of their 
main components they are subdivided into paraffinic and naphthenic oils. Most widely 
used are paraffinic oils. Compared with naphthenic oils the paraffinic-base oils exhibit 
higher resistance to oxidation, higher pour point, higher viscosity index, low volatility, 
high flash points and low specific gravities [31, 33].  
 
Synthetic oils are usually superior to mineral oils. They are produced by chemical 
synthesis from petroleum or vegetable oils. Common types are polyalphaolefins, 
polyisobutylenes, polyalkylene glycols, phosphate esters, synthetic esters and 
silicones. They have higher viscosity index, better oxidation stability and a much 
lower pour point than mineral oils [33].  
 
(ii) Additives 

Additives are added in base oil to enhance, modify and protect lubricant properties and 
friction characteristics. The wet clutch under low sliding speed and high normal load 
can be expected as in boundary to mixed lubrication regime and then the additive 
actions will influence the frictional property [7, 14, 22]. The additive action also 
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depends on the friction material [7, 33, 34]. So wet clutch transmission fluid are 
combined with additives to improve their property. In the following Table 1.3 some 
common additives that are used in automatic transmission fluid are listed. 

Table 1.3 General additives used in ATF [34] 

 

1.7 Engagement characteristics and frictional behaviour 
 
The characteristics and performance of a wet clutch are greatly influenced by 
operating conditions which in turn influence the design and control of wet clutches. 
Holgerson [7] reported that it is possible to optimize a wet clutch engagement just by 
using the known characteristics of a reference engagement.   
 
The wet clutch engagement can be divided into three main stages:  
 
1) Early stage with high film thickness provides hydrodynamic lubrication: where the 
Reynolds equation can be relating the hydrodynamic pressure to the rate of change of 
film thickness. 
 
2) The second stage consists of partial mechanical contact of the surfaces, the surface 
asperities come into contact with decreasing fluid film thickness. Elastic deformation 
of the asperities takes place due to the applied pressure. 
  
3) The third one is the full mechanical contact of the surfaces, i.e. boundary contact, 
where torque transfer is controlled by sliding friction of the surfaces. The two surfaces 
come into contact leading to boundary lubrication until the relative velocity becomes 
zero. 
 

Additives Representative Compounds 

Antioxidant ZnDTP, alkyl phenol, aromatic amine 

Dispersant Metal sulphonate, alkyl succinic acid imides, organice boron 
compound 

Viscosity index 
enhancer Poly methacrylate, poly isobutene, polyaklystyrene 

Friction modifier Fatty acid, amide, polymerized phosphoric acid ester. 

Antiwear agent ZnDTP, Phosphate, acid phosphate, suldifidized oil fat, organic 
sulphur or chlorine compounds. 

Metallic detergents ZnDTP, organic sulphur compounds, organic boron compounds 
Rust preventor Metal sulphonate 
Corrosion inhibitor ZnDTP, perchlorinated metal sulphonate 
Seal swelling Phosphate, aromatic compounds, chlorinated hydrocarbon 
Anti foaming agent Silicon oil 
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Operating characteristics at different engagement stages play important role in torque 
generation. Torque generation and transmission is the main goal of any wet clutch 
operation. At the beginning of engagement, an axial force is applied to the reaction 
plate and it starts to move towards the friction disc with an axial velocity. 
Consequently a certain amount of fluid contained between the two discs is squeezed 
out. This squeeze-film effect (Fig. 1.8) prevents the discs from making instantaneous 
contact. This state is also called the squeeze film phase. This involves viscous shear 
phenomena [8, 9, 26]. At the initial state of engagement, the fluid film thickness is 
very high and the shear velocity is small. The shear velocity increases as the oil film 
becomes thinner, and therefore the shear force and friction also increases. The torque 
transmitted during this period depends on this viscous shear in the fluid film. When the 
film thickness decreases to the level of friction lining thickness, asperity height and 
asperity contact friction starts contributing to the total clutch torque development. So 
both squeeze action and interaction of the surface asperities occur then. The torque due 
to viscous shear will decrease with the angular speed of the clutch plates. When 
relative speed of the clutch becomes very low, the viscous friction contribution 
gradually disappears. Finally the asperity contact phase carries the entire load with 
physical contact and hydrodynamic effects are nominal. Then only the contact friction 
contributes to the total clutch torque [8, 24, 25, 26]. 

 
 
Hydrodynamic        Mixed       Boundary 

Fig. 1.8 Wet clutch engagement and torque generation [redrawn from ref. 35]. 
 

Briefly in hydrodynamic stage viscous shear is the main torque transfer mechanism 
whereas in second stage torque transfer occurs by both mechanical contact and viscous 
shear [24, 25, 36, 37]. Therefore the clutch torque consists of both the asperity contact 
and the viscous friction torque. In general clutch applications, the overall friction is 
determined by surface interactions, and fluid flow between and through the clutch 
plates. So the material parameters and the additives have a principal effect on this 
friction. Moreover the operating conditions like temperature, sliding speed, normal 
load etc. can influence the friction in wet clutches [16, 33] (The parameters effecting 
clutch friction and durability are brought up in details in sec. 1.9). The friction 
behaviour of wet clutches for automatic transmission applications were found to have 
strong impact on the vehicle’s dynamic and transmission behaviour, which in turn 
determines the life time of a clutch.  
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1.8 Friction induced vibration  
 
Friction induced vibration or shudder is a clutch operation limitation. Friction induced 
vibrations or stick-slip start to occur in the wet clutch systems for certain operating 
conditions or as a result of clutch failure [13]. This phenomenon seriously affects the 
comfort of the operator of the vehicle, produce noise and wear of the drive-train’s 
component. For automobiles, shudder is not a welcoming behaviour. This can be 
detected as the fluctuation of the output torque of a drive train, whereas constant 
output torque on the wheels is necessary for the smooth gear shift [12-14]. 
  
Clutch systems in automatic transmissions are prone to two types of vibrations: stick 
slip and oscillatory sliding. Stick slip is caused by sticking and sliding of the 
alternating surfaces, with a corresponding change in the force of friction. Stick slip 
occurs when the static coefficient of friction exceeds the dynamic coefficient of 
friction. Then the force needed to start the motion is higher than what is needed to 
maintain sliding. For a moving system the applied force increases until it is higher than 
the maximum static friction force. The clutch velocity decreases when the friction 
force is insufficient to encounter the spring force, lubricant viscosity and static friction 
and then the system stops. This leads to continuous speeding up (slip) and down 
(sticking), or stick slip vibration. Oscillatory sliding is the result of frictional instability 
where a self-excited condition exists that amplifies vibrations. The friction instability 
is the increase in coefficient of friction for decreasing sliding or rotational speed (Fig. 
1.9), which leads to excitation of the mechanical eigenmodes of the drive line [12, 13]. 
 
The shudder has been seen in general as a complex instability phenomenon due to 
friction characteristics similar to brake shudder. Correlation between negative μ-v 
slope behavior and shudder has been confirmed [see Fig. 1.9 (c)] by several 
researchers [24, 25]. Many experimental and theoretical investigations and wide on-
vehicle observations reported by different automotive companies reveal shudder as a 
complex phenomenon affected by the gradient of the friction-velocity (μ-v) 
characteristics (Fig. 1.9) and the ratio of static friction (μs) and dynamic coefficient of 
friction (μd). [13, 14, 37-44].  
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(a)                 (b) 

 

 
      (c) 
Fig. 1.9 Friction Coefficient vs. Speed curves: (a) positive and (b) negative slopes and 

(c) negative slope producing friction induced vibration. 

 

1.9 Wet clutch friction parameters 
 
Specific wet clutch application requires certain friction systems, transmission fluid 
formulation and distinctive system design. Since wet clutch transmission torque is 
generated from the lubricated clutch interface friction, the operating conditions exert 
control on the friction outcome definitely can influence the torque. Therefore the 
parameters (see Table 1.4) which can affect the frictional behaviour of the wet clutches 
are essential for controlling the wet clutch performance. The stable frictional 
characteristic of wet clutch is also important for increasing the smoothness of gear 
changes or other means of torque transfer and providing a long clutch life. Moreover 
the necessity of anti-shudder property of a wet clutch is linked with this. 
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Table 1.4 Factors effecting wet clutch friction characteristics and durability 

Operating
Parameters Applied load, sliding velocity, temperature 

Material
Parameters 

Fiber material,  type of resin, fiber orientation , 
modulus of elasticity, groove pattern, porosity, thickness etc. 

Lubrication(ATF)
Parameters Base oil, additives, viscosity, fluid degradation 

Separator disc 
parameters Hardness, roughness, surface texture 

Mechanical
parameters Damping, stiffness, inertia 

 
Some of the significant parameters are described below: 
 

1.9.1 Operating Parameters 

a) Clutch operating temperatures

The interface temperature in the clutch has a significant effect on friction. Both the 
fluid viscosity and the tribolayers formation are affected by this temperature. The 
tribolayer generation rate is also influenced by the temperature dependent surface 
activity. In addition, the surface temperature will control the dominance of the 
additives in the tribolayer. Temperature in the clutch depends on the heat generation, 
heat transfer and boundary conditions. The temperature in the clutch engagement 
increased due to the frictional heating during velocity increment and the friction 
decreases with the increasing start temperature. So the increasing temperature will also 
produce the negative slope of the friction-velocity curves at higher velocities. So there 
exists complex relation between temperature and friction, the coefficient of friction 
decreased at high temperature and a lower temperature also gives a more negative μ-v 
slope [7, 33]. Temperature also influences the frictional durability by the ageing of the 
ATF and friction materials [7, 9, 11, 16, 20, 33]. 

b) Applied normal load 

The clutch frictional characteristics are not much influenced by the applied load for 
normal operating temperatures [33]. However the applied load can influence the 
frictional behavior at low temperatures. The friction can be increased a little for a high 
applied load due to the increase in contact area for the deformation of frictional 
material. Oppositely, in some situations the coefficient of friction is decreased for the 
increased contact temperature at high loads. The load dependent friction coefficient is 
not desirable for ideal situations. It has been found in a previous study [33] that the 
dynamic friction can be reduced for increasing load, but this effect is not observed for 
static friction. 
 



   17
 

  

c) Sliding speed 

Several researchers [7, 9, 12, 14, 23, 33, 34] found the significance of the sliding 
velocity for friction characteristics since the change in lubrication and temperature is 
dependent on the sliding speed. The ratio of static and dynamic friction is measured 
from the friction at different engagement speeds. The anti-shudder performance is also 
monitored from the ratio of the friction coefficients for low and high sliding velocities. 
As discussed earlier (sec. 1.8) the friction- velocity relation is an important fact to 
determine the shudder possibility of any clutch system.  
 

1.9.2 Material Parameters 

The paper friction material of the friction plate is applied as a liner. The structure of 
paper based friction lining is porous and deformable. It has a rougher and softer 
surface than the steel reaction plate so that it can provide a high coefficient of friction 
with low wear rate. Thermal influence is very important for the friction material life 
cycle, since friction materials can be affected both mechanically and thermally in the   
high temperature clutch environment. The friction disc has a larger surface roughness 
than the separator disc which permits the presence of boundary lubrication even at 
high speeds; therefore thermal degradation plays an important role in the changing 
frictional characteristics of the friction plate at this stage [37]. It has been found that 
the least heat resistant compositions of the friction materials or cellulose fibres are 
liable to carbonize in high temperature interface, caused by repeated clutch 
engagements. The carbonization process is a chemical reaction that degrades the 
cellulose fibres.  With further carbonization the friction material’s strength is lowered 
and sometimes not anymore bonded to the core disc. This can flatten the asperities and 
surface topography will be changed, consequently increases the total contact area [37]. 
There is also mechanical degradation of the friction material by cyclic compression 
and shear stress. When friction and reaction plates are loaded and slide against each 
other, there forms independent contact units [36, 37]. These contact units are deformed 
due to load. Thus there is an increase of the real area of contact for the friction material 
during the engagement when increasing the load. According to the previous studies [8, 
9, 12, 24] the real area of contact increases as ageing of the wet clutch. As the friction 
material is softer than the reaction plate material, subsurface deformation results from 
shearing of the friction materials. Hence, the mechanical and physical properties of the 
friction material changes during clutch operation as well as the frictional 
characteristics. Changes in friction material properties have significant effect in the 
occurrence and the severity of the friction induced vibrations. In a previous study by 
Ohkawa et al. [45] it has been found that the coefficient of friction is increased by 
reducing the elastic modulus of the friction material. 
 
Thickness of the friction lining and the resin chemistry has profound influence on the 
performance of different paper based friction plates. The cooling of the interface is 
achieved by the lubricant flow inside the friction lining material and for grooved plates 
by the lubricant flow inside the grooves. The grooves play an important role in 
channeling the fluid away from the clutch face when the clutch is closing, which 
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means increasing the dynamic coefficient of friction. When the clutch is fully engaged, 
the surface porosity and groove configurations together work as two primary factors 
for maintaining continuous oil flow, which can control clutch overheating. Grooves 
can also generate turbulence which drives fluid between the reaction plate and the 
friction plate.  In this way it can decrease parasitic drag. Hence groove pattern is an 
important factor for clutch frictional performance. 
 
Permeability is an important concern for friction lining. Usually a paper friction 
material has a porosity of around 75%. The total transferred heat to the friction lining 
by the lubricant is dependent on the applied pressure, permeability of the friction 
lining and the time to adjust to the steady pressure. Porosity of friction materials or the 
friction surface is the key factor in determining the rate and volume of fluid 
absorption. The porous structure of paper based friction material permits internal 
cooling oil flow resulting in a good durability of the material. The lubricant 
performance varied significantly in combination with different friction materials 
depending on the penetration rate for the material. Though it has been found that the 
permeability does not influence the interface temperature, it influences strongly the 
torque response [11]. For high permeability, the lubricant film thickness reduces in a 
very short time at the interface. Thus there exists an early occurrence of asperity 
contact that gives higher total torque (high asperity torque with hydrodynamic torque) 
for the system. The topography of the friction lining changes during the clutch 
lifetime. In the beginning, the new friction lining is very porous and has a rough 
surface. Glazing causes the paper friction plate to lose porosity by plastic deformation 
and look glazed. Porosity is important as the coefficient of friction increases with 
increased porosity as well as viscoelastic deformation [23, 24].  
 
Smoothness of the friction plate is also a major concern, as the friction discs generally 
exhibit greater geometric imperfections, such as thickness variation, macroscopical 
material nonhomogenity of friction material. Kato et al. [12] found that the friction 
lining waviness produces cavitation that influences the dynamic friction and governs 
the negative trend of friction- velocity relation. 

1.9.3 Lubricant parameters 

The ATF characteristics and its service life is an important matter of concern for any 
wet clutch system. As ATF influences the clutch friction mechanism, it can also be 
responsible for the negative friction-velocity trend like high μ in the low speed range 
and low μ in the high speed range that results in shudder. A proper ATF must fulfill 
the antishudder performance by preventing shudder. That is why friction modifiers are 
added to ATF to improve the anti-shudder performance.  
 
Compatibility of friction material and ATF also has a considerable importance [34]. 
For a certain friction material or mating surface, the friction characteristics of the fluid 
directly affect the torque capacity of the transmission clutch system [33]. Some 
additives can affect the surface roughness and the degradation of the friction disc 
under severe condition. The lubricant film thicknesses as well as the fluid viscosity 
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have a direct relation in the torque transfer mechanism of a wet clutch system. These 
two are temperature dependent properties of the fluid. When two plates are engaged in 
any wet clutch arrangement, a large amount of heat generated due to friction at the 
friction-reaction plate interface, in a very short time. But this interface temperature and 
the friction lining temperature are important for lubricant viscosity as well as torque 
response since this heat is absorbed by the ATF as well as the friction interfaces. In 
automatic transmissions the ATF should maintain appropriate viscosities from -40 to 
150oC to confirm adequate fluid flow. At lower temperature the oil viscosity can 
become very high which leads to poor engagement and difficult gear shift for an 
automatic transmission. Hence, proper lubricant is essential for effective lubrication 
over the wide temperature range during system operation. Along with the proper 
characteristics, ATF’s service life is a key factor in determining clutch life since the 
lubricant behaviour changes during the clutch operation for different chemical and 
thermal causes. The degradation of ATF is also experienced by the change in frictional 
properties. The declining coefficient of friction with speed is a sign of the end of the 
fluid life.  

The wet clutch friction characteristics are mainly influenced by the additives in the 
ATF rather than the base oil [14, 16, 33, 34]. However the type of base oil can 
influence the activity of the additive package. Base oil can influence the expected life 
of the ATF, as they are resistant to oxidation. It also controls the thermal properties of 
the lubricant. Though base fluid type or viscosity has no significant effect on torque 
capacity has been found for the base oil type, a low viscosity base fluid shows better 
anti-shudder properties than a high viscosity fluid, chiefly at lower temperatures. Base 
oil influences the temperature dependence of the dynamic friction and the anti-shudder 
properties.  

The notable effect of additives on clutch friction has been investigated by several 
authors [14, 16, 22, 33, 34, 46]. They found that both the torque capacity and the 
dynamic friction are chiefly affected by the choice of additives. Friction modifiers 
have significant influence on friction by decreasing friction at low speeds of sliding 
and therefore they are added to improve the anti-shudder properties of the lubricant. 
The downside of the friction modifier is the reduced torque transmission capacity for 
wet clutch. Anti-wear agents also show a decrease in coefficient of friction in the 
region of low speeds of sliding. The ATF durability is influenced by additives like 
dispersants, which stabilize contaminants in the lubricant and thus recover from 
undesirable viscosity increase, wear, filter plugging, etc. Consequently the dispersants 
can influence lubricant’s anti-shudder performance. It was also found that the 
interaction between dispersant and friction modifier can provide low speed friction. 
Though detergents are added in the lubricant for cleaning, the dynamic friction 
increases and the static friction lowers in their presence. The interactions of detergents 
and friction modifiers can also change friction characteristics and are effective in 
improving anti shudder durability [46]. Additives like viscosity index improver and 
oxidation Inhibitor show a low influence on the friction-velocity characteristics. 
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1.9.4 Separator disc parameters 
 
In fact, on microscopic scale all engineering surfaces are rough. Therefore, contact 
simply occurs at asperity summits with very small real contact area compared to the 
nominal contact area. High initial surface roughness for the separator disc can increase 
the wear rate of the comparatively softer friction lining. So the surface roughness of 
the harder separator disc should be low enough to prevent excess wear of the softer 
friction surface. On the other hand it is also important to have high initial roughness to 
provide correct alignment of the surfaces after running in [47, 48]. The surface 
waviness of the separator plate is also a considerable factor to be concerned. The 
waviness of the reaction plate produces different initial pressure variation and it is a 
major factor in the initialization of the unstable thermoeleastic process. That is why the 
surface profile and hardness of the separators are important for excellent operation of 
paper clutches.  
 

1.9.5 Mechanical parameters 
 
Previous observations by different authors show that although friction-velocity 
characteristics play a significant role in shudder, they are not a mandatory condition 
for shudder occurrences. In practice, shudder has been observed even with a positive 
gradient of the -v curve, depending on the mechanical arrangement of the system. A 
part of the energy transmitted through the driveline is transformed into other forms of 
energy (heat) by positive damping effects. If for some reason the damping becomes 
negative, a part of the energy transmitted by the clutch could induce self-excited 
torsional vibrations of the driveline and contributing to shudder [40-45, 49]. The 
power transmitting capacity of the system is important for wet clutch in this 
connection. It is also controversial to avoid shudder or control friction altering the 
combinations of mechanical parameters. There has been limited experimental work to 
investigate the influence of the mechanical parameters (damping, stiffness and inertia) 
of the clutch system due to the problem of varying them independently in the test 
machine. However several authors [12-14, 38-43, 50-52] considered the mass- spring- 
damper mechanical model for the clutch system in the drive line. Kugimiya et al. [46] 
determined clutch vibration by inertia, rigidity and damping force in the system and 
friction characteristics of the friction surface. found the effect of damping and negative 
friction-velocity curve in shudder occurrences considering the driveline as a 4 degree 
of freedom model was found by Crowther A. et al. [52].The frictional behaviour for 
different combinations of stiffness and inertia of the system were not investigated 
extensively, so it is not clearly revealed how the system behaves for different stiffness 
and inertia.  
 

1.9.6 Specific operating conditions 

Different operating conditions and mechanical systems should be considered for the 
evolution of a wet clutch frictional characteristics and the shudder phenomenon.  This 
can clarify basic understanding of different parameters’ influence on friction 
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characteristic and can help to improve the ultimate performance. Such as water 
contamination: 
 
Water contamination is a process of lubricant degradation. Water as a contaminant can 
be present in three different states in the oil. Many lubricants can hold 200 to 600 ppm 
in the dissolved state depending on the age and temperature. When the maximum level 
of dissolved water in the lubricant is reached, microscopic water droplets are evenly 
distributed in the lubricant forming an emulsion. When sufficient water is added, free 
water also can be found in the lubricant. Corrosion, erosion, water etching, rust and 
hydrogen embrittlement are some effects of these two most detrimental: ‘emulsified’ 
and ‘free water’ phases in the lubricant [53]. Water can also accelerate oxidation, 
deplete oxidation inhibitors and demulsifiers, resulting in additives precipitation and 
work against polar additives like friction modifiers for metal surfaces [53, 54]. Water 
can enter into the transmission from the cooling system through leaky seals, leaky oil 
cooling coils, or from other sources like condensation from atmosphere humidity, 
operating in a water (flooded area) environment etc. Therefore the wet clutch frictional 
behaviour and its durability for water presence in lubricant need to be investigated in 
details.  
 

1.10  Different test methods and measurement techniques 
 
There have been numerous experimental and theoretical investigations regarding wet 
clutch engagement and friction behavior. Different test methods and measurement 
techniques were applied for them to clarify its inherent work principles and parameters 
to improve the performance. It is also possible nowadays to simulate the clutch 
behaviour, which is much cheaper and less time consuming. However it is difficult to 
simulate the friction in boundary regime as it is very much dependent on additives and 
the torque transferred by the engaged clutch is a complex combination of full film 
torque and boundary lubrication torque. During experimental investigations it is very 
important to develop and utilize a suitable test machine for the evaluation purpose 
which is capable of handling basic properties, evaluation conditions and test under 
suitable operating conditions. The reliability and assurance level of tribological tests 
performed in laboratories depends on the test methods and test conditions used.  
Tribotesting of wet clutch has been categorized by Czichos [55]. He grouped different 
ways of testing drive train components according to the valuation of the real vehicle 
conditions. In his list the simple test such as a pin on disc test is cheaper and more 
flexible than the field test. Any tribological tests should as much as possible replicate 
the main application; on the other hand it would be more difficult and expensive to run 
then. The transferred torque and friction behaviour is normally investigated in test rigs 
where the friction in a sliding interface between a friction disc and separator disc is 
considered. Therefor most wet cutch experimental work has been carried out in the 
SAE#2 machine or similar equipment (Fig.1.10). Holgerson et al.[7, 57] studied the 
engagement of a wet clutch with this type test rig that can apply a drive torque during 
engagement and with variable sliding velocity, inertia, force rate, and lubrication to 



22 
 

 

maintain the actual automatic transmissions input parameters and output 
characteristics.  

 
Fig.1.10 SAE II tester [47]. 

 
Full scale clutch tests are very time-consuming due to long preparation and test time, 
as well as costly. So to get rid of the full scale test difficulties, scaled down clutch 
contact can be applied in a pin on disc test [49]. The pin on disc test is low-cost, time 
saving, geometry independent and suitable method to investigate a lot of different 
combinations of friction materials and lubricants. The pin on disc apparatus measures 
more local friction conditions, what is preferable for numerical analysis. There [47, 
58] was observed a fine link between the pin-on-disc test results with results from test 
rigs using whole friction disc tests [47, 57, 58]. But it cannot be considered as a total 
replacement of those rigs as it does not test the complete friction disc.  
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‘Basic research is what I am doing when I don’t know what I am doing.’ (Wernher von 
Braun) 

Chapter 2 

Scopes and Objectives 

The world of automobile technology is focusing in the size reduction but on the other 
hand also in increasing the power which indirectly influences the wet clutch research 
to be more focused on improving the design and performance regarding tribological 
aspects. It is important to verify the clutch performance for different operating 
conditions for the clear understanding of wet clutch frictional response to improve the 
overall wet clutch performance and to overcome the common clutch limitation and 
friction induced vibrations or shudder.  

Though much previous experimental and theoretical research were dedicated to clarify 
the understanding regarding the wet clutch shudder and frictional response in different 
conditions and the influence of different friction influencing parameters; there still 
remain certain indistinct issues like water contamination and the output shaft stiffness 
and inertia effect. 

2.1 Objectives of this research 
 
The objective of this research is to study the frictional reliability of a wet clutch 
system when the operating conditions are modified such as, for water contaminated 
lubricant and for the different system design parameters. This thesis therefore 
comprises two research aims:  

i. To develop a suitable test method to investigate the clutch frictional 
behavior when water is present in the lubricant and how this water as a 
contaminant change the overall friction stability. 

ii. To experimentally evaluate the influence of different design parameters 
like clutch output shaft stiffness and inertia on the frictional performance 
of a wet cutch system. The friction– velocity relations as well as the 
shudder tendency for the specific shaft stiffness and inertia combinations 
are also verified. 
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2.2 Limitations in the scope of the work 
 
The test rig is designed and the test methods are planned to study the wet clutches used 
in automatic transmission applications. However this test rig does not fulfill the actual 
transmission design requirements in order to reduce the complexity of design and time 
for the experiments. No chemical or elemental analysis was done for the tested 
frictional materials and lubricants to reveal the changes in the tested samples for the 
repeated engagements which might be a significant addition in the test results. 
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‘You have to learn the rules of the game. And then you have to play better than anyone 
else.’(Albert Einstein) 

Chapter 3 

Methods 

The next step after aiming for the research goals was to formulate a methodology for 
the experimental works with the aid of current and previous knowledge around the 
topic. The thesis comprises two different investigations with the main aim of analyzing 
the friction behavior of the wet clutch used in an automatic transmission for different 
operating conditions.  Consistent and high enough friction is a primary need for any 
clutch to perform better by transferring the required amount of torque. To inspect the 
shudder tendency for any specific operating condition after repeated engagements is 
another important task while analysing the wet clutch performance. The shudder 
behaviour can be easily predicted from the clutch’s friction-velocity relation. 
Therefore it is important to plan a proper test machine that is appropriate for the 
selected tests, where long slip is utilized to evaluate friction behaviour during clutch 
engagement. This targeted test machine should have the advantages of the full scale 
test rig to study full disc on disc arrangement where all the friction influencing 
parameters were applicable similar to a real system. Yet it should not have the 
complexity of the real transmission designs and should be able to isolate the system 
under controlled environment (input and output parameters) which is a necessity for 
the evaluation of the influence of any particular parameter. Then the test materials, 
clutch plates and lubricants were selected according to the emphasised clutch 
application in an automatic transmission and the current market point of view. After 
suitable test methods were specified for each investigation, the tests were performed 
maintaining the required operating conditions. The overall test operating conditions 
were maintained according to the real application for long clutch engagements. 
Commonly every test began after running in stage and there were observed repetitions 
of these tests for the validation of the test results. The findings and conclusions of 
these studies were finally predicted or decided from the analysis and evaluation the 
test results. The details about the test machines, the operating conditions, test materials 
and specific test procedure utilized for two investigations are stated in section: 3.1, 3.2 
and 3.3. 
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3.1 Experimental equipment 
 

i. Test rig development  

The experimental works for both the clutch friction investigations were conducted in a 
purposely built, automated wet clutch (Fig 3.1). This rig design is inspired from the 
test rig designed by Mäki [16], which was used for limited slip clutch investigations. 
The present rig is designed mainly for paper based wet clutches used in the automatic 
transmissions to apply moderate contact pressure and speed during repeated 
engagement. The typical multiple plate arrangement is not applied here to make the 
system less complicated for single reaction and friction plate arrangement for easier 
data analysis. Although this full scale clutch test rig does not fulfill the actual 
automatic transmission design, this design is flexible enough for repetitive tests to 
study different friction influencing parameters and different design parameters (output 
shaft stiffness and inertia) during the clutch engagement under the controlled operating 
conditions and obviously cheaper than the field test. The test rig is applicable for both 
the investigations’ requirements: the need of water addition in the ATF for Paper A 
experiments and the need of variable output shaft inertia as well as stiffness for Paper 
B. The rig (see Fig. 3.1) consists of mainly three sections: the drive shaft, the clutch 
pack and the output shaft (see Fig. 3.2 a).  An electric motor with its gearbox mounted 
at one end of the drive shaft generates power through the shaft via a torsionally rigid, 
flexible coupling. This drive shaft connects the reaction plate inside the clutch housing 
for transmitting the torque. The motor drives the shaft along with the reaction plate to 
a specified rotation speed. A double acting hollow piston hydraulic cylinder around the 
drive shaft provides normal force to the clutch housing. On the opposite side of the 
clutch interface the clutch hub, attached with the friction plate covers the clutch 
housing and connects the torsion or output shaft. The output shaft is used to simulate 
the stiffness of the drive train. It has two bearings close to the clutch to ensure good 
alignment. The other end of the torsion bar is fixed and connected with a torque 
sensor. The hydraulic cylinder provides an axial load which presses the clutch surfaces 
together. A load cell is adjacent to the clutch hub and measures the axial force. The 
non-rigid output shaft connected to the friction plate through a hub is free to rotate a 
small angle during clutch engagement allowing the torsional movement of the output 
shaft. The whole rig is mounted on a base plate on the top of a solid and rigid 
foundation (see Fig. 3.1).  

As a result of engagement, the friction plate rotates a small angle. Consequently the 
whole arrangement allows the torque transmission from the drive shaft to the output 
shaft through the axially loaded clutch. For the experiments the friction pairs are not 
immersed in ATF but oil continuously circulate (1.8 l/min flow rate) through the 
friction interface from an oil reserve through an oil inlet by a controlled pump (see Fig. 
3.2 a). Around 0.8 l of cooling lubricating oil (ATF) flows from the pump to oil sump 
in between engagements. The oil sump can maintain a steady oil temperature by a 
water heated coil that is heated by two external heaters (see Fig. 3.2 b). 
Thermocouples inserted into the sump can keep track of the oil temperature and 
another thermocouple inserted into a hole drilled in the outer edge of the separator 
plate can measure the clutch contact temperature.  It is assumed that there is negligible 
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temperature difference between the steel plate and contact temperature because of the 
thermal conductive steel surface and negligible distance (around 0.4 mm) from the 
contact [16, 33]. The original test rig is illustrated in Fig. 3.3. During the experimental 
works for Paper B, several modifications were done in the test rig including change of 
output shaft stiffness and inertia by varying the shaft diameter and using an inertia disc 
on the shaft according to the test conditions. This rig was entirely controlled by 
National Instrument system using the LABVIEW virtual instrumentation software.  
The input and output parameters were monitored by this data acquisition control 
system. The test parameters range is listed in Table 3.1.  

 

Fig. 3.1 Schematic diagram of the automated wet clutch test rig planned for the tests, 
showing the main components in the whole arrangement. 

 

 
      (a)        (b)  

Fig. 3.2 Schematic picture of the clutch system (a) oil flow path inside housing (b) 
design of the oil sump and oil flow path to the pump. 
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Fig. 3.3 Wet clutch test rig. 
 

Table 3.1 Test parameters range for the test rig 

Variable Range, Unit 

Input 

Load(contact pressure) 0-30 (0-6) kN (MPa) 
Oil  temperature 20-150 oC 
Cooling oil flow 0 – 1.8 l/min 
Speed 0-300 rpm 

Output 
Torque 0-500 N-m 
Contact temperature 0-250 oC 
Sample rate 0-50000 samples/s 

 
 

ii.  Test materials

The experimental works for both investigations were performed using commercially 
available paper based (grooved) wet clutch  friction plates  and standard steel separator 
plates available in market, used for automatic transmissions input clutch.  The friction 
surfaces are radially grooved to distribute oil uniformly over clutch surface to escalate 
cooling as well as the service life. A commercially available automatic transmission 
fluid (ATF): DEXRON® VI was used as the test lubricant to get the best possible 
clutch lubricant performance according to GM [30]. These clutch configurations are 
applicable for first generation transverse (front wheel drive) hydramatic transmissions 
like THM 440-T4, 4T60 and 4T60E. The details characteristics about the plates and 
the ATF are listed in Paper A and Paper B. 
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3.2 Test methods

I. Paper A 

This paper is intended to reveal the effect of water contamination in wet clutch 
systems. It is important since both torque characteristics and wear resistance can be 
influenced by the water presence. The present paper highlights the effect of externally 
added water on the wet clutch frictional performance. Water can enter into the 
transmission from the cooling system through leaky seals, leaky oil cooling coils, or 
from other sources like condensation from atmosphere humidity, operating in a water 
(flooded area) environment etc. The test materials (see sec. 3.1 ii) were investigated in 
the above mentioned test rig implementing a well confined experimental approach. 
The initial investigation was to plan a suitable test routine to evaluate the influence of 
water contamination on the frictions characteristics of a wet clutch system, where the 
addition of this contaminating water can be different, and to compare the contaminated 
one with the uncontaminated wet clutch systems. Three different situations with 
different water amount and water exposure time were considered to study the frictional 
behaviour according to Table 3.2. The test conditions (Table 3.2) during different 
stages are chosen to simulate real automatic transmission clutch system. So, the 
contact pressure during slip time is 1 MPa for running in and 2 MPa for duty cycles. 
Therefore the applied normal load will be around 5 kN (F=p×A=1 Pa× 4635 mm2  
5 kN) and 10 kN (F=p×A=2 Pa×4635 mm2 10 kN) for running in and duty cycles 
respectively. After assembling the test rig according to the desired test conditions, each 
test was started with the running in stage (500 test cycles) to overcome the usual 
unstable frictional behavior of the fresh new samples. It is important to remove some 
of the irregularity on the friction plate and separator plate surfaces before the main test 
by running in the surfaces with a lower load than the regular cycles. After the running 
in stage, there is observed warm up stage followed by seven main and additional test 
stages according to Table 2 in Paper A. The warm up stage was performed to get a 
stable temperature both in the contact and in the lubricant. Almost similar test cycles 
were performed to determine the friction characteristics of the wet clutch system 
during different test stages except the variation in the applied load for the running in 
stage.  Initially 290 rpm rotational speed was applied, giving a sliding velocity for the 
friction pair around 1.8 m/s, considering the mean contact radius of 59 mm. It takes 2 
seconds to increase speed from 0 to 290 rpm. After about 1 more second the normal 
force of 10 kN (5 kN for the running in stage) was applied. It takes around 1.5 s to 
apply the load. The normal force is kept steady during slip. The slip time is around 5s. 
The load is removed after the slip time. At the same time, the speed slows down from 
290 to 0 rpm in less than two seconds. The test batches were repeated three times to 
achieve average, repeatable and reliable friction behaviour for each of these particular 
water contamination conditions. Test results were collected from the rig and analysed 
individually then. There was also observed some complementary tests to aid surface 
analysis of tested separator plates. 
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Table 3.2 General operating conditions during tests 

Input 

Oil temperature  90 C 
Rotational Speed 290 rpm (maximum) 

Normal Load (Contact pressure)
Running in 5 kN (1 MPa) 
Duty cycle 10 kN (2 MPa) 

Output 
Sample rate 16200 samples/s 
Contact temperature 0-220oC 
Torque 0-80 N.m 

*prior each of these stages performed- 15 min cooling, water addition and then 
15 min mixing of oil. 
**Corresponding to a change in water concentration of 2500 ppm in 0.8 l ATF for 2 
ml externally added water. Change in water amount due to evaporation loss or any 
other cause was not considered. 
 
 
Measurement data obtained from a typical test in the rig is shown in the following Fig. 
3.4. 

 

Fig. 3.4 Typical measurements of duty cycle for test 1.2 (the engagement time is set to 
start at 0 s). 

 
The details of the different tests stages and test procedure are presented in Paper A.  
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II. Paper B 

The investigation was aimed for the understanding of the clutch system’s response 
with different output shaft stiffness and inertia concerning the friction-velocity 
characteristics as well as the loss of friction over time. The clutch test rig used here 
test to monitor friction behaviour as well as shudder generation in the controlled 
environment during clutch engagement. Four different cases were examined in this 
investigation. According to Table 3.3 where the investigated parameters are shown, 
these four different cases can be defined as four different combinations of shaft 
stiffness and added inertia. Same test conditions and types of friction discs were 
chosen to keep the four cases comparable where stiffness and inertia were varied. 
According to the derivation of stiffness, the output shaft stiffness depends on the shaft 
dimensions and material properties, as 

 k = 
l

dG
l

GJ P

32

4

                      (1) 

where k is the torsional stiffness,  J,  G,  d and l are polar moment of inertia, modulus 
of rigidity, diameter of shaft and length of shaft respectively. The difference in 
stiffness between the investigated diameters (d1, d2) will be 

 100
32

4
2

4
1 dd

l
Gk                           (2)  

By decreasing the shaft diameter from 28 mm to 16 mm (around 0.5 times) the 
stiffness   is lowered from 6272.57 N.m/rad to 668.79 N.m/rad (9.3 times lower). 
Meaning that the stiffness reduction is around 90% for the 50% reduction of the shaft 
diameter. To change the inertia of the output shaft an external circular inertia disc was 
added to the outgoing shaft of the test rig, which adds 0.0671 kg.m2 moment of inertia. 

Table 3.3 Test parameters in four different combinations for inertia and stiffness study 

Case No. Length
(mm) 

Shaft diameter
(mm) 

Stiffness,k
(N.m/ rad) 

Inertia, J 
(kg.m2)

1 (High k, High J) 760 28 6272.57 0.072 
2 (High k, Low J) 760 28 6272.57 0.0047 
3 (Low k, High J) 760 16 668.79 0.072 
4 (Low k, Low J) 760 16 668.79 0.0043 

Every test batch for each case is generally divided into three stages; a running in for 
500 cycles, duty cycles for 25000 cycles and μ-v measuring cycle after every 5000 
duty cycles. The μ-v measuring cycle was used to measure the sensitivity of the 
system during speed change. The test conditions fulfilled the general test conditions 
listed in Table 3.2.  Measurement data obtained from a typical duty test cycle in the 
test rig is represented in the Fig. 3.5.
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Fig. 3.5 Typical measurements of the duty cycle for Case 1.  The engagement time is 

set to start at 0s. 
 
A test cycle (see Fig. 3.6) with a linearly increasing sliding speed was performed to 
verify the friction- velocity relations for different shaft design combinations.  
 
 

Fig. 3.6 Typical measurements of μ-v measuring cycle for a Case 1 test. 
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The details of the tests and experimental procedures are presented in Paper B. 

3.3 Surface analysis 

There has been done some complementary surface analyses of the tested clutch plates 
to characterise the nature of surface changes during the tests. In this respect, Wyko 
NT1100 3D optical surface profiler from Veeco instruments was used to study surface 
morphology of the steel separator plate by means of interferometry. A scanning 
electron microscope (SEM) was utilized to reveal the friction plate surface appearance 
after test. For Paper A only the morphology of the separator plate surface was 
analysed. The surface roughness parameter Ra was measured in the four equidistant 
locations around the plate (0o, 90o, 180o, 270o); where the 0o was started from a 
reference mark on the plate surface. The friction plate surfaces were left out in this 
study due to the possibility of less informative data. For Paper B the surface 
observations were done for both the friction plate sliding surfaces (in SEM) and 
reaction plate sliding surfaces (in Wyko profiler).  
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‘I give them experiments and they responded with speeches.’ (Louis Pasteur) 

Chapter 4 

Summary of the test results  
 
In this chapter some significant experimental observations and results from the 
appended papers are presented and discussed.  

I.  Paper A 
 
The investigation aimed at the study of the friction behavior for a water contaminated 
wet clutch system. The friction data for three identical tests from the three different 
test batches (details about the test batches and test stages in sec. 3.3, Paper A) were plotted 
as friction vs. time during clutch engagement at a constant speed of 290 rpm and a 
constant load of 10 kN (see Fig. 4.1 a and b). Each figure comprises data from seven 
corresponding test stages in each test. An undesired increase in friction coefficient is 
observed with the increasing water amount in the system at the same time the 
difference in behavior of different test batches also can be found. The friction trends of 
two different water contaminated situations are explained in Fig. 4.2. Here the 
uncontaminated  period of  the second test batch show  almost  unchanged  friction  
level  and the increase in friction levels for the water contaminated main test stages in 
first test batch show a clear evidence of water influence on friction.    

 

 

Fig. 4.1 Coefficient of friction curves of different test stages during clutch engagement 
(a) test 1.1, test batch 1, (b) test 2.1, test batch 2. 

 
Since roughly same contact temperature range and oil sump temperature were 
maintained together with a steady speed  and  load  application, only  water  
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contamination  can  be  liable  for  this  friction intensifying  tendency. According to 
this Fig. 4.2, the overall change in friction for the no water added stages in the third 
test batch is almost unchanged after the change in the water added 2nd stage. Hence the 
effect of water on friction is not time dependent that is the clutch friction is not 
influenced by the total time water present in the system.     

Fig. 4.2 Mean percentage difference in coefficient of friction for different stages 
compared to reference stage (stage 1) for Test batch 1, Test batch 2 and Test batch 3. 

 
The test results in Paper A show  that  the rate of increase in friction coefficient does 
not linearly depend on the amount of added water and this is a noticeable outcome 
from the common possible water contamination effects like change in lubricant 
viscosity, inadequate additive performance and weakening of friction material. It is 
also found during the surface analysis that there has been larger reduction in the 
separator plates’ surface roughness (Ra) for a water contaminated clutch system 
compared to an uncontaminated one, and the change in the separator plate’s roughness 
remains unaffected for the different water exposure time.  
 

II. Paper B 

This paper has been aimed at simplified experimental investigations of how the 
stiffness and inertia of the clutch’s output shaft influence the friction characteristics 
along with overall service life of the wet clutch system. The experiments with different 
design parameters combinations show a general trend of decreasing the coefficient of 
friction during the service-life. The total duration of the first three cases (described in 
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the previous sec 3.3) are around 25000 cycles. Whereas, case 4 with low inertia and 
low stiffness, is in fact stopped earlier due to excessive shudder generation during μ-v 
measuring cycles. The loss of coefficient of friction and the rate of the reduction are 
not the same for the four different investigated cases with different stiffness and inertia 
of the clutch’s output shaft. The coefficients of friction are almost at the same level for 
these four cases just after running in or during the earlier duty cycles.  Consequently 
the clutch performances are almost indifferent from each other for the four cases with 
the same amount of friction drop in the first few thousands cycles. The system is then 
becoming more sensitive for different stiffness and inertia conditions as the test 
progresses and the clutch degrades. This is apparent from the differences in the loss of 
friction coefficient for different number of duty cycles (Fig. 4.3) as well as in the 
friction-velocity relations (details presented in Paper B).  

Table 4.1 summarizes the friction behavior observed during test for different cases. 
Relating the test results (Table 4.1) from case 1 and  3 with case 2 and 4  shows that 
the clutch degrades faster with a low output shaft inertia keep low torque and friction 
compared to a system with the same test conditions but with the higher inertia. The 
shudder occurrences for friction-speed measurement cycles are earlier for a clutch with 
a less stiff output shaft together with low inertia, which indicates the change in the 
natural frequency as well as the shudder sensitivity for stiffness.    
 
The distinguishable feature in friction plate morphological study (presented in Paper 
B) is that there is more glazing and degradation observed on the friction surface for the 
system with lower inertia or where the output shaft without any added inertia is used.  
Separator plate’s topographies show the presence of waviness and irregular sliding 
marks for different shaft stiffness conditions.  

 

Fig. 4.3 Comparison of mean coefficient of friction during engagement for Case 1 
(high k and high J), Case 2 (high k and low J), Case 3 (low k and high J) and Case 4 

(low k and low J); where k and J stands for output shaft stiffness and inertia. 

Case 1 

Case 2 

Case 3 
Case 4 
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Table 4.1 Summary of the friction measurements in Paper B 
 

Case 
No. J k 

Loss of COF 
Shudder 

occurrences 
Shudder 

amplitude 
After 
15000
cycles

After 
25000
cycles

1 High High 35% 45% Not any N/A 
2 Low High 49% 65% After 5000 cycles Moderate 
3 High Low 25% 38% After 25000  cycles High 
4 Low Low 47% N/A After 15000 cycles Excessive 

 
* For case 4 the total test consists of 15000 duty cycles due to occurrence of excessive 
shudder. 
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‘Beware of finding what you’re looking for’ (Richard Hammin) 

Chapter 5 

Conclusions
 
The thesis comprises mainly two different investigations using a purposely built full 
scale automated wet clutch test rig and utilizing the commercially available friction 
interfaces. The main conclusions based on this work are as follows: 

A newly designed wet clutch test rig is introduced which is suitable for the 
investigation of wet clutch friction reliability and shudder occurrences. 

The undesired increase of the friction levels observed in Paper A for a water 
added system can affect the clutch performance by making the torque-transfer 
difficult to control.  It is also revealed that the change in friction for the added 
water is influenced by the water amount in the system, whereas no significance 
of the water exposure time is observed. However, the rate of increase of friction 
as a function of water in the system is not linearly dependent on the increase of 
the added water amount. There are also mentionable differences in the separator 
plate's roughness parameters (Ra) between water contaminated and 
uncontaminated systems. 

Test results in Paper B discloses the dependence of friction behaviour and 
durability of the wet clutch system on the system design modifications 
considering output shaft stiffness and added inertia. As the clutch degrades, the 
shudder sensitivity for a certain system stiffness and inertia becomes more 
noticeable. 

The smaller loss of coefficient of friction for a clutch system with higher inertia 
in the output shaft configuration indicates the increase in shaft inertia to be a 
substantial aspect for the adequate torque transfer during clutch operation. The 
system’s shudder tendency can also be changed due to the presence of inertia.  
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‘Prediction is very difficult specially about the future’ (Niels Bohr) 
 

 
 

Chapter 6 

Future work 
 

Though repeatable and reliable test results were found from the experiments 
performed in this thesis, some unspoken but additional key issues remain. Those need 
to be explored and explained.  

As discussed earlier clutches, especially wet clutches, have many external and 
internal parameters, which require more research in specific cases to get a complete 
idea about the clutch frictional behavior.  In fact the field of clutch shudder and 
friction reliability is still regarded as a complex fact related to the clutch tribology 
and system design.  Hence the details about the change in the material properties 
during a clutch life would be of interest; to clarify if there is any variance in this 
degradation process due to the change in the operating conditions and to disclose the 
inherent reasons behind the specific friction behavior and the shudder occurrences for 
a particular test condition applied in the performed experiments. Additional 
tribological investigation as well as material characterization and thermochemical 
analyse of the tested frictional surface under certain lubricant and design conditions 
might identify the clutch material degradation mechanism for different cases. So the 
future work will mainly be focused on the assessments of the tested material and 
lubricant: 

Characterization of the degraded frictional surface under humid wet clutch 
environment.  

 Effect of system inertia and stiffness on the friction interface regarding surface 
stress, inhomogeneity and degradation. 

Additional testing with different material combinations and relative analysis of the 
tested frictional surfaces might be interesting for a versatile assumption about water 
contamination and design parameters effect in wet clutches. 

Continuation of the testing in water contaminated system for different shaft design 
factors (stiffness and inertia) will generalize the observed frictional characteristics 
due to water contamination and output shaft design.  

 It would also be interesting to create more realistic situation to investigate the 
friction behaviour and clutch shudder in a multiplate system.  
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Abstract
 
Water contamination in wet clutch systems can be a problem since both torque 
characteristics and wear resistance can be influenced by water presence. The present 
paper reveals the effect of externally added water on the wet clutch frictional 
performance. Commercially available standard paper based friction plates and steel 
separator plates lubricated in commercially available automatic transmission fluid 
were investigated in a recently developed automated test rig implementing a well 
confined experimental approach. Frictional response was observed for three different 
situations with different water amount and water exposure time. There is observed 
undesirable friction increase with increasing water amount in the system. The rate of 
increase in friction coefficient does not linearly depend on the amount of added water 
and this is a noticeable outcome from the common possible water contamination 
effects like change in lubricant viscosity, inadequate additive performance and 
weakening of friction material. The more reduced separator plates’ surface roughness 
(Ra) in a water contaminated clutch system compared to an uncontaminated one can be 
a reason for the change in friction. It is also shown that different water exposure time 
has no large impact on the change in friction level and separator plate’s roughness. 
 
Keywords: wet clutch; automatic transmission fluid; water contamination; frictional 
characteristics 

1 Introduction 
 
Numerous mainstream passenger cars are equipped with an automatic transmission 
(AT) system. This has become popular for its user friendly service [1]. Wet clutches 
are parts of the majority type of automatic transmission systems. Different wet clutch 
applications include shift clutches for engaging correct gear pairs, lockup clutches 
for torque converter in automatic transmissions and limited slip differentials in all 
wheel drive systems. These are mainly used for torque transfer purposes where there 
is a need to handle more energy, dissipate much heat and have control of the torque 
transfer [2].  The benefit of a wet clutch over a dry clutch is established by the use of 
steady flow of filtered oil which can keep the clutch plates clean and cool, as well as 
stabilize the friction by maintaining a lubricating film. In general, wet clutch systems 
for automatic transmission applications are multiple plate arrangements with a series 
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of separator plates and friction plates which consist of core discs bonded with friction-
lining materials. Friction plates and separator plates are connected alternately with two 
oppositely positioned splines. During clutch operation, the friction force acting 
between the lubricated steel and friction plates are utilized [1, 2, 3]. When the 
clutch plates are pressed together during engagement they are at a relatively different 
angular velocity. The relative speed of the clutch plates comes to zero by generated 
friction at the end of engagement. 
 
Friction behaviour of wet clutches has a strong impact on the vehicle dynamics and the 
transmission behaviour, which in turn determines the service life of the clutch [3]. For 
modern automobiles, friction induced vibration or shudder and stick slip is not an 
accepted behaviour. This problem is present when the static friction coefficient is 
higher than the dynamic friction coefficient and friction decreases with increasing 
speed [1, 4, 5, 6]. The clutch’s capacity for transferring the required amount of torque 
from the engine as well as the ultimate clutch life depends mainly on the frictional 
characteristics [2, 3, 7]. So, friction stability with adequate torque generation is a 
primary requirement for the appropriate clutch performance. Automatic transmission 
fluid (ATF) is an essential part of most wet clutch systems. It serves as a coolant as 
well as controlling frictional behaviour for smooth clutch operation. Lubricant  
chemistry, viscosity, performance and durability of the clutch are extensively related 
with the friction performance [1, 6-9] along with other contributions (operating 
conditions like load, speed, temperature, friction material, groove pattern, surface 
roughness) [3, 10-16]. A good ATF should be thermally stable and chemically 
compatible with the friction materials and other transmission components [1, 5]. 
This is why an efficient ATF includes additives like friction modifiers, antiwear 
additives, rust and oxidation inhibitors, antifoam agent, detergent, dispersants, 
viscosity index improvers etc. Degraded lubricant can contribute to  the  failure  of  
clutch  friction performance as well be  responsible for unwanted occurrences like 
high friction in the low speed range and low friction in the high speed range (negative 
μ -v characteristics) that may result in shudder [4-8]. The lubricant can be degraded by 
thermal breakdown of the lubricant additive package, change in fluid property due to 
oxidation and contamination. Contamination in any transmission system is a very 
common reason for improper lubricant function. Water is regarded as 
contamination for the lubricant and after certain concentration it is considered 
detrimental [17-21]. Water can enter into the transmission from the cooling system 
through leaky seals, leaky oil cooling coils, or from other sources like condensation 
from atmosphere humidity, operating in a water (flooded area) environment etc. [18]. 
The water can be present in oil as three different phases; free water, dissolved water 
and emulsified water. The subsistence of different phases depends on the quantity of 
water present in the system. When a large amount of free water is present, it can cause 
corrosion and cavitation inside or throughout the clutch parts. High iron and lead 
corrosion are detectable for this type situation due to water [17, 18]. Water as a polar 
molecule can attract those additives which are polar in nature, like rust inhibitors, 
oxidation inhibitors, friction modifiers etc. Most base oils are not polar and no 
separation of charge exists there. Thus the behaviour with water and additives 
should be different than that of the base oil with water only. So water presence in the 
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system can change the additives action in the ATF in unfavourable ways. Water leads 
to rusting and corrosion in the metallic surface by altering the oxidation inhibitors and 
rust inhibitors action in the ATF. There can be another problem of oil foaming due to 
low oil interfacial tension in presence of water. Friction modifiers which are very 
important surface active additives for ATF antishudder property, [4, 5, 6] can also be 
affected by water interaction. Friction modifiers are added to the base oil to improve 
the friction characteristics particularly in the boundary lubrication regime by forming a 
boundary lubricating film. It can maintain low friction at low speed as well as 
increasing friction coefficient with speed [5]. Water in the system can disrupt the 
formation of a friction modifier boundary film on the friction interfaces. The role of 
common friction enhancing additives like dispersant and detergents [6] are also 
distressed by water presence. The water mixed with the lubricant oil can form a 
stable emulsion under certain conditions. Detergents, which are natural surfactants, 
carry both the hydrophobic and the hydrophilic functional groups and are adsorbed on 
the water emulsion surface. They can form a gel like network in oil, which is 
emulsified and is dispersed like small droplets. This dispersed emulsion can raise bulk 
viscosity and yield stresses of the lubricant at various operating temperatures [18]. 
Paper based friction materials are widely used as commercial friction plate lining 
because of their suitable frictional characteristics [22]. This friction lining is 
composed of natural or synthetic (cellulose, aromatic polyamide) fibres, solid 
lubricants and particulates (like graphite, cashew dust, MoS2, acrylic rubber) 
impregnated with thermosetting resin binder. In water contaminated lubricant, the 
fibres can loosen from the diluted binder which results in material degradation. 
 
There have been a number of investigations [1, 4, 5, 6, 8] on the effect of 
different additives and base oil influence over ATF performance as well as total 
frictional characteristics of a wet clutch system. But to the authors’ knowledge, water 
contamination in wet clutch system was not investigated extensively. There has been 
no comprehensive and recent study on the effect of water in the wet clutch system. 
Berglund et al. [19] investigated clutch lubricants from different sources like field 
trials, wet clutch test rig and measured the water content. They found that the 
amount of water is high (700 ppm) for field trial sample (after 40000 km), on the 
other hand very low (less than 300 ppm) in the test rig (after 40000 cycles). In 
Berglund’s [19] investigation, water contamination has been considered as a type of 
ageing where water is the contribution of environmental humidity. The contaminating 
water concentrations found in the above mentioned wet clutch rig as well as in 
the field trial samples were lower.  In general studies on water in petroleum-
based transmission and hydraulic oils [20] and in synthetic engine-lubricating oil [21] 
it was found that about 1000 ppm water in oil can be considered as detrimental. 
Water contamination in a wet clutch was investigated in another  study [23] utilizing 
a bench   scale   test apparatus to evaluate the torque transfer performance for  paper 
coated frictional surfaces (sized) immersed in transmission fluid (DEXRON®III). 
They found that trace amount like 600mg/kg (ppm) can produce a  difference in 
torque transfer performance and torque-speed behaviour. When the water amount 
was increased, they observed the level of torque and vibration is increased as well.  A 
maximum 1000 mg/kg amount of water was found to be detrimental for the 
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investigated cellulose frictional materials. They also found that less hydrophobic or 
high performance friction materials can perform better with water contaminated 
lubrication than the standard paper coated friction plates. Williamson and Rhodes in 
[23] proposed the reasons behind the changed torque transfer performance to be 
water coating, swelling and weakening of the hydrophilic friction materials and 
hydrodynamic shear. Their work mainly focused on the torque transfer and vibration 
generation. Even though they mentioned that parameters like load, speed and 
temperature were controlled during the test, how the oil and clutch contact temperature 
was maintained during the test was not revealed. It is also pretty much unclear why 
this amount of water has been selected for study. Nothing has been stated 
regarding the effect of higher water concentration. Therefore, there is a need for 
systematic and simplified test approach to verify the frictional behaviour and 
frictional stability in a water contaminated system.  
 
The aim of the present paper is to investigate the effect of water contamination in 
lubricant for wet clutch system considering standard separator plate and commercial 
paper based friction plate lubricated with recently developed transmission oil like 
DEXRON® VI. The water effect on lubrication can be comprehensively observed 
from the clutch friction behaviour. The clutch’s friction behaviour was studied in a 
controlled system where relatively  large  amounts  of  water  (2500  to  25000  ppm)  
were  added  to  the  lubricant  to investigate the influence of water amount and water 
exposure time on the clutch performance. GM (General Motor’s) standard paper based 
friction plate and GM standard steel separator plate were tested with the recently 
developed commercial ATF-DEXRON®VI lubricant in a fully automated test rig 
where the speed, load and oil flow are controllable. 

2 Materials and Methods 

2.1 Test Rig 

There have been several experiments on the development of wet clutch test rig 
appropriate for certain applications [1-7, 9, 19, 22]. The test rig used in this 
investigation has been designed to investigate the friction characteristics of a single 
clutch contact. The test parameters of the rig can be controlled in a range mentioned in 
Table 1.  
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Table 1: Possible test parameters range for the test rig 

 Variable Range Unit 

Input 

Load(contact 
pressure) 0-30 (0-6) kN (MPa) 

Oil  temperature 20-150 oC 

Cooling 
oil flow 0 – 1.8 l/min 

Speed 0-300 rpm 

Output 

Torque 0-500 N-m 

Contact 
temperature 0-250 oC

Sample rate 0-50000 samples/s 

 
A specially designed fully automated test rig (Fig. 1) was used for this experimental 
investigation of the wet clutch contact performance. Figure 1 shows a conceptual 
sketch of this test rig. As depicted in Fig. 2, the clutch system is prepared for single 
friction and separator plate engagements inside a basket which is covered by housing. 
According to Fig. 1 and Fig. 2 (a), the driveshaft is attached with the separator plate by 
the basket and on the other way the friction plate is attached with the hub including 
oil inlet and torsion bar. The torsion bar is used to simulate the stiffness of the drive 
train. It has two bearings close to the clutch to ensure good alignment. The other end of 
the torsion bar is fixed and connected with a torque meter. In between the 
engagements, the lubricant is pumped at a low pressure between the plates through an 
oil feed according to Fig. 2 (a). The oil flow is directed by a controlled pump that can 
guide the oil flow from the oil sump to the oil inlet. An oil filter with a 20 μm 
(micrometre) mesh size and 590 cm2 surface areas was utilized to maintain clean oil 
flow in contact. The oil sump maintains the temperature of the required oil 
temperature by heating it when it flows through the water heated coil according to Fig. 
2(b). Two heaters are used for heating the coil. A thermocouple is attached to the 
separator plate to  monitor  the  temperature  of  the  contact  interface  of  the  
engaged  plates assuming there is negligible temperature difference between the steel 
plate and contact temperature. It is presumed so because of the thermal conductive 
steel surface and negligible distance (around 0.4 mm) from the contact [8, 10]. Torque 
is transmitted from the electric drive unit via a torsionally stiff coupling which 
compensates for alignment errors. The electric drive unit is a servo motor and can 
handle a wide range of velocity. The normal force on the tested clutch is applied 
by a hydraulic cylinder with a hollow piston. This can apply a symmetric load on the 
clutch. When a normal force is applied to the clutch plates, torque is transmitted from 
the driveshaft to the torsion bar. As a result of engagement, friction plate and oil feed 
rotates a small angle because of the non-rigid torsion bar. The whole system is fixed 
on a rigid foundation. 
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Fig. 1 Schematic picture of the whole test rig. 

 
(a) Design of the clutch system and the oil flow path inside housing. 
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(b) Design of the oil sump and oil flow path to the pump. 

Fig. 2  Schematic picture of the clutch system (a) and oil flow path (b) 
 
The measuring equipment consists of a National Instrument’s system which acquires 
data at 1 MHz sampling rate as well as controls the test rig. The control system 
controls different input parameters (see Table 1), such as load, speed, slip time, 
temperature of the lubricant, oil flow to measure the output parameters (see Table 1) 
like contact temperature, friction, torque and oil pressure. 
 
2.2 Test Material 

The tested friction plates are GM standard commercial paper based friction plates and 
standard steel separator plates. The selected friction plates [OEM (Original Equipment 
Manufacturer™) # 24202333] for the tests are recommended for use in transmission 
input clutch in passenger cars. They are suitable for first generation transverse (front 
wheel drive) hydramatic transmissions like THM 440-T4, 4T60 and 4T60E. These are 
radially grooved (see Fig. 3a), with 0.435-0.585 mm thickness friction lining bonded 
with 1.5 mm thick steel backing plate. The diameter of the friction plate is 117.96 mm. 
Each side of this plate has 20 grooves. These grooves are 1.38 mm in width and 13.77 
mm in length. The plate is composed of paper based friction lining coated on a steel 
substrate plate with internal splined teeth. The manufacturer is BorgWarner. The 
separator plates (Fig. 3b) are standard steel, as rolled and tumbled plate. Its thickness 
is around 1.94 mm thick and surface roughness of about Ra 0.2 micro meters (μm). 
The manufacturer is General Motors. 
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      (a)                                                                   (b) 
                             

Fig. 3 Friction plate (a) and Separator plate (b) used in experiments. 

2.3 Test fluid designation 

 In the above mentioned test rig, GM DEXRON®VI (ATF) has been applied as 
lubricant without adding any other external additives. This is a newly (early 2005) 
developed ATF for the recently designed automatic transmissions compatible with 
earlier transmissions as well. According to GM [24] the new fluid can provide 
enhanced performance regarding friction stability, oxidation resistance, wear 
resistance, viscosity stability, aeration and foam control and at the same time keep up 
the fuel economy. The viscosity at 40 C is 29.1 cSt and at 100 C is 6.0 cSt [24]. The 
volume of ATF in the oil sump is 0.8 l. 
 
2.4 Test Procedure
The test procedure is illustrated in Fig. 4.  The oil sump was heated to 90 C. The 
temperature in the clutch is in the range of 120-150 C during engagement. The oil 
flow was stopped during engagement but a flow of around 1.8 l/min was maintained 
in between the engagements.  The contact area of the friction plate was considered 
for load calculation to maintain the nominal contact pressure 2 MPa.  The groove 
area was calculated from the number of grooves (20) and groove width (1.38 mm). 
The total groove area is 380 mm2 and total plate surface area is 5353 mm2, which 
gives a total contact area of 4973 mm2, meaning 10 kN load should be applied for a 
nominal contact pressure of 2MPa. 
 
Initially 290 rpm rotational speed was applied, giving a sliding velocity for the friction 
pair around 1.8 m/s, considering the mean contact radius of 59mm. It takes 2 seconds 
to increase speed from 0 to 290 rpm. After about 1 more second the normal force of 
10 kN was applied. It takes around 1.5 s to apply the load. The normal force is kept 
steady during slip. The slip time is around 5 s. The load is removed after the slip time.  
At the same time, the speed slows down from 290 to 0 rpm in less than two seconds. 
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Fig. 4 A typical test cycle load, speed and oil flow repeated 100 times for each stage 
(see table 2). The engagement period is set to start at 0 s. 

 
2.5 Test Sequence 

To be able to investigate how the externally added water and the total water 
presence time in the system can influence the clutch friction behaviour, the test rig 
clutch system was tested for three different test sequences. Each of them was repeated 
three times to check the repeatability. For simplicity they can be named as ‘Test batch 
1’ (test 1.1, test 1.2 and test 1.3), ‘Test batch 2’ (test 2.1, test 2.2 and test 2.3) and 
‘Test batch 3’ (test 3.1, test 3.2 and test 3.3). For every test new friction plates, 
separator plates and lubricant (ATF) were used. The test rig is cleaned from wear 
particles by flushing with a clean lubricant between tests. The test sequences (see 
Table 2) for these three test batches are described in the following sections: 
 
2.5.1   Running In 

 All tests started with 500 cycles running in (according to Table 2), according to 
Fig. 4. But the load applied during running in was 5 kN instead of 10 kN that was used 
for regular test cycles. 
 
2.5.2   Warm up and reference stage 

 Next step for both test batches was the warming up of the system to a stable 
contact temperature at around 120 C, by running for 150 duty cycles (see Fig. 4) with 
a load of 10 kN at 290 rpm. The warm up stage was continued for another 100 duty 
cycles as reference stage (stage 1 according to Table 2) where no water was added, 
because a reference or uncontaminated stage is required for comparing with other 
contaminated stages. 
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2.5.3   Cooling and water mixing stage 

 After stage 1, the system was cooled for 15 minutes by running the oil 
pump, without any applied load followed by water addition (according to Table 2) 
and finally mixing of the lubricant by running the oil pump for 15 minutes without 
load. These subsequent processes were performed prior to each stage from stage 2 to 
stage 7. Water added to the system with a volume of 0.8 l of ATF. The 
concentration for the addition of 2 ml water in 0.8 l of ATF is 2500 ppm. 
 
2.5.4   Main test stage 

The main test stages comprises of stage 2 to stage 6, where cooling, water addition and 
mixing  steps (see Sec. 2.5.3) were observed before each stage and finally running for 
100 duty cycles with an applied load of 10 kN at 290 rpm. As mentioned earlier the 
observed tests were categorized as test batch 1, test batch 2 and test batch 3 tests. The 
main test stages in the first test batch were aimed for investigating the progressive 
effect of water contamination when the same amount of water added regularly in the 
system and can be compared with the uncontaminated main test stages in the second 
test batch. On the other hand, the main test stages in the third test batch aimed at  
investigating the effect of water exposure time when the system was contaminated 
with only 2500 ppm added water during stage 2 (see Table 2) and no other added 
water during the remains of the test. 
 
2.5.5   Additional test stage 
 
Then the additional test stage or the last stage 7 (see Table 2) was performed to 
compare the test batches 1 and 2, contaminated with the same amount of added water 
after the same sliding distances. For all the test batches, cooling, water addition and 
mixing steps (see Sec. 2.5.3) were performed prior to this stage. According to Table 2 
the water added in stage 7 was 10 ml or 12500 ppm for the first test batch and 20 ml or 
25000 ppm for the second test batch in order to reach 25000 ppm of over-all added 
water volume for both these test batches.  While no extra water was added for the third 
test batch during this additional test stage. At the end of this stage the total sliding 
distances are the same for three test batches; 11880 m (after 1350 cycles) with a 
sliding velocity 1.76 m/s. 
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Table 2: Test sequence for water contamination study 
 

Test Sequence Speed
(rpm)

Load
(kN)

No of 
test

Cycles 

Total Water Content 
(ml)** 

Test batch 
1 2 3 

Run in 290 5 500 0 0 0 
Warm    

up 290 10 150 0 0 0 

Reference
test stage Stage1 290 10 100 0 0 0 

Main test 
stages

*Stage2 290 10 100 2 0 2 
*Stage3 290 10 100 4 0 2 
*Stage4 290 10 100 6 0 2 
*Stage5 290 10 100 8 0 2 
*Stage6 290 10 100 10 0 2 

Additional
test stages *Stage7 290 10 100 20 20 2 

*prior each of these stages performed- 15min cooling, water addition and then 
15 min mixing of oil. 
 
**Corresponding to a change in water concentration of 2500 ppm in 0.8 l ATF for 2ml 
externally added water. Change in water amount due to evaporation loss or any other 
cause was not considered. 
 
2.6 Complementary test 

A complementary test was also performed as a reference test for the separator plate 
surface roughness measurement. This test was similar to ‘test batch 2’ mentioned 
in Table 2 but without any water addition at the last additional test stage. 
 
2.7 Surface Roughness Measurement 

 The surface roughness of the separator plates was measured before and after the 
complementary uncontaminated test (see Sec. 2.6) and after the additional test stage 
(see Sec. 2.5.5) of ‘test batch 1’, ‘test batch 2’ and ‘test batch 3’ water contamination 
tests. The separator plates’ sliding surfaces were analysed utilizing an optical profiler. 
A 3D optical surface profiler ‘Wyko NT1100’ from Veeco instruments has been used 
to measure the simple surface roughness parameter Ra by means of interferometry. The 
roughness measurements were taken in four equidistant locations around the plate (0o, 
90o, 180o, 270o); where the 0o was started from a reference mark on the plate surface. 
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3. Results and Discussions 

The above mentioned tests in three different test sequences (see Sec. 2.5) were 
performed mainly to evaluate water effect in friction behaviour during clutch 
engagements. Test batch 1 tests were contaminated with the same amount of water (2 
ml or 2500 ppm) prior to all main test stages (stage 2 to stage 6); on the other hand no 
water has been added in these stages for the second test batch tests. So evaluation of 
the main test stages can describe the effect of water contamination when the 
contaminated test stages in the first test batch were compared with the 
uncontaminated test stages in the second test batch.   Besides, the influence of the 
increasing water amount on the system can be understood from the analysis of 
main test stages and additional test stages of the first test batch tests. Due to the same 
amount of added water in the system after equal sliding distance during the additional 
test stage for both the test batches can be compared easily. The analysis of the third   
batch tests’ data can explain the effect water exposure time on friction behaviour of a 
system exposed to only 2500 ppm water. 
 
Test results were collected from the rig and analysed individually. The test data were 
selected for constant load and speed. The measured data from one of the test cycle of 
the performed nine tests (test 1.2) is presented in Fig. 5. 
 

Fig. 5 Typical measurements of duty cycle for test 1.2 (the engagement time is set to 
start at 0 s). 

 
3.1 Temperature and Load variation investigation at different stages 

A clutch friction is greatly influenced by the clutch contact temperature [24-26] and 
sliding speed [10, 27]. According to earlier investigations [24-26], it is well 
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established that the friction coefficient tends to decrease at higher contact temperature. 
It is also desirable to have a stable normal load to get a less load dependent clutch 
control. However,  it  was  found  by  several  authors [10,  11,  25]  that  coefficient of  
friction  is  less influenced by the applied normal force.  The friction coefficient 
variation is often negligible for different load application, meaning that the friction 
coefficient is mainly varied for sliding speed and contact temperature [11]. But much 
variation in applied load can affect the clutch torque and friction generation that is 
unacceptable during clutch performance evaluation [3, 12]. Therefore it is important to 
verify the temperatures in the contact, oil temperature and applied load before the 
analysis of friction data from an experiment. 
 
The test data were collected from test 1.1 (test batch 1), test 2.1 (test batch 2) and test 
3.1 (test batch 3) respectively to analyse the applied load, oil temperature and 
clutch contact temperature during test. According to Table 2 each test comprises 100 
numbers of test cycles for every stage. The test data for the 50th cycle of each stage 
were plotted in a same plot, which generates three plots for three test batches. Seven 
curves in each plot represent corresponding seven test stages for the three tests.  In 
this way the clutch contact temperature vs. time, oil temperature vs. time and load vs. 
time for three different tests were plotted in Fig. 6, Fig. 7 and Fig. 8 respectively. 
 
The initial temperature range for every test stage can be easily predicted from clutch 
temperature - time curves in Fig. 6 (a), (b) and (c). Clutch contact temperatures in 
these three plots were measured from the beginning to the end of the engagement. 
They showed a similar temperature (around 105 C) for all tests with a variation 
between different test stages of less than 10 C. 
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Fig. 6 Comparison of clutch contact temperature at different test stages measured 
during clutch engagement for (a) test 1.1, (b) test 2.1 and (c) test 3.1 respectively. 
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Fig. 7 Comparison of oil temperature at different test stages measured during clutch 

engagement for (l) test 1.1, (m) test 2.1 and (n) test 3.1 respectively. 
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Fig. 8 Comparison of applied load at different test stages measured during clutch 
engagement for (p) test 1.1, (q) test 2.1 and (r) test 3.1.respectively. 

 
The oil temperature curves in Fig. 7 also illustrates the same time period of the test. It 
is clear from the three plots that the oil temperature was almost in the same level for 
the seven different stages of test 1.1, test 2.1 and test 3.1. So the meanwhile cooling 
and mixing time is suitable for maintaining a stable temperature among the different 
stages. The load vs. time curves in Fig. 8 also proves to be almost even and stable at 
every stage. A negligible variation of around 210 to 680 N from the actual 
value is observed.  Marklund [11] and Mäki [10] found in separate studies that the 
deviation in friction is not much dependent on load especially at this high temperature. 
This amount of variation in applied load is acceptable as it has the least impact on 
friction behaviour and friction value [10, 11]. 
 
3.2 Friction variation investigation at different stages
  
The friction data was measured for three identical tests from three different test 
batches i.e. tests from three different test sequences for water addition. The 50th test 
cycle data for every test stage (according to Table 2 from reference test stage to 
additional test stage) in a certain test was plotted as friction vs. time during clutch 
engagement for a constant speed of 290 rpm and a constant load of 10 kN.  Figure 9 
(a), (b) and (c) represents test 1.1, test 2.1 and test 3.1 respectively. Each figure 
comprises data from seven corresponding test stages in each test and the right side of 
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all the figures are representing the selected time period (5 s to 5.2 s) of each of the 
plots on the left side correspondingly. 
 
The differences in friction level for different stages of test 1.1 are clearly observed in 
the Fig. 9 (a). The friction value increases for every main test stage compared to the 
reference stage (stage 1). This reference stage of the test 1.1 is uncontaminated, but 
the friction level increases when 2 ml water was added to system at stage 2. The 
friction also increases for the next four stages where same amount of water (2 ml or 
2500 ppm) was added in each step. The friction trend in the additional stage (stage 7) 
for test 1.1 followed the main test stages by increasing the friction level from the 
previous stage. Though the increase in friction is almost comparable with last two 
main test stages and smaller compared to the earlier main test stages. This 
investigation indicates the changes in friction level at the earlier stages (up to 6 ml or 
7500 ppm added water) are greatly influenced by the amount of water. 
 
The next Fig. 9 (b) shows the friction behaviour during engagement observed for 
different stages of test 2.1, test batch 2. The friction curves for this test 2.1 shows a 
different trend in the main test stages than that is observed for test 1.1 in Fig. 9 (a). 
The friction values for the main test stages (stage 2 to stage 6) are almost at the same 
level of reference stage (stage 1). These main test stages in the second batch tests are 
not water contaminated stages.   A small decrease in friction values from the reference 
stage for the respective stages can be observed. The friction curves for the additional 
stage (stage 7) in Fig. 9 (b) show a relatively high change in friction level from the 
reference and main test stages in test 2.1. This stage was started after 20 ml water has 
been added to the system. A much higher friction was generating during this water 
contaminated last stage than earlier uncontaminated stages (stage 1 to stage 6). Figures 
9 (a) and 9 (b) show the increase in friction level for the additional stage are almost at 
the same level for test 1.1 and test 2.1. 
 
Fig. 9 (c) shows friction coefficient during clutch engagement for test 3.1, test batch 3. 
The water added stage 2 in this test 3.1 shows increase in friction from the reference 
stage which is similar to the frictional behaviour observed for stage 2 of test 1.1 in Fig. 
9 (a). So the general trend (increase) of friction observed in both tests (test 1.1 and test 
3.1) is believed to be caused by the water presence. There is no considerable change in 
friction levels from stage 2 for the next main test stages and additional test stage in test 
3.1. This shows that the friction is not influenced by the total water exposure time. The 
insignificant decrease in friction coefficient for the respective test stages in test 3.1 are 
comparable with the friction trend observed in the uncontaminated main test stages of 
test 2.1 in Fig. 9 (b). 
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(a) Test 1.1, test batch 1: whole engagement (left), selected time period of 5s to 5.2 s 

during engagement (right). 
 

 
(b) Test 2.1, test batch 2: whole engagement (left), selected time period of 5s to 5.2 s 

during engagement (right). 
 

 
(c) Test 3.1, test batch 3: whole engagement (left), selected time period of 5s to 5.2 s 

during engagement (right). 
 

Fig. 9 Coefficient of Friction curves of different test stages during clutch engagement 
(a) test 1.1, test batch 1, (b) test 2.1, test batch 2, and (c) test 3.1, test batch 3. 
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For better comparison among the tests in three test batches and to make an average 
comment on the test results, all the performed tests should be taken into account. The 
test conditions were same for the reference stage (stage 1) of every test. Fig. 10 shows 
the friction vs. time curves for this particular stage of most of the tests during the 
selected time period of 5 s to 5.2 s. The curves for test 1.2 and test 1.3 are at the same 
level but test 1.1 is in little lower level. The friction level is obviously high for test 2.1  
and  test 2.2  correspondingly,  whereas  test 2.3  comprises  the  lowest  friction  level 
compared with the other tests. Due to these differences in the friction values for the 
reference stage, initially the test data should be compared individually. The percentage 
difference in friction values from the reference stage for each of the nine tests (see 
Table 2) was analysed. 

 
Fig. 10 Coefficient of friction vs. time curves during the engagement of reference test 
stage group1 (test 1.1, test 1.2 and test 1.3) and group 2 tests (test 2.1, test 2.2 and test 

2.3) for a selected time (5 s to 5.2 s) period. 

A certain time period during the clutch engagement was chosen for representative 
information about the arbitrary coefficient of friction data as shown in Fig. 9 (a) and 
(b). The compared coefficient of friction was the mean friction coefficient value 
measured between the selected time periods of 4.9 to 5.1 seconds of the test (around 
0.2 seconds) of the 50th test cycle for every stage of all the tests. The next Table 3 
comprises the above mentioned analysis of mean friction data around 5th seconds for 
all those performed tests. These representative data clarifies the differences at various 
stages as well as in three test batches. 
 
According to Table 3 the values from test batch 1 follow the same trend. The 
coefficient of friction increases continuously from the reference stage friction value 
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for the successive stages. This increment rate is not the same in every stage. The 
earlier main test stages (stage 2, 3, 4) showed a higher rate of change than the later 
stages (stage 5, 6, 7). 
 
Table 3:  Percentage Friction variation in tests for all test stages compared to the first 
stage 

T
es

t b
at

ch
 N

o.
 

Test
COF

at
Stage1

% Coefficient of friction change from the reference stage 
or

stage 1 
Main test stages Additional 

test stage 
Stage2 Stage3 Stage4 Stage5 Stage6 Stage7 

1

1.1 0. 142 3.0% 5.6% 7.0% 7.7% 8.4% 9.2% 

1.2  
0. 141 4.3% 6.4% 7.1% 7.8% 8.5% 9.9% 

1.3 0. 144 3.5% 5.0% 6.0% 6.3% 7.0% 8.0% 

Mean - 3.6% 5.7% 6.6% 7.3% 8.0% 9.0% 

*SD 0. 001 0.6 0.7 0.7 0.8 0.8   0.9 

2

2.1 0. 145 -0. 4% -0. 3% -0. 2% -0. 6% -0. 3% 6. 2% 

2.2 0. 148 -0. 1% -0.33% -0. 7% -1. 0% -1.0% 5. 0% 

2.3 0. 149 0. 2% – 0.20% – 0.3% – 0.6% – 0.5% 6.0% 

Mean - – 0.1% – 0.3% – 0.5% – 0.7% - 0.6% 5.7% 

*SD 0.002 0.3 0.1 0.3 0.2 0.4  0.6 

3 

3.1 0.143 4.1% 3.5% 3.4 % 3.2% 3.1% 3.0% 

3.2 0.145 5.4% 4.8% 3.7% 4% 4.1% 3.4% 

3.3 0.144 4.5% 4.5% 4.3% 4.1% 3.9% 3.8% 

Mean - 4.6% 4.2% 3.8% 3.7% 3.7% 3.4% 

*SD 0.001 0.6 0.7 0.5 0.4 0.5 0.4 

 
* SD: standard deviation of the percentage difference of COF from reference stage1 
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The increase in friction for the three identical tests in test batch 1 was not same. The 
standard deviations for those three tests were measured to check the variation in 
friction differences. The measured value shows a lower standard deviation for the 
earlier stages but it is slightly higher for stage 5 to stage 7 in case of first test batch. 
 
 Table 3 shows an opposite trend for Test batch 2 (except the last stage 7). For 
the first 5 stages (stage 2 to stage 6) in test 2.1 and test 2.2, the measured values 
indicate no increase, but little decrease in the coefficient of friction values compared to 
the first stage. At the last stage where a large amount of water (20 ml or 25000 ppm) 
was first introduced to the system a huge and rapid increase of friction coefficient was 
shown.  An average 5.7% increase in coefficient of friction compared to the reference 
stage was observed at the last additional test stage. This phenomenon is a significant 
indication of water‘s effect on friction in a wet clutch system. 
 
 The percentage difference in friction during three identical tests for the third 
test batch clarifies the relation between friction and the total time water present in the 
system. The average test results indicate elevated friction level for the main test stages 
as well as the addition test stage from the reference stage.  These three tests in test 
batch 3 were contaminated with 2500 ppm of water only in the beginning of main test 
stage. 
 The friction trends of three test batches can be explained in the following Fig. 
11. The measured mean percentage changes in coefficient of friction values for three 
test batches were presented in curves in this figure (Fig. 11). Since the main six test 
stages in the second test batch (uncontaminated  period)  show  almost  unchanged  
friction  level  (slight  drop  or  minor variation) and the increase in friction levels for 
the water contaminated main test stages in first test batch show a clear evidence of 
water influence on friction.   Since roughly same contact temperature range and oil 
sump temperature were maintained together with a steady speed  and  load  
application,  only  water  contamination  can  be  liable  for  this  friction intensifying  
tendency. The additional stages for the second batch tests were contaminated with 20 
ml water, which is the same for the total volume of water added at the additional stage 
of the first test batch. On an average 9.2% increase is observed (see Table 3) for 
this stage in the first test batch which is almost continuation of the previous stages. 
Whereas in case of test batch 2 tests, 5.7% (see Table 3) rapid increase from stage 1 
(reference stage) is found. Even though the same amount of external water was added 
and same test cycles were observed for the first and second test batches, the increase in 
friction for additional stage is higher for test batch1. But Fig. 11 indicates the overall 
increase in friction is almost same for test batch 1 and test batch 2 after contaminated 
with 20 ml or 25000 ppm of water. It is because there is some decrease in friction 
during the uncontaminated main test stages for test batch 2.  According to Table 3 and 
Fig. 11, the average change in friction for the 2 ml added water in   the third batch tests 
during stage 2 is very close to the changes observed for this amount of added water 
during stage 2 for the first test batch tests. The rate of increase in friction coefficient 
decreases slightly during other stages for the third test batch. Figure 11 shows this 
little decrease in friction follow the same trend of decrease in friction during the 
uncontaminated main test stages for test batch 2. It is also observed from the curve of 
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third test batch 3 (Fig. 11) that the change in friction during stage 2 is almost 
unchanged for the forthcoming no water added stages. The average change in friction 
during the additional test stage for the third test batch is similar to the change observed 
during stage 2 for the first batch tests.  So the effect of water on friction is not time 
dependent that is the clutch friction is not influenced by the total time water present in 
the system. On the other hand, according to the Fig. 11 clutch friction is readily 
influenced by the amount of externally added water in the system. So the curves from 
the measured test results are not only a depiction of water influence on friction but also 
reveal the effect of water presence time and water amount. 
 

Fig. 11  Mean percentage difference in COF for different stages compared to reference 
stage (stage 1) for Test batch 1 (water contaminated main test stages and additional 
test stage), Test batch 2 (uncontaminated main test stages and water contaminated 
additional test stage) and Test batch 3 (water contaminated in stage 2 and no more 

water  added in other test stages). 

3.3 Change in surface roughness 

 The contact surface of a wet clutch interface is an important factor for 
understanding the ultimate resultant wear as well as material degradation after the 
tests [28]. Degradation of friction plate like physical pitting and scoring was not 
found when the friction plates were visually inspected after tests. But the authors in 
[23] have found this type of friction material degradation in their early investigations 
of wet clutch water contamination. This can be due to the different test arrangement, 
high rotational speed of 1800 rpm and the repeated ageing process, which were 
not similar for the present study.  Sliding marks were observed on the sliding 
surfaces of the after test separator plates during visual inspection. The initial surface 
roughness of the separator plate can affect the wear of the friction plate as well as the 
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neighbouring separator plates (for multiple plate arrangement in clutch) [29].  
Although most of the roughness change in separator plate happened during the 
running in period, the roughness of the sliding surface of the separator plate does not 
remain same during test [28]. High initial surface roughness (Ra > 0.12 μm) zones 
of the separator plate are most likely to obtain reduced roughness after the test [28]. 
According to Ost et. al. [28] this roughness change is very much related with the wear 
rate and friction material degradation (change in friction plate’s thickness). Therefore, 
the measurement of the separator plate surface roughness change can reveal the 
influence of water contamination on the resultant wear of the contact surface. The 
average surface roughness parameter Ra of the separator plates before the 
complementary test was around 0 .23  μm and it is considered as the reference 
roughness value. The changes in separator plates’ roughness after uncontaminated 
reference test (complementary test) and three water contaminated test batches (one 
from each test batch) were calculated from the reference roughness value in Table 
4. According to Table 4, there is a little decrease in the roughness (Ra) of the 
separator plate after the complementary test where no water has been added. On the 
other hand separator plate’s roughness parameter Ra reduced considerably after the 
water contaminated test batch 1 test. The samples show dissimilar roughness change 
after different test batches. The Table 4 shows higher change in roughness for 
higher amount of added water in the system. The separator plates’ roughness reduced 
much for the first and second test batches contaminated with 25000 ppm water 
compared to the third test batch where only 2500 ppm water was added. 

Table 4: Surface roughness parameter Ra measurement before and after Gr.1 water 
contamination tests and complementary (uncontaminated) test 

 
 

Test designation 

 
Surface roughness, Ra (nm) 

0 o 90 o  180 o 270 o Average Change

Before test 
 

After Complementary 
test 

 
After Test batch 1 

 
After Test batch 2 

 
After Test batch 3 

230 228 232 227 
 

228 215 221 218 
 
 

195 185 183 188 
 

160 155 162 158 
 

218 209 198 180 

229 
 

220 
 
 

188 
 

158 
 

201 

…. 
 

- 9 
 
 

-41 
 

-62 
 

-19 
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3.4 Predictions and Explanations 

It is noticeable from the experimental results that the friction level is increased for a 
water contaminated system which is almost unaffected for the uncontaminated system 
under the same test conditions. This increase in friction coefficient is related to the 
added water quantity but not significantly influenced by the water exposure time. 
Though the particular cause of the increase in friction with increasing water content is 
not clarified from the test results; the behaviour can be explained by two reasons: 
change in viscosity and weakening of additive activity.  The kinematic viscosity for 
water at room temperature (~20°C) is around 1 mm2/s (cSt) (room temperature water 
has been added). On the other hand the applied ATF, DEXRON®VI is 6.4 cSt at 
100oC (the oil temperature was kept around 90oC). With increasing temperature, the 
water viscosity will be much lower (0.29 at 100oC) than the ATF viscosity at the same 
temp. So the overall viscosity should be lower for a water added system than that of an 
uncontaminated one. But water can form emulsion with the additives in the oil which 
can definitely increase the viscosity of fluid. For increasing the viscosity the friction 
will be higher as well.  
 
As discussed earlier the introduction of water in lubricant can alter the friction 
modifiers activity which plays a key role in friction control [30, 31]. This tendency 
of increasing friction coefficients for water presence will result in loss of frictional 
stability and may at the same way lead to friction induced vibrations in the system 
[30-32]. 
 
There is higher change in the separator plates’ surface roughness after water 
contaminated tests (test batch 1, test batch 2 and test batch 3) compared to the 
uncontaminated complementary test.   The measured values show more reduction in 
surface roughness parameter, Ra for higher water amount in the system. The more 
reduced Ra in the water contaminated test indicates elevated wear rate for the water 
presence in the system as well as change in the contact surface. The elevated wear for 
the presence of water was also observed in the earlier study on water added clutch 
lubricant [23]. The paper friction surface is always preferable to be rougher than the 
steel surface to provide more friction due to the mechanical property of paper [33]. 
The change in the counter steel surface roughness can increase the real area of contact 
by decreasing the asperity height and the resulting larger real area of contact will 
decrease the contact pressure for the applied load [28].  There can also be less 
lubricant available between asperities in the reduced steel surface to provide 
lubrication film formation in the contact [33]. As a result the coefficient of friction 
should increase during the engagement for higher reduction in the separator plate’s 
roughness parameter Ra, which was observed in a study by Ost, W. et al. [28]. Their 
pin on disc test results showed correlation between the decrease in roughness and 
increase in friction for moderately high contact pressures. The change in the separator 
plate’s contact surface roughness could also be a reason of why friction increases 
when water is added in the system. However, since the change in the friction was 
detectable in the earlier test stages (see Fig. 9 and Fig. 10); it seems more likely that 
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the change in friction is due to the water –additive interactions rather than the change 
surface roughness. 
 
4 Conclusions 

A newly developed fully automated wet clutch tests rig was used to investigate the 
frictional behaviour of a lubricated clutch interface when contaminated with water. A 
repeatable test sequence was utilized to check and compare the frictional response 
from two different water contaminated systems in a systematic and simplified way. 
The main findings of this work are summarized as follows: 
 
The water contaminated system shows an increase in friction level for added water. In 
contrast, the friction levels for an uncontaminated system are almost unaffected or 
likely to decline less than 1% with the number of cycles.  This behaviour is not 
desirable for better clutch performance and makes the torque transfer difficult to 
control. 
 
Systems with 25000 ppm externally added water provide higher friction coefficient 
than the system with 2500 ppm added water after same sliding distance. Both water 
contaminated systems indicate the increase of friction levels for added water and the 
influence of water amount in friction outcome is evident from this study. But  the  
change  in  friction  for  the  water  contamination  in  clutch  system  is  not 
influenced by the water exposure time. 
 
A relatively higher change in separator plate's roughness parameter (Ra) is observed 
for a water contaminated system compared to an uncontaminated one. The change in 
Ra is considerably high for higher amount of added water. This might also be one of 
the reasons for increase in friction for a water added system.  But the most probable 
reason for the increase in friction could be the interaction between water and additives. 
It is evident from the test results that the rate of increase of friction as a function of 
water in the system is not linearly dependent on the increase of added water amount. 
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Influence of clutch output shaft inertia and stiffness on the 
performance of the wet clutch 
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Sweden 
 

Abstract

The choice of clutch system design factors like, output shaft stiffness and inertia can 
influence the friction of the wet clutch system. The effects of these parameters are 
experimentally evaluated in this paper. Widely used commercial paper based friction 
plates with standard steel reaction plates are tested with four different stiffness and 
inertia combinations in a recently developed wet clutch test rig. The output shaft’s 
stiffness and inertia are varied by altering the shaft diameter (28 mm and 16 mm) and 
by adding an inertia disc (moment of inertia 0.0671 kg.m2) on the shaft resulting in 
four different stiffness-inertia combinations. The test with a low output shaft stiffness 
and a low inertia showed the highest shudder tendency among the four conditions.  
The test without any added inertia showed a faster degradation than the case with 
added inertia. The SEM images of the tested friction plates and the optical surface 
profiles of the separator plates also indicated the differences for dissimilar impact of 
the different output shaft conditions.  This study reveals the influence of both inertia 
and stiffness not only on shudder sensitivity of the system but also on the clutch 
frictional performance as well as the overall clutch life.  
 
Keywords: wet clutch; friction induced vibration; torsional stiffness; inertia.   

Nomenclature

Normal force [N], FN   
Coefficient of friction,  
Torque, [Nm],  T  
Mass [kg], m 
Damping coefficient [kg/s], c  
Stiffness [Nm/rad], k 
Moment of Inertia [kg-m2], J 
Polar moment of inertia [m4], I 
Sliding velocity [m/s], v 
Angular velocity [rad/s],  
Natural frequency of the sliding surface [rad/s], n  
Modulus of rigidity [Pa], G  
Diameter of shaft [m], d  
Length of shaft [m], l 
Pressure [Pa], p 
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1 Introduction 
 
The driveline (Fig. 1), a vital part of any automobile system, consists of several 
essential machine components including the clutch. The clutch can be used in the 
manual or automatic transmission for a number of purposes to connect any driving 
shaft to a driven shaft. Wet clutches are lubricated friction clutches to provide rather 
controlled torque generation and longer service life [1, 2]. They are widely used in the 
automatic transmission for the gear shifting and lock up applications as well as in the 
torque converters as continuous slipping clutches [1]. In an automatic transmission the 
gear shifting involves the simultaneous engagement and disengagement of wet 
clutches for the different gears in the transmission [3]. All these applications require 
smooth clutch operation in order to get a system free from noise and shudder. Since 
the clutch torque is controlled by the generated friction of a clutch surface, high and 
stable friction coefficient is very important to maintain the required output torque and 
smooth operation [4, 5]. The friction coefficient gradually drops throughout clutch 
service life due to the degradation of the clutch component [6-8].  Degradation of the 
friction material and automatic transmission fluid (ATF) are chiefly responsible for 
this friction weakening. There are several chemical, mechanical and thermal factors 
responsible for the degradation of ATF [4, 9, 10] and wear of friction surfaces along 
with reduced clutch life [6-9, 11].  The clutch degradation and friction characteristics 
are very much related to a major clutch operation problem, shudder. Shudder is the 
general term for any friction induced vibration or torsional vibration that affects the 
vehicle’s performance and passenger comfort [4, 5]. Two conventional mechanisms 
leading to shudder in a wet clutch system are stick slip and oscillatory sliding [12, 13]. 
Stick slip occurs when the static coefficient of friction exceeds the dynamic coefficient 
of friction. Then the force needed to start the motion is higher than what is needed to 
maintain sliding.  For a moving system the applied force increases until it is higher 
than the maximum static friction force. When the friction force is insufficient to 
encounter the spring force, lubricant viscosity and static friction the clutch velocity 
decreases and the system stops. This leads to continuous speeding up (slip) and down 
(sticking), or stick slip vibration [13]. Oscillatory sliding is the result of frictional 
instability where a self-excited condition exists that amplifies vibration. The friction 
instability is the increase in coefficient of friction while slowing down the system [14]. 
Both stick slip and oscillatory sliding can be detectable for insufficient or negative 
damping in the system. Most of the previous investigations [6, 7, 9, 10, 12-16] on wet 
clutch shudder behaviour ended up in two general friction-speed conditions: (i) to 
provide lower static coefficient of friction than the dynamic coefficient of friction and 
(ii) to increase the friction coefficient with the sliding speed. Consequently, low static 
friction coefficient lowers the shudder problems, on the other hand, produces 
insufficient torque [1]. However, any clutch system requires a long life span as well as 
necessary torque generation capability with a very low tendency of shudder [4, 12]. As 
a result, the wet clutch frictional stability and shudder occurrences are regarded as 
complex interconnected facts which depend on several parameters. There has been 
extensive experimental [7-17] and numerical investigations [14, 18-20] by previous 
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researchers regarding shudder occurrence and wet clutch frictional performance. Those 
investigations were based on the factors effecting friction characteristics including 
friction material compositions, porosity, groove, separator plate’s surface conditions, 
lubrication chemistry, physical properties, thermal  factors, clutch operating 
conditions, contamination etc. [21, 22]. Besides those friction influencing factors, the 
mechanical design parameters (stiffness, damping and inertia), driveline alignment and 
assembly etc. can also influence the shudder properties [23, 24].  
 
There are a handful numerical and analytical studies of clutch or driveline mechanical 
models and frictional vibration. Researchers like Centea D. et al. [25, 26], Crawther A. 
et al. [27], Yuan D. et al. [28], Skup Z. et al. [29] considered the dynamic behaviour of 
friction clutches from a mass-spring-damper system approach.  Centea D. et al. [26] 
did analytical studies on the friction- speed relation with shudder generation for dry 
clutches in manual transmission. Later an automatic transmission clutch system was 
investigated by Crowther A. et al. [27] and they found the effect of damping and 
negative friction-velocity curve in shudder occurrences considering the driveline as a 4 
degree of freedom model. Recently Yuan D. et al. [28] investigated theoretically the 
dynamic instability produced for system damping and stiffness in friction clutches.   It 
was also experimentally verified that the inertia and spring stiffness of a clutch system 
affects the vibrational response [30]. Besides there are some mentionable experimental 
studies regarding mechanical design parameters and clutch engagement. Holgerson M. 
et al. [31] investigated the effects of different parameters including inertia on clutch 
friction and the engagement behavior. They found that the increased inertia would 
increase the engagement time, meaning that for a certain engagement time there 
should be smaller sliding distance for the output or transmission shaft with a higher 
inertia. Gao H. et al. [16] also observed that the clutch engagement with lower 
moment of inertia is finished earlier than that with high moment of inertia in the clutch 
system. This is due to the lower system energy for lower moment of inertia, since the 
relative angular velocity for the clutch disc with a lower inertia decreases faster. Ost 
W. et al. [32] studied wet clutch torsional vibration used a small scale test-rig (rotating 
pin on ring stick-slip tester) where damping and spring stiffness of the test-rig were 
varied independently. Their experiments revealed how the vibrational frequency or 
oscillation was affected by system stiffness and damping, when the shudder 
occurrence was oscillatory sliding in nature and no stick-slip period was present there. 
In fact they found that the shudder occurrence was influenced by damping and 
stiffness such as, the system oscillations or vibration was aborted by increasing 
damping in the system and the amplitude of the observed oscillations was suppressed 
by increasing in system stiffness; though these parameters did not affect the friction-
velocity relation.  
 
Consequently most of these experimental and theoretical works on clutch dynamics 
and torque transfer relation considered pin on disc and small scale test rigs. The use of 
small scale test rig could be less comparable to a real system. Moreover there is a lack 
of experimental information about the effect of inertia in wet clutch performance or if 
there is any influence of those studied parameter on the clutch life and frictional 
stability.  And to the authors’ knowledge there is no details experimental investigation 
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concerning the friction reliability along with the shudder tendency for the different 
arrangements of torsional stiffness and inertia of the wet clutch output shaft. 
The purpose of this paper is to study the influence of output shaft stiffness and inertia 
on a wet clutch frictional performance.  A wet clutch test rig is utilized where sliding 
velocity, normal force and lubrication are controllable as well as the desired output 
shaft design variations (changing the shaft’s stiffness, adding inertia) are also possible. 
The clutch performance is evaluated regarding the overall friction characteristics for 
certain test duration, besides the shudder tendency at different test stages is monitored. 
The outcomes from this study can be beneficial for the development of reliable wet 
clutch designs and shudder free smooth clutch operation.  
 

 
Fig. 1 The schematic view of vehicle driveline including the clutch with the input and 

output shafts. 
 

2 Experimental procedures 
 
The experimental procedures for this paper are reliant on the general relations of 
clutch output shaft stiffness and inertia with the vibrational frequency, kinetic energy 
or angular velocity mentioned below.  
 
Considering the mass, spring and damper for the wet clutch system according to 
Newton’s law of movement of the undamped shaft with stiffness, k and inertia J,  
The total torque or JT                                      (1) 
 JRFf-k           (2) 

kJRFf           (3) 

where,  angular displacement, angular velocity, and
t

, the total torque  

generated due to clutch friction,  Ff  = RFN  (before full engagement)  (4) 
kJRFN           (5) 
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So for the above system, the output shaft is working as a torsional spring undergoing a 
vibrational motion. In this vibrational motion the shaft spring displacement is storing 
some potential energy ( 2

2
1 k  ) which will try to accelerate the system inertia to a 

minimum potential energy state by transforming into kinetic energy )( 2
2

1 J . The 
inertia will then start to decelerate and transfer back the kinetic energy to potential. 
This back and forth transformation of energy due to conservation of energy thus 
produces oscillation. From the above relation in eqn. (5), the addition of inertia and 
increasing stiffness of the system, while the energy input remains constant, the 
acceleration or the vibrational response will be decreased according to energy 
conservation. Considering the above relation for a driveline with the wet clutch set up 
as presented in Fig. 1, where the energy input from the input shaft is same for the 
output shaft.  

Then the total kinetic energy = Torque  angular displacement= 2

2
1 J   (6) 

So, high J should lower the system oscillation or acceleration in output shaft during 
clutch engagement for the equivalent and unchanged energy of the system.  
Moreover, the vibration response of any mechanical system is highly dependent on the 
frequency of the input force [33]. Natural frequency is related to system stiffness and 
inertia, as shown in eqn. (7),  

J
k

n                                        (7)  

where, natural frequency = n,, k = stiffness, J = inertia or added mass. The above 
relation (eqn.7) between the natural frequency and the ratio of stiffness to inertia 
describes that a stiffer shaft will raise the natural frequency and on the opposite way 
adding mass (inertia) will lower it. Therefore, vibration or shudder occurrence can be 
optimized by controlling the mechanical parameters related to input force and 
frequency variation, such as stiffness and inertia. Since the vibration phenomenon is 
also associated with the clutch degradation and contact property, the clutch friction 
characteristics and friction surfaces after repeated clutch engagements are considered 
as well for the different mechanical system parameter conditions. 
 
Since the transmission system for a driveline is a complex arrangement of components 
with different mass-spring-damper, several previous investigations [26, 33-35] 
considered the mechanical model of a drivetrain with a shift or lockup clutch 
transmission as a combination of these spring stiffness, inertia and damping elements. 
Therefore, the clutch performance for the different combinations of mechanical 
parameters can be presumed applying the basic mechanics and it is well established 
from the above discussions that, these mechanical parameters like stiffness and inertia 
are coupled to the vibration or shudder characteristics.   
 
However, a full scale driveline is not commonly used for the experimental studies of 
clutch shudder because of its complex mechanical system. That is why the small or 
full scale wet clutch test rigs are used for the experimental purposes [6, 9], which can  
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be reduced into simpler arrangement as it is illustrated in Fig. 1. The experimental 
works and the test rig used for this are designed considering the above circumstances 
and expectations. The experimental details are described in the following sections: 

2.1 Test rig organisation  
 
 The experiments are performed in a wet clutch test rig illustrated in Fig. 2. The 
test rig design resembles the limited slip clutch test rig designed by Mäki [9]. It is 
designed mainly for paper based wet clutches used in the automatic transmissions, 
where moderate contact pressure and speed can be applied with slip during repeated 
engagement. Important aspect of the test rig for this investigation is to be simple, 
reliable and controllable for the test parameters (slip time, oil flow, oil temperature, 
load, rotational speed, output shaft inertia and stiffness) to provide the apparently 
precise output measures (torque, contact temperature). Though this full scale clutch 
test rig does not fulfill the actual automatic transmission design, this design is flexible 
enough for repetitive tests to study different friction influencing parameters and very 
much less expensive than the field test. The rig design is also favorable for the 
investigation of friction behavior where the speed can be kept constant or varied over 
time. The test rig meets the requirements of friction studies during the engagement of a 
single friction interface with a full disc on disc arrangement. At the same time it 
should be able to control the operating conditions to investigate different parameters 
for real application. The test rig is applicable for the present investigation necessity of 
variable output shaft inertia as well as stiffness. The continuous and instant evaluation 
of torque and coefficient of friction for repeated engagements is possible to monitor 
from the output test data. The rig, along with the measuring components, is controlled 
by a National Instrument control system. The control system transfers data at 
maximum 1 MHz sampling rate to monitor the input and output parameters. The 
LABVIEW virtual instrumentation software is working as a data acquisition system. 
Six channels of data (axial load, torque, rotational speed, contact temperature, oil 
temperature, oil pressure) are collected during test. The generated friction coefficient 
is continuously calculated in the software for the measured load, torque and given 
frictional interface dimensions. The test rig is designed for a single friction interface 
comprising single reaction and friction plate arrangement. The multiple plate 
arrangement, typically used in vehicles, is not applied here to make the system less 
complicated for easier data analysis.  The rig (Fig. 2) consists of mainly three sections: 
the drive shaft, the clutch pack and the output shaft (see Fig. 1).  An electric motor 
with its gearbox mounted at one end of the drive shaft generates power through the 
shaft via a torsionally rigid, flexible coupling. This drive shaft connects the reaction 
plate inside the clutch housing for transmitting the torque. The motor drives the shaft 
along with the reaction plate to a specified rotation speed. A double acting hollow 
piston hydraulic cylinder around the drive shaft provides normal force to the clutch 
housing. On the opposite side of the clutch interface the clutch hub attached with the 
friction plate covers the clutch housing as well as connects the torsion or output shaft. 
The hydraulic cylinder provides an axial load which presses the clutch surfaces 
together. The output shaft connected to the friction plate through a hub is free to rotate 
a small angle during clutch engagement allowing the torsion movement of the output 
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shaft. The whole rig is mounted on a base plate on the top of solid and rigid 
foundation. 
 
 The whole arrangement allows the torque transmission from the drive shaft to 
the output shaft through the axially loaded clutch. A load cell with a capacity of 
maximum 30 kN is adjacent to the clutch hub. A torque sensor with a capacity of 
maximum 500 Nm at the other end of the stationary output shaft measures the axial 
force and torque correspondingly.  
 
 The speed can be varied from 0 to 300 rpm. The clutch plates are kept wet by 
oil flow from the oil sump to the clutch hub through an oil inlet by a controlled pump. 
Around 0.8 l of cooling lubricating oil (ATF) flows from the pump to oil sump at 2 
l/min in between engagements. The oil sump can maintain a steady oil temperature by 
a water heated coil that is heated by two external heaters (see Fig. 2). Thermocouples 
inserted into the sump can keep track of the oil temperature.  The oil flow pressure 
from the pump can be monitored on line. The temperature of the clutch surface is 
measured by a thermocouple inserted into a hole (radius<0.4mm) drilled in the outer 
edge of the separator plate. 
 
 During tests several modifications were done in the test rig including change of 
output shaft stiffness and inertia by altering the shaft diameter and using an inertia disc 
(no. 5 in Fig. 2) on the shaft correspondingly details explained in the next sec. 2.3. 
 

 
Fig. 2 The wet clutch test rig for output shaft stiffness and added inertia effect study. 

 
 
2.2 Test materials 

 Commercial paper based friction plate with standard steel reaction plate are 
used in this study. These clutch plates are recommended for input clutch application in 
General motors (GM) passenger cars with automatic transmissions. These friction 
plates are composed of a paper based friction lining coated on a steel substrate plate 
with internal splines.  The friction surfaces are radially grooved to distribute oil 
uniformly over clutch surface to escalate cooling as well as the service life. The 
separator plates are made of steel and their surfaces were conventionally rolled and 
tumbled to provide around 0.25 micrometer of average surface roughness (Ra).  
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 For the present study, the friction pairs are not immersed in ATF but oil 
continuously circulate (flow rate 1.8 l/min) through the friction interface from an oil 
reserve. The ATF to be used should be a proper combination of all necessary additives 
to provide the stable friction and thermal characteristics for the selected clutch plates. 
A commercially available GM DEXRON®VI is used for the present work to get the 
best possible clutch lubricant performance according to GM [36]. The details of clutch 
plate dimensions and ATF information are presented in following Table 1.  
 

Table 1: Clutch plate and lubricant properties 

Friction 
Plate 

Manufacturer Borg Warner 
Original Equipment 
Manufacturer™ # 24202333 

Outer diameter. 119 mm 

Inner diameter 90.3 mm  

Total plate surface area 4717.8 mm2 

Friction lining material, 
thickness 

Paper  based, 0.435 – 
0.585 mm 

Baking plate material, 
thickness Steel, 1.5 mm 

No. of grooves,  each groove 
size 

20, 1.4 mm wide 

Total groove area 380 mm2 

Total contact area 4338 mm2 

Separator
plate 

Manufacturer General Motors 
Original Equipment 
Manufacturer™ # 

8683084 

Material Steel 

Thickness 1.94 mm 

Surface roughness, Ra 0.2 μm 

ATF GM DEXRON®VI,  29 cSt (viscosity) at 40oC 
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2.3 Test method 

The investigation aimed for understanding the clutch system’s response with different 
output shaft stiffness and inertia concerning the friction-velocity characteristics as well 
as the loss of friction over time.  Four different cases were examined in this 
investigation. According to Table 2, these four different cases can be defined as four 
different combinations of shaft stiffness and added inertia.  Same test conditions and 
types of friction discs were chosen to keep the four cases comparable where stiffness 
and inertia were varied.  
According to the derivation of stiffness, the output shaft stiffness depends on the shaft 
dimensions and material properties,  

k = 
l

dG
l

GI
32

4

             (8) 

 
Where, k = torsional stiffness, I, G, d and l are polar moment of inertia, modulus of 
rigidity, diameter of shaft and length of shaft respectively. The difference in stiffness 
between the investigated diameters (d1, d2) will be, 

100
32

4
2

4
1 dd

l
Gk               (9)  

 
By decreasing the shaft diameter from 28 mm to 16 mm (around 0.5 times) the 
stiffness   is lowered from 6272.57 N-m/ rad to 668.79 N-m/ rad (9.3 times lower). 
Meaning that the stiffness reduction is around 90% for 50% reduction of shaft 
diameter.  The initial inertia of the clutch output shaft is around 0.0045 kg.m2 (0.0043 
kg.m2 for the thinner shaft and 0.0047 kg.m2 for the thicker shaft). An external circular 
inertia disc was added to the outgoing shaft of the test rig to change the inertia of the 
output shaft.  This inertia disc adds a moment of inertia of 0.0671 kg.m2. The 
investigated parameters are shown in Table 2. 
 
Table 2: Test parameters in four different combinations for inertia and stiffness study 

Case Length 
(mm)

Shaft
diameter(mm)

Stiffness 
(N-m/ rad) 

Inertia 
(kg-m2)

Natural frequency 
(Hz)

1(High k, High J) 760 28 6272.57 0.072 47 
2 (High k, Low J) 760 28 6272.57 0.0047 184 
3 (Low k, High J) 760 16 668.79 0.072 15 
4 (Low  k, Low J) 760 16 668.79 0.0043 63 
*k denotes stiffness, J denotes inertia 
 
Every test batch for each case is generally divided into three stages (see Table 3); a 
running in for 500 cycles and duty cycles for 25000 cycles. After every 5000 duty 
cycles a μ-v measuring cycle was used to measure the sensitivity of the system during 
speed change. As illustrated in Fig. 3(a) during duty cycles (and for running in) 
initially there was a speed ramp up from 0 rpm to 290 rpm in 2 s. After 2 seconds the 
normal force of 10 kN (5 kN for run in period) was applied during constant speed (290 
rpm) stage. After 5 s, the load was removed as well as the speed starts to ramp down. 
The ramp down takes around 2 s.  Then the oil flow was pumped from the sump for 7 s 
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to lubricate the clutch and cool down the contact. Soon after the oil flow stopped, the 
next cycle was activated. The μ-v measuring cycle illustrated in Fig. 3(b) is different 
from the duty cycles regarding the load and speed application. Here initially the load is 
applied.  When there is a constant load, the speed was ramped up in 4 s from 0 rpm to 
290 rpm, kept stable at 290 rpm for 1 s, and then ramped down in 2 s. After that the 
load was removed and cooling oil flow was started. The oil flow continued for 7 s 
followed by the start of next cycle. Each test case was repeated two times. 
 

Table 3: General test conditions 

Input 

Oil temperature  90 C 

Rotational 
Speed 290 rpm (maximum) 

Normal Load 
(Contact 
pressure) 

Running in 5 kN (1MPa) 
Duty cycle 10kN (2MPa) 

μ-v measuring 
cycle 10kN (2MPa) 

Output

Sample rate 16200 samples/s 
Contact 

temperature 0-250 C 

Torque 0-500 Nm 
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(a) 
 

(b) 
 

Fig. 3 (a) Test profile for duty cycle, (b) μ-v measuring cycles. 
 
The test conditions for the three test stages are chosen to create the operating 
environment close to real operating conditions in an automatic transmission, but then 
for a longer engagement time. As practiced by Matsuoka et al. [37] this type of test 
cycle is designed to study the clutch at a constant speed with a stable pressure. With 
this test method, a constant speed is applied for a longer time period during duty cycle 
compared to a real wet clutch application to get a steady friction value for an elongated 
clutch engagement, which might be beneficial for investigations of clutch friction 
behavior. The purpose of the running in period is to stabilize the friction and torque 
generation from the fresh friction interface and fresh lubricant. The duty cycle period 
aimed to test the clutch system performance and reliability during a longer run. The μ-
v measuring cycle is mainly to assess the friction-velocity relation as well as shudder 
sensitivity of the system after a certain interval of duty cycles.  The test conditions 
(Table 3) during different stages are chosen to simulate real automatic transmission 
clutch system.  The contact pressure suggested during slip time is 1 MPa for running in 
and 2 MPa for duty cycles as well as during μ-v measuring cycle. Thus the axial load 
to be applied should be calculated considering the frictional surface dimensions and 
surface pressure applicable for real application. So the applied normal load will be 

Oil flow 
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around 5 kN (F = p*A=1 Pa*4635 mm2 5 kN) and 10kN (F = p*A= 2 Pa*4635 mm2 
 10 kN) for running in and duty cycles respectively. The instantaneous values of the 

coefficient of friction are calculated during the tests from the torque measurement data 
output and the given frictional surface dimensions using the general equation of 
coefficient of friction [38], 

22
0

33
0

3
2

i

i
N

mN

RR
RR

nF

T
RnF

T                            (10)

where, Rm is the effective friction surface radius calculated from the inside (Ri) and 
outside (Ro) radius of the friction plate and n is number of clutch interfaces. 
 
2.4 Observation and surface analysis 

Morphology of the friction plate for both new and used samples are examined by SEM 
with X-ray energy dispersive detector (JSM 6460, JEOL, Japan). The topography of 
the new and used separator plate surfaces were investigated using the Wyko NT1100 
3D optical surface profiler. 
 
3 Results and Discussions 

Measurement data obtained from a typical duty test cycle in the test rig is represented 
in the Fig. 4.  The oil bath temperature is normally above 100°C after running in. The 
temperature in the clutch increases from 120°C to 180°C with the produced torque of 
around 90 N-m.  Other parameters like load, oil temperature and speed are well 
defined and maintained constant in all four different tests to predict the friction trend 
for each of them. 
 
Fig. 5 demonstrates the applied load situation for two different cases in different stages 
of the test (almost at the start, intermediate and end of the test). This figure resembles 
that the applied load is maintained within the desired boundary and not varied. 
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Fig. 4 Duty cycle test profile for actual test data (the engagement starting point is set 
to 0 s). 

 
 

Fig. 5 Applied load vs. time curves for   Case1 and Case 2 during different stages of 
the duty cycle (at 1000, 10000 and 25000th no. cycles). 
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3.1 Analysis of the friction measurement 
 
The mean coefficient of friction during total test duration (number of cycles) are 
compared in Fig. 6 for four different cases of output shaft stiffness and inertia 
combinations namely case 1 (high k and high J), case 2 (high k and low J), case 3 (low 
k and high J) and case 4 (low k and low J) respectively, where k and J stand for 
stiffness and inertia.  An obvious decrease in the coefficient of friction for the total 
number of cycles for the four different cases is mainly because of the regular wear of 
the friction material and ATF degradation. 
 
There is a fast change in the mean coefficient of friction in the first 2000 cycles, which 
becomes slower and moderate in the upcoming cycles for all tests. In the beginning of 
all these four tests almost the same mean friction value around 0.14 (see Fig. 6) is 
found.  
As the test progresses, there are dissimilar changes or loss of mean friction coefficient 
for different cases. The mean friction decreased from 0.14 to 0.095 for case 1, 0.14 to 
0.06 for case 2, 0.14 to 0.12 for case 3 in 25000 cycles respectively whereas for case 4 
the friction drops from around 0.14 to 0.85 in 15000 duty cycles (due to shudder 
occurrence the Case 4 test was aborted after 15000 duty cycles, see Fig. 8d).  The drop 
of friction coefficient for a number of cycles is lowest in Case 3; where inertia is added 
to the less stiff shaft and highest in case 2, where no inertia is added to the stiffer shaft. 
Case 1 with added inertia (high J) and stiffer shaft (high k) has comparatively more 
friction drop with number of test cycles than Case 3 however smaller friction drop than 
case 2 and case 4. The coefficient of friction as function of time for two test stages, 
after around 1000 cycles and after around 15000 cycles, of the four cases are illustrated 
in the Fig. 7a and 7b respectively. Difference in their coefficient of friction levels for 
different test conditions has been observed for these two stages. In the earlier stage the 
friction levels are almost close to each other for four cases. On the other hand, 
coefficient of friction levels are not the same for the four different cases after 15000 
cycles (Fig. 7b).  The lowest friction is found for case 2 and the highest one for case 3. 
Case 1 has a moderate loss of friction with the number of cycles which is also found in 
friction coefficient levels for 1000th and 15000th cycle depicted in Fig. 7a and 7b 
respectively. Case 4 has the second lowest friction level after 15000 cycles which is 
also shown in Fig. 6 with mean friction coefficient. Though the level of mean friction 
coefficient is little smaller in case 2 than case 4 till 15000 cycles, the friction reduction 
is almost close and similar to case 2. Case 4 with low inertia and low stiffness, is in 
fact stopped earlier (at 15000 cycles) due to excessive shudder generation during μ-v 
measuring cycles (See Fig. 8d).   The total duration of other cases are around 25000 
cycles. 
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Fig. 6 Comparison of mean coefficient of friction during engagement for Case 1 (high 
k and high J), Case 2 (high k and low J), Case 3 (low k and high J) and Case 4 (low k 

and low J). 

 
     (a)             (b) 
 
Fig.7 Coefficient of friction vs. time plots for   Case1 (high k and high J), Case2 (high 

k and low J), Case3 (low k and high J) and Case 4 (low k and low J) (a) after 1000 
duty cycles and (b) after 15000 duty cycles. 

 
The ramp up period of μ-v measuring cycles  after every 5000 cycles are compared 
with ramp up period of the μ-v measuring cycles after running in for four cases in Fig. 
8a, 8b, 8c and 8d. These cycles represent the friction-velocity relation as well as the 
shudder presence during test. The friction-velocity curves for all four cases are 
positive after the running in period. As the test progresses, the μ-v curves become 
more negative and friction levels also decrease. However the difference is observed in 
friction-velocity relation as well for four different test conditions.  Shudder occurs 
after 5000 duty cycles in case 2 (Fig. 8b), while not much shudder is found in case 1 
even after 25000 duty cycles (Fig. 8a). Case 2 shows a higher loss of friction 
coefficient as the test progresses compared to case 1. The μ-v cycles for case 3 (Fig. 
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8c) show the smallest change in the friction level and the least negative curves during 
tests compared to other cases.  Still shudder occurs after 25000 duty cycles. 
Conversely, a very high amplitude shudder is present after  only 15000 duty cycles in 
the μ-v cycles for case 4 (Fig. 8d), which lead to that the test for case  4 is aborted. 
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            (c) 

 
         (d) 
Fig. 8 Coefficient of friction vs. rotational speed plots at different stages of the test for 

(a) Case 1 (high k and high J), (b) Case 2 (high k and low J), (c) Case 3 (low k and 
high J) and (d) Case 4 (low k and low J). 

 
 
The test results from Fig. 6 and Fig. 8 are summarized in Table 4. The loss of mean 
friction coefficient in percentage is shown for all cases after 15000 and 25000 cycles. 
This table also shows after how many test cycles shudders occurred for different 
individual cases and their amplitudes. The test data show much lower coefficient of 
friction (COF) losses (35% after 15000 cycles and 45% after 25000 cycles) for case 1 
where the output shaft inertia is increased by the addition of 0.0671 kg.m2 inertia disc 
compared to the friction coefficient losses (49%, 65 %) for case 2 where the same 
output shaft is used but without any added disc. There is even larger difference in loss 
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of friction coefficient for case 3 and case 4 in which the shaft with high stiffness is 
used. After 15000 cycles, the loss of friction coefficient is 25% for case 3 whereas it is 
47% for case 4. The test results also show that the presence and extent of shudder is 
not similar for the four different cases. Case 3  with the same inertia disc added to 
thinner (diameter 16 mm)  and  90% less stiff ( stiffness  668.79 N-m/rad)  output shaft  
provides comparatively smaller loss in friction coefficient but more shudder sensitivity 
than case 1 with thicker (diameter 28 mm) and stiffer shaft. 

Table 4: Results including the 500 running in cycles and 5 μ-v measuring cycles in 
every 5000 duty cycles 

Case J K

Loss of COF 
Shudder

occurrences Shudder amplitudeAfter
15000
cycles

After
25000
cycles

1 High High 35% 45% Not any N/A 
2 Low High 49% 65% After 5000 cycles Moderate 
3 High Low 25% 38% After 25000 cycles High 
4 Low Low 47% N/A After 15000 cycles Excessive 

* For case 4 the total test time is 15000 duty cycles due to the occurrence of excessive 
shudder. 
 
3.2 Analysis of the friction surface profile 
 
Very porous and rough surfaces are common for a new friction plate. The topography 
of the friction lining changes during the clutch lifetime. Glazing is one of the well 
identified clutch material degradation processes, which is caused by the deposition of 
degraded lubricant products and worn friction materials. This can flatten the asperities, 
increase the total contact area and cause the paper friction plate to lose porosity by 
plastic deformation. This makes the surface look glazed. With test time, the cellulose 
fibre also degraded and there occurs pull-out of the cellulose fibre due to cyclic 
compression and shear stress. Therefore, the mechanical and physical properties of the 
friction material changes and the shear strength of paper-based friction materials is 
weaken by this [5, 8, 10, 11]. A degraded surface can affect the microscopic contact 
area, oil film thickness, temperature level, internal damping, oil flow, etc. The clutch’s 
friction-velocity relation as well as overall frictional behavior is influenced by the 
friction material permeability, groove pattern, number of grooves, lubrication, additive 
action, friction material’s physical and chemical properties etc. [5]. So the change in 
the frictional response with the number of test cycles should also be noticeable from 
the change in the frictional surface conditions.   
In the present study, the visual inspection of the friction surfaces has not found any 
variance in appearance when comparing the cases after use. All used plates from the 
tests are glazed, dark and the grooves are totally worn out. A scanning electron 
microscopy (SEM) investigation of the friction surfaces is made of the frictional 
surfaces of the four different cases. SEM micrographs of the new unused friction plate 
and used friction surfaces are shown in Fig. 9.  
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Fig. 9 SEM micrographs on the reference new friction plate (a) and four used friction 
plates after test for (b) Case 1, (c) Case 2 and (d) Case 3 and (e) Case 4. 

 
The new friction plate shows rough and homogeneous surface filled with cellulose 
fibers and fillers in Fig. 9a. This new surface changes a lot during test as it is shown in 
other SEM figures (Fig. 9b, 9c, 9d and 9e). The used plates looks smooth in texture 
and fillers are pulled out and detached from the fibers. Along with the distinct 
appearance among new and used plate, there is present differences in SEM for the four 
different test conditions. SEM images for both Case 1 and Case 3 in Fig. 9b and Fig. 
9d shown very smooth glazed surfaces with the remaining fiber-filler layers and 
seemed less degraded then the other cases. Conversely the opposite picture of much 
degraded and glazed surface layers are observed for the SEM images of case 2 (Fig. 
9c) and case 4 (Fig. 9e) with the more worn friction surfaces with few fibers and fillers 
remained on the surface. Though the morphology of case 4 friction plate sample are 
checked after 15000 duty cycles (due to shudder), there is more glazing and almost no 
porosity remaining in the friction layer compared to the samples from other cases  
which are checked after 25000 duty cycles.  
 
3.3 Analysis of the separator plate surfaces 
 
Torque transfer is a combined operation of the mechanical contact of the surface 
asperities and the lubricant shear. Therefore, uniform contact is required between the 
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friction and reaction plates for the essential torque transfer. High temperature is 
generated in the contact interface for a non-uniform contact. A paper based friction 
plate surface is always much softer and rougher than the steel plate surface. As the test 
progresses, both the surfaces must lose some roughness due to wear and become more 
flat. Deformations in the contact region can be elastic, plastic, or elastic-plastic 
depending on the nominal pressure, surface roughness and material properties [39, 40, 
41]. The waviness of the reaction plate produces contact pressure variations during 
clutch engagement and it is a major factor in the initialization of the unstable 
thermoelastic process [4, 39- 41]. Oppositely, this non uniformity in the contact can be 
possible for thermal distortions and localized constraints [42]. The investigated 
topography of the new and used separator plate surfaces are illustrated in Fig. 10. 
There is a noticeable difference in those surface profiles for tested samples from four 
different tests.   
 

 

Fig. 10 Sliding surface images with 3D optical profiler for a new separator plate 
sample and samples from the four different cases after tests (sliding direction is 

marked with arrow). 
 

New separator plate 

Case 1 after test Case 2 after test

Case 3 after test Case 4 after test
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The surface profile of the new separator plate looks significantly different from the 
used samples’ profiles. The surface for a new surface is rough and homogeneous 
without any sliding marks on it. The separator surface after the case 1 test seems to be 
very flat with some light sliding marks and waviness. The separator surface for case 2 
is different in appearance having visible waviness and irregular, flat sliding marks. The 
surface roughness variation is larger in this case. Case 3 plate surfaces have no visible 
waviness with prominent sliding marks and the roughness variation is more regular 
along the sliding direction. The next image of case 4 separator plate has an almost 
similar trend with regular sliding marks without any waviness but the plate is rougher 
than the one from case 3. The differences in the tested separator plates’ surfaces 
disclose the effect of the dissimilar degradation of the frictional surfaces (see Fig. 9) 
for four different cases. The more uniform and flat surface for case 1 compared to case 
3 separator plate surface  motivates the shudder free test and lower friction coefficient 
in case 1. The waviness and inhomogeneous surface for case 2 notices the possibility 
of thermal distortions due to the loss of friction coefficient for degraded friction 
material of the counter surface and the early shudder occurrences  (after 5000 duty 
cycles). The remaining roughness and sliding marks for case 4 separator plate’s 
surface resembles the outcome from the earlier finished test compared to other cases. It 
is apparent that more or less waviness is present for the tests with stiffer shaft in case 1 
and case 2. On the other hand, the sliding marks are clear and surface looks rougher 
for the cases with a less stiff shaft compared to the cases with a stiffer shaft. 
 
3.4 Discussions and evaluation of the overall findings 

In general, our studies show that the friction coefficient decreases during the service-
life. However the loss of coefficient of friction and the rate of the reduction are not the 
same for the four different investigated cases with different stiffness and inertia of the 
clutch’s output shaft. The coefficient of friction are almost at the same level for these 
four cases  just after running in or during the earlier duty cycles (see Fig. 6 and Fig. 
7a).  Consequently the clutch performances are almost indifferent from each other for 
the four cases with the same amount of friction drop in the first few thousands cycles. 
The system is then becoming more sensitive for different stiffness and inertia 
conditions as the test progresses and the clutch degrades, which is apparent from the 
differences in the loss of friction coefficient for different number of duty cycles (Fig.
6, Fig. 7b) as well as in the friction-velocity relationships (Fig. 8).  
 
The clutch system after repeated engagements with the rotating input shaft can be 
written as,  

co                     (11) 
Where, μo= friction at zero speed or static friction, c= slope of friction vs. relative 
rotational velocity curve,  is the rotational velocity of the input shaft. Using this 
relation in the previously mentioned eqn. (5)  

k)( 0 JcRFN                         (12) 
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Here ,NF are known functions of time and  is the relative speed that is, 
                    (13) 

 
Combining equations (12) and (13),   

k)(0 JRFc N                             (14) 
k)( 0 JRcFRFc NN                         (15) 

 
Where, c<0 there is negative damping or negative slope of the friction-velocity curve 
and c>0 there is positive damping or slope of the friction-velocity curve. The frictional 
damping is the conversion of the mechanical energy of sliding into heat energy 
evolved in the sliding contact. So for the negative frictional damping as well as for the 
low shaft stiffness and low inertia system in the above relation, there will be more 
frequent torsional oscillation or shudder. This is apparent from the test results. 
 
It is clear from the friction-velocity curves for four cases that the friction- velocity 
slope for the corresponding test cycle becomes more negative as the system is 
degraded with number of cycles. This is ultimately influencing the total mass- spring 
system as a negative friction damper. The damping values or slope of the friction 
velocity curves in Fig. 8 are measured at 150 rpm speed and compared for four 
different cases in the next Fig. 11. This comparison shows the differences in four cases 
for different stages of the tests. In Fig. 11 the damping values are absent for case 3 
after 25000 cycles because of high oscillation at the start of the μ-v cycle for this stage  
 

 
 

Fig. 11 Comparison of the damping or slope at 150 rpm speed for coefficient of 
friction vs. rotational speed curves at different stages of the test for case 1, case2, case 

3 and case 4. 
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(shown in Fig. 8c). The  damping values are also absent after 20000 cycles for case 4, 
since it was aborted after 15000 duty cycles, no more  μ-v cycles were observed. Fig. 
11 shows that for all cases the damping values are negative and this negative damping 
is roughly increasing with the test cycles. But the rates of change in damping values 
with the number of cycles are not same for all of them. The damping value is the 
lowest for case 4, the weakest system where the occurrence of pronounced oscillation 
is earlier than the other cases. The presence of low damping explains the friction-
velocity behaviour of case 4 (see Fig. 8d) despite it has less loss of mean friction 
coefficient with the number of cycles compared to case 2 (Fig. 6). The occurrence of 
shudder starts at higher speed (above 70 rpm) for case 4 that has the higher natural 
frequency than case 3. Case 2, which has the highest loss of friction (Fig. 6) and 
highest natural frequency, shows higher negative damping than case 1 and 3. This can 
explain the presence of subtle shudder (Fig. 8b) from 5000 duty cycles which are 
mostly visible from 50 rpm to 100 rpm. The lower negative damping after 5000 cycles 
to 20000 cycles for case 3 compared to case 2 reveals the absence of shudder in the 
friction-velocity behaviour (Fig. 8c). On the other hand, for case 3 the presence of 
shudder at low velocity in the friction-velocity curve (Fig. 8c) after 25000 duty cycles 
can be due to the lowest natural frequency and rapid rise of the negative damping  after 
20000 duty cycles.  For case 1, the least negative damping values clarify the shudder 
free friction-velocity behaviour in Fig. 8a.  

 
Relating the test results (Table. 4) from case 1 and  3 with case 2 and 4  shows that the 
clutch degrades faster with a low output shaft inertia keep low torque and friction 
compared to a system with the same test conditions but with the higher inertia. The 
change in the shaft’s torsional oscillation for a high inertia could be liable for this 
slower clutch degradation [16, 34]. The less frequent torsional displacement might 
result in low contact temperature and less deformation for the certain engagement 
time. So there is a direct proportional relation between clutch system natural frequency 
and degradation. The higher the natural frequency the faster is the degradation due to 
higher temperature generation in the contact and longer sliding distance (as observed 
in case 2). This frequent vibration causes more mechanical and chemical degradation 
that results in more negative damping or shudder. 
 
Though the friction losses for a stiffer shaft (case 1 and case 2) are close to the losses 
of the less stiff shaft (case 3 and case 4) with the equal inertia conditions respectively, 
there exist comparatively less friction losses for the cases with a less stiff shaft. 
However, the shudder occurrences for friction-speed measurement cycles is massive 
for a clutch with a less stiff output shaft together with low inertia (see Fig. 8c and Fig.
8d), which indicates the change in the natural frequency as well as the shudder 
sensitivity for stiffness (as discussed in sec.2).    
 
The distinguishable feature in friction plate morphological study is that there is more 
glazing and degradation observed in the friction surface for the system with lower 
inertia or where the output shaft without any added inertia is used.  The SEM images 
for case 1 and case 3 with the same inertia conditions reveal the different surfaces for 
different shaft stiffness. The less stiff shaft test sample in case 3 seems to be less 
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degraded during same test time compared to the stiffer shaft  test sample in case 1.  
However images for case 2 and case 4, with the same inertia conditions and different 
shaft stiffnesses, are not representative for this assumption. Separator plate’s 
topographies show the presence of waviness and irregular sliding marks for different 
shaft stiffness conditions, but no relative and through relation can be drawn between 
test conditions and separator’s surface conditions.  
 
It is evident from the overall test results that the system design modifications 
considering output shaft stiffness and added inertia can have widespread effect in the 
friction behavior and durability of the system.  
 
4 Conclusions 
 
As stated earlier the paper has been aimed at simplified experimental investigations of 
how the stiffness and inertia of the clutch’s output shaft influence the friction 
characteristics along with overall service life of the wet clutch system. From this 
study, the following conclusions can be drawn: 
 

The clutch system responds differently for different stiffness and inertia of the 
clutch’s output shaft. 
 
The shudder sensitivity for a certain system stiffness and inertia becomes more 
prominent with clutch degradation. 

 
Whatever the output shaft stiffness is high or low, the friction coefficient drops 
faster for the system with a low inertia in equal test time. Therefore, increasing 
shaft inertia can be a considerable factor for the sufficient torque transfer during 
clutch operation. This will moderately change the system’s shudder tendency. 

 
Though there is an insignificant change in friction coefficient, reducing the 
system stiffness also decreases the clutch durability by increasing the shudder 
sensitivity. 
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