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Abstract 
Wet clutches are lubricated machine components which utilize friction to transfer torque 
between shafts rotating at different speeds. They are used in automatic transmission as a 
shifting device or as a lockup clutch. As well as cooling the contacting surfaces, the 
lubrication provides controlled friction, smooth performance and long life. Because of 
these advantages, wet clutches are applicable for heavy duty vehicles to handle high 
power. However, like any other tribological system, wet clutch performance is dependent 
on several factors concerning operating conditions, system design, etc. As a friction 
generating machine component, clutch ageing is a continuous process. The friction 
behaviour also changes with the progression of this system deterioration and that directly 
influences the clutch performance. So, to investigate the friction influencing factors a 
fundamental understanding of the interaction mechanism is of great importance.  

Though wet clutches were studied earlier to investigate numerous properties, there 
is a lack of clear understanding and knowledge concerning the water contamination 
problem and the system design parameters. The key aim of this thesis is to experimentally 
evaluate the impact of water contamination in the automatic transmission fluid and to 
verify different system design parameters’ influence on the tribological performance. The 
study focused on the wet clutches in automatic transmissions.  

Since evaluating the friction behaviour in the desired environment is a vital 
requirement, an automated wet clutch test rig was utilized to carry out the friction test 
where operating conditions, such as, slip time, oil sump temperature, contact 
pressure/applied load and sliding speed can be controlled and the output torque, contact 
temperature etc. can be monitored. Suitable test equipment was designed for 
commercially available paper-based friction plates and steel reaction plates lubricated 
with automatic transmission fluid (ATF). Instead of using a multiple clutch plate 
configuration, as in commercial applications, a single friction and reaction plate 
arrangement was considered to simplify the analyses. 

In the first part of the thesis the effect of water contamination on the tribological 
performances of the wet clutch was experimentally investigated. The study revealed that 
the mean friction level increases, yet not linearly with the water concentration, in the 
ATF. This undesired increase in steady-state friction affects the friction stability and the 
control of torque-transfer as well. Together with steady state friction, there is more 
increase at low sliding speed region, than the friction at high sliding speed due the 
increasing concentration of water. Therefore, the presence of water promotes the negative 
friction-velocity relationship and thus impedes the anti-shudder behaviour. The short-term 
interactions with the surface active additives and polar part of the base oil observed in this 
research play the key-role in increasing friction for a certain period and in degrading the 
friction interfaces. However, there was a quick and greater loss of friction with time 
indicating degradation of the clutch life to a great extent for the water contamination. This 
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finding also supported the results from the investigation on the water-contaminated 
friction interface degradation and the effect of water on additive adsorption of the 
contacting surfaces.  

Two simplified model lubricants were also evaluated together with the commercial 
fully formulated ATF to get a simple and comprehensive overview of water impact on 
clutch lubricant system. 

In the second part of this thesis, the influence of the stiffness of the output shaft of 
the clutch and the inertia on the clutch system‘s friction reliability is experimentally 
evaluated. Test results show that the change in the clutch frictional behaviour with time 
and degradation can be largely influenced by the choice of these design factors. This can 
provide different outcomes concerning clutch frictional performance and shudder 
sensitivity.  
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Thesis outline  
This thesis is composed of two integrating parts. 

The first part of the thesis consists of chapters where the background, motivations, 
objectives, methods and the main results of the research, with references to the specific 
publications, are concisely presented. 
The second part encloses the following publications: 

Paper A 

Fatima, N, Marklund, P & Larsson, R, 2013, 'Water contamination effect in wet 
clutch system', Institution of Mechanical Engineers Proceedings. Part D: Journal of 
Automobile Engineering, vol. 227, no. 3, pp.376-389. 

This experimental study focused on the change in the friction behaviour due to the 
presence of water in a wet clutch system. An automated wet clutch test rig was 
manufactured and utilized to study the friction characteristics. Repeated experiments were 
done to predict the effect of water during clutch engagement at a constant load and speed. 
The work also intended to find out how the amount of this water and the mixing process 
can influence the frictional reliability. 

Paper B 

Fatima, N, Marklund, P & Larsson, R 2013,'Wet clutch friction interfaces under 
water contaminated lubricant conditions', (submitted to Tribology Transactions; also 
a part of this paper was presented at International Tribology Symposium of 
IFToMM, Luleå, Sweden, 19/03/13-21/03/13). 

The paper presents an experimental approach to evaluate the effect of water-contaminated 
lubricant on the anti-shudder behaviour or friction-velocity relation and the contacting 
friction interfaces for a wet clutch system. The experimental work focused on the 
measurements of the porosity, permeability, wettability and thermal degradation of the 
friction liner, as well as evaluation of the surface morphology or elemental compositions 
on friction surface for an altered lubrication condition with water contaminated automatic 
transmission fluid (ATF). 

Paper C 

Fatima N, Holmgren, A, Marklund, P, Minami, I & Larsson, R, 2014, 'Degradation 
mechanism of automatic transmission fluid by water as a contaminant', Proceedings of 
the Institution of Mechanical Engineers, Part J: Journal of Engineering Tribology, 
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DOI: 10.1177/1350650114542477. (Part of this paper was presented at World Tribology 
Congress, Torino, Italy, 08/09/13 - 13/09/13.) 

This paper presents a study of the influence of water contamination on the degradation of 
a wet clutch lubricant, fully formulated commercial Automatic transmission fluid (ATF).  
A full-scale wet clutch test rig was used to monitor frictional changes during clutch 
ageing with water contaminated ATF. ATF with water was also statically aged in an oven 
to evaluate the interaction of ATF with water. The bulk properties and chemical nature of 
the tribotested ATF were analysed using viscosity measurements, Fourier Transform 
Infrared Spectroscopy (FTIR) and Thermogravimetric Analysis (TGA).  

Paper D 

Fatima, N, Minami, I, Holmgren, A, Marklund, P & Larsson, R, 2014, 'Adsorption of 
additives in Automatic Transmission Fluid on wet clutch friction interfaces under 
water-contaminated lubricant conditions' Paper presented at Nordic Symposium on 
Tribology, Aarhus, Denmark, 10/06/14-13/06/14. (submitted to Tribology 
International).  

The paper deals with the evaluation of the adsorption on wet clutch friction interfaces 
when lubricated with water-contaminated fully formulated commercial ATF. 

Paper E 

Fatima, N, Minami, I, Holmgren, A, Marklund, P, Berglund K & Larsson, R, 
2014, 'Influence of water on the tribological properties of zinc dialkyl-
dithiophosphate and over-based calcium sulfonates additives in wet clutch 
contacts'. (To be submitted in journal) 

This paper presents experimental studies to evaluate the influence of water contamination 
on the function of the surface active additives like long-chain ZDDP and over-based 
calcium Sulfonates additives dissolved in the mineral base oil. The aim was to understand 
the water-additives interactions in simplified lubricant system, This can be  interesting in 
understanding the water effect in commercial ATF. 

Paper F 

Fatima, N, Marklund, P & Larsson, R, 2013, 'Influence of clutch output shaft inertia 
and stiffness on the performance of the wet clutch', Tribology Transactions, vol 56, 
no. 2, pp. 310-319., 10.1080/10402004.2012.748236. 

This paper investigates influence of clutch output shaft stiffness and inertia influence on 
the friction behaviour and shudder tendency. Different combinations of these design 
parameters were experimentally studied in a wet clutch test rig designed for this purpose. 
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Chapter 1: Introduction 
The chapter’s first section presents an introduction to the area of tribology, friction, automatic 
transmissions and, wet clutches and its applications, purposes, operations, limitations etc. The 
second section provides a background and literature review regarding the parameters 
influencing clutch performances and lubricant degradation, which is the main subject of this 
research. This introduction also summarises some of the notable studies on tribological 
performance of wet clutches and their friction influencing factors. This chapter can provide an 
outline of the previous works as well as present needs in wet clutch research.  

1.1. Tribology and automotive components 

The word ‘Tribology’ was coined in 1966 in the Jost report [1], as the science and 
technology of two interacting surfaces in relative motion. The origin of this term comes 
from the Greek word tribos (meaning rubbing). So literally this means the science of two 
rubbing surfaces. However, the science of interacting surfaces combines friction, wear 
and lubrication science as well. Actually the science of surface interaction involving 
friction, wear and lubrication is very complex and multi-disciplinary, involving surface 
chemistry, mechanical properties, material properties etc. Though the name ‘tribology’ 
was coined recently, the practice of this science has been seen from different prehistoric 
record, e.g. use of drills during Paleolithic age, potters wheels, stone grinder etc. One such 
illustration [Fig. 1.1] from Egypt during 1880 B.C showed the use of unknown liquid in 
Pharao’s statue for reducing friction by lubrication [2, 3]. The earliest known record of 
the use of wheels to reduce friction during goods transportation was also found around 
650 BC [2].  

 

Fig. 1.1 Egyptian illustration showing use of lubrication to reduce friction for the movement of 
the statue, El-Bersheh circa 1880 BC [2] 

The invention of steam engine driven human transportation around 1769 was the 
initiation of automobile history [3]. The continuously developing automobile fields 
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utilizes vehicle tribology to increase performance, fuel efficiency and comfort at the same 
time as maintaining reduced cost and environmental effect with the help of the 
understanding of friction, wear and lubrication in the automotive components. The 
journey towards the modern and future vehicle includes the introduction of the internal 
combustion engine, electric power driven cars, etc. The progress involved the 
development different areas related to fuel sources, design and production. During the last 
century, automotive industries are facing tough competition to improve the technology 
concerning the comfort, safety, controls, automation, fuel consumption and emissions 
from the fuel and lubricant etc. This competition enables rapid development in this sector. 
In this respect, reducing friction and wear for the moving tribological parts is becoming a 
focus for the automobile industries. This progress can also be beneficial for the reliability 
of the vehicle components. However, friction is the driving force for some of the 
components like clutches so in this case an optimization of the friction properties is 
sought for rather than a reduction of them. Thus tribological principles are difficult to 
apply for clutches compared with the other drivetrain components. 

1.2. Lubricated contacts 

Lubricants are used in sliding or rolling contacts to reduce load, friction and wear. They 
can control the contact temperature by removing heat from the friction surface and work 
as a cleaning agent as well. Mostly liquid lubricants are utilized, though there are many 
solid lubricants for specific cases. Most of the drivetrain components operate under 
lubricated conditions, where lubrication plays an important role in controlling friction and 
wear. In this regard, surface interaction with the lubricant depends on the governing 
lubrication regime. In most cases, a curve called the Stribeck diagram (Fig. 1.2) can 
represent the relationship between friction and a parameter based on oil viscosity, sliding 
velocity and normal pressure (ƞv/p) [4]. This dimensionless parameter ɳv/p is called the 
Hersey number. Around 100 years ago Richard Stribeck’s plain journal bearing 
experiments with subsequent modification brought out this diagram. The Stribeck curve 
has been used to explain the lubrication and friction mechanism in the contacting 
surfaces. However the representation of the lubrication regimes and prediction of 
performance cannot be unquestionably applicable for different mechanical components. 
The coefficient of friction in the steady state conditions was considered here. A high 
Hersey number usually denotes high film thickness, whereas a low Hersey number 
represents low film thickness. When the Hersey number is very low for low speed or less 
viscous oil then the lubricant film thickness becomes negligible and considerable asperity 
contact occurs.  This significant asperity contact thus generates high friction. This is the 
stage, where the high friction is stable with the increasing Hersey number until a 
threshold value. Increase in the Hersey number rapidly decreases friction coefficient. This 
friction behaviour is correlated with the high lubricant film thickness and applied load 
shared between the asperities and lubricant film. Here friction depends largely on the 
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operating conditions. Further increase in the Hersey value or film thickness drops the 
friction to a lower plateau value from where the full film lubrication starts. Then the 
friction increases due to viscous dragging force in the oil film.  

 

 

Fig. 1.2 Schematic representation of Stribeck diagram  

According to the Stribeck diagram (Fig. 1.2) the lubrication regimes commonly 
encountered in the lubricated contact are: 

Hydrodynamic or full film lubrication is the condition where the load carrying surfaces 
are separated by a relatively thick lubricant film and does not allow asperity contact 
during steady state sliding. In this case the lubricant film supports the entire load. 

Mixed lubrication is the condition where film thickness is small enough to let the 
asperities occasionally come into contact through the film. Both the asperity contact and 
the fluid film take part in supporting load. 

Boundary lubrication is the condition when the above mentioned mixed lubrication 
regime is present with even higher load and/or lower speed. Now the fluid film thickness 
is not providing hydrodynamic load carrying capacity and there is considerable asperity 

Hersey number 
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contact. The surfaces in contact are characterized by the chemical and physical interaction 
of the adsorbed thin film and the surface roughness. 

1.3. Clutch systems 

A clutch system can transmit torque or rotation between shafts by engaging, while the 
input shaft is driven by the engine and the output shaft is connected to the transmission or 
some 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. 

A clutch can be wet (lubricated) or dry. The wet clutch has a steady supply of filtered 
oil that keeps the clutch interfaces cool. Moreover, a wet clutch is immersed in a cooling 
lubricating fluid, therefore, the clutch interfaces are kept dirt free and provides smoother 
performance and longer service life. In contrast, no lubricant is used for dry clutch 
operations. Though a dry clutch can engage more rapidly than a wet clutch and the 
shifting process is relatively fast it does not offer the above mentioned advantages 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 a shorter life period than the wet clutch.  

1.4. Automatic transmissions and clutches 

An automatic transmission (Fig. 1.3) is 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 of a moving vehicle and the 
operator or driver is free from the manual gear shifting task. Since 1930 the journey of 
automatic transmissions begins with General Motors and after first introduction by 
Chrysler in 1941 [4], there have been continuous modifications and improvements to 
accomplish the automatic gear shifting as well as to facilitate the enhanced performance. 
The mechanism of a vehicle that shifts the engine power to the wheels is called the power 
train. This process is a complex operation of clutch components in any automatic 
transmission. The clutches used in automatic transmission for gear shifting are normally 
oil lubricated (wet) clutches. In the automatic transmissions wet clutches are used for 
numerous functions including shifting gear, lock up etc. This is why wet clutches have 
been studied mostly for automatic transmission applications. 
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Fig. 1.3 Automatic transmission of a passenger car with multiple clutches plates 

1.5. Wet clutches  

The oil lubricated wet clutches are mainly used for torque transfer purposes where it is 
required to handle more energy and heat, and to control torque transfer (such as in wet 
brakes, lock-up clutches, launch clutches). 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 vehicle it is also important to ensure the 
passengers’ comfort by reducing torque transfer fluctuation and noise generation [5]. 

1.5.1 Applications 

A wet clutch can be used for several purposes. Applications include transmission 
applications in machine and vehicle construction. They are also used in applications such 
as those 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 [5, 6]. Some common areas for wet clutch applications are listed in the Table 
1.1. 

 

 



6  Chapter 1
  
   
Table 1.1 Applications of Wet Clutch friction systems in automobile power train [5-12] 

Automatic transmission Lock up in torque converter 
Shift device 

Limited slip drives Lock up differentials 
Torque transfer in four wheel drive 

Others Continuously Variable transmission 
Dual clutch transmission 

Some typical automobile applications for wet clutch are described below: 

I. Lockup clutch  

In automatic transmissions (AT), lock-up clutches are also used to lock up the torque 
converter at high vehicle speed [5, 6]. This can amplify the efficiency of the AT by a 
mechanical connection between the turbine and the impeller (see Fig. 1.4). At high 
vehicle speed the torque converter is not needed, so the lock up clutches engage at that 
time to eliminate slip in clutches and the engine is then directly connected to the 
transmission [6]. In this way the losses in the torque converter are reduced at high speed 
and fuel efficiency is improved consequently. Lock-up clutches are immersed in oil for 
the entire time.  

 
 

Fig. 1.4 Schematic of the lock up clutches in a torque converter [13] 
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II. Shift Clutch 

The gear shifting of automatic transmissions is usually handled by wet clutches. The task 
of the shifting clutch (Fig. 1.5) is to engage correct gear pairs for the selection of gear 
ratios to shift gear. This clutch can be a part of a planetary gear system and connects the 
shafts [5, 6].  

 
Fig. 1.5 A schematic of wet clutch pack arrangements in an automatic transmission [reproduced 

from ref.14] 

III. 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 [7-11]. They are used to lock 
up the differential of the vehicle when one of the wheels connected to the differentials 
starts to slip. The slip-controlled lock-up clutch systems are used to improve fuel 
economy. It is advantageous for direct power transmission from engine to lower speed 
part, where engine power can fluctuate more. The Fig. 1.6 (a) shows an active LSD 
system which consists of a wet multi-plate clutch. In 4WD systems the wet clutches are 
also used to distribute torque between rear and front drive shafts of the vehicle (Fig. 
1.6(b).  
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(a) 

 

(b) 

Fig. 1.6 (a) The drive unit with a limited slip differential; (b) Schematic of the Haldex Limited 
Slip Coupling [11] 
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IV. Dual clutch transmission  

A double clutch automatic transmission (DCT) (Fig. 1.7), consists of wet multi-plate 
clutches for torque converting operations. Here the wet multi-plate clutches use hydraulic 
pressure to drive the gears like the torque converter and can manage around 1,250 Nm 
torque [12, 15]. Dry clutches can also be used for this. When the clutch is engaged, 
hydraulic pressure presses a series of stacked clutch plates and friction plates. The 
pressure on the friction plate 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 [15] 

1.5.2. Design and configuration  

The wet clutch usually consists of an alternate arrangement of reaction and friction plates. 
Reaction plates are often plain steel plates and the friction plate comprises a core steel 
plate on which friction-lining materials are bonded on both sides. In between the reaction 
disk an automotive transmission fluid acts as a lubricant and coolant. Also the friction 
material can be bonded to the reaction disks in an alternate order in case of single-sided 
clutch designs which requires no reaction plate. However, this single-sided configuration 
has the coining problem due to the difference in heat expansion of the core plate and 
friction material during operation. It is why the double sided friction plates 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 plates without any 
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friction material attached. A wet clutch configuration can be of single, double or multiple 
plate types depending on the purpose. The clutch that has the simplest arrangement is the 
single-plate type; as shown in Fig. 1.8a. The design and operation of double-plate clutch 
is almost the same as the single plate. Only an extra plate drive and an intermediate 
driving plate are added here. This clutch is used in heavy-duty vehicles and construction 
equipment. The multiple-plate clutches (see Fig. 1.5 and Fig. 1.8 b) are used in automatic 
transmissions. This is composed of a series of reaction disks and friction plates [16, 17]. 

 

(a) (b) 

 

Fig. 1.8 A schematic of two wet clutch arrangements a) single plate [16], and b) multiple plate 

1.6. Wet clutch components 

The frictional response from a wet clutch is a complex product of the interaction among 
the clutch components: friction lining, counter surface and the lubricant.  

1.6.1 Friction materials 

The friction material is one of the most important functioning components in a wet clutch 
system. Before the 20th century, only dry frictional pairs were used in clutches and brakes, 
and natural products like rubber, leather, cloth etc. were used for this purpose [18]. From 
1918 asbestos fibres were introduced in this application. Later on, in the around 1930’s 
the longer lasting sintered materials came on to the market to replace asbestos. With the 
improvement in the automobile industries after the 2nd world war, more and more 
research in this field provided newer and better friction materials, ranging from cork to 
carbon fibres and advanced resins [18, 19]. Some of these materials such as asbestos 
fibres have also not been used for the health and environmental risk since 1970 [20]. 
Three common friction materials used for present friction liners are: 



Chapter 1  11 
 

I. Paper/Cellulose- based friction material  

Paper based materials are used as wet friction material since 1957. Paper friction lining is 
composed of cellulose fibres (base material), phenol and epoxy thermosetting resin 
(binder), graphite, molybdenum disulphide, cashew dust, diatomaceous earth (filler or 
solid lubricant) and occasionally aramid or carbon fibre (reinforcing materials) coated on 
metal (medium carbon steel) core plate. The performance and durability of paper based 
wet friction materials differ depending on their elasticity, porosity, permeability and 
strength of fibre and resin [16, 21]. The common raw materials of paper-based material 
are shown in the Table 1.2. 

Table 1.2 Typical raw materials for paper based friction plates [22] 

Fibres Cellulose, aramid, carbon, glass 

Friction Modifiers Molybdenum disulphide, diatomaceous earth, cashew nut, 
carbon, mica, calcium, nitride, silica, graphite 

Typical Binders Phenolic resin, epoxy resin 

II. Carbon based friction material 

Carbon composite friction materials are used to meet specific friction requirements and 
also for their mechanically and thermally stable nature. It has distinctive open and porous 
surface structure which allow sufficient amount of lubricant (both additive and base oil) 
molecules to achieve the desired friction performance. The open structure prevents fast 
clogging of the pores through oil and additive degradation product that can deteriorate the 
frictional properties and lifetime [23]. Therefore they can provide positive μ-v 
characteristics as well as 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 they can provide better quality and 
durability [23-25]. 

III. Sintered Bronze 

Sintered bronze is used in heavy-duty applications (like LSD) when the clutch operating 
conditions (like sliding speed, load, temperature etc.) do not allow the use of paper 
friction material [7, 11]. It is usually manufactured by dispersing sintered lining with a 
bronze base [19]. These materials are able to tolerate higher stresses and temperatures 
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than paper based materials are able to lower the clutch temperature due to their good 
thermal conductivity and they are cheaper to manufacture than carbon based material. The 
performance of the sintered bronze can be modified with the composition of the material 
or by increasing the porosity [7, 11, 19]. 

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 fibres in 
combination with organic or synthetic fibres are used [22-24]. They can be used in more 
heavy-duty applications where commonly sintered bronze or carbon fibres are used. 
Hybrid materials are a cost effective alternative to carbon fibre materials [25]. 

1.6.2 Reaction plate material 

Though many different friction materials exist, steel is used as counter surface or reaction 
plate materials. The choice of friction materials does not influence the materials in the 
counter surface; steel can be applicable for the sintered materials as well as for the very 
recent hybrid materials. However, the surface roughness of the counter surface is adapted 
according to the frictional materials. For example, the steel reaction plate’s surface 
roughness should be lower for paper-based counter friction plates to prevent excessive 
wear of the softer paper surface. On the other hand, the roughness of the reaction plate 
should be high enough when operating against a sintered metal surface for correct 
alignment of the friction interfaces after the running-in. Therefore surface finish is an 
important aspect during selection of the reaction plate for a specific use. Some hardened 
(nitrided) steel (>3.5%C) clutch plates can be found in the market for advanced 
applications or research. 

1.6.3. Wet clutch lubricant: Automatic transmission fluid 

The clutch plates are lubricated by a lubricant, what is commonly named as Automatic 
Transmission Fluids (ATF). Due to rapid development of AT systems in recent years, 
more efficient and effective ATFs are required 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. There exists a wide range of ATFs 
developed in different industries [26, 27]. Any commercial lubricant or typical ATF is 
composed of two parts, base oil and additives. 

I. Base Oils 

Commonly, the base oil determines base properties of the ATF, e.g. viscosity, density, 
traction properties (traction coefficient). Base oils in general can be produced from 
mineral or synthetic sources [28, 29]. Vegetable oils like rapeseed oil, canola oil and 
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sunflower oil etc. can be also utilized for the benefits like high biodegradability, good 
lubrication, high viscosity index and flash point. Oppositely they usually age rapidly and 
they exhibit poor fluidity for low temperature. 

Mineral base oils are mixtures of different hydrocarbons. They are refined from crude oil 
and are used for most lubricating oils today. Depending on chemical structure of their 
main components, they are subdivided into paraffinic naphthenic and aromatic oils. Most 
widely used are paraffinic oils. Compared with naphthenic oils, the paraffinic-base oils 
exhibit higher oxidation stability, higher pour point, higher viscosity index, low volatility, 
high flash points and low specific gravities [28, 30].  

Synthetic base oils are usually superior to mineral oils in specific properties. The carbon 
chains and functional groups forming structure of synthetic can be designed to have 
specific properties. At present, the major raw materials of synthetic oils are naphtha (light 
fragments of crude oils). They have higher viscosity index, better oxidation stability and a 
much lower pour point than mineral oils. Synthetic oils are used for more advanced 
applications and are more expensive as well.  

Mainly Synthetic hydrocarbons are used for base oils of ATF applications. 
Common types are polyalphaolefin.  

Poly-α-olefins 

Poly-α-olefins (PAO) are oligomers of alpha-olefin, where alpha-olefin (CnH2n) is an 
alkene having a carbon-carbon double bond at the terminal. 1-decene is frequently used 
for lubricant purposes. They are synthetic saturated hydrocarbon. Among the most 
important characteristics are their high viscosity index (120-170), low volatility and good 
oxidation stability. However, without double bonds and aromatic structures, the PAOs 
ability to dissolve additives is low. They are typically blended with synthetic ester to 
dissolve the conventional ATF additives. 

Esters 

Natural and synthetic esters are structurally similar. Synthetic esters are produced by the 
reaction between an alcohol and a fatty acid. Monoesters have one ester group, diesters 
have two ester groups, and polyesters have several ester groups (usually three or four). 
Monoesters have low viscosities and high volatility. Diesters have a noble viscosity index 
and low-temperature properties, but fairly low viscosities. Polyesters have similar 
properties to diesters, but the range of viscosities is wider. 
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II. Additives 

Additives are added in base oil to enhance, modify and sustain lubricant properties and 
friction characteristics during use. The wet clutch runs often at low sliding speed and high 
normal load. Therefore, it can be expected to operate in the boundary to mixed lubrication 
regimes. Then the additive actions will influence the frictional property [9, 26], see also 
section 1.7.2. The additive action also depends on the friction material [11, 16, 28, 31]. So 
ATFs are combined with additives to improve their properties. In the following Table 1.3 
some common additives that are used in automatic transmission fluid are listed. 

Friction Modifiers (FM) are used to improve the friction properties of base oil. 
Typically, they are composed of long non-polar hydrocarbon chain of c.a. 18 carbons and 
polar functional group at the terminal carbon. These polar groups are, i) carboxylic acids 
or derivatives, ii) phosphoric/phosphonic acids and their derivatives, iii) Amines, amides, 
etc. These polar head groups are the main factor in determining the effectiveness of the 
FM [9, 16, 28]. The details of FMs activity in clutch lubrication and the mechanism of 
friction mechanism are discussed in section 1.7.2.  

Anti-Wear agents (AW) are additives to reduce wear between the contact surfaces. AW 
are often phosphate based consisting of an oleophilic group (hydrocarbon radical) and a 
polar phosphoric acid which significantly reduces the wear by forming protective film on 
the contacting surfaces. Phosphorus, Sulfur compounds and zinc dialkyl-dithiophosphate  
(ZDDP) are typical anti-wear agents. Sulfur compounds provide iron sulphides to the steel 
surface at extreme pressure condition and phosphorus compounds form iron phosphate on 
the steel surface during the boundary lubrication stage. 

Dispersants are an ash-less, non-metal cleaning agent containing long oleophilic group of 
alkyl group and a polar head group incorporating the inclusion of oxygen, nitrogen or 
boron. The polar head interacts with the sludge particles in the used ATF. Due to the long 
hydrocarbon chain this sludge is dispersed in the base oil. A range of molecule types are 
available for different applications [32]. Dispersants thus prevent the formation of deposits 
during a lubricant’s lifetime and ameliorate negative effects of viscosity increase, wear, 
filter plugging, etc. and influence the anti-shudder performances as well.  

Detergents are surfactants, widely used in transmission fluid to keep insoluble wear 
debris and ATF oxidation products dispersed in the ATF and prevent blocking of the 
porous friction liner.These are typically metal salts of organic acid, containing a surface 
active polar group which can react with metal surfaces to form a protective film that keep 
the friction surfaces clean [26, 31, 32]. This additive contains an oleophilic hydrocarbon 
tail with polar metal ions and this oleophilic group acts as a solubilizer in the base oil. The 
most widely used detergent polar substrate type is the sulfonates and the metal ions are 
Ca, Mg and Na. Over-based sulfonates are formed by a complex reaction between neutral 
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metal sulfonates and a metal-hydroxide, in presence of CO2 and alcohol promoter 
compound. Over-based sulfonates containing metal in excess of the stoichiometric 
amount are more effective in neutralizing the acidic bodies. Together with neutralizing 
the oxidation and acidic products in ATF, the major role of detergents is to stabilize 
friction. 

Oxidation inhibitor is a substance added in small quantities to base oil to increase its 
oxidation stability, thereby lengthening its service or storage life. ZDDP plays the key 
role as AW and AO in most of the ATF formulation to control wear and oxidation. To aid 
the AO’s property, phenol or amine types of AOs are also added to the ATF. These 
neutral compounds are more soluble in the non-polar solvents due to long chain 
derivatives.  

Viscosity modifiers are polymeric additives designed to increase the viscosity index of 
oil. It helps to reduce the decrement of the lubricant viscosity due to increase of 
temperature. 

The common additives used in a fully formulated ATF are listed in Table 1.3: 

Table 1.3 Common Additives used in ATF [16, 30, 31, 32] 

Additives Representative Compounds 

Antioxidant ZDDP, alkyl phenol, aromatic amine 

Dispersant Succinic imides, succinate esters, 

Viscosity index enhancer Poly methacrylate, poly isobutene, poly alkylated styrene 

Friction modifier Long chain fatty acids, aliphatic ester, long chain amines, 
amides, phosphate esters 

Anti-wear agent ZDDP, triaryl phosphates, acid phosphates,  alkyl sulfides 

Metallic detergents Metal sulfonates 

Sealing agent Phosphate, aromatic compounds 

Anti-foaming agent Silicone oil 
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1.7. Wet clutch tribology 

1.7.1. Wet clutch engagement and friction generation 

In regular wet clutch arrangements (Fig. 1.8 b), friction plates and reaction plates are 
alternately connected to two oppositely positioned splines of the corresponding input and 
output shafts. Friction generated in between the lubricated steel and friction plates when 
these plates become engaged by an external normal pressure are utilized for torque 
transmission during clutch operation. Torque generation and transmission is the main goal 
of any wet clutch operation. When the clutch plates are pressed together, during 
engagement, the shafts are at different angular velocities. The relative speed of the clutch 
plates as well as the shafts comes to zero by the generated friction at the end of 
engagement [6, 17, 26]. Operating characteristics at different engagement stages play an 
important role in torque generation.  

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, lubricating 
fluid contained between the two plates is squeezed out. This squeeze-film effect (Fig. 1.9) 
prevents the discs from making instantaneous contact. This state is also called the squeeze 
film phase with high film thickness, which provides hydrodynamic lubrication. This 
involves a viscous shear phenomenon [6, 9, 16, 17] and torque is mainly contributed from 
the viscous torque. The duration of this phase is relatively short. 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. When the film thickness decreases to the level of friction lining roughness, 
asperity contact friction starts contributing to the total clutch torque development. The 
two surfaces come into contact leading to boundary lubrication until the relative velocity 
becomes zero [16, 21, 33]. Finally the asperity contact phase carries the entire load with 
the full mechanical contact of the surfaces and hydrodynamic effects are negligible. 

Therefore, wet clutch engagement almost follows the Stribeck diagram and can be 
divided into three main stages, see Fig. 1.9 [6]. 
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Fig. 1.9 Wet clutch engagement and torque generation [redrawn from ref. 6] 

Briefly, initially viscous shear is the main torque transfer mechanism and later 
torque transfer occurs by both mechanical contact and viscous shear [34]. Therefore the 
clutch torque consists of both the asperity contact and the viscous friction torque. The 
ɳv/p [see Sec. 1.2] factors are kept lower for higher torque generation in clutch contact 
and boundary lubrication is the governing lubrication regime. Here the hydrodynamic 
lubrication effects can be neglected and the contact load is carried by asperities on both 
surfaces. During asperity contact the overall friction is controlled by the surface 
interactions and viscous shear of the lubricants trapped in the asperities or pores. So the 
material parameters and the additives’ interaction have a major effect on this friction. 
Moreover the operating conditions such as, temperature, sliding speed, normal load can 
influence the friction in wet clutches [7, 11].  

1.7.2. Tribofilm formation and friction mechanism  

As discussed earlier in sections 1.2 and 1.7.1, the dominant lubrication regime during 
clutch engagement is the boundary lubrication regime, therefore the friction characteristics 
of the wet clutch depend largely on the interaction between these polar, surface active 
additives and the friction interfaces [9, 26, 35-37]. The thin boundary film occurs due to 
adsorption of the surface active additives and reaction processes between the lubricant 
and the surface materials. There is no direct influence of base fluids on wet clutch friction 
behaviour. However, the lubrication or the properties of the chemical boundary film 
formed by the formulated ATF depends, among other things, on its solvation power. The 
solvation power in turn is dependent on the polarity of the molecules added to the base 
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oil. Usually, commercial synthetic ATFs are composed of fully saturated non-polar 
hydrocarbon such as poly alpha olefin (PAO), the polar esters group and additives [38]. 
The esters are used to increase the additive solubility in the ATF. Not only solvent power 
is important, but the strength and properties of the boundary film are also essential 
aspects. The strength depends on the simultaneous presence of polar and non-polar oil 
species. Friction modifiers (FM), one of the key surface active additives, generally have a 
long straight hydrocarbon molecular chain as the tail and a polar group as the head. 
Friction modifiers with long hydrocarbon tails solubilized in base oil and the polar head 
anchored to the friction interfaces or reacting with the already adsorbed species may form 
closely packed arrays of multilayer clusters (see Fig. 1.10) [26, 32, 39, 40]. Due to Van der 
Waals forces the molecules in the multilayer clusters tend to align themselves parallel to 
each other. This layer is hard to compress, but easy to shear and thus can provide lower 
friction. In addition, the non-polar group has two roles: i) solubilizing of the non-polar 
base oil and ii) separation of the solid-solid contact. 

 

Fig. 1.10 Formation of tribolayer with surface active additives on friction interfaces 

Then the reduction of friction by FM is the synergy of both the groups’ actions 
(interaction and separation). Ingram, et al. [35] suggested that the shear stress of the 
adsorbed boundary film within the contacts increases logarithmically with the sliding 
speed and the friction enhancing additives like dispersants and detergents probably 
partially disrupt this tribolayer formation by the friction modifiers and increase the 
friction coefficient over the whole speed range. There is another assumption by Zhao et 
al. [37, 41] and Eguchi, et al. [42] regarding viscous hydrodynamic film forms near the 
surface for the surface active additives, which can increase the friction due to film 
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shearing at high speed. Therefore, all these surface active additives play a key role in 
maintaining the boundary lubrication in the clutch interface and thus in controlling 
friction i.e. reducing the friction at low speed and increasing the friction at high speed.  

So the stable and shudder-free friction generation actually depends on the 
tribofilm’s nature as discussed here. The thickness and effectiveness of this friction 
modifying tribofilm formation is related to a number of factors such as polar groups, chain 
length, configuration of the molecule, base oil or solvent, concentration, temperature, 
surface profile, and contaminants [39]. 

1.7.3. Friction induced vibration  

Friction induced vibration, or clutch shudder, is a widely recognized clutch operation 
limitation or design fault. Clutch shudder start to occur for certain operating conditions or 
as a result of clutch ageing [8, 9]. This can be detected as the fluctuation of the output 
torque of a transmission, whereas stable output torque is necessary for the smooth gear 
shift. This phenomenon seriously affects the comfort of the vehicle operator, and 
produces noise and wear of the drive-train’s component. 

Two types of shudders: stick slip and oscillatory sliding are observed for clutch 
systems in automatic transmissions. Stick slip is caused by sticking and sliding of the 
alternating surfaces, with a corresponding change in the friction force. 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 that which 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 overcome the spring force, lubricant viscosity and static friction, and that 
stops the movement of the system. 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 or shudder. The friction 
instability is the increase in coefficient of friction for decreasing sliding or rotational 
speed (Fig. 1.11), which leads to an excitation of the mechanical eigen modes of the drive 
line [5, 8, 26]. Inertia and stiffness of the system will influence the eigen modes so system 
design parameters such as mass and dimensions of the components will also influence the 
dynamics. 
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(a) (b) 

 

 
      (c) 

Fig. 1.11 Friction Coefficient vs. Speed curves: (a) positive and (b) negative slopes and (c) 
negative slope producing friction induced vibration 

The clutch shudder has been seen in general as a complex instability phenomenon 
due to friction characteristics. Several researchers [8, 9, 16, 17, 35] have confirmed the 
correlation between negative μ-v slope behaviour and shudder [see Fig. 1.11 (c)]. Many 
experimental and theoretical investigations and extensive on-vehicle observations 
reported by different automotive companies reveal shudder as a complex phenomenon 
affected by the gradient of the μ-v curve characteristics (Fig. 1.11) and the ratio of static 
friction (μs) and dynamic coefficient of friction (μd). [8, 9, 11, 26, 35, 43-46]. 
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1.8. Factors affecting friction parameters 

Wet clutch transmission torque is generated by the lubricated interface friction. The 
operating conditions, design parameters, materials parameters etc. exert control on the 
friction outcome and will influence the torque as well. That is why wet clutch friction 
interfaces, transmission fluid formulation, and system design selection are specified for 
any specific application. A stable frictional characteristic is essential for controlling the 
wet clutch performance by providing a long clutch life and the smoothness of torque 
transfer that is linked with the anti-shudder property of the clutch system. The parameters 
which can affect the frictional behaviour of the wet clutches are shown in Table 1.4: 

Table 1.4 Factors affecting wet clutch friction characteristics and durability 

Material   
parameters 

Fibre material,  type of resin, fibre orientation , 
modulus of elasticity, groove pattern, porosity, thickness 

Surface  
parameters 

Hardness, roughness, surface texture 

Lubrication 
parameters 

Base oil, additives, viscosity, fluid degradation 

Operating  
parameters 

Applied load, sliding velocity, temperature 

Design 
parameters 

Damping, stiffness, inertia 

 

Some of the significant parameters are described below: 

1.8.1. Friction material parameters 

The friction material properties can be very different for the constituent elements which 
can change the friction behaviour also. Present day passenger cars are mostly equipped 
with paper-based friction plates for their positive friction characteristics during gear 
shifting and their cost effectiveness and resiliency. Paper friction liner has a rougher and 
softer surface than the steel reaction plate so that it can provide a high friction with less 
wear. Due to greater surface roughness than the counter surface, the presence of boundary 
lubrication is possible even at high speeds. Surface roughness is important as well with 
the skewness of friction materials as they both contribute to the real area of contact during 
engagement. Moreover, the structure of paper based friction lining is porous and 
deformable. When friction and reaction plates are loaded and slide against each other, 
subsurface deformation results from shearing of the softer friction materials and 
independent contact patches are formed [16, 21, 33]. Thus the real area of contact 
increases during engagement due to the friction material deformation. This can flatten the 
asperities and the surface topography will be changed, consequently the total contact area 
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increased [33, 34, 47]. With the increase in the real area of contact the friction increases 
too since the adhesive type of friction will increase. It is the additive’s properties that 
control the shear stress in the contact patches.  

Porosity is a measure of open space that can be present within clutch plate 
material. Porosity of is one of the important factors that influence the wet clutch friction 
behaviour considering the before mentioned clutch engagement stages (see Fig. 1.9). 
When porosity of a material is high then the coefficient of friction is high as well. Kato et 
al. [5] evaluated the correlation between shudder and facing porosity. They found that the 
facing porosity moderates the negative μ-v relationship through the control of the oil film 
pressure by absorption/ release action.  

When the clutch is disengaged, the porous material becomes filled with lubricating 
oil. This oil is again squeezed out of the friction liner when the engaged clutch material is 
elastically deflected. Matsumoto et al. [21] studied influence of viscoelasticity of the 
paper-based friction material on the performance of a wet clutch. It was revealed in this 
study that friction performance for wet clutches is influenced by clutch plate porosity and 
the compressive elastic deformation increases as the porosity becomes higher. Ohkawa, S. 
et al. [48] studied the effect of elasticity of different wet friction materials such as, 
graphitic, paper, sintered bronze and elastomeric on friction behaviour. They found the 
static coefficient of friction has no influence of apparent elastic modulus. On the other 
hand, less elastic sintered bronze has lower dynamic friction and elastomeric showed 
highest dynamic friction coefficient in them. It is observed that the apparent elastic 
modulus controls the dynamic friction coefficient. Therefore, elasticity together with 
porosity of a material has positive influence on the friction behaviour. 

It has been also found that the permeability influences strongly the torque response 
[7]. For high permeability, the lubricant film thickness reduces in a very short time at the 
interface (due to fast drainage of the fluid) and early occurrence of asperity contact gives 
higher total torque (high asperity torque with viscous torque) for the system. In the 
beginning, the new friction lining is very porous and has a rough surface. The contact 
temperature can be increased with sliding speed due to frictional heat in the asperities. 
The cooling of the interface is achieved by the lubricant flow inside the pores and the 
grooves. Usually, a paper liner has a porosity of around 75% which permits internal 
cooling oil flow resulting in a good durability of the material.  

The heat generation in the contact can affect the friction liner both mechanically 
and thermally in the high temperature clutch environment. Thermal degradation plays an 
important role in clutch ageing [47]. Moreover, the cellulose structure is mechanically 
degraded by cyclic compression and shear stress According to the previous studies [16, 
17, 21, 47] pores are clogged with the clutch’s ageing. It has been found that cellulose 
fibres, the least heat resistant component of the friction materials, are liable to carbonize 
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in high temperature interface, caused by repeated clutch engagements. The carbonization 
process or glazing is a chemical reaction that degrades the cellulose fibres or clogged the 
pores. If the clutch cannot hold the oil due to lack of pore areas available, there would be 
declining in coefficient of friction and longer engagement time. Thus results in further 
temperature increase at the contact.  With further carbonization the friction material’s 
strength is lowered as viscoelasticity varies with porosity.  

Wear and thermal glazing of wet friction materials are related to the surface 
topography, surface roughness and skewness. When the sliding speed increased, the oil 
film thickness increases and contact area sustained force or boundary friction decreased. 
Since, wet clutch friction is the combination of both hydrodynamic and boundary friction 
(see Fig. 1.9), the boundary friction decreases with clutch ageing and hydrodynamic 
friction increases. But as hydrodynamic part is relatively small compared with the 
boundary one, the total friction decreased with increased sliding speed as the surface 
roughness becomes smoother. Therefore and a glazed wet friction material is responsible 
for its stick-slip or shudder problem. Hence, the mechanical and physical properties of the 
friction material along with the frictional characteristics changes during clutch operation. 

1.8.2. Reaction plate parameters 

All engineering surfaces are rough on a microscopic scale. 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 reaction plates can increase the wear 
rate of the comparatively softer friction lining. So the surface roughness of the harder 
reaction plate should be low enough to prevent excessive 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 [49, 50].  

The surface waviness of the reaction plate is also a considerable factor to be taken 
into account. The frictional heat flux generated at the contact interface is proportional to 
the contact pressure. Therefore, if there occurs some non-uniformity in the contact 
pressure distribution across the surface, the areas at high contact pressure with experience 
high temperature, results in high local thermal expansion and thereby leads to further 
local pressure increase. This occurrence is known as frictionally excited thermo-elastic 
instability. The waviness of the reaction plate produces different initial pressure variation 
and it is a major factor in the initialization of unstable thermo-elastic processes which 
may lead to detrimental “hot spots”. That is why the surface profile and hardness of the 
reactions are important for excellent operation of the paper clutches.  
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1.8.3. Lubricant parameters 

The ATF characteristics and its service life are 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.  

Base Oil 

The wet clutch friction characteristics are mainly influenced by the additives in the ATF 
rather than the base oil [26, 31, 35, 40]. However, as discussed earlier (see Sec. 1.6.3) the 
type of base oil can influence the activity of the additive package [38]. Base oil in the 
ATF is very important to maintain the lubricants’ bulk properties like viscosity [11]. The 
lubricant film thicknesses and fluid viscosity are temperature dependent properties of the 
base fluid. That is why base oil controls the thermal properties of the lubricant. When two 
plates are engaged in any wet clutch arrangement, a large amount of heat is 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 -40oC 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. The engagement will take longer time since it is more 
difficult to squeeze out the fluid from the interface. Hence, proper lubricant viscosity is 
essential for effective lubrication over the wide temperature range during system 
operation. The base oil also can influence the expected life of the ATF, as they are 
resistant to oxidation [38]. 

Additives 

The notable effect of additives on clutch friction has been investigated by several authors 
[9, 16, 26, 35-37, 40-42]. They found that both the torque capacity and the dynamic 
friction are chiefly affected by the choice of additives.  

Friction Modifier 

A proper ATF must fulfil the anti-shudder performance by preventing shudder. That is 
why friction modifiers are added to ATF to improve the anti-shudder performance. Due to 
lack of any absorbing species in the base oil, solid-solid asperity contact forms and thus 
generates high friction. Surface active additives like FMs have significant influence on 
friction by decreasing this friction at low sliding speeds and therefore they are added to 
improve the anti-shudder properties of the lubricant (see Fig. 1.12) [26, 38, 40-42].The 
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earlier studies [35-37] revealed that low speed conditions favour the adsorption of surface 
active additives like FMs, which can lead to a lower boundary friction during low sliding 
speeds as well as the positive friction-velocity slope. FMs dissolved in the ATF are 
generally attracted to the friction interfaces and the resulting adsorption forces to the 
friction surfaces are very strong (see section 1.7.2). The shortcoming of FMs is the 
reduced torque transmission capacity for wet clutch.  

 

Fig. 1.12 Effect of friction modifier in clutch contact and during clutch engagement 

Detergents and dispersants 

The ATF durability is influenced by additives like detergents and dispersants, which 
stabilize contaminants in the lubricant and thus recover from undesirable viscosity 
increase, wear, filter plugging, etc. Consequently detergents and dispersants can control 
the friction by removing the thermal decomposition and oxidation products which can be 
impregnated into pore of the friction liner [9, 32]. Thus these additives can influence the 
lubricant’s anti-shudder performance. It was also found that the interaction between 
dispersant and metal detergents can increase friction at high speed region. 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 [37, 42].  

The details of surface active additives and tribofilm formation are discussed earlier, see 
section 1.7.2. 

Other additives  

Anti-wear agents along with amine or phenol type anti-oxidants also affect the ATF’s 
friction characteristics [26, 31]. Some anti-wear agents like ZDDPs show a decrease in 
coefficient of friction in the region of low speeds of sliding.  
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Additives like viscosity index improver and oxidation inhibitors show a negligible 
influence on the friction-velocity characteristics 

Degradation of ATF 

The 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. 
Any undesirable change in chemical or physical properties of lubricant during service is 
degradation. Some common lubricant degradation process is also involved in ATF 
degradation such as, shearing, pyrolysis, hydrolysis and obviously oxidation. Shearing is 
the dissociation of C-C bond in base oil molecule. This process yields low molecular 
weight base oil molecules with less viscosity. Pyrolysis can be possible chemical 
decomposition process occurring at high contact temperature. This thermal breakdown, 
can initiate side reactions, induce polymerization, produce gaseous by-products, destroy 
additives and generate insoluble by-products. Hydrolysis is a chemical reaction of a 
compound with water and this reaction is catalysed by acids and produce acids. ATF 
containing synthetic esters, vegetable oils, ZDDP etc. can be hydrolysed.  Water presence 
also influences physical properties of micelles in the ATF. Oxidation of the hydrocarbon 
by oxygen in the air and oxidized product is the most common degradation rout of ATF. 
It can be responsible for viscosity increase, varnish formation, sludge and sediment 
formation, additive depletion, base oil breakdown, filter plugging, loss in foam properties, 
acid number increase, rust and corrosion, and deposit formation. The degradation of ATF 
is also experienced by the change in frictional properties due to additive consumption. 
The declining coefficient of friction with speed is a sign of the end of the fluid life.  

1.8.4. Operating parameters 

The characteristics and performance of a wet clutch are greatly influenced by operating 
conditions. Holgerson [6] reported that it is possible to optimize a wet clutch engagement 
by using the known operating conditions, i.e. contact temperatures, sliding speed and 
normal load. Their effect on friction is discussed here: 

I. Contact temperatures  

The clutch interface temperature has a substantial effect on friction. During clutch 
engagement the temperature in the contact increases due to frictional heating as the 
velocity increases as well. The contact temperature reached the maximum value at 
maximum speed. Both the fluid viscosity and the formation of tribofilm can be affected 
by this temperature. In addition, the surface temperature controls the dominance of the 
additives in the tribofilm and again tribofilm generation rate is influenced by the 
temperature dependent additives. So the increasing temperature with velocity will 
produce a low friction and negative slope of the friction-velocity as well. Thus there 
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exists a complex relation between temperature and the friction-velocity relationship [6, 7, 
11]. Temperature in the contact depends on the heat generation, heat transfer, lubricant 
flow, friction material properties and lubricant bulk properties [6, 47]. Temperature also 
influences the ageing of the ATF and friction materials [17, 47, 51, 52].  

II. Sliding speed 

The friction-velocity relationship is an important factor to determine the shudder 
possibility of any clutch system. The anti-shudder performance is also monitored from the 
ratio of the friction coefficients for low and high sliding velocities representing static and 
dynamic friction. Several researchers [6, 7, 17, 26] observed the importance of the sliding 
velocity for friction characteristics. It is because the sliding speed can influence the 
contact lubrication regime and temperature.  

III. Applied normal load 

The clutch frictional characteristics are not much influenced by the applied load for 
normal operating temperatures [53]. However the applied load can influence the frictional 
behaviour at low temperatures. The friction can be increased a little for a high applied 
load due to the increase in contact area and the consequent deformation of the frictional 
material. On the other hand, in some situations the coefficient of friction is decreased for 
increased contact temperature at high loads. A load dependent friction coefficient is not 
desirable for ideal situations. It has been found in a previous study [53] that the dynamic 
friction can be reduced for increasing load, but this effect is not observed for static 
friction. 

1.8.5. Contaminants and design parameters 

There exist numerous other factors including, lubricant contamination and design 
parameters which have not been investigated largely.  

Complications like water contamination in the system can be challenging even for 
a newly developed high performance ATF. The water contamination can cause several 
rheological and chemical changes in the lubricant, friction interfaces and might affect 
components life as well. The lack of knowledge concerning water contamination effect on 
wet clutch friction, tribofilm formation, fully formulated ATF degradation and friction 
liner deterioration, thus imposed detail investigation in this area, see Section 1.10 and 
Chapter 4. 

By design parameters is meant size, mass and dimensions of the clutch and 
transmission components. These parameters will influence the effective inertia, stiffness, 
and damping of the clutch and thus also the eigen modes and the risk that they can be 
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excited by shudder vibrations. This is identified as an area where more knowledge is 
required and is therefore studied in this thesis; see Section 1.10 and Chapter 5.  

1.9. Tribotest methods for wet clutch 

There have been numerous experimental and theoretical investigations regarding wet 
clutch engagement and friction behaviour. Different test methods and measurement 
techniques were applied to clarify wet clutch characteristics to improve its performance. It 
is also possible now to simulate the clutch behaviour, which is much cheaper and less 
time consuming. Though, it is difficult to simulate the friction in boundary regime there 
has been many attempts regarding this. The torque transferred by the engaged clutch is a 
complex combination of viscous torque and, primarily, boundary lubrication torque, so it 
is very much dependent on additives and surface topography. During experimental 
investigations it is very important to develop and utilize a suitable test machine for the 
evaluation which is capable of handling basic properties, evaluation conditions and test 
under suitable operating conditions. The design and selection of a test instrument, 
therefore, considers the type of applications and the research question. The reliability and 
assurance level of tribological tests performed in laboratories depend on the test methods 
and test conditions used. Tribotesting of wet clutch has been categorized by Czichos [54]. 
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. So to avoid the full scale test difficulties, a scaled-
down clutch contact can be applied in a pin on disc test [55]. 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, which is preferable for numerical analysis. There 
[50, 56] was observed a fine link between the pin-on-disc test results with results from 
test rigs using whole friction disc tests [50, 56, 57]. But this cannot be considered as a 
total replacement of those rigs as it does not test the complete friction plate. Any 
tribological tests should as much as possible replicate the main application; instead it 
would be more difficult and expensive to run then. Different instruments and purposely 
built test rigs were utilized by different researchers [26, 36, 41] to evaluate wet clutch 
performance for different applications. Such as, modified low velocity friction apparatus 
(LVFA) ( see Fig.1.13 a) and variable speed friction test (VSFT) ( see Fig.1.13 b)  has 
been used to evaluate friction-velocity relationships and friction characteristics of ATFs 
in slip controlled lock up wet clutches (see Fig. 1.13). Steady state sliding friction (Fig. 
1.9) between a lubricated friction and reaction plate is considered to evaluate the 
transferred torque and friction behaviour in regular shift clutch. Therefore most wet clutch 
experimental work has been carried out in the SAE#2 machine or similar equipment 
(Fig.1.14). Holgerson et al. [6, 58] studied the engagement of a wet clutch with this type 
test rig that can apply a drive torque during engagement and with variable sliding 
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velocity, inertia, force rate, and lubrication to maintain the actual automatic transmissions 
input parameters and output characteristics. This rig was designed to work at very high 
velocities, which was later modified for investigating Haldex limited slip coupling [11]. 
This rig was modified to achieve accuracy at low sliding speed and higher load 
application as well as the design is flexible enough for temperature measurements and 
design modification. 

 

 

 

(a) (b)     

Fig.1.13 (a) LVFA; (b) variable speed friction test (VSFT) [reproduced from 26]. 
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Fig.1.14 SAE II tester [26] 

1.10.  Further research  

Needs for further research are identified in two areas; the impact of water contamination 
and the influence of clutch mechanical system design parameters.   

I. Impact of water contamination 

Recent advancement in transmission design requires better functioning ATF to meet the 
basic requirements for improved drivability and fuel economy. There are also demands on 
ATF such as fill for life capability, shear stability, low temperature fluidity, good 
oxidation stability, to reduce wear at higher operating temperatures etc. However, 
complications like water contamination in the system can be challenging even for the 
newly developed high performance ATF. Water in ATF or automatic transmission system 
can originate from the environment, such as rain or moisture in the air. Leakage in ATF 
sump followed by condensation of humid air can be turned into water droplets and mixed 
with the ATF. A damaged water-based cooling system can also be liable for water in the 
ATF. Water coming from any of these sources is considered as contaminants after certain 
concentration that depends on different factors such as type of the base oil, additive 
package, temperature and pressure etc. All these factors play important roles in 
controlling the saturation level of the ATF as well as the condition of the existing water. 
A highly refined mineral oil with an insignificant amount of additives has a saturation 
level of about 100 ppm at 20 °C, on the other hand ester-based synthetic oils can have 
saturation levels around 3000 ppm at 20 °C. A typical amount of water or humidity that 
can be found in the transmission is 700 ppm after 4000 km in field test [59]. 
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Water in oil can exist in three conditions: ‘dissolved’, ‘emulsified’ and ‘separated 
phase’. As a separate phase or emulsion, the water contamination can cause several 
rheological and chemical changes in the lubricant properties and might also have an 
impact on lubricant life. There are several hypotheses about the impact of water on the 
lubricant’s properties such as lubricant oxidation, weak additive action, change of the 
bulk viscosity etc. Lancaster, J.K. [60] suggested that the measurement of the 
environmental humidity is important for any material testing or research related to 
machine component wear and friction. He also mentioned three main effects of water in a 
lubricated system: 1) crack propagation in the contact surfaces, 2) reaction with contact 
surfaces (e.g. corrosion), and 3) modifications to third body layers of the aggregated wear 
debris. According to the review [60] on the influence of water on friction and wear, water 
can modify the adsorption of long chain organic compounds during boundary lubrication 
and can affect the chemistry of the protective film formation at the metal-metal interface. 
These suggestions can also be applicable for the wet clutch system where boundary 
lubrication plays the major role. In another relevant recent work by Cen, et al. [61] the 
effect of water on ZDDP anti-wear behaviour and on the tribochemistry of the lubricated 
steel-steel contact was investigated. It was found that the effect of water was detrimental 
for the ZDDP’s tribological performance due to the depolymerisation of longer chain 
phosphates and reduced reaction layer thickness, while the bulk properties of the lubricant 
were not altered. Although the damaging effect of water is evident from all these previous 
works, further research is recommended on the degradation mechanism of water-
contaminated friction interface and fully formulated ATF. Research into how water 
influences the anti-shudder behaviour and friction stability of a wet clutch system is also 
recommended. 

II. Influence of design parameters 

Two conventional mechanisms leading to shudder in a wet clutch system are stick-slip 
and oscillatory sliding. Stick–slip occurs when the static COF exceeds the dynamic COF, 
and oscillatory sliding is the result of frictional instability where a self-excited condition 
exists that amplifies vibration. Both stick-slip and oscillatory sliding can be detectable in 
the case of a negative friction-velocity slope or too low damping in the system. 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 μ-v curve, depending on the mechanical arrangement 
of the system. Several authors [8, 26, 44-46, 48, 62] considered the mass-spring-damper 
mechanical model for the clutch system in the driveline. A part of the energy transmitted 
through the driveline is transformed into other forms of energy (heat) by positive damping 
effects. Negative damping means that a part of the energy transmitted by the clutch could 
induce self-excited torsional vibrations of the driveline and contributing to shudder. 
Kugimiya et al. [26] determined clutch vibration by considering inertia, rigidity and 
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damping force in the system. Crowther A. et al. [63] found the influence of damping and 
negative friction-velocity curve in driveline shudder occurrences. In a recent study, Yuan 
and Ding Y. et al [64] showed theoretically that system damping and stiffness can be 
liable for the dynamic instability in friction clutches. It was also experimentally verified 
that the inertia and spring stiffness of a clutch system affect the vibrational response [65]. 
In different experimental studies, Holgerson [66] observed that the clutch engagement 
with a lower moment of inertia is finished earlier than that with a high moment of inertia, 
meaning that for a certain engagement time there should be smaller sliding distance for 
the transmission shaft with a higher inertia due to less torsional oscillation or shudder. 
Ost, et al. [67] studied wet clutch torsional vibration for a small-scale rig with variable 
damping and spring stiffness. They found that the system oscillations were aborted by 
increasing damping in the system and the oscillation amplitude was suppressed with an 
increase in system stiffness, though these parameters did not affect the friction-velocity 
relation. Most of these experimental and theoretical works on clutch dynamics and torque 
transfer relations considered pin-on-disc or small-scale test rigs, which are less 
comparable to a real system. Moreover, the experimental works to investigate the 
influence of the mechanical parameters (stiffness and inertia) of the clutch system are 
limited due to the problem of varying them independently in the test machine. However 
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.   

To the best of the authors’ knowledge, there are no detailed experimental 
investigations concerning friction reliability along with shudder tendency for the different 
arrangements of torsional stiffness and inertia of the wet clutch output shaft. 
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Chapter 2: Objectives 
This chapter outlines the main purposes and objectives of this thesis. The first section 
presents the objectives  

Current research on passenger cars is aiming at increasing power and reducing the size of 
internal transmission components including the clutch systems. In this respect, more 
understanding regarding tribological aspects are needed to improve the design and 
performance of wet clutches. Though major earlier research was focused on the influence 
of different friction influencing parameters on clutch friction behaviour, there remains 
certain issues to be clarified. As presented in the previous chapter, the literature review 
recognized a number of areas where further research is required to improve the overall 
wet clutch performance and to overcome common clutch limitations such as friction-
induced vibration. 

2.1. Objectives 

The key aims of this thesis are two folds; i) to study the effect of water contaminated ATF 
on wet clutch performance. ii) to investigate the influence of different system design 
parameters on wet clutch friction behaviour. In detail: 

I. Experimental study on the impact of water on wet clutch performance 

 To develop an experimental approach to evaluate the clutch friction behaviour 
when water is present in the lubricant as a contaminant. 

 To study the impact of water contaminated lubricant on wet clutch friction 
interface degradation. 

 To investigate the lubricant degradation when water is present as a contaminant. 

 To clarify the mechanism of water contamination on the lubricant additives’ 
interaction with surfaces and how this influences overall friction. 

II. To develop a suitable experimental method to evaluate the influence of design 
parameters like output shaft stiffness and inertia on the friction performance and shudder 
tendency of a wet clutch system. 
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Chapter 3: Materials and Methods 
This chapter outlines the details of the materials, methods and tools used for the experimental 
work. The first section describes the test materials and sample preparation methods for the 
friction test and surface analyses. The second section describes the test rig utilized for the 
tribological test, the test conditions and parameters, the methods, the different surface analysis 
techniques and spectroscopic and rheological analyses of the test lubricants. 

The thesis covers mainly two different studies with the main aims of analysing the effect 
of i) water contamination and ii) design parameters on the tribological performance of the 
wet clutches used for automatic transmissions. After the research goal had been decided, 
the initial test methodologies were formulated with the aid of current and previous 
knowledge concerning this topic. It was also important to consider the limitations during 
the test design. Generation of stable and requisite friction is coupled with the shudder-
free, proper torque transfer. The assessment of friction behaviour thus is vital for studying 
tribological performance of a clutch system. The tribotest machine should be appropriate 
for the desired friction behaviour analysis during clutch engagement, where clutch input 
parameters can be controlled, and output data can be measured. The test methods were 
specified for each investigation. The next step was to define the additional post-test 
experimental events needed to accomplish the research goals. Details of test materials, 
test machines, operating conditions, and specific test procedure utilized for two 
investigations are described in the following sections: 

3.1. Test materials 

The test materials, clutch plates and lubricants were selected according to the targeted 
clutch applications for automatic transmission. 

3.1.1. Clutch plates 

The materials selected for all conducted investigations in this work are standard clutch 
components commercially available in the market and commonly used for automatic 
transmissions. These clutch configurations are applicable for first generation transverse 
front wheel drive Hydramatic transmissions such as THM 440-T4, 4T60 and 4T60E. The 
friction plates used for the investigations are paper based, grooved, wet clutch friction 
plates (OEMTM # 2420333, supplied by BorgWarner). This paper or cellulose friction 
liner is coated on an internally splined steel (medium carbon steel) core plate. The liner 
consists of phenolic resin impregnated cellulose fibres with small amounts of aramid 
fibres [16, 20-22, 35]. The friction surfaces are radially grooved to distribute lubricant 
uniformly over the clutch surface to increase cooling as well as the service life.  
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 The counter surface plate is a commercially available standard steel plate (≈ 0.35-
0.45% C) with outer splines (OEMTM # 8683024, supplied by General Motors). This steel 
plate has an average surface roughness of 0.2 μm. The detailed characteristics of the 
plates are listed in Table 3.1. 

 

Fig. 3.1 The clutch plates used for the studies 

Table 3.1: Clutch plate specifications 

Friction Plate  

Diameter 90 mm (inner), 118 mm (outer) 

Friction lining material, thickness Paper based, 0.435-0.585 mm 

Baking plate material, thickness Steel, 1.5 mm 

Total plate surface area 4718 mm2 

No. of radial grooves/ groove size 20/1.4 mm wide 

Total groove area 380 mm2 

Total contact area 4338 mm2 

Reaction plate  
Diameter 90 mm (inner),  119 mm (outer) 
Material Hot rolled mild steel 

Thickness 1.94 mm 
Surface roughness, Ra 0.2 μm 

 

Friction Plate Steel Plate 
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3.1.2. Test lubricants 

This thesis work is focused on a fully formulated commercially available automatic 
transmission fluid (ATF), GM DEXRON®VI. This ATF is manufactured and supplied by 
Petro-Canada for use in General Motors vehicles. DEXRON®VI was selected as the test 
lubricant, to get the best possible clutch lubricant performance and durability in terms of 
thermal stability, wear, friction, shear stability and oxidation according to [27]. The 
following Table 3.1 shows technical data provided by the manufacturer.  

Table 3.2: Technical specifications of DEXRON®VI [68] 

Property Test Method DEXRON®VI 

Viscosity at 40 ºC, 
Viscosity at 100 ºC 

D445 
D445 

29.8[cSt] 
6.0 [cSt] 

Density at 15 ºC, D4052 0.846[kg/l] 
Total Base no. D289 2.0 
Pour Point D5959 54[ºC] 
Flash Point  D92 206 [ºC] 

Additionally, to support the research outcome from the evaluation of water effect 
on the above mentioned commercial ATF, two simplified model lubricants i) ATP type 
Group I mineral base oil with an long chain ZDDP additive and ii) ATP type Group I 
mineral base oil with long chain ZDDP and over-based calcium sulfonates  additives were 
utilized. 

3.2. Tribotest for friction measurement 

3.2.1. Test rig 

The targeted tribotest machine preferable is placed in a full-scale test rig to study the 
complete disc on disc arrangement where the test parameters were applicable. The 
complexity of a real transmission design is not required and it is to be able to isolate the 
system in a controlled environment (input and output parameters) which is a necessity for 
the evaluation of the influence of any particular parameter. 

All the experimental investigations on clutch friction behaviour were conducted in 
an automated wet clutch (illustrated in Fig. 3.2 built with the above mentioned in mind. 
This rig design was inspired by the test rig designed by Mäki [11], which was developed 
for limited slip clutch research. The present rig was designed mainly for the paper-based 
wet clutches used in the automatic transmissions. This arrangement was also ideal for 
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easier data analysis. Although this full-scale clutch test rig does not accomplish the 
complete operating conditions of an automatic transmission, this design is flexible enough 
for clutch ageing tests to study various parameters that influence friction and clutch life. 
The rig also allows studies of the clutch engagements under boundary lubrication and 
controlled operating conditions. The test rig is applicable for both the requirements: the 
need of adding and mixing water in the lubricant sump to study the water contamination’s 
effect; and the need of variable output shaft stiffness and inertia to study the design 
parameters’ influence on the friction behaviour. The rig (see Fig. 3.2) mainly consists of 
three sections: the drive shaft, the clutch pack and the torsion bar (see Fig. 3.3 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 input/drive shaft is 
connected with the reaction plate inside the clutch housing for transmitting the input 
torque. The motor drives the drive shaft together with the reaction plate at a specified 
rotation speed. A double-acting hollow piston hydraulic cylinder around the drive shaft 
provides the normal force to the clutch housing and compresses the clutch pack. On the 
other side, the clutch hub is attached to the friction plate via a splined interface covers the 
clutch housing and its opposite side is connected to the output/torsion shaft. The torsion 
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 output shaft is fixed and connected 
with a torque sensor (Sensy 6100, 0-500 Nm). The hydraulic cylinder provides an axial 
load which presses the clutch surfaces together. A load cell (Sensy 5900, 0-30 kN) is 
adjacent to the clutch hub and measures the axial force. Through engagement, the friction 
plate rotates a small angle due to the torsion. Consequently the torque transmits force 
from the drive shaft to the output shaft through the axially loaded clutch. The whole rig is 
mounted on a base plate a solid and rigid foundation (see Fig. 3.1). To study the design 
parameters, several modifications were carried out on the output shaft by varying the 
diameter and by adding an inertia disc on the shaft according to the test conditions as 
shown in Sec. 3.6.2. For the experiments the friction pairs are not immersed in the 
lubricant. On the other hand, lubricant from an oil sump continuously circulates at the rate 
of 1.8 l/min by an oil pump through the oil inlet and the clutch pack (see Fig. 3.3 a). 
Around 0.8 l of cooling lubricating lubricant (ATF) flows from the pump to oil sump in 
between the clutch engagements. The oil sump can maintain a steady oil temperature by 
an oil heated coil (see Fig. 3.3 b) that is heated by two external heaters. Type K 
thermocouples inserted into the sump can keep track of the lubricant temperature and 
another similar type K thermocouple inserted into a hole drilled in the outer edge of the 
steel reaction plate (See Fig 3.3 c) can measure the clutch contact temperature. It is 
assumed that there is negligible temperature difference between the inside of the steel 
plate and the contact because of the thermal conductive steel material and the negligible 
distance (around 0.4 mm) between the thermocouple and the contact.  
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Fig. 3.2 The full-scale wet clutch test rig showing the main components [See Paper F]. 

 

(a) (b) 
 

 
                          (c) 

Fig. 3.3 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, (c) thermocouple inserted to the steel plate edge [Paper 
A]. 



40  Chapter 3
  
   

A National Instruments Data Acquisition Module (NI SCXI-1000) controls the rig. 
This control system features the measuring components and controls six channels of input 
or output data (axial load, rotational speed, output torque, contact temperature, oil 
temperature and oil pressure). LABVIEW virtual instrumentation software is used to 
process the data and to calculate the coefficient of friction (μ) from the output torque. 
This rig was entirely controlled by National Instrument system using the LABVIEW 
virtual instrumentation software.  The instantaneous values of μ were calculated during 
the tests from the torque measurement data output and the given frictional surface 
dimensions using Eq. 1 for the coefficient of friction [69]: 

μ = T (nFNRm)          (Eq. 1) 

where T=  torque transmitted, FN= normal load, 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. The test parameters range is listed in Table 3.3. 

3.2.2. Operating conditions 

The test materials (see section 3.1) were investigated in the test rig described in section 
3.2.1. The primary objective for both investigations was to decide and implement an 
appropriate tribotest procedure to study the friction under various operating conditions. 
The test conditions (Table 3.3) during various test stages were chosen to simulate an 
actual automatic transmission clutch system. The contact pressure during clutch 
engagement is 2 MPa which gives the applied normal load around 10 kN (FN=p.A=2 Pa. 
4635 mm2 ≈10 kN). The oil temperature was maintained at around 90 C during tests. The 
temperature development during engagement was measured by a thermocouple connected 
to the reaction plate. By maintaining the controlled oil flow through the clutch plates 
between the engagements, the generated heat can be transported from the interface. 

Table 3.3 Operating test parameters used during the tribotest 

Variable Range, Unit 

Input 

Load(contact pressure) 0-10 KN  or 0-2MPa  

Oil temperature ≈ 90 C  
Cooling oil flow 0 – 1.8 l/min 

Rotation Speed 0-290 rpm  

Output 

Torque 0-80 N-m 

Sampling rate 16200 samples/s  

Data acquisition rate 3000 Hz 
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3.2.3. Test profile 

A typical wet clutch engagement test cycle in this test rig can be divided into two phases. 

I. Engagement phase 

During this stage, the reaction and friction plate are forced together by pressure. The input 
or drive shaft starts to rotate by the power provided by the motor. The axial load on the 
reaction plate connected to the input shaft is applied by the hydraulic cylinder when it 
rotates at the maximum speed 290 rpm. As a result of the clutch engagement and friction 
generation, the friction plate along with the connected torsion or output shaft rotates at a 
small angle, i.e. torque is transmitted from the driveshaft to the output shaft. When load is 
removed the drive shaft starts to slow down the speed.  

II. Stabilization phase 

This is the stage between the engagement stage and the next cycle. The load is removed 
and the plates are disengaged at this stage. Then to maintain the wet plate lubrication, the 
lubricant was pumped at a low pressure between the plates through the oil inlet. The fluid 
flows from the inner radius to outer radius in the clearance between friction and reaction 
plate to cool down the heated plates.  

3.2.4. Test stages 

This experimental approach should include evaluation of the friction behaviour at steady- 
state and speed ramp at any specific operating condition. The shudder behaviour can be 
predicted usually from the clutch’s friction-velocity (μ-v) relation or slope inclination 
during speed ramp. It was also important for the fresh new friction and reaction plates to 
observe some run-in cycles. That is why each individual tribotest was a combination of 
three stages of different test cycles: 

I. Run in test cycles 

Initially both the paper-based friction plates and the steel reaction plates have some 
surface irregularity and unevenness due to the production process. This surface condition 
of the clutch plate results in irregular friction during the steady state (constant speed and 
constant load). The run-in stage affects both the liner porosity and the reaction plate 
roughness and is a method of conditioning new clutch plates by providing this initial 
running period under light load. Therefore, a run-in period of 500 cycles was performed 
prior to each regular test. The difference between duty test cycles (see Fig. 3.4a) and   
run-in test cycles was in the applied load. A normal load of 5 kN was applied during 
clutch engagement for the run-in cycles.  
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II. Duty test cycles  

As illustrated in Fig. 3.4(a) and Fig 3.5 during duty cycles initially there was a linear 
speed ramp up from 0 rpm to 290 rpm in 2 s. After 2 seconds the normal force of 10 kN 
was applied during the constant speed (290 rpm) stage. After 5 s, the load was removed as 
well as the speed starts to ramp down. The ramp down took around 2 s. Then the oil flow 
was pumped from the sump for 7 s to lubricate the clutch and cool down the contact. Soon 
after the oil flow stopped, the next cycle was activated. As practiced by Matsuoka et al 
[70] 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 longer clutch engagement, which might be beneficial for investigations of clutch 
friction behaviour. 

III. Friction-velocity measurement cycles 

The μ-v measuring cycle illustrated in Fig. 3.4 (b) is different from the duty cycles 
regarding the load and speed application. Here initially the load was applied and then the 
speed was ramped up in 4 s from 0 to 290 rpm, kept stable at 290 rpm for 1 s and then 
ramped down in 2 s. As the cycle ended, a cooling oil flow was started and continued for 
7 s. Subsequently the next cycle was continuous.  

 
(i)       (ii) 

Fig.3.4 Test profile for i) duty cycles and ii) μ-v measuring test cycles [Paper B and Paper F] 

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 duty test cycle [see Paper A] 

3.3. Static ageing of the friction material 

 A static ageing test was observed only for studying the effects of water contamination. 
The aim of this complementary static ageing of the friction plates was to evaluate the 
interaction between the paper-based friction liner and water contaminated lubricant 
without any tribotest. Zhao et al. [36, 37] suggested that the tribofilm forms on the 
frictional surface at a very early stage before sliding. Therefore, the friction plates were 
aged in two different lubricant conditions (uncontaminated and water-contaminated) to 
monitor the friction liner degradation in a static system and to identify the differences in 
the surface chemistry for this altered condition. It was also intended to age the ATF in 
presence of water and friction liner without any tribotest. In this investigation, one friction 
plate was immersed in fresh ATF and another plate was immersed in 200 ml ATF with 5 
ml distilled water (corresponds to the concentration of 28700 ppm or 2.9 wt%) for 210 
hours at 90 ºC in an oven [71]. In this case, no ultra-sonication was used for mixing water 
to prevent the sedimentation of the water contaminated ATF mix during static ageing in 
the oven.  
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3.4. Surface analyses of the friction interfaces 

3.4.1. Sample preparation 

Different surface analyses were performed to compare particular surface properties of the 
new and post-test friction interfaces needed for specific investigations. After the tribotests, 
the post-test friction plates and steel reaction plates were rinsed with n-hexane for few 
seconds and then dried in a vacuum desiccator (ASTM E1829) to prepare them for the 
sensitive surface analyses. 

3.4.2.  Surface topography study  

The surface topographies of the new and post-test steel reaction plate were investigated 
using a 3D optical surface profiler ‘Wyko NT1100’ from Veeco instruments. This surface 
profiler utilized interferometry to characterise the nature of surface changes during the 
tests. The surface roughness parameters were measured in the four equidistant locations 
around the plate (0o, 90o, 180o, 270o); where the 0º started from a reference mark on the 
plate surface. 

3.4.3. Surface porosity measurement with optical microscopy 

The morphology of the new and the post-test friction plate surfaces was observed in an 
inverted metallurgical optical microscope ‘ECLIPSE MA200’ (Nikon, Japan). For the 
observation of the test samples, bright field and x20 magnification was used. This 
measurement system is a combination of a multimode optical microscope and a digital 
camera to measure the light transfers from the sample to object. Here the threshold 
microscopic images were analysed by the NIS-Elements BR4.00.008 software for surface 
porosity measurements. This thresholding is a traditional image processing method where 
individual pixels are treated as an object pixel. The imaging techniques were detecting the 
darker pixels from a binary image and differentiating them as the surface penetrating 
pores of the friction liners. 

3.4.4. Scanning electron microscopy  

A high resolution (ca 0.8 nm) electron microscope (Carl Zeiss Merlin FEG-SEM) 
admitting energy dispersive X-ray spectrometry (XMAX 20 EDS detector using Inca 
software from Oxford instruments were employed using operating voltage of 3.5 kV to 
analyses the post-static aged friction plates and the friction tested steel reaction plate 
surface. 
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3.4.5. Fourier Transform Infrared Spectroscopy 

FTIR spectra were recorded on the friction interfaces using a Bruker Vertex 80v FTIR 
spectrometer equipped with a diamond Attenuated Total Reflection (ATR) accessory and a 
doped Triglycine sulfate (DTGS) detector. This ATR-FTIR Spectroscopy was utilized to 
analyse the possible functional groups of the organic compounds in the surface film of the 
post-test friction interfaces. Spectra were recorded for both the tribotested friction and the 
reaction plates under vacuum at room temperature (23 °C) and 128 scans were co-added 
and signal averaged at an optical resolution of 4 cm-1. 

3.4.6. X-ray Photoelectron Spectroscopy  

The same locations on the post-test friction plate samples (uncontaminated and water-
contaminated) characterized with SEM-EDS and FTIR were also selected for the XPS. 
This is standard method for analysing the surface film or tribolfilm formed on the friction 
tested surfaces, which can give quantitative elemental information as well as the oxidation 
state of the detected elements at the nanometre level. The analyses were performed with a 
PHI Versa Probe II Multi-technique XPS microprobe using a 100 μm x-ray beam at 100 W 
power applied over a ‘1400 μm x 100 μm’ area of the sample. The standard dual beam 
charge compensation setup consisting of a 1 eV electron beam and an 8 eV Argon ion 
beam was implemented all through the analyses using x-ray beam at a power of 100 W. 
Spectra were acquired at a 10-7 to 10-8 Pa base pressure, using Al kα monochromatic source 
with a spot size of 100 μm. First survey scans was acquired on the samples. Then the high 
resolution spectra scans were recorded for the major detected elements and the data were 
further analysed by a curve fitting software PHI Multipack. Automated Z height calibration 
was conducted by the software prior to each acquisition. 

Chemical state assignments from the high resolution spectra were made based on 
reference data for the observed binding energy.  Curve fitting was performed for C1s, O1s 
and S2p spectra. 

3.4.7. Oil absorption test 

The oil absorptivity for the friction plates (new and post-friction test) were monitored by 
measuring the time of absorption of 1 μl added drop of Group VI base oil [41]. 

3.4.8. Contact angle measurement 

Contact angle measurements for tribotested friction plates were performed using a ‘Fibro-
dat 1121/1122’ Dynamic Absorption and Contact Angle Tester (DAT). Contact angles are 
measured to evaluate the wettability. When the contact angle between two interacting 
surfaces (solid-liquid) is 0  then the solid surface will be completely wet by the liquid. 
There is almost non-wetting condition when the contact angle ( ) is more than 90  and 
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typical wetting condition for contact angle ( ) less than 90 . During measurement a 4 μl 
water droplet was placed on to the friction interface (friction or reaction plate) using a 
micro-syringe. The Charge-couple device (CCD) camera attached to the tester then 
recorded a series of optical images. These images were simultaneously analysed using the 
DAT 3.6 software at different times of the drop life (at 0.1 s, 1 s, 10 s). The contact angle 
at 1 s drop life was considered for the measurement of the wettability. The average contact 
angle value from three repeated measurements for each test conditions was considered.  

3.4.9. Thermo-gravimetric analysis  

The thermal stability of the post-test cellulose liners were analysed with the same thermal 
analysis instrument TGA Q500 (New Jersey, USA). It was intended to evaluate the effect 
of water on the degradation of the liner before and after the tests. Both the liners from the 
friction tests and static-ageing were investigated (with and without water). This TGA 
method (ASTM D6375) computes the decomposition of the liner in air atmosphere by 
measuring the weight loss during heating in the same temperature range (25-600 ºC) at a 
rate of 10 ºC /min. The temperature was recorded at the onset of decomposition. 

3.5. Oil analysis 

The new and the post-test lubricant samples were evaluated using different thermal, 
rheological or spectral analyses after the friction test and the static ageing tests were 
compared. The viscosity measurement for the uncontaminated and water-contaminated 
lubricant was also a part of this analysis. Prior to these analyses, the lubricant-water 
mixture (conc. 28700 ppm or 2.9 weight %) was mixed using an ultrasonic bath to 
achieve a homogenous emulsion. This gives a comparable molecular mobility which can 
be achieved under high pressure and temperature in the lubricant stream. The appearance 
of this water-lubricant mix was like milky emulsion rather than clear oil. 

3.5.1. Viscosity measurement 

The dynamic viscosity of the new and post-test lubricants (including base oil and 
simplified model lubricants) was studied at 40 ºC and 90 ºC under controlled stress 
condition (ASTM D445). A standard Bohlin CVO 100 Rheometer, that automatically 
calculates dynamic viscosity from the results, was used for this study. The kinematic 
viscosity for each measurement was calculated considering the lubricant density 
according to the supplier. Both uncontaminated and water-contaminated (2.9 weight%) 
lubricant samples were tested. 

3.5.2. Fourier transform infrared spectroscopy  

All FTIR spectra were recorded at an ambient room temperature of ~23 oC using the 
Double- sided forward-backward acquisition mode. A total number of 128 scans were co-
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added and signal-averaged at an optical resolution of 4 cm-1 using a ZnSe Attenuated 
Total Reflection (ATR) crystal. The ATR crystal was mounted in a vacuum tight cell. The 
resultant interferogram was Fourier transformed using the Mertz phase correction mode, a 
Blackman-Harris 3-term apodization function and a zero filling factor of 2. 

To record FTIR spectra of the possible water-soluble additives, 10 weight% 
distilled water was added to fresh uncontaminated ATFs (both commercial DEXRON®VI 
and simplified ATFs). The lubricant-water emulsion was formed after ultra-sonication for 
10 minutes. It was then centrifuged for 30 minutes at 20000 rpm implying that the micro 
emulsion separated into a water phase and an oil phase. The precipitate was further 
extracted by adding milli-Q (ultrapure water of Type 1, according to ISO 3696) water and 
subsequently it was centrifuged at 3000 rpm for 10 minutes to avoid any possible 
influence from the oil phase. A small part of the water fraction obtained was transferred to 
a ZnSe ATR crystal. The crystal with the deposited water phase was dried in a vacuum 
desiccator to evaporate the water and the FTIR spectrum was recorded for the dry 
samples. 

3.5.3. Thermo-gravimetric analysis  

The thermal stability of the lubricant samples were also analysed with the same thermal 
analysis instrument TGA Q500 (New Jersey, USA) used for analysis of the friction liner. 
It was intended to evaluate the effect of water on the degradation of the lubricant before 
and after the tests. Both the friction tested and statically aged lubricant were investigated 
and compared with new lubricant (mixed with 2.9 weight% water and without water). 
This TGA method (ASTM D6375) computes the decomposition of the lubricant in air 
atmosphere by measuring the weight loss during heating in the same temperature range 
(25-600 ºC) at a rate of 10 ºC /min. The temperature was recorded at the onset of 
decomposition. 

3.5.4. Water content measurements  

The water content of the post-test ATFs was measured using Karl Fischer titration 
method. The titration method in this study was coulometric titration to determine trace 
amounts of water in the oil sample. Karl Fischer is a classical method (ASTM D4928) 
where the main compartment is a titration cell. This titration cell contains an anode 
solution with the analyte. The anode solution contains mainly an alcohol 
(methanol/diethylene glycol mono-ethyl ether), a base (imidazole), SO2 and I2. The 
titration cell also contains a smaller cathode compartment immersed in the anode solution 
of the main compartment. An ion permeable membrane separates these two 
compartments. When electric current is provided to the titration cell, the platinum anode 
generates I2. One mole of I2 is consumed for each H2O mole, which gives 2 moles of 
electrons consumed per water mole. The end point of titration is detected by bi-
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potentiometric method. Another Pt electrodes pair is immersed in the anode solution. The 
detector circuit maintains a constant current between two electrodes during titration. 
Initially, before equivalence point the anode solution contains little I2, but high I-. Excess 
I2 appears at the equivalence point and abrupt voltage drop marks the end of the titration. 
The amount of current is then calculated to generate I2 at the end point to measure the 
amount of water in the oil samples. The net reaction is described below in Eqs.2 to 4. 

B-I2+B.SO2+B+H2O→2BH+I-+ BSO3       (Eq.2) 

BSO3+ ROH→BH+ROSO3ˉ        (Eq.3) 

For the present studies Aquamax KF plus v.13.08 was used. This instrument 
determines the water content by measuring the amount of electrolysis current necessary to 
produce the required iodine. The titration reagents are specially formulated for use with 
this Aquamax KF titrator. The reaction involved: 

I2+SO2+3C2H5N→ C5H5N.HI+ C2H5NSO3      (Eq.4) 

3.6. Test methods 

The details of the test methods applied to study the effect of water contaminated ATF on 
wet clutch performance are presented below in section 3.6.1. The investigation of the 
influence of system design parameters is presented in section 3.6.2 

3.6.1. Impact of water contamination [Paper A, B, C, D and E] 

The key purpose is to develop an experimental approach to evaluate the tribological 
behaviour of a wet clutch system used for AT, when water is present in the lubricant. For 
this investigation following experimental steps were performed: 

Observation step: The preliminary investigation was to plan a suitable test routine for 
detecting any effect of water contamination on the friction characteristics of a wet clutch 
system by observing and comparing the contaminated one with the uncontaminated wet 
clutch systems. Three different experimental segments of short-term Tribotest (1000 to 
1500 duty cycles) were utilized to investigate the effect of water amount (2870 to 28700 
ppm water in 800 ml ATF) and exposure time on the steady state friction coefficient. Next 
further short term tribotests (continuous water addition) were performed to verify the 
change in μ-v relation for the continuous addition of water. This test was also intended to 
evaluate the degradation of the friction interfaces. 

Define the problems: Initially, the problems were detected from the short term tribotest 
observation. Analysis revealed two major changes in clutch friction behaviour for water 
addition in ATF. 
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Propose hypotheses: The next step was to explain the observed friction behaviour in the 
water-contaminated lubricant condition taking into consideration the effect of water on 
lubricant chemistry, physical properties and surface characteristic of friction interfaces 
(cellulose and steel plates). Investigate the lubricant degradation when water is present as 
a contaminant. 

Test hypotheses and gather evidences: To test the hypotheses considering the post-test 
condition of the friction interfaces, the friction interface samples after short-term tribotest 
were evaluated with different surface analyses and spectroscopic techniques (listed in Sec. 
3.4); and thermal stability was also verified with TGA. Post-test friction interfaces were 
also studied to understand the surface chemistry involving additive adsorption after being 
tested with water-contaminated ATF. 

The long-term (5000 duty cycles) tribotests were performed to evaluate the 
hypotheses considering the water influence on lubricant properties. Post-test oil analyses 
(listed in Sec. 3.5) were implemented to monitor the clutch ageing and lubricant 
degradation during test with water. Fig. 3.6 demonstrates briefly the experimental steps: 
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Fig. 3.6 Schematic description of the experimental steps to evaluate the influence of water 

contamination in ATF 

Water addition: Since the purpose is to contaminate the ATF during Tribotest, a suitable 
amount of distilled water was added through the oil inlet. Each water contamination test 
was followed by 15 minutes of cooling, then water addition and finally 15 mins of mixing 
to ensure proper mixing at stable temperature before tribotest. During the test the ATF 
was contaminated with a total of 20 ml of distilled water which corresponds to a 
concentration of 28700 or 2.9 wt% where the ATF density at 15 ºC is 0.846 kg/L 
(according to the technical data provided by the manufacturer). The amount of water 
added in this study to contaminate the ATF was, relatively, much higher than the usual 
amount of water or humidity that can be found in the transmission, i. e.700 ppm after 
4000 km in a field test [52]). The sole purpose of this high concentration of water in the 
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ATF was to accelerate the wet clutch components’ ageing under humid lubrication and 
for fast diagnosis. This accelerated life test is an approach to be operated in a more severe 
test environment than that experienced during normal equipment use; and for obtaining 
more information for a given test time. 

Additional test: As mentioned earlier, two simplified model lubricants were utilized to 
support the research findings from the evaluation of the water effect on this commercial 
ATF. These simplified lubricants are prepared and supplied by Statoil, Sweden. The main 
idea is to investigate how the water contamination can affect the friction behaviour of a 
simplified lubricant system and to understand the interaction of water and surface active 
additives dissolved in mineral base oil. A short-term (1500 duty cycles) tribotest was 
performed the presence of water (2.9 wt% water was added after 500 duty cycles and the 
test was continued for 1000 more duty cycles). 

3.6.2. Influence of design parameters [Paper F] 

The mechanical model of a drivetrain with a shift or lockup clutch transmission can be 
described (see section 1.10) as a complex arrangement of different mass-spring-damper 
components. Therefore, the dynamic equations of motions can be applicable to explain 
the clutch performance for the different combinations of mechanical parameters. In a 
clutch system where the undamped output shaft (stiffness, k and inertia J) is working as a 
torsional spring undergoing a vibrational motion, the total torque generated due to clutch 
friction  

Ff, or    is                 (Eq.5) 

i.e. before full engagement,                  (Eq.6) 

In this vibrational motion, there is back and forth transformation of the potential 
energy    ( 2

2
1 k ) stored due to shaft spring displacement into kinetic energy )( 2

2
1 J  to 

accelerate the system inertia to a minimum potential energy state and vice versa. 
Therefore considering Eq. 6 for the addition of inertia and increasing stiffness of a simple 
wet clutch system, the system oscillation or the vibrational response will be decreased for 
energy conservation. Moreover, the vibrational response of any mechanical system is 
highly dependent on the natural frequency [72], which is related to the ratio of system 
stiffness and inertia Jkn . So that a stiffer shaft will raise the natural frequency 
and adding mass or inertia will lower it.  

The optimization of the friction characteristics and shudder occurrences by 
controlling the mechanical parameters of the wet clutch system was experimentally 
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evaluated in this thesis. According to the derivation of stiffness, the output shaft stiffness 
depends on the shaft dimensions and material properties, as 

k = 
l
dG

l
GJ

32

4

                     (Eq.7) 

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                         (Eq.8). 

By reducing the shaft diameter from 28 mm to 16 mm (around 0.5 times) the stiffness is 
lowered from 6273 Nm/rad to 669 Nm/rad that; is 9.3 times lower. Specifically the 
stiffness reduction is around 90% for a 50% reduction of the shaft diameter. To change 
the output shaft inertia, an external circular inertia disc was added to the outgoing shaft of 
the test rig, which adds 0.0671 kgm2 moment of inertia. 

Table 3.4 Test parameters in four different combinations for inertia and stiffness study 

Case Length 
(mm) 

Shaft 
diameter(mm) 

Stiffness, 
k 

(Nm/ rad) 

Inertia, 
J 

(kgm2) 

Natural 
frequency 

(Hz) 

1 (High k, High J) 760 28 6273 0.072 47 
2 (High k, Low J) 760 28 6273 0.005 184 
3 (Low k, High J) 760 16 669 0.072 15 
4 (Low  k, Low J) 760 16 669 0.004 63 

As illustrated in Fig. 3.7, each test is generally divided into two stages; long term tribotest 
(25000 duty 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 3.4.  
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Fig. 3.7 Schematic description of the experimental steps to evaluate the influence of design 
parameters 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In
flu

en
ce

 o
f d

es
ig

n 
pa

ra
m

et
er

s 

Output shaft stiffness 
(k) and inertia(J):  

High k High J/ High k 
Low J/ Low k High J/  

Low k Low J 

Long term tribotest: 
steady state friction 

Clutch ageing (friction 
deterioration) 

Friction-velocity  
measurement cycles 

:μ–v slope 
Antishudder property 



54  Chapter 3
  
   
 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4  55 
 

Chapter 4: Impact of water 
contamination 
The chapter presents the important experimental observations and results from the investigation 
on the impact of water contamination on the tribological performance of a wet clutch system, 
which can also be found in the appended papers (Paper A, B, C, D and E). The first section 
describes the results from the friction test using a commercially available standard cellulose 
friction plate and a standard steel reaction plate lubricated with fully-formulated automatic 
transmission fluid (ATF). The second section describes the tribological performance and the 
surface chemistry and physics of the friction interfaces after being tested with water-
contaminated ATF. The third section presents the findings from the experimental investigation on 
the mechanism of degradation relating to the water contaminated ATF. The fourth section 
describes the influence of water on the morphology and the tribofilm composition by 
characterization of the post-test friction interfaces. Additional test results involving the study on 
the water contamination in simplified mineral oil with only long ZDDP and over-based Ca-
sulfonates was mentioned in this section to aid the previous findings on commercial ATF. The 
main purpose for the last four sections is to reveal the correlation between the observed friction 
behaviour and the effect of water on clutch components. 

4.1. Friction performance 

Friction tests were performed to evaluate the tribological performance for a water- 
contaminated wet clutch system. According to Fig. 3.6 (see section 3) the primary 
concern was to find any possible effect of water contamination on wet clutch 
friction behaviour. 

4.1.1.  Short-term tribotest  

I. Steady state friction 

The steady state, i. e a constant speed of 290 rpm and a constant load of 10 kN, friction 
data was analysed (see Paper A). The friction was measured during the clutch 
engagement at different stages for three different batches. Each batch represents water 
contamination in ATF at different stages and in different amounts. The friction trends of 
these three different water-contaminated situations are summarised in Fig. 4.1. Here the 
uncontaminated stages show an almost unchanged friction level. However, an undesired 
increase in friction coefficient was observed in each case for the increasing water amount 
in the water-contaminated system. According to Fig. 4.1, the friction trend shows clear 
evidence that water influences the friction in a wet clutch. 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 the cause of this friction increase. 
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The rate of increase of mean friction increased with the water concentration in the ATF, 
which was not linear though (batch 1 in Fig. 4.1). This short-term tribotest also showed 
that the effect of water on friction is not time dependent (batch 3, Fig. 4.1), meaning that 
the clutch friction was not influenced by the total time water was present in the system. 
Each test was repeated three times and Fig. 4.1 also displays the repeatability of this 
specific friction behaviour for water contamination. 

Fig. 4.1 The % Change in mean Coefficient of friction from the uncontaminated stage for 
different amounts of water addition in ATF (a) batch 1, (b) batch 2, and 3) test3 [Paper A] 

II. Friction-velocity relation (μ–v slope)  

The results of the friction-velocity relation measurement cycles are presented in the next 
Fig. 4.2, velocity in x-axis and coefficient of friction in y-axis. Fig. 4.2 showed different 
μ˗v relationships for the uncontaminated and water-contaminated tests. For the 
uncontaminated tests the friction-velocity slopes (Fig 4.2 b) were almost unchanged with 
the number of cycles. On the other hand, the friction-velocity slopes (Fig. 4.2 a) of the 
speed ramp period for the water-contamination tests became more negative and the 
friction coefficient level for the low speed region increased with the water addition and 
number of cycles (this means that water promoted the ageing process). The increased 
water concentration in the ATF causes unsteady high friction with the low anti-shudder 
features. 
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a) water-contaminated test   b) uncontaminated test 

Fig. 4.2 Friction-velocity relation during ramp up of the Friction-velocity measurement cycles for 
the: a) water-contaminated and b) uncontaminated [Paper B] 

4.1.2.  Long-term tribotest  

The friction characteristics during steady state (constant load and speed) of the long term 
tribotest (see Fig. 4.3a) display differences for two different lubricant conditions, water-
contaminated and uncontaminated commercial ATF (DEXRON®VI). It can be seen that 
the mean COF is almost uninterrupted and stable with the number of test cycles for the 
uncontaminated ATF. A similar trend of friction that increases with the number of test 
cycles subsequent to the addition of water-contaminated ATF was shown as observed in 
the previous Fig. 4.1. As this test progresses, around 1000 cycles after adding water the 
mean friction decreases at a higher rate than that for the uncontaminated ATF. This quick 
decline of friction after initial increased friction denotes degradation of the transmission 
system.  
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(a) 

 
 

(b) 

Fig. 4.3 Mean COF during ageing test with commercial ATF (a) 5000 cycles test [Paper C] (b) 
1500 cycles test [Paper D] 

Another shorter tribotest (Paper C and Paper D) of 1500 number of test cycles also 
showed the similar friction behaviour, as seen in Fig. 4.3a. The friction interfaces from 
this test shown in Fig 4.3b, were utilized for the surface analyses to understand the 
surface condition after the friction increment due to water contamination and just before 
friction drop. 

4.2. Friction interface characterization 

The formation of additive derived tribofilm after tribotest with commercial ATF 
(DEXRON® VI) was studied to explain the differences in friction behaviour when water 
has been added to this ATF. Table 4.1 represents the acronym will be used for the post-test 
clutch plate samples. 
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Table 4.1 Acronym used for the post-test friction and reaction plate samples 

Test Friction Plate Reaction Plate 
Water 

contaminated 
Uncontaminated Water  

contaminated 
Uncontaminated 

Friction tested FPWW FPWOW RPWW 
- 

RPWOW 
- Statically aged FPSWW FPSWOW 

The EDS test results of the post-test samples (after short term tribotest, Fig 4.3b) are 
shown in Table 4.2.  

Table 4.2 Large area EDS analysis (atomic concentration %) for the post-test surfaces. [Paper D] 

 

 

 

 

 

 

 

 

In the case of cellulose plate surfaces, the atomic concentrations of O, Si, P and Fe 
are higher in the water-contaminated sample than in the uncontaminated sample. Water-
contaminated samples also show adsorption of N and Al traces on the surface. The 
uncontaminated RPWOW adsorbed Zn, Ca and S. In contrast, water contaminated RPWW 
shows a lack of Ca, S, Zn, Si and a comparatively high P content. Water-contaminated 
sample also shows adsorption of N-containing substances and Al traces on the surface. The 
uncontaminated RPWOW adsorbed Zn, Ca and S. In contrast, water contaminated RPWW 
shows comparatively high P content without Ca, S, Zn and Si. 

Cellulose friction liner has a complex structure. So the density and distribution of 
the major elements on the cellulose liner surfaces were also evaluated by quantitative EDS 
mapping. As shown in Fig. 4.4, the major elements are almost homogeneously distributed 
on the surface and resemble the SEM-EDS results in Table 4.2. The chemical mapping of 
O and C shows comparatively lower ratio of C to O in the water-contaminated sample 
compared with the uncontaminated sample.  

Element 
and electron 
shell 

FPWOW 
[%] 

FPWW 
[%] 

RPWOW 
[%] 

RPWW 
[%] 

C K 75.5 44.6 15.9 11.9 
N K - 8.1 - - 
O K 19.1 34.5 6.7 7.8 
Al K - 0.2 - - 
Si K 1.1 2.9 0.3 - 
P K 1.6 3.7 0.8 1.2 
S K 0.5 0.9 0.4 - 
Fe L 1.6 4.3 75.5 79.1 
Zn L 0.6 0.8 0.1 - 
Ca K - - 0.1 - 
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(a) Uncontaminated test sample FPWOW 

 

(b)Water-contaminated test sample FPWW 

Fig. 4.4 Quantitative element mapping from the EDS-SEM of the friction- tested cellulose 
surfaces for the major constituents O, C, P and Fe [Paper D] 

Fig. 4.5 presents the FTIR spectra of the post-test samples. The spectra are very 
complex containing several bands arising from the different functional groups contributed 
by the surface active additives, base oil and friction material. The FTIR spectra were 
analysed to identify the functional groups according to their characteristic bands. Typical 
N-H stretch occurs at 3500-3300 cm-1 and free O-H stretching shows broad peak at 3650-
3600 cm-1. The broad peak at 3350 and 3200 cm-1 (Fig. 4.5a) indicates that the hydrogen 
bonding shifts the wave numbers for O-H or N-H. However, this was observed for both the 
uncontaminated and water-contaminated cellulose surfaces, which can be due to the 
environmental water adsorption. FPWOW shows a weak band at 1708 cm-1 that shifts to 
higher frequency 1713 cm-1 in the spectra of FPWW. This band position usually 
corresponds to the stretching vibration of C=O in carboxylic acids. It is noteworthy that the 
C=O stretching shifts to a higher frequency for oxygen conjugation. The other adjacent 
bands with peak intensities at 1666 and 1647 cm-1 show absorption due to N-H bending 
and C=O stretching in primary and secondary amides for both samples. The band at 795 
cm-1 shifted at lower frequency for water contaminated FPWW. This band might represent 
infrared absorption from N-H wagging in secondary amines. However, assignments to a 
specific mode should always be made with caution in the fingerprint region of infrared 
spectra because the bands are usually a mixture of vibration modes. Absorption bands in 
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the spectral region between 1464 cm-1 and 1448 cm-1, typical for C-H bending vibrations in 
methylene and methyl groups, shifted at lower frequency for water contaminated FPWW. 
The absorption at 1377 cm-1 shows CH3 bending. C-O stretching is also observed for both 
samples almost at the same positions, 1312 and 1207 cm-1. Further, the strong and broad 
band centred at 1050 cm-1 with distinct peaks at 1058 and 1047 cm-1 is most probably due 
to phosphate and C-O vibrations. The intensity of the band is weaker in spectra of FPWOW 
than in spectra of FPWW samples, which indicates a greater contribution from phosphate 
entities in the latter samples (Fig.4.5a). 

The surface of the water contaminated steel plate (Fig. 4.5b) also shows a stretching 
mode of CH2 and CH3 groups at 2918 cm-1 and 2853 cm-1. These peaks are present at the 
higher frequencies 2975 cm-1 and 2890 cm-1 for RPWOW surface. RPWW further shows 
C=O stretching bands at 1749 cm-1 and 1726 cm-1. These bands representing mostly ester 
carbonyls are missing in the spectra of the uncontaminated RPWOW plates. The weak 
absorption band at 1571cm-1 is not observed for the RPWOW, which showed the 
possibility of N-H bending. The strong and broad band (peaks at 1161 and 1137 cm-1) 
centred at 1160 cm-1 for RPWW is in the spectral region typical for phosphate vibration. 
This is present at higher frequency 1170 cm-1 for uncontaminated RPWOW. The band 
shifts to a higher wave-number than the corresponding infrared band observed for the 
RPWW indicating more of a P=O character. The weak band at 1076 cm-1 might represent 
the absorption by C-O stretching for RPWOW, but is absent in water-contaminated 
RPWW. The weak absorption at 748 cm-1 only for the water-contaminated RPWW, is in 
the spectral region of the out of plane C-H bending. 

 

 

(a) Post-test cellulose plates 
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(b) Post-test steel plates 

Fig. 4.5 FTIR spectra obtained for) (the peak points are marked for the FPWOW and RPWW 
samples) [Paper D] 

The cellulose plate surface was further analysed with XPS, since this surface 
sensitive technique allows determination of the chemical nature of the uppermost (1-2 nm) 
layer of the tribofilms. The survey spectra were recoded (illustrated in Fig. 4.6) to identify 
the presence of major elements and peaks. The atomic concentrations calculated from these 
survey spectra are shown in Table 4.3.  
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b) Water-contaminated FPWW samples 

Fig.4.6 XPS survey spectra measured on the post-test friction surfaces [Paper D] 

The comparison between the friction plate samples shows that the water contaminated 
sample FPWW has a higher concentration of N, O and P. Moreover, FPWW also confirms 
the presence of Fe and Si which are absent in the uncontaminated FPWOW. The possible 
source of Fe on cellulose surface is the wear product from the steel plate. Si probably 
originates from the cellulose friction liner (Si rich diatomaceous earth) or from the ATF 
additives since the concentration on the steel plate surface is very low (see Table 4.2). 

 

Table 4.3 Atomic concentration measured from the XPS survey scans in Fig. 4.6. [Paper 
D] 

Element and Atomic 
Orbital 

Atomic Concentration % 
FPWOW      FPWW 

C 1s 87.4 78.8 
O 1s 7.2 14.0 
N 1s 2.4 3.2 
P 2p 1.5 2.0 

Ca 2p 0.8 0.3 
S 2p 0.4 0.5 

Zn 2p3 0.3 0.2 
Fe 2p - 0.5 
Si 2p - 0.5 

Subsequently the high resolution scans were performed along with curve fitting for 
the major detected elements (O1s, C1s, S2p) on the post-test cellulose surfaces. These high 
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resolution spectra (shown in Fig. 4.7) were recorded to identify the different chemical state 
of the elements present and for making chemical state assignments (details in Table 4.4) 
based on the reference data for the observed binding energy.  

The most prominent peaks of C1s peak (see Fig. 4.7a) at 284.72 eV (FPWOW) and 
284.75 eV (FPWW) referred to 285 eV from aliphatic carbon (C-C). A minor C1s peak is 
found at 286.82 eV (FPWOW) and 286.01 eV (FPWW). Another minor contribution from 
C1s at 288.31 eV indicates carbonate or carboxylic groups (O-C=O) in FPWW sample. O-
C=O suggests the presence of carbonyl groups: ester and/or carboxylic acid groups on the 
water contaminated liner. The curve fit of the C1s shows a higher amount (17.10%) of C-
O/C–N in the uppermost tribolayer for water contaminated ATF (FPWW) than in the 
uncontaminated FPWOW system (2.9%).  

Peak fitting of O1s (see Fig 4.7a) consists of two peaks for both samples. The first 
major peak found at 532.7 eV (for FPWOW) or at 532.11 (for FPWW) corresponds to C-
O. In general, the curve fit of the C1s peak shows presence of O-C=O, C-O/Si-O and a 
higher amount of C-O/C-N, C=O on the water-contaminated Cellulose plate surface. Only 
O1s curve fitting for FPWW surface at this binding energy can be assigned to the C-
O/SiOC species. The second contribution of O1s peak fitting found at 532.7 eV (for 
FPWOW) or at 532.11 (for FPWW) can indicate a signal for bridging oxygen/non-
bridging oxygen that can be assigned as Metal oxide/PO4

3- for FPWOW and Metal oxide/- 
PO4/C=O for FPWW). Possible metal in metal oxides for O1s curve fitting can be Zn or 
Ca found in both cases. The area occupied by these two major chemical states differs for 
the two samples.  

The Ca2p (see Fig 4.7a) shows two contributions at 350 eV and 347.2 eV. The 
strong peak at 347.2 eV corresponds to Ca-O for Ca2p3/2. The second peak for the 
Ca2p½ spectral line at 351 eV corresponds to CaCO3. The N1s consists of one intense 
peak at 400 eV, which can be assigned to C-N. The P2p peak fitting(see Fig 4.7b)  
contributes initially Zn3s peak at 140 eV and P2p peak at 133.2 eV indicating –PO4.  

S2p has two contributions(see Fig 4.ba). The major peak at 163.5 eV for the S2p3 
peak fitting corresponds to organic sulfides S-CHx in both samples. Other peaks at 162.67 
eV and 161.57 eV correspond to metal sulfides, and peaks at 162.67 eV and 161.57 eV 
correspond to oxidation state -2 assigned as CHx-SO2. Rather greater areas are occupied by 
metal sulphides and lesser areas are occupied by CHx-SO2 and S-CHx for S2p3 and S2p1 in 
the FPWOW sample compared to the FPWW sample.  

Only the FPWW surface shows the presence of two minor peaks for the Fe 2p 
curve fitting assigned to Fe 2p3/2 and Fe 2p1/2 and two minor peaks for the Si 2p curve 
fitting assigned to silicone at 102.9 eV and metallic Si at 99.4 eV(see Fig 4.7c). 



Chapter 4  65 
 

 

 

 
(a) Curve fitting for the C1s, O1s and Ca2p in the high resolution XPS spectra of FPWOW 
and FPWW 
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(b) Curve fitting for the N1s, P2p and S2p in the high resolution XPS spectra of FPWOW and 
FPWW 
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(c) Curve fitting for the Zn2p/3, Fe2p and Si2p in the high resolution XPS spectra of 
FPWOW and FPWW*(Fe 2p and Si 2p were only found in the FPWW samples) 

Fig. 4.7 High resolution XPS spectra measured on the post-test surfaces of uncontaminated 
FPWOW and water contaminated FPWW samples and curve fitting for the major elements 
detected  
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Table 4.4  Chemical state assignments from the high resolution spectra (see Fig.4.7) XPS 
curve fitting results of the post-test cellulose plate surfaces 

Element and 
Atomic Orbital 

Chemical State 
of the species 

Binding Energy, eV,  (%Area) 
FPWOW FPWW 

C 1s 

C-C 284.72, 97.1% 284.75, 80.5% 

C-O/C-N 286.82,  2.9% 286.01, 17.1% 

O-C=O  288.31, 2.3% 

O 1s 

Metal-O/PO4 531.11, 62.6% 530.99,  38.1% 

C-O 532. 37, 37.4% - 

C-O/Si-O - 532.11, 61.92% 

N 1s C-N 400 400 

Ca2p Ca2p CaO 347.2 347.2 
Ca p1/2 - 350 350 

P 2p -PO4 133.2 133.2 
Zn 3s - 140.5 140.5 

S 2p 

S2p3 
S-Metal 161.61,   25.35% 161.57, 14.26% 
S-CHx 163.51,  28.10% 163.52, 35.45% 
CHx-SO2 167.97,  9.08% 167.98, 13.7% 

Sp1 
S-Metal 162.70, 16.73% 162.67, 9.41% 
S-CHx 164.69, 16.14 164.69, 20.32% 
CHx-SO2 169.15, 4.54% 169.6.85 % 

Zn 2p 3/2 ZnO 1021.8 1021.8 

Fe 2p 
FeO - 710.9 
Fe2O3 - 709.3 
Fe 2p 1/2  723.0 

Si 2p Si - 102.9 

 

The high resolution spectra (in Table 4.4) show that chemical species containing 
Ca, P, Zn, S and N are similar in both samples: Fe, Ca and Zn are found on the surfaces in 
oxide forms; N, P and partly S appear to be coupled with the organic matrix (C-N, -PO4, 
S-CHx-, CHx-SO2). The XPS results (Table 4.3) agree with the major elements detected in 
SEM-EDS of the post-test water contaminated cellulose surface. 

The presence of O-C=O, C-O/Si-O and high amounts of C-O/C-N, metal sulfide 
groups in the XPS study and C=O, N-H in the FTIR spectrum suggest water effect on the 
adsorption of the detergents and friction modifier. The friction modifiers like fatty amide 
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or amine are the usual precursors of the negatively polarized CONH2 or NH2. The 
formation of metal sulfides and the shift in S=O, P=O are also considered to be enhanced 
by the typical anti-wear additives. Typical organic anti-wear additives decompose during 
sliding of the clutch plates and tribofilm forms due to reaction between the decomposition 
product and the metal steel plate. The presence of Fe in SEM-EDs and iron oxides, 
especially Fe2O3 in XPS could be due to severe abrasive wear and could also cause plastic 
deformation of the steel reaction plate. Though the presence of Si is noticeable in the 
water contaminated friction interfaces, the source and effect of Si in this water 
contaminated tribosystem was not determined. It can be from the cellulose plate or 
additives in the ATF. According to Lancaster, et al. [60] the presence of Si on the water 
contaminated cellulose liner can lead to the formation of wear resistant protective films of 
hydrated amorphous silica. This can be the possible cause of the presence of high amounts 
of Si on the water-contaminated cellulose surface. 

4.3. Degradation of the friction interfaces 

4.3.1. Surface analyses 

Fig. 4.8 displays the optical microscopy images (x20) of the new and the post-test (short- 
term tribotested) friction liners. These microscopy images clearly show that the friction 
liners’ topography changes the surface porosity decreases during tribotests. Moreover, 
Fig. 4.8 confirms the differences in the glazing or flattening of the post-test surfaces. The 
porosity measured from Fig.4.8 (converted to binary image) optical microscopic (x20) 
images, oil absorption time and contact angle measurements (described in Sec. 3.4) show 
differences for differently treated friction liner surfaces. The data reported here in Fig 4.9 
are the averages of the three separate measurements of each sample.   
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(a) 

 

        
(b)                                                       (c)  

Fig. 4.8 Optical microscopic images (x20) of the friction surfaces (a) New, (b) FPWW friction 
plate after tested with ATF and water (c) FPWOW, friction plate after tested with ATF. [Paper B] 

 

Fig. 4.9 % Porosity measured from Fig. 5 images, Oil absorption time and Contact angle for the 
respective surfaces. [Paper B] 
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Commonly very porous surface can be found in a new paper friction plate that is 
similar to the current test results (Fig. 4.8a and Fig. 4.9). As shown in Fig. 4.8, for a new 
friction plate the surface porosity (%) was the highest and oil absorption time was the 
lowest compared with the other tested samples. It was also apparent from these test results 
that the porosity of the paper friction liner is correlated to the rate of lubricant absorption. 
According to Fig. 4.8 and 4.9, the water contaminated friction liner showed the lowest 
surface porosity and highest oil absorption time. Besides, the uncontaminated friction 
liner showed higher mean porosity and lower oil absorption time than the water 
contaminated sample. The changes in the wettability of the friction surfaces are clear from 
the contact angle measurements in Fig. 4.6. Though no large difference was observed for 
the new and the uncontaminated friction liners, the wettability was comparatively high for 
friction plate tested with water contaminated ATF. As discussed before, the cellulose 
friction liner should be porous and permeable to maintain the initial oil film at the clutch 
surface as well as to clear or squeeze out the oil as the clutch engages. The oil absorption 
time can affect lubrication regimes in a way that at a low sliding speed or boundary 
lubrication stage the less porous and more flat surface provides a larger real area of 
contact, less oil reserve inside the asperities, less viscous shear and higher friction. 
Moreover, the high wettability of water contaminated friction plates the surface active 
polar additives (FM, detergents etc.) might need to compete with the polar water 
molecules to adhere to the friction interfaces and a polar molecule water would try to 
adhere to the friction plate surface when the additive reaction layer was not resilient 
enough and can wet the unprotected surface more. In addition, removal of the 
hydrophobic resin from the post-test frictional surface due to more decomposition or 
glazing of the liner in water-contaminated test can promote more hydrophilic surfaces. 
Thus the morphological analyses results for water-contaminated friction plate showing 
high wettability, less porosity and more glazing can be correlated to the friction 
characteristics observed during this stage (Fig. 4.2 b and Fig. 4.3) after water addition. 

4.3.2. Thermal analyses 

Fig. 4.10 represents derivative weight percentage per degree Celsius temperature or DTG 
curves from the thermogravimetric analysis of the static aged and tribotested friction 
liner. The thermal analysis of the new friction liner showed two major exothermic peaks 
at around 330 ºC and 459 ºC. Both the post-test samples display this peak around 330 ºC 
that possibly represents the decomposition of the cellulose composites around   334 ºC. 
However, the decomposition point is shifted to a lower temperature (at 295 ºC) for water 
contaminated static aged liner than the new (334 ºC) and uncontaminated (315 ºC) static 
aged liners.  
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(a)                            (b) 

Fig. 4.10 DTG curves from the TGA, which measures the slope or derivative of the mass change 
with temperature during TGA (a) new and post-static aged friction liners (FPSWW, FPSWOW) 
and (b) new and post-friction test liners (FPWW, FPWOW). [Paper B] 

Another exothermic peak at 459 ºC for the new liner was found at 448 ºC for the 
uncontaminated static aged liner and at 445 ºC for the water contaminated static aged 
liner (Fig. 4.10a). These exothermic peaks commonly represented the decomposition of 
the phenolic resin and other binder elements in the liner. The decomposition of the 
volatile lubricant present inside the post-test liners was possibly responsible for the extra 
peak present at 247 ºC for all the post-test liners and absent for new liner peak. It is 
interesting that the post-tribotested liners in Fig. 4.10 b shows an almost similar thermal 
decomposition trend as observed for the post-static aged liner in Fig. 4.10 a. In general, 
the water-contaminated liner showed higher cellulose decomposition temperature, and 
lower degradation rate and higher degradation temperature for the resin/binder compared 
to the uncontaminated liner. These changes in the cellulose and resin decomposition 
temperature and rate during thermal analyses suggest the thermal degradation of the paper 
friction liner was accelerated due to water contaminated ATF.  

4.3.3. Steel reaction plate surface topography 

Since the SEM-EDS and XPS analyses of the friction liners indicated higher wear from 
the post-water contaminated test steel counter plates, it would be interesting to evaluate 
the surface profiles of these plates. Fig.4.11 represents the measurements showing 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

25 225 425

D
er

iv
. W

ei
gh

t [
%

/ °
C

] 

Temperature [°C] 

New friction  liner

Post-static aged FPSWOW
liner
Post-static aged FPSWW
liner

0

0.2

0.4

0.6

0.8

25 225 425

D
er

iv
. W

ei
gh

t [
%

/ °
C

] 

Temperature [°C] 

New friction liner

Post-test FPWOW friction
liner

Post-test FPWW friction liner



Chapter 4  73 
 

substantial changes in the reaction plate’s roughness parameters (Ra, Rk, Rpk) for the two 
different lubricant conditions.  

 

Fig. 4.11 Average of the surface roughness measurements for new and post-test water-
contaminated (RPWW) and uncontaminated (RPWOW) steel plates [Paper B] 

Both the post-test plates provided a smoother surface than a rough new steel plate. 
However, this change was greater for the water contaminated sample. It was clear from 
these measurements that peak roughness or core roughness parameters (Rk, Rpk) have 
lower values for water-contaminated test surfaces. 

4.4. Degradation of the clutch lubricant 

4.4.1. Kinematic viscosity and water content  

The ATF mixed with the added water can form an emulsion in the test rig and can thereby 
change its viscosity. Table 4.5 shows the measured Kinematic viscosity at 40 C and 90 
C for the new and post-test commercial ATF. It can be seen that for water contamination 

there was negligible change in the viscosity of the new ATF samples at 40 C. However, 
no change was observed for both the post-test ATF samples at respective temperatures. 
Therefore no significant effect of water on ATF viscosity was found that can change 
friction behaviour during tribotest.  
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Table 4.5 Viscosity measurements at 40 C and 90 C for commercial ATF with and without 
water [Paper C and Paper E] 

Test ATF 
(DEXRON®VI)  

Kinematic Viscosity [cSt] 
Water-contaminated   Uncontaminated  

 40 °C 90 °C  40 °C 90 °C 
New 31.9 8.2  29.6 9.5 
Post-test (1500 cycles) 30.7 9.5  30.7 9.5 

The water uptake and the remaining water content in the different lubricant samples 
at different stages of the water-contamination test are shown in the following Fig.4.12. 

 

Fig.4.12 Water content in new and post-test ATF samples ATF (DEXRON®VI) at different test 
stages. [Paper E] 

The water uptake and the remaining water content (Karl Fischer method)in the new 
and post-test ATF (DEXRON®VI) samples at different stages of the water-contamination 
test are shown in Fig.4.12 samples. The fresh commercial ATF dissolved negligible 
amount of water which became even smaller after it had been tested for 500 cycles at     
90 ºC in the test rig. It was before the water addition. It can be seen from the above 
measurement that the remaining water is the highest in the commercial ATF after running 
for 200 cycles with the added (2.9 wt%) water. However, the remaining water 
concentration dropped to a very low value, almost the same amount (0.042 wt%) as it 
could be found in a fresh sample. 

4.4.2. Thermal stability 

The thermo gravimetric analyses (TGA) were performed to evaluate the impact of water 
on the thermal stability of the tribotested (both the short-term and long-term) and 
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statically-aged commercial ATF samples. No specific change in thermal stability was 
noticed in the TGA analysis (Fig. 4.13a) of the static-aged ATF samples. However, the 
tribotested (after 5000 cycles) water-contaminated ATF indicates lower exothermic peak 
temperature (283 C) in the DTG curve, (Fig. 4.13 b) as well as less thermal stability 
compared to the uncontaminated tribotested ATF for the same time (270 C).  

 

  

 (a) Static aged ATF   (b) the new and friction tested ATF. 

Fig. 4.13 Derivative thermogavimetry or DTG curve from the TGA of the commercial ATF 
samples, which measures the slope or derivative of the mass change with temperature [Paper C] 

Moreover, the weight loss around 100 C for water-contaminated new ATF’s TGA 
indicates free water evaporation. Though there is not any noticeable weight loss around 
this temperature for the post-test ATFs. This suggests added water has been consumed 
(gradual evaporation) during test and supports the findings in Fig. 4.12. The 
comparatively unaffected static-aged sample of water contaminated ATF indicates 
incomplete mixing of water and ATF. There is almost no (~0.17% to 0.2%) remaining 
residue after the TGA of the ATF samples, except some dark spots on the sample pan 
surface. 

4.4.3. FTIR spectroscopy of the tribotested ATF 

In Fig. 4.14, the FTIR spectra of the new ATF and the tribotested  ATF samples show 
absorption bands at 1730 cm-1 and 1705 cm-1 due to the C=O stretching vibration of 
carbonyl groups [17]. The band at 1705 cm-1 is shifted to 1703 cm-1 for the tribotested 
water-contaminated ATF and the half-width of the band increased, indicating hydrogen 
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bonding interaction between the carbonyl group and water. Carboxylic acids as well as 
esters usually exhibit C=O stretching in this spectral range. A strong band also appeared at 
694 cm-1, beside the methylene in-phase rocking mode at 722 cm-1 (see Fig. 4.14b), and 
together with a broad shoulder at 750 cm-1 (shown in Fig. 4.14b) for the water-
contaminated ATF sample after 1500 test cycles. The band appearing at 694 cm-1 was even 
stronger than the 722 cm-1 band after 1500 test cycles. However, these two bands (694 cm-1 
and 750 cm-1) were not present after 5000 test cycles. 

 

       (a)          (b) 

Fig. 4.14 FTIR spectra of a new ATF, new ATF with 2.9 weight % water and tested ATF samples 
showing two zoomed in sections (a) the carbonyl stretching region and (b) the spectral region 
between 750 cm-1 and 650 cm-1 [the detail spectra in Paper C] 

4.4.4. FTIR spectroscopy of the water soluble components in ATF 

As discussed in sec. 1.10, water can influence the ATF property by interacting with the 
polar additives such as detergents, dispersants, friction modifiers etc. Consequently, the 
interaction between water and polar ester groups in the base oil of a commercial ATF is 
interesting as well. Although the extracted and dried fraction from the centrifuged 
ATF/water emulsion (11.6 weight% water) increase the concentration of water soluble 
additives on the surface of the ATR crystal, it should be emphasized that additives in 
water-ATF solution and additives in water extract state may not show identical IR spectra.  
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However, dominant absorbance bands of the possible additives in ATF can be seen in the 
spectrum of the dried water extract (Fig. 4.15). Some of these absorption bands were 
hidden behind the dominant bands in the spectrum of the new water contaminated ATF or 
the bands were too weak to be observed. The carbonyl bands between 1700 cm-1 and 
1730 cm-1 [75] were, however, also observed in spectra recorded for water-contaminated 
new ATF. The spectrum of the dried water extract showed two weak bands at 1659 cm-1 
and 1615 cm-1 (too weak to be observed in the spectrum of the water contaminated 
ATF) and a shoulder at about 1530 cm-1. In this spectral region N-H bending vibrations 
could be expected from amines and amides. It may be noticed that hydrogen bonding 
generally increases the frequency of bending modes [73, 74]. So the water extract 
showed that amides might be dissolved from the ATF. At lower wavenumber there were 
strong absorption bands -1. Carbon-carbon might be stretching at 1460 cm-1 for both the 
water extract and the water contaminated ATF indicating aromatic ring structures such as 
aromatic sulfonates. The methylene scissoring vibrations as well as the CH3- in plane 
bending vibration also show absorption bands around 1460 cm-1. The band at 1404 cm-1 
may be due to the infrared absorption from O-H bending vibration. The typical symmetric 
bending vibration of CH3- appears at 1377 cm-1. The latter band has clear shoulder at 
1368 cm-1, which might indicate two or more CH3- groups attached to the same carbon 
atom.  S=O in other sulfur compounds such as sulfonates and sulfonic acids also 
provides the asymmetric stretching at around 1350 cm-1 and symmetric stretching at 
1150 cm-1. There are also prominent bands in the 1250-1000 cm-1 range, which possibly 
originates from phosphate (PO4

3-) compounds [73]. Other significant bands at 1234 cm-1, 
722 cm-1 and weak absorbance of the water contaminated ATF at 769 cm-1 and 694 cm-

1 in the spectra of ‘New ATF + water’ emulsion are absent in the water extract spectra. 
These bands may be due to water insoluble additives and/or the base oil itself. 
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Fig. 4.15 A comparison between FTIR spectra of the dried ‘new ATF with 2.9 weight% water 
emulsion and the centrifuged and dried water extract from new ATF with 11.8 weight% water 
emulsion.  [Paper C] 

4.5. Additional test with simplified model lubricants 

To support the above mentioned hypothesis and research results from the commercial 
ATF, the water effect was also evaluated using two simplified model (known additives 
and base oil) lubricants were utilized. These are i) API Group I mineral base oil with an 
long chain ZDDP (AW) additive (AW), ii) API Group I mineral base oil with an long 
chain ZDDP (AW) additive and over-based calcium sulfonates (Det) As mentioned in 
Sec. 3.6.1, the short-term tribotest in presence of water was also implemented with these 
lubricants.  Fig. 4.16 illustrates the tribological behaviour of these lubricants in presence 
of water and compared with the commercial ATF. 
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Fig. 4.16 Steady state friction behaviour during short-term tribotest with Simplified lubricants 
(Here, AW: long chain ZDDP, Det: over-based calcium sulfonates detergent, Base oil: API type 
Group I mineral oil and Commercial ATF: DEXRON®VI) [Paper E] 

Both the uncontaminated simplified lubricants displayed (Fig. 4.16) more stable 
friction during test, though the friction level was much lower than the uncontaminated 
commercial ATF. The water-contaminated lubricant with only ZDDP additive showed 
increase in the friction from the uncontaminated state shortly after the water addition. The 
similar behaviour of increase in the steady state mean friction after water addition was 
also observed in the commercial ATF, though this change in friction was smaller in this 
simplified oil. It can be suggested that the added water prevented the earlier friction 
modifying AW film formation which can increase the friction. In contrast, no noticeable 
changes were detected for the lubricant with both the AW and Detergent additives for the 
water addition into the system. This indicated the interaction of the surfactant and the 
added water reduces the possibility of water-ZDDP interactions.    

0.07

0.09

0.11

0.13

0.15

0.17

0 200 400 600 800 1000 1200 1400 1600

C
oe

ff
ic

ie
nt

 o
f f

ri
ct

io
n

No. of test cycles

Base Oil+AW
Base Oil+AW+Water
Base Oil+AW+Det
Base Oil +AW+Det+ Water
Base oil
Commercial ATF
Commercial ATF+Water



80  Chapter 4
  
   

The base oil without any additives showed irregular increasing friction with number 
of test cycles in the uncontaminated state. After water addition, this base oil showed quick 
drop of friction and then again showed the previous trend of increasing friction with test 
cycles. So, water addition did not show any stable change in the base oil that could 
influence its irregular friction behaviour. On the other hand, the presence of higher 
concentration of surfactants, ester-based base oil and FM can influence fast and greater 
water effect on clutch friction as well as on the tribofilm formation. Briefly the water 
solubility of the surfactant additives, remaining water content during test and change in 
the friction behaviour of a commercial ATF and the simplified lubricant formulations, 
suggested the differences in the polarity of the base oils in an ATF can influence the 
interaction of water and the polar additives. 

4.6. Results analysis and concluding remarks 

The results showed that water addition in the ATF clearly influences the friction 
behaviour. It can be seen in different tribotests that the steady-state friction increased. The 
friction-velocity slope became more negative for the increasing water concentration in the 
ATF. This growing friction level and negative slope of the friction-velocity curve are not 
favourable conditions for a proper clutch function. Furthermore, the rate of increase of 
friction is not linearly dependent on water concentration. For a certain number of clutch 
engagements the water exposure time shows no significance (Fig. 4.3b), which can be 
related to the remaining water in the system. Water concentration became lower after 
running for few hundred cycles. As long as the remaining water amount is significant, the 
friction level remains high as well. After this period, the additional water is completely 
removed from the system and the water concentration comes back to the initial water 
concentration of the new ATF (around 1500 cycles, see Table 4.5). Eventually the friction 
starts to drop fast. Therefore, water in ATF intensifies the mean friction coefficient 
initially, but in the long run the loss of friction was larger with time. This indicates faster 
degradation of the clutch components along with the clutch life. Therefore, the friction 
behaviour after water contamination introduced two different consequences: initial high 
friction and then quick loss of friction. To understand the friction mechanism and 
lubrication in the contact it was important to determine the effect of water contamination 
on wet clutch friction interfaces and ATF properties.  

The experimental study on the post-test (after 1500 cycles) friction plate revealed 
that water presence in the ATF affected the friction interfaces by providing less favourable 
surface condition of reduced porosity, permeability and increased wettability. The 
presence of water was also found to lower service life of the paper friction liner by 
accelerating the cellulose liners’ thermal degradation, since there is a shift in the 
composite decomposition temperature and the decomposition rate. The friction interfaces 
were also characterized using SEM-EDS, FTIR and XPS to reveal the chemical 
composition of the tribofilm after tested with water-contaminated ATF. These 
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experimental results [see sec. 4.3] indicated that the presence of the functional groups are 
distinct for the differences in the additives’ (specifically friction modifiers, metallic 
detergents) adsorption in the water-contaminated ATF for both plates’ contact surfaces. 
Water-contamination in ATF affects the tribofilm formation by altering the atomic 
concentration of the elements and chemical state of certain species on the friction 
interfaces. Additionally, according to the results from the SEM-EDS and XPS surfaces 
analyses, presence of iron or iron oxides on the cellulose liner disclose increased reaction 
plate wear when water is present in the ATF. The surface topography study revealed a 
greater change in surface roughness of the steel reaction plate after the water-contaminated 
test. The test showed that water accelerates the wear of the steel reaction plate. This 
change in the friction interfaces after the short-term tribotest could cause the subsequent 
rapid decline in mean friction. It is recommended that the post-test ATF properties be 
evaluated to examine their role in the friction-interface degradation and friction behaviour.  

It is concluded that the ATF mixed with the added water could form an emulsion in 
the test rig and can thereby change its viscosity. However, there was not any noticeable 
change in the dynamic viscosity (see Table 4.4) for the new and tribotested ATF for water 
addition at the operating temperature. Besides, thermal analysis (see Fig 4.12) of the post-
test water-contaminated ATF samples revealed negligible change in the thermal stability 
after being tested with water. Though a large amount of water (28700 ppm/2.9 weight %) 
was used in the present work, the change in the bulk properties of the ATF was negligible 
in this accelerated test and could not cause the apparent clutch degradation.  

The FTIR of the water-contaminated tribotested ATF (see Fig. 4.13) shows no shift 
in the absorption of the major constituents. Though spectra of a ‘new ATF with water’ 
showed hydrogen bonding interaction between the carbonyl groups and water, it was not 
present in the water-contaminated ATF samples after the short-term (1500 cycles) and 
long-term (5000 cycles) tribotest. These results also supported the water content 
measurement (see Table 4.5) and TGA analysis (see Fig. 4.12) which showed absence of 
water in the system and indicated no change in the ATF formulation after tribotest.  

The observed spectral features of the water extract (Fig. 4.14) showed the effect of 
water on water-soluble additives and esters (carbonyl groups) in this fully formulated 
commercial ATF. The experimental evidence (see sec. 4.3 and Fig. 4.15), showing 
differences in the tribofilm composition and unaffected mineral base oil respectively after 
water contamination can also be related to the predicted alteration in polar additives’ or 
carbonyl groups’ action for the presence of water. These findings also suggest a friction 
mechanism after water addition and suggest a resultant clutch interface degradation 
mechanism.  
The predicted degradation mechanism in a wet clutch system as a result of water 
contamination is summarized in Fig. 4.16.  
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Fig. 4.16 Schematic illustration of the possible ATF-water interaction and wet clutch friction 
characteristics [Paper C] 

 

During normal clutch operation the external water in the ATF sump is dispersed 
randomly as droplets and subjected to Brownian motion in the non-polar base oil solvent. 
These water-in-oil droplets are stabilized by the surfactants in ATF-like detergents and 
dispersants, and form reverse micelles (see Fig. 4.16). When the water concentration is 
much higher the other surface active additives such as friction modifiers can also form 
this emulsion with the water droplets. In either type of emulsion product, the water 
droplets can be kept apart by the repulsive forces of the long non-polar oleophilic part of 
the surfactants, and distinct water phase formation can be hindered. If the affinity among 
FM-water reverse micelles is higher than the affinity among FM-friction surfaces, then 
the water-soluble surface active additives can be inaccessible for the friction interfaces as 
it is described in Fig. 4.16. Instead, the anchoring of the surface active molecules to the 
friction interfaces is very important for the formation of a friction modifying tribofilm. 
Inadequate friction modifying tribofilm on the friction interfaces can be the major cause 
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of enhanced friction for a short time as indicated in Fig.4.16. In addition, pore blockage 
and glazing of the friction material might increase along with higher oxidation product 
and other insoluble wear debris due to inadequate performance of the surface active 
additives such as detergents and dispersant. The DTG curves in Fig. 4.12 and the spectral 
data in Fig. 4.13 confirm the absence of the added water in ATF after the short-term 
tribotest, as well as indicating that the water from the reverse micelles droplets was 
evaporated constantly during test. Moreover, the minor change in the thermal stability and 
in the FTIR spectral features for the ‘water-contaminated ATF after 5000 test cycles’ 
support this hypothesis. It is concluded that the altered friction surface condition and high 
friction for a certain period can be responsible for the rapid friction interface degradation, 
the change in tribofilm composition, the negative friction-velocity slope and the 
permanent loss of clutch performance. 
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Chapter 5: Influence of design 
parameters 
This chapter presents experimental results of the study on the influence of design parameters, i.e. 
stiffness and inertia on wet clutch performance [Paper F]. Widely used commercial paper-based 
friction plates with standard steel reaction plates were tested in a full scale wet clutch test rig to 
evaluate the friction characteristics along with overall clutch service life. The outcome of steady 
state friction tests, ageing tests and friction-velocity measurement tests using different 
combinations of design parameter are presented here. 

5.1. Operating conditions during clutch ageing 

Test parameters like temperature, load and speed are kept stable during clutch 
engagements and corresponding steady state friction measurements (Fig. 5.1). The oil 
bath temperature was normally above 100 °C after running in. The temperature in the 
clutch increased from 120 °C to 180 °C with the produced torque of around 90 N-m. Next 
Fig. 5.2 demonstrates the applied load situation for two different cases in different stages 
of the test (initial, intermediate and end). This figure shows that the applied load was 
maintained within the limit and was not varied. 
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Fig. 5.1 Duty cycle test profile for actual test data (the engagement starting point is set to 0 s) 

 

Fig. 5.2 Applied load vs. time curves for Case1 and Case 2 during different stages of the duty 
cycle (at 1000, 10000 and 25000th no. cycles) 

5.2. Friction degradation during clutch ageing  

The mean coefficients of steady state friction (COF) during total test duration are 
compared in Fig. 5.1 for four different Cases of output shaft stiffness and inertia 
combinations. The total duration of the first three cases (described in the previous sec 3.3) 
are around 25000 cycles. Whereas, Case 4 with low inertia and low stiffness, stopped 
earlier due to excessive shudder generation during μ-v measuring cycles (see Fig. 5.4 c). 
The coefficients of friction are almost at the same level for these four cases in the 
beginning. The first few thousands cycles also showed the same amount of friction drop 
for the four cases. Then, as the test progresses, there are dissimilar changes or loss of 
mean friction coefficient for different cases. The test data show much lower coefficient of 
friction 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 of friction coefficient 
for Case 3 and Case 4 in which the shaft with high stiffness was used. After 15000 cycles, 
the loss of COF is 25% for Case 3 whereas it is 47% for Case 4.  

Briefly the drop of COF for a number of cycles is the lowest in Case 3 of high 
inertia in less stiff shaft and highest in case 2 of low inertia with stiffer shaft. Case 1 with 
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high inertia with stiffer shaft has comparatively more COF drop with number of test 
cycles than case 3. However Case 1 has smaller COF drop than Case 2 and Case 4.  

 

Fig. 5.4 Steady state friction during clutch ageing for the different shaft stiffness (k) and inertia 
(J) combinations (Here H stands for high and L stands for low) [Paper F] 

5.3. Friction surface analysis after ageing test 

The topography of the friction liners changes during the clutch lifetime. Very porous and 
rough surfaces are common for a new friction plate. Mechanical and thermal degradation 
of the friction liner, such as change in the surface porosity as well as pull-out of the 
cellulose fibre due to cyclic compression and shear stress can affect the microscopic 
contact area, oil film thickness, temperature level, internal damping, oil flow, etc. As 
discussed earlier (see Chapter 1) the clutch’s friction-velocity relation as well as overall 
frictional behaviour is also influenced for the change. 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 friction surfaces after the above 
ageing tests were investigated using the scanning electron microscopy (SEM). SEM 
micrographs of the new and the used friction surfaces are shown in Fig. 5.4. 
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Fig. 5.4 SEM micrographs on the reference new friction plate (a) and used samples for b)Case 1 
(HJHk) c)Case 2(HkLJ), d) Case 3 (LkHJ) and e) Case 4(LkLJ).[Paper F] 

The new friction plate shows rough and homogeneous surface (Fig. 5.4a), which 
changes enormously during test as it is shown in other SEM figures (Fig. 5.4 b, c, d, e). 
The used plates looks smooth in texture and fillers are pulled out and detached from the 
fibres. There are large differences among the SEM images of the four used test samples. 
SEM images for both Case 1 and Case 3 shown very smooth glazed surfaces with the 
remaining fibre-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 and Case 4 with the more worn friction surfaces with few fibres 
and fillers remained on the surface. The variation in the used friction plates’ surfaces can 
be correlated with their different frictional deterioration [Details in Paper F]. 

5.4. Anti-shudder property 

The ramp up period of μ-v measurement cycles in the beginning and after a regular 
interval (5000 duty cycles) are compared for four Cases in Fig. 5.5. These figures 
represent the friction-velocity relationship as well as the shudder presence during test. As 
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100 μm 
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the test progresses, the μ-v slopes become more negative compared to the initial stage and 
friction levels were also decreased. However, μ-v relationships differ for the four different 
test conditions. Case 2 with low inertia and stiffer shaft showed friction induced vibration 
after 5000 duty cycles, while no shudder was observed after 25000 duty cycles for Case 1 
with high inertia and stiffer shaft. Case 2 shows a higher loss of friction coefficient as the 
test progresses compared to Case 1. It is interesting that both the designs with stiffer shaft 
(Case 1 and Case 2) showed a greater change in the high speed friction. Though, Case 3 
with high inertia and less stiff shaft showed the smallest change in the friction level and 
the least negative μ-v curves compared to other cases, shudder was still observed after 
25000 duty cycles. Conversely, a very high amplitude shudder occurred after 15000 duty 
cycles for Case 4 with low inertia and less stiff shaft and the test was forced to stop then. 

 

 

Fig. 5.5 μ-v measurement cycles after regular interval during the ageing test for the different 
shaft stiffness (k) and inertia (J) combinations (Here H stands for high and L stands for low) 
[Paper F] 

The slope of the friction velocity curves or damping values in Fig. 5.5 were 
measured at 150 rpm speed and compared for four different Cases in the next Fig. 5.6. In 
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Fig. 5.6, the damping values are absent for Case 3 after 25000 cycles because of the high 
oscillation at the start of the μ-v cycle (shown in Fig.5.5). The damping values are also 
absent after 15000 cycles for Case 4, since it was aborted then. It can be seen from this 
Fig. 5.5 that for all cases the slope or damping values were negative and this negative 
damping was roughly increasing with the number of test cycles. It is because the clutch 
friction was changing during repeated engagements due to frictional damping or the slope 
of the friction-velocity curve, c and relative velocity )( , where the rotational 
velocity of the input shaft, θ is the angular displacement. This will eventually influence 
the total clutch mass-spring system (according to Eq. 6 in Sec. 3.6.2), 

k)( 0 JRcFRFc NN                  (Eq.9) 

where, μo= friction at zero speed or static friction. The friction-velocity curved is 
approximated as: 

)(0 c                    (Eq.10) 

So that  can be seen as a damping coefficient which may become negative for the 
negative friction-velocity relationship. 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 (c<0) as well as for the low shaft stiffness and low inertia 
system in the above relation (Eq. 9), there will be more frequent torsional oscillation or 
shudder. This is also apparent from the test results. 

 
Fig. 5.6 Comparison of the frictional damping or μ-v slope at 150 rpm speed after regular interval 
during ageing test for different shaft stiffness (k) and inertia (J) combinations: Case 1(HkHJ), 
Case 2(HkLJ), Case 3 (LkHJ) and Case 4(LkLJ).[Paper F] 
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The above relationship in Eq. 10 explains the differences in shudder occurrences 
during test for different design conditions. Case 1, the high stiffness and high inertia 
system, has the least negative damping values and explain the shudder free friction-
velocity behaviour (see Fig. 5.3). Case 4(low stiffness and low inertia) has the most 
negative damping value during ageing test and this is why the occurrence of pronounced 
shudder is earlier for Case 4 than the other Cases. Though the frictional loss with test 
cycles is lower (Fig. 5.3) than Case 2, Case 4 is the weakest system for having lowest 
damping and lower natural frequency than Case 2. 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 with high stiffness and low inertia, has the highest loss of friction (see Fig. 5.3) 
and highest natural frequency, shows relatively high negative damping than Case 1 and 3. 
This can explain the presence of slight vibration (Fig. 5.5) 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. On the other hand, for Case 3 the presence of shudder at low 
velocity in the friction-velocity curve after 25000 duty cycles can be due to the lowest 
natural frequency and rapid rise of the negative damping after 20000 duty cycles. 

5.5. Result analysis and concluding remarks 

The results show that the clutch system responds differently for different stiffness and 
inertia of the clutch’s output shaft. This is apparent in the dissimilar frictional loss during 
clutch ageing (see Fig. 5.3) and in the change of friction-velocity relationships (see Fig. 
5.5). There is a direct proportional relation between the clutch system’s natural frequency 
and degradation. The higher the natural frequency, the faster is the degradation due to 
higher temperature generation in the contact, high frictional loss and poor clutch life with 
the presence of shudder. Whether the output shaft stiffness is high or low, the steady state 
friction decreases faster for the system with a low inertia. A low inertia system shows fast 
degradation and short clutch life for high torsional oscillation. Therefore, increasing shaft 
inertia can be a considerable factor for a sufficient torque transfer during clutch operation. 
This will moderately change the system’s shudder tendency. Oppositely, the system 
became more shudder sensitive for a low natural frequency in a less stiff system 
compared to a stiffer shaft. When the system had low natural frequency, there existed a 
self-excited condition that amplifies the torsional oscillation. Though there is an 
insignificant change in the mean COF, reducing the system stiffness also decreases the 
clutch’s durability by increasing the shudder sensitivity. The less stiff output shaft with 
low inertia showed the highest shudder tendency among the four conditions. It is also 
observed that the clutch system became sensitive for different design conditions as the 
test progressed and the clutch degraded. This was because of the increase in the negative 
damping and torsional oscillation with the loss of friction. Here, high shudder sensitivity 
of a less stiff design can introduce high shudder. 
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Chapter 6: Conclusions 
A newly designed wet clutch test rig was introduced in this thesis. This purpose-built full-
scale automated wet clutch test rig implementing specific operating conditions of AT and 
commercially available friction interfaces was employed for two different experimental 
investigations. The outcomes from these studies and the repeatability of the measurements 
showed that this rig is suitable for multipurpose tribological research on wet clutch 
friction reliability and shudder sensitivity. This chapter summarizes the major 
experimental findings and important outcomes from the studies based on the experimental 
findings presented in Chapter 4 and Chapter 5. 

Water, as a polar contaminant interacts with the polar part of the base oil and the 
surface active additives such as friction modifiers, detergents, anti-wear additives etc. in 
the ATF. The possibility of inverse micelle formation with the polar constituents of a 
fully formulated commercial ATF prevents the required friction modifying boundary film 
formation on the friction interfaces. Water’s interruption on the adsorption of the surface 
active additives on the friction surfaces alters the tribofilm compositions and influences 
the resultant friction behaviour. The mean friction level increases, non- linearly with the 
water concentration in the ATF. This undesired increase in the steady-state friction affects 
the friction stability, so that the torque-transfer in the automatic transmission can be 
difficult to control. Furthermore, the water presence hinders the anti-shudder behaviour by 
promoting the negative friction-velocity relationship. Water in the ATF affects the friction 
characteristics as well as affects the friction interfaces by providing the less favorable 
surface conditions with reduced porosity, permeability and increasing wettability, and by 
accelerating the thermal degradation of the cellulose liners. The wear of the steel reaction 
plate also increases as a result of the altered boundary film and the resultant increased 
friction during water contamination. The extent of the high friction level can be related to 
the remaining water concentration in the system. Due to continuous clutch engagement 
leading to high operating temperatures, the contaminating water molecules forming the 
inverse micelles are gradually removed from the ATF. The impact of water and the 
removal of water from the lubricant system are very much dependent on the type of base 
oils and additives. With the removal of the remaining water, more polar additives start to 
interact with the contacting surfaces. Eventually friction starts to drop fast for the active 
additives and the resultant degraded surfaces. Thus, water in the ATF causes the mean 
friction coefficient to initially increase and degrades the clutch plates, which causes a 
subsequent loss of friction and shortens clutch life even after complete removal of the 
contaminating water from the ATF. Therefore, the ATF’s water content measurement only 
cannot define the performance of the clutch system once contaminated with water.   
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Since a commercial ATF is manufactured as a well-balanced base oil and additive 
package to meet the ATF performance. The insertion of water can destroy this balance 
and change friction performance more severely than a simplified lubricant system. 

The second part demonstrates the dependence of friction behaviour and durability 
of the wet clutch system on the system design parameters. The clutch system response 
varies for different stiffness and inertia of the clutch’s output shaft. Though there was an 
insignificant change in the mean COF, reducing the system stiffness decreased the 
clutch’s durability by increasing the shudder sensitivity. The system’s shudder tendency 
can also be changed due to the dependence of natural frequency on the choice of stiffness 
and inertia. When the system had lower natural frequency, there existed a self-excited 
condition that amplified the torsional oscillation at low damping. Whether the output shaft 
stiffness was high or low, the loss of the steady-state friction was faster for the system 
with a low inertia due to increased torsional oscillation. Therefore, increasing the shaft 
inertia can be a considerable factor in providing sufficient torque transfer during the 
clutch operation. This would moderately change the system’s shudder tendency.  
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Chapter 7: Recommendations for 
future work 
Further research is recommended into any unknown functions of the additive-interface 
interactions and into the lubrication mechanism in the presence of water.  

31P-NMR and 13C-NMR of the used water-contaminated ATF be studied to detect 
the phosphorus containing additive decomposition and aromatic over-based calcium 
sulfonates respectively. Though XPS can detect carbon and nitrogen containing friction 
modifying groups, the major contaminants and the cellulose friction liner also have 
carbon and nitrogen in the molecules. Therefore surface analysis of the tribotested steel 
reaction plates by XPS or other surface sensitive technique, such as the Secondary Ion 
Mass Spectrometry (SIMS) could provide additional information regarding organic or 
inorganic composition due to additive adsorption on the sliding surfaces.  

The effect of water contamination on sintered bronze friction liner used for the 
limited slip differential applications and lubricated with different ATFs is recommended 
for further study as well. Moreover, this study can be interesting to understand the 
boundary lubrication friction and tribofilm interactions for different clutch material in 
presence of different surface active additives. 

External and internal clutch parameters such as geometrical irregularity, thermo-
mechanical properties of the friction materials and the reaction plate material, vehicle 
structure relate to friction characteristics in an actual clutch system. Simplified design 
rules were applied in the laboratory scale test rig used for this research. It is recommended 
that the tribological behaviour of friction materials in an actual clutch be studied 
regarding the friction interfaces and lubricants. 
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Water contamination effect in wet clutch system 

N. Fatima*, P. Marklund and R. Larsson 

Division of Machine Elements, Luleå University of Technology, Luleå SE-97187, Sweden 

 

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 reaction 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 
reaction 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 
reaction 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 of reaction plates 
and friction plates which consist of core discs bonded with friction-lining materials. 
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Friction plates and reaction 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, anti-wear 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 non-polar and no separation of charge exists 
there. Thus the behaviour with water and additives should be different than that of 
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the base oil with water only. So water presence in the 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 anti-shudder 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 increase 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. 
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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 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 reaction 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 reaction 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 0-10 kN 

Oil temperature 20-90 oC 

Cooling 
oil flow 0-1.8 l/min 

Speed 0-290 rpm 

Output 
Torque 0-90 N-m 

Contact temperature 0-190 oC 

Sample rate 0-16700 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 reaction plate engagements inside a basket which is covered by 
housing. According to Fig. 1 and Fig. 2 (a), the driveshaft is attached with the reaction 
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 oil heated coil according to Fig. 2 (b). Two heaters are used for 
heating the coil. A thermocouple is attached to the reaction 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 torsional 
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 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 reaction 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 reaction 
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 0.25 μm. The manufacturer is General 
Motors. 
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(a)                                                                          (b) 

Fig. 3 Friction plate (a) and Reaction 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 
around l litre. 

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 2 MPa. 

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 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 
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time. At the same time, the speed slows down from 290 to 0 rpm in less than two 
seconds. 

 

 

Fig. 4 A typical test cycle load, speed and oil flow repeated 100 times for each stage (see table2). 
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, reaction 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 
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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. 

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 2 

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 reaction 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 reaction 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 reaction 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. 

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 
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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 [25-27] and 
sliding speed [10, 27]. According to earlier investigations [25-27], it is well 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 
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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. 

 
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]. 
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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 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 
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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). 

 
(a) Test 1.1, test batch 1: whole engagement (left), selected time period of 5 s 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). 
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(c) Test 3.1, test batch 3: whole engagement (left), selected time period of 5 s 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 

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. 
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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 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). 
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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 

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 28700 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. 
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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 
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. 
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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 reaction 
plates during visual inspection. The initial surface roughness of the reaction plate can 
affect the wear of the friction plate as well as the neighbouring reaction plates (for 
multiple plate arrangement in clutch) [29]. Although most of the roughness change in 
reaction plate happened during the running in period, the roughness of the sliding surface 
of the reaction plate does not remain same during test [28]. High initial surface 
roughness (Ra > 0.12 μm) zones of the reaction 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 reaction 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 reaction plates before 
the complementary test was around 0 .23  μm and it is considered as the reference 
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roughness value. The changes in reaction 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 reaction 
plate after the complementary test where no water has been added. On the other hand 
reaction 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 reaction 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 

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 100 oC (the oil 
temperature was kept around 90 oC). With increasing temperature, the water viscosity 
will be much lower (0.29 at 100 oC) 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 
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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 reaction 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 reaction 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 reaction 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 
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 
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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 reaction 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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ABSTRACT 

The performance of wet clutches used for automatic transmissions or other applications 
usually includes the desired positive friction characteristics and a shudder-free torque 
generation. Changes in the operating variables such as the lubricant conditions influence 
the formation of tribofilm, friction characteristics and can alter the degradation of the 
friction interfaces. In this work, the friction characteristics and degradation of the paper-
steel friction interfaces were monitored when a commercial fully-formulated automatic 
transmission fluid (ATF) was contaminated with water. It was found that water in ATF 
influenced the clutch stability by increasing the mean coefficient of friction (μ) and the 
negative friction-velocity slope. Surface studies of the post-test friction interfaces clearly 
indicated reduced surface porosity and permeability, increased wettability and changed 
elemental composition on the contacting surfaces after tested with water- contaminated 
ATF. Moreover, water-contaminated paper-liners’ thermal decomposition shifted to a 
lower temperature compared to an uncontaminated liner during thermal analyses. These 
results displayed faster degradation and reduced service life of the clutch friction 
interfaces for water contamination. The resultant surface condition can be associated with 
the observed unstable friction and negative friction-velocity slopes. 

KEYWORDS 

Wet Clutch, Friction Characteristics, Friction Material Degradation, Water Contaminated 
ATF.  

INTRODUCTION 

A shudder free torque generation is the primary concern for a smooth wet clutch operation 
in automatic transmissions. The clutch system should provide stable and sufficient friction 
for the required torque. It also must accomplish the friction criterion to keep the service 
shudder free. According to Devlin, et al. (1)), the anti-shudder friction criteria include i) 
the lower ratio of static to dynamic friction coefficient(μs/μd) and; ii) the positive friction-
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velocity (μ-v) slope, that is increasing friction coefficient with the sliding velocity. The 
frictional response of a wet clutch is a complex product of the interaction between the 
friction lining, the counter surface, and the lubricant. The passenger cars of today are 
mostly equipped with paper-based friction plates and steel reaction plates for their 
positive μ-v characteristics, cost effectiveness and resiliency. Paper friction liners consist 
of cellulose fibres (base material), phenol and epoxy thermosetting resin (binder), 
graphite, molybdenum disulphide, cashew dust, diatomaceous earth (filler or solid 
lubricant) and  occasionally aramid or carbon fibre (reinforcing materials). Automatic 
transmission fluids (ATF), the typical lubricant used for wet clutches, are mainly blended 
of one or two types of base oils (mineral or synthetic) with more than ten different 
additives to fulfil the friction requirements and anti-shudder performance along with 
lubrication. These additives are friction modifiers (e.g. alcohol, amine, acid, amide), 
viscosity index modifier (e.g. poly-methacrylate, olefin), antioxidants, dispersants (e.g. 
succinimide), metallic detergents (e.g. sulfonates), anti-wear agents (e.g. ZDDP, 
phosphates, phosphites), etc. As with any friction generating machine component, the 
deterioration of the contacting clutch surfaces and the lubricants are continuous processes. 
The friction behaviour, therefore, changes continuously with the progression of the 
deterioration of the system, and that directly influences the clutch performance (Matsuo 
and Saeki (2)). Devlin, et al. (1) and Matsuo and Saeki (2)) found that ATF degradation 
such as a change in the viscosity, increased total acid number, and decreased base number 
can cause a decrease in the dynamic coefficient of friction. The problem of low μd is also 
associated with degraded friction material with clogged pores and carbonized friction 
liners (Matsuo and Saeki (2), Gao, et al. (3)). Thermal deterioration, oxidative 
deterioration, additive consumption, and presence of contamination can, however, 
contribute to an increased μs/μd (Matsuo and Saeki (2)). Moreover, the additive 
adsorptions, steel surface condition, friction lining porosity, groove patterns, etc., can 
significantly affect the ultimate torque transmission and system durability (Gao, et al. 
(3)).  

Under actual service conditions, a wet clutch component can be exposed to a 
number of contaminants and water is one of the most common and destructive of them. 
When a vehicle is driven through a flooded area, and the water level is above the 
transmission pressure vent, there is a possibility of flood water entering the transmission 
and the clutch pack. Besides lubricating the clutch components, another important 
purpose of ATF is reducing the frictional heat inside both the clutch plates and the 
transmission. ATF is directed through a cooler to dissipate heat and to keep the 
recommended operating temperature for effective service life of the ATF. There may be 
two or more coolant lines from the transmission to the radiator tank with the coolant fluid, 
or the ATF can be circulated through the coolant lines from the transmission to the 
radiator for cooling and then the cooled ATF returns to the transmission. Any leakage of 
coolant in these lines thus brings in the coolant or water to the transmission. Condensation 
of air-moisture in the oil reservoir due to a temperature difference also causes water 
droplets and this water mixes with the oil. This water in the lubricant ATF originating 
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from such sources as flood water, condensed air humidity, and transmission coolant can 
adversely affect the clutch performance by increasing the friction coefficient (Fatima, et 
al. (4)). The degradation mechanisms of the friction interfaces and changes in the surface 
properties upon exposure to water-contaminated lubrication were not evaluated in the 
works mentioned above (Fatima, et al. (4); Williamson and Rhodes (5)). The effect of 
water on ZDDP anti-wear performance for a steel-steel sliding contact was investigated 
by (Cen, et al. (6)). Cen, et al. (6) found that water depolymerizes long chain phosphate 
into short chain phosphate. As a result, weak tribofilm forms and wear of the sliding 
surfaces also increases. The authors (Cen, et al. (6)) also found that water does not 
influence the bulk oil property. These findings are not entirely applicable for the wet 
clutch system where the paper-steel friction interfaces are lubricated with a fully 
formulated ATF, i. e. a complex blend of additives and base oils.  

The aim of this study was to monitor the changes in the tribological properties which alter 
friction behaviour to identify the mechanisms underlying the effects of water. 
Tribological test of a water-contaminated wet clutch system was performed to monitor the 
μ-v relationship. The post-test friction interfaces were characterized to evaluate the 
degradation of the friction interfaces in the presence of water.  

EXPERIMENTAL  

A standard paper-based friction plate (OEMTM# 24202333, Borg Warner) with a standard 
steel reaction plate (OEMTM# 8683024, General Motors) were subjected to friction tests in 
water contaminated ATF (fully-formulated commercial ATF, GM DEXRON VI, 
supplied by Petro-Canada, Canada for use in GM Vehicles) to monitor the friction 
characteristics. Additionally, new paper friction plates were statically aged in an oven 
without any friction test to detect any change in the thermal stability of the friction liner 
and in surface conditions for the interaction with the water contaminated ATF. The post-
test friction pairs along with an unused pair were characterized to compare and evaluate 
the change in friction influencing surface parameters such as morphology, porosity, 
permeability, wettability, contact surface chemistry and thermal degradation. These test 
stages and experimental details are presented below. 

Friction test 

Test Rig 

The friction characteristics of a wet clutch system were evaluated in a full-scale test rig 
(Fatima, et al. (4); (7)), see Fig. 1. This rig is a simple design of the clutch system in an 
automatic transmission constructed for experimental work. It consists of three main units: 
1) the drive shaft, 2) the clutch pack and 3) the output shaft. The clutch pack allows single 
friction and reaction plate arrangement. The clutch plates inside the clutch pack were not 
immersed in the ATF. The ATF is circulated through the oil inlet and the clutch pack 
from an oil reserve (see Fig. 1) with an oil pump. The rig works well for repeating tests in 
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controlled operating conditions (Fatima, et al. (4); (7)), which was required in the present 
investigation. The rig was designed to transfer torque from the input to the output shaft 
through the axially loaded clutch pack. A National Instruments Data acquisition module 
controls the rig, features the measuring components and collects six channels of input or 
output data (for axial load, rotational speed, output torque, contact temperature, oil 
temperature, oil pressure). The LABVIEW virtual instrumentation software is used for the 
data processing and calculating μ from the output torque. The test rig’s organization and 
operation were detailed in previous studies (Fatima, et al. (4); (7)). 

 
Fig. 1 Full-scale wet clutch test rig (reproduced from Fatima, et al. (7)) 

Test organization 

The friction test consists of three main test stages (see Table 1). Firstly the run-in stage to 
get rid of the initial surface inhomogeneity of the friction interfaces. Secondly, the regular 
stages repeated five times, (each stage: 200 duty cycles, see Fig. 2a) for monitoring 
steady-state friction. Thirdly, friction-velocity (μ-v) measurement stages after every 
regular stage to verify the anti-shudder behaviour during the test as it was used in Fatima, 
et al. (7). The test profile followed for the duty cycles and the friction-velocity measuring 
cycles is illustrated in Fig. 2a and 2b respectively as shown in Fatima et al. (Fatima, et al. 
(7)). For the run-in cycles almost same test profile as for the duty cycles (see Fig 2a) was 
followed except that the applied load here is lower approx. 5 kN. The μ-v measurement 
cycles (Fig. 2b) comprise slower speed ramp and shorter slip time cycles compared to the 
duty cycles. The test profiles in Fig. 2 show that the ATF flow rate was 1.8 l/min in 
between the test cycles. The oil temperature was kept around 90 ºC. 
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TABLE 1: Friction Test -Test Stages and Operating Conditions 

Run-in 
stage 

Regular 
Stage 

Friction-velocity 
(μ-v) measurement 
stage 

Cooling, water addition 
and mixing stages 

 
500 run 
in 
cycles, 
5 kN 
load 

1000 cycles 
(200 duty  
cycles repeated 
for 5 times), 
10 kN load 

5 μ-v measuring 
cycles after  every 
200 duty cycles, 
10 kN load 

After each μ-v measuring stage and 
before the next  regular stage 
No water addition 
for uncontaminated 
test 

5 ml water 
addition  for water 
contaminated test 

 

(a)      (b) 

Fig. 2 Test profile for a) Duty cycle and b) The μ-v measuring test cycle; reproduced from 
(Fatima, et al. (4, 7)) 

Test Conditions 

The water was added to the ATF through the oil inlet. As shown in table 1, 15 mins of 
cooling, then water addition and finally 15 mins of mixing were conducted before the 
next regular stage. The present test was modified from that in the study (Fatima, et al. 
(4)), by adding 5 ml distilled water after each μ-v measuring stage instead of 2 ml regular 
water after every 100 duty cycles. During the test the ATF was contaminated with a total 
of 20 ml of distilled water which corresponds to a concentration of 28700 ppm or 2.9 wt% 
where the ATF density at 15 ºC is 0.846 kg/L (according to the technical data provided by 
the manufacturer). For the uncontaminated friction test no water was added during this 
stage. Each of the two different test conditions, i) uncontaminated, and, ii) water-
contaminated was repeated three times to verify the repeatability in the results. 

Static ageing of the friction material 
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The aim of the static ageing of the friction plates was to evaluate the interaction between 
the paper-based friction liner and water contaminated ATF without any sliding friction 
test. Zhao et al. (Zhao, et al. (8); (9)) found that the tribofilm forms on the frictional 
surface at a very early stage before sliding. Therefore, the friction plates were statically 
aged in two different lubricant conditions (uncontaminated and water contaminated ATF) 
to monitor the friction liner degradation and to identify the differences in the surface 
chemistry for the ATF (with or without water) interaction with the friction liner in a static 
system. In this investigation, one friction plate was immersed in fresh ATF and another 
plate was immersed in 200 ml ATF with 5 ml distilled water (corresponds to the 
concentration of 28700 ppm or 2.9 wt%) for 210 hours at 90 ºC in an oven (Guan, et al. 
(10)).  

Post-test analyses  

Before the post-test analyses, the entire post-test clutch plates were rinsed for a few 
seconds in n-heptane [ASTM standard, E1829 guide] and dried in a vacuum desiccator. 
The post-test friction plate and steel reaction plate samples were designated according to 
Table 2. 

TABLE 2 Post-test friction plate and steel reaction plate samples 

Test Friction plate Reaction plate 
Water 

contaminated 
Uncontaminated Water 

contaminated 
Uncontaminated 

Friction 
tested 

FPWW FPWOW RPWW RPWOW 

Statically 
aged 

FPSWW FPSWOW - - 

Surface porosity measurement with Optical microscopy 

The morphology of the friction plates (new and the post-friction tested) was observed in 
an inverted metallurgical optical microscope (ECLIPSE MA200 Nikon, Japan). For the 
observation of the test samples, bright field and x20 magnification was used. This 
measurement system is a combination of a multimode optical microscope and a digital 
camera to measure the light transfers from the sample to the object. Here the threshold 
microscopic images were analysed by the NIS-Elements BR4.00.008 software for surface 
porosity measurements. This thresholding is a traditional image processing method where 
individual pixels are treated as an object pixel. The imaging technique detected the darker 
pixels from a binary image and differentiated them as the surface penetrating pores of the 
friction liner. 
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Oil absorption test 

The oil absorptivity for the friction plates (new and post-friction test) was monitored by 
measuring the time of absorption of 1 μl added drop of Group VI base oil as described in 
(Zhao, et al. (9)). 

Contact angle measurement 

Contact angle measurements for the post-friction test friction plates were performed using 
a ‘Fibro-dat 1121/1122’ Dynamic Absorption and Contact Angle Tester (DAT). Contact 
angles are measured to evaluate the wettability. When the contact angle between two 
interacting surface (solid-liquid) is 0  then the solid surface will be completely wetted by 
the liquid. There is nearly a non-wetting condition when the contact angle ( ) is more 
than 90  and a typical wetting condition for contact angles ( ) is less than 90 . The 
wettability of the surface is more important for the stationary side that is the friction plate 
for this rig, since the smaller the contact angle the higher will be the oil film retention 
tendency on the friction surface. Moreover, the paper plate should have more affinity with 
the oil flow containing the water as a contaminant. 

During measurement a 4 μl water droplet was placed on to the friction interface (friction 
or reaction plate) using a micro-syringe. The CCD camera attached to the tester then 
recorded a series of optical images. These images were simultaneously analysed using the 
DAT 3.6 software at different times of the drop life (at 0.1 s, 1 s, 10 s). The contact angle 
at 1 s drop life was considered for the measurement of the wettability. The average 
contact angle value from three repeated measurements for each test condition was 
considered.  

Surface morphology with Scanning electron microscopy with X-ray Energy dispersive 
detector (SEM-EDS) 

An Environmental Scanning Electron Microscope (SEM) with X-ray energy dispersive 
spectroscopy (EDS) (JSM 6460, JEOL, Japan) was employed using an operating voltage 
of 8.5kV to analyse the static-aged friction plates and the friction tested steel reaction 
plate surface.  

Surface topography study with a 3D optical surface profilometer 

The topography of the new and post-test reaction plate surfaces were investigated using a 
3D optical surface profilometer ‘Wyko NT1100’ from Veeco instruments by means of 
interferometry.  The roughness parameters were measured at 2 positions around the plate 
(0º and 90 ), where 0º started from a reference mark on the plate surface. The roughness 
parameters namely average roughness (Ra), core roughness (Rk) and peak roughness (Rpk) 
were compared. 
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Thermo gravimetric Analysis (TGA) of the friction liner 

The thermal stability of the new and post-test paper friction liners (both the friction tested 
and static-aged samples in two different ATF conditions) was investigated with a Thermal 
analysis instrument TGA Q500 (New Jersey, USA). The temperature range for this 
analysis was chosen from ambient to about 600 ºC in air atmosphere, at a rate of 10 ºC 
/min. The 1st derivative of the TGA curve or Derivative thermogravimetry (DTG) was 
used to provide the decomposition rate and to evaluate the weight loss steps precisely. 

RESULTS AND DISCUSSIONS 

Friction Analyses 

The test data from the friction tests were analysed and the results were compared for 
uncontaminated and water contaminated tests. The friction characteristics during steady 
state (constant load and speed) of the regular stages (duty cycles) showed (see Fig. 3) 
differences for these two different conditions. The mean friction coefficient increased 
with the number of duty test cycles (with the addition of water) for the water 
contaminated test. On the other hand there was insignificant change or a slight decrease in 
the mean friction coefficient (COF) with the number of duty test cycles for the 
uncontaminated tests. Fig. 3 thus indicates the similar trend of increase in mean COF for 
the continuous water addition in ATF as observed in (Fatima, et al. (4)). These two 
different test conditions also showed different μ˗v relationships at speed ramp (Fig. 4) for 
friction-velocity measuring stages. For uncontaminated tests the friction-velocity slopes 
(Fig 4b) remained almost unchanged with the number of cycles. The friction-velocity 
slopes (Fig. 4a) of the speed ramp period for the water contaminated tests were getting 
further negative and the friction coefficient level for the low speed region was increased 
with the water addition. This is an indication of shudder-prone friction characteristic 
(Devlin, et al. (1); Matsuo and Saeki (2)).  

 
Fig. 3 Mean μ vs. number of cycles at steady state during test 
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(a)         (b) 

Fig. 4 COF vs. rotational speed at speed ramp cycles for both conditions (a) water 
contaminated system, (b) uncontaminated system 

POST-TEST ANALYSES  

A series of post-test analyses were carried out for the friction tested and statically aged 
samples along with the fresh one to understand the friction behaviour (Fig. 3 and Fig. 4a).    

Surface porosity measurement and Oil absorption test 

Figure 5 represents the optical microscopy images (x20) of the new and post-test friction 
plates. The measured surface porosity (%) from these grayscale (converted to binary 
image) optical microscopic (x20) images (see Fig. 5) along with the oil absorption time 
and contact angle measurements for each sample are presented in Table 3 below. The data 
reported here are the averages of the three separate measurements of each sample.  
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(a)  

(b)     (c)   

Fig. 5 Optical microscopic images (x20) of the friction surfaces (a) New, (b) FPWW, (c) 
FPWOW. 

 
Fig. 6 % Porosity measured from Fig. 5 images, oil absorption time and contact angle for 
the respective surfaces 
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The porous structure of the liner permits internal cooling oil flow that is also 
related to the durability of the friction material. Besides, the lubricant performance varied 
significantly by the material. Both porosity and permeability are significant parameters 
that influence friction. It has been found earlier (Devlin, et al. (1); Gao, et al. (3)) that 
high porosity friction liner provide high COF, increased viscoelastic deformation, higher 
compliance and more efficiency in releasing oil.  Porosity and permeability are therefore 
two essential aspects regulating wet clutch performance and durability. Commonly very 
porous surface can be found in a new paper friction plate, which is analogous to the 
current test results (Fig. 6). However, the friction liners’ topography changes while the 
surface porosity decreases during clutch life. After several clutch engagements the real 
area of contact can be increased by plastic deformation and glazing (friction liner’s 
thermal or mechanical degradation). Then the less porous surface cannot hold the oil due 
to lack of pores, which results in temperature increase in the contact. The decreased 
porosity or increased flattening of the frictional surface can also affect the fluid flow 
through the friction liner (Ingram, et al. (11)). The correlation between porosity of the 
paper friction liner and the rate of lubricant absorption is apparent in the above findings. 
As seen from Table 3 and the optical microscopy images (x20) in Fig. 5, the surface 
porosity (%) was the highest and oil absorption time was the lowest for a new friction 
plate compared with the tested samples. The water contaminated FPWW showed the 
lowest surface porosity and highest oil absorption time. The uncontaminated FPWOW 
showed higher mean porosity and lower oil absorption time than the water contaminated 
sample FPWW. Fig. 5 also confirms the differences in the flattening of the surface and 
the oil absorbed spaces (porous) for FPWW and FPWOW. According to previous studies 
(Yang, et al. (12); Razzaque and Kato (13)) the change in topography such as decreased 
porosity or increased flattening and the higher oil absorption time is related to the friction 
behaviour during clutch engagement. When the wet clutch engages at high sliding speed 
the film thickness is high and hydrodynamic lubrication is the governing initial phase for 
a very short period. Here friction generates from viscous shear. At the intermediate phase 
when the clutch plates are pressed together the oil in the contact discharges from the 
surface due to the squeezing of the liner, the film thickness decreases and the some 
asperities come into contact. Finally when the oil film thickness is lower than the average 
asperity height, the asperity contact friction or boundary lubrication contributes to the 
total friction. Therefore, to maintain the initial oil film at the clutch surface as well as to 
clear or squeeze out the oil as the clutch locks, the clutch surface must ensure enough 
porosity and permeability. It was also found by Zhao, et al. (Zhao, et al. (8)) that the oil 
absorption time can affect the ratio of thin film lubrication and boundary lubrication, 
which contributed to the total friction. So at low sliding speed or at the boundary 
lubrication stage the less porous and flatter surface will provide a larger real area of 
contact, reduced oil reserve inside the asperities, less viscous shear and higher friction.  
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Contact angle measurement 

The changes in the wettability of the friction surfaces are clear from the contact angle 
measurements in Fig. 6. Though no large difference was observed for the new and the 
uncontaminated FPWOW, the wettability was comparatively higher for FPWW tested in 
water contaminated ATF. There can be several hypotheses for this special behaviour of 
comparatively much wetting for water contaminated cases. According to (Krim (14)) the 
wetting behaviour of an adsorbed material is connected to its frictional properties and slip 
of the liquid from the solid surface. Due to interaction among friction interfaces and 
surface active additives in the ATF during a test, reaction layers forms on the surfaces by 
chemisorption or physisorption. The surface active additives such as a friction modifier, 
detergents, dispersants etc. can be described as a complex functional compound 
combination of a polar head (complex surface active group) and a non-polar hydrocarbon 
tail (alkyl chains soluble in the base oil of the ATF) (Krim (14); Naveira, et al. (15)). The 
possibilities of adsorption and successive reaction of these additives to form the reaction 
layer on the surface depends on the lubricant polarity (Naveira, et al. (15), Minami and 
Mori (16)). So for the water contaminated test, these polar additives might have to 
compete with the polar water molecules to adhere to the friction interfaces and these 
might cause a less active and less dense reaction layer. This can be a possible reason for 
the high wettability of water contaminated friction plates. As a polar molecule water 
would try to adhere to the friction plate surface when the additive reaction layer was not 
resilient enough and can wet the unprotected surface more (Naveira, et al. (15)). Besides, 
the paper-based friction plates commonly used for automatic transmission as well as in 
the current investigation are generally resin-filled cellulose or paper based composite 
materials bonded to a steel baking plate (Matsuo and Saeki (2); Minami and Mori (16)). 
The presence of the resins makes the paper friction liner hydrophobic as observed in Fig. 
6 for a new friction plate. After a friction test, the resin may thus be removed from the 
frictional surface due to decomposition or glazing of the liner, which can promote the 
surfaces to be more hydrophilic.  

Thermal stability of the friction liner 

The results from the Thermogravimetric Analysis of the friction liners are presented as 
derivative weight percentage per degree Celsius temperature or DTG curves in Fig. 7. 
This analysis can help to determine the weight loss and decomposition of the different 
components of the liners at different temperatures. As mentioned before the paper friction 
liners are generally composed of cellulose fibre, phenolic and silicon resin binder, solid 
lubricants and friction modifiers (Matsuo and Saeki (2); Ompusunggu, et al. (18); 
Banquy, et al. (19)). These multi-component friction liners are subjected to friction 
generated heat, lubricant temperature, lubricant conditions, contact pressure, reaction 
plate surface conditions etc. during clutch operation. The thermal analysis of the new 
friction liner (Fig. 7a and 7b) showed two major exothermic peaks at around 330 ºC and 
459 ºC. The peak at 330 ºC represented the decomposition of the cellulose composites 
since major cellulose compounds decompose around 334 ºC (Sun, et al. (20)).  This peak 
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is also present in the post-test samples (Fig. 7a and 7b), but the position is shifted and the 
height of the peak is different. Fig. 7a shows that the decomposition temperature was 
lower (at 295 ºC) for the water-contaminated static-aged liner than the new (334 ºC) and 
uncontaminated (315 ºC) static-aged liners. Another exothermic peak at 459 ºC for new 
liner was found at 448 ºC for the uncontaminated static- aged liner and at 445 ºC for the 
water contaminated static-aged liner (Fig.7a). These exothermic peaks represent the 
decomposition of the phenolic resin (most commonly used for the paper based friction 
plate) and other binder elements in the liner occurred at this temperature range (Zhao, et 
al. (21)). The decomposition of the volatile lubricant present inside the post-test liners 
was possibly responsible for the extra peak present at 247 ºC (Fig. 7a and 7b) for both 
uncontaminated and water contaminated used friction liners, that is absent in case of the 
new liner peak. The post-friction tested liners in Fig. 7b show an almost similar thermal 
decomposition trend as observed for the static-aged liner in Fig. 7a. The exothermic peak 
for the cellulose decomposition showed a much greater shift than the statically aged 
samples compared to the friction tested liners. Therefore, the cellulose decomposition 
temperature is relatively high after tested with water-contaminated ATF compared to the 
uncontaminated test sample. Furthermore, low degradation rate and high degradation 
temperature for the resin/binder in case of the water-contaminated test sample showed 
loss of resin/binder component from the pre-test sample. TGA results thus indicated low 
thermal stability of the water-contaminated friction liners due to change in the cellulose 
and resin decomposition temperature and rate. The thermal analyses suggest that the 
thermal degradation of the paper friction liner was accelerated due to water in the ATF. 
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(b) 

Fig. 7 TGA (left) and DTG (right) curves for (a) new and static-aged friction liners 
(FPSWW, FPSWOW) and (b) new and post-friction test liners (FPWW, FPWOW) 

Surface morphology with elemental composition 

The static-aged samples were analysed by SEM-EDS to reveal the interaction of the paper 
friction liner with the additives in the ATF without any friction test. The SEM images of 
the statically aged samples are illustrated in Fig. 8 below. Microscopically no significant 
difference was observed for the friction plate statically aged in two different lubrication 
conditions. The selected areas shown in the SEM images (see Fig. 8) were investigated 
with the EDS. The EDS of both filler areas on FPWW (see Table 3) revealed the presence 
of high P and lack of Ca. Additionally, the FPSWOW surface showed the presence of Ca, 
comparatively higher Si, Na content, and lower P (only in filler area). On the other hand, 
Ca and Mg were almost absent and P is low in the water-treated static-aged FPSWW. 
Moreover the fibre area for the FPSWW sample showed a lack of Mg and Al, while these 
elements were present on the FPSWOW surface. 
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Fig. 8 SEM images for the static- aged friction plate surfaces (a) FPSWW (left) 
FPSWOW (right) with marked spots for EDS analysis (in Table 4) 

TABLE 3  EDS analysis of the static-aged friction plate surfaces spot area in Fig.8 

Element FPSWW, At% FPSWOW, At% 
 

1 2  1 2 
C K 66.7 64.2 65.9 68.9 
O K 27.9 34.5 26.9 25.4 
Na K 0.41 0.6 0.10 0.3 
Si K 4.30 0.2 6.8 4.5 
P K 0.12 0.3 0.05 - 
S K 0.1 0.1 0.02 0.2 
K K 0.1 - 0.02 0.03 
Ca K - - 0.02 0.1 
Mg K 0.12 - 0.1 - 
Al K 0.32 - 0.1 0.2 

Likewise, the friction-tested reaction plates (RPWW and RPWOW) were analysed with 
the SEM-EDS to evaluate and compare the elemental compositions on the surfaces for 
two ATF conditions (uncontaminated or water contaminated). The SEM images (Fig. 8) 
marked with selected areas for EDS, display more even sliding marks on the 
uncontaminated RPWOW’s surface (Fig. 8b) than the water contaminated RPWW’s 
surface (Fig. 8a). Table 4 representing the EDS results reveals the lack of Ca, Mg and Co, 
and the presence of high concentrations of P, Fe and low concentration of C in the 
RPWW surface compared to the RPWOW surface. 
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(a)                      (b) 

Fig.9 SEM-EDS images for the steel plate sliding surfaces (a) RPWW, (b) RPWOW 

TABLE 4 Atomic concentrations (%) comparison of spot area SEM-EDS analysis 
(Fig.8). for the post friction tested reaction plate surfaces 

Element RPWW, At% RPWOW, At% 
1 2 1 2 

C K 5.7 12.7 59.1 77.3 
O K 12.4 8.7 17 10.1 
P K 1.2 0.4 0.1 0.1 
S K 0.9 0.6 - 0.1 
Fe K 79.8 76.4 16 11.4 
Si K - 0.4 2.5 0.4 
Mg K - - 4.4 0.3 
Al K - 0.3 - 0.1 
Ca K - - 0.1 0.1 
Mn K - 0.4 0.1 0.1 
Co K - - 0.2 - 

 The tribochemistry of the reaction layer formed on the friction interfaces while 
sliding or due to interaction with the ATF is very complex. The mechanism of controlling 
friction during clutch engagement in the presence of this tribofilm is not properly 
understood yet (Zhao, et al. (8)). So to predict the friction behaviour from the information 
concerning the presence or absence of certain elements can be unreliable. However, the 
EDS analyses (Table 3 and Table 4) of the static-aged friction surfaces and the post-
friction test steel surfaces showed differences in this adsorption of the lubricant additives 
for the two ATF conditions (with or without water). The presence of Ca and Mg in the 
friction and steel surfaces can come from metallic detergents (such as Ca-
sulfonates/phanates and Mg-sulfonates/phanates) in the ATF. Ca forms CaCO3 on steel 
surface, influences the tribofilm formation by controlling the adsorption of the friction 
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modifiers on sliding surfaces and promotes the reduction of μ at low speed (Zhao, et al. 
(8)). The influence of Mg on the steel surface can be similar to that of Ca regarding 
friction behaviour. Mg (from detergents) found in the uncontaminated steel surface can 
also be favourable for reducing friction. So the lack of Ca and Mg on the water-
contaminated steel surface might indicate less influence of these detergent additives in 
reducing μ at low speed. The SEM-EDS evidence did not reveal any friction modifying 
groups containing nitrogen(like C-N) or any organic compound or chemical bonds of C 
(such as C-OH, O-C-O, and C-O-C=O) for the tested surfaces. Zhao, et al. (8) showed 
that the hydrophilic head groups of the organic friction modifiers could form C-N groups 
on the steel surface and C-OH groups on the friction liners, and could reduce low-speed 
friction. So the lack of carbon and oxygen on the steel reaction plate surface denotes the 
absence of friction modifying additives on the friction interfaces, which eventually could 
increase the friction at low speed and promote a negative friction-speed relation. The 
concentration of P was high in both water contaminated surfaces (FPWW and RPWW). 
Although P can come from the Anti-wear additives (ZDDP, Pyrophosphate) or friction 
modifiers such as phosphoric acid, P may be responsible for less adsorption of friction 
modifying additives (Cen, et al. (6); Razzaque and Kato (13)). 

Surface topography  

Since the SEM images (Fig. 9) of the post-test steel plates showed differences in their 
surface morphology, it would be interesting to assess the surface profiles of these plate 
surfaces. So the common roughness parameters (Ra, Rk, Rpk) were measured using a 3D 
surface profiler at two different positions on the steel plate (see the Experimental section) 
and the average of the measurements are presented in Fig.10. The measurements show 
substantial changes in the reaction plate’s roughness parameters (Ra, Rk, Rpk) for the 
before and after test as well as for the two different lubricant conditions. Both RPWW and 
RPWOW after sliding for 1000 duty cycles, provide relatively smoother surface than a 
rough new steel plate. This change is higher for the water contaminated sample RPWW. It 
is clear from these measurements that peak roughness or core roughness parameters (Rk, 
Rpk) are relatively low for water-contaminated test surfaces. The roughness measurements 
match well with the dissimilarities observed for the reaction plate’s SEM images (Fig. 9).  
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Fig. 10 Average of the surface roughness measurements at two positions (0  and 90 ) for 
new and used (RPWW and RPWOW) steel plates 

The earlier study by the authors in Fatima, et al. (4) also showed an analogous greater 
change in the surface roughness parameters or; a flattening of the water-contaminated 
steel samples. Due to differences in the physical properties, the soft cellulose/paper 
friction liner should be rougher than the hard steel counter surface to allow asperity 
contacts, but low wear of the softer material. The roughness of the contacting surfaces is 
essential for allowing lubricant in between the asperities and for establishing boundary 
lubrication. It was expected that when both the steel (Fig. 10) and the cellulose                  
(see Fig. 6) plates became flat, there would be a greater area of contact and greater 
friction generation at low sliding speed in the clutch surfaces (Ost, et al (22)). This 
assumption was shown to be correct for the findings regarding the friction behaviour and 
surface conditions for the water-contaminated test. The less porous, flattened and less 
permeable FPWW in contact with a smoother RPWW surface showed higher friction at 
low sliding speed or negative μ˗v slopes for the water contaminated tests. Higher changes 
in the steel plate surface roughness also indicated elevated wear for greater friction due to 
water contamination. 

 

CONCLUSIONS 

 The results presented in this study clearly showed that the water in the clutch system: 

 Reduces the system stability by increasing steady state friction and promoting 
the negative μ-v relationship. 

 Provides less favourable friction liner condition by reducing surface porosity, 
permeability and increasing wettability with water. 
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 Lowers service life of the paper friction liner by accelerating the liner 
degradation since there is a shift in the composite decomposition temperature 
and the decomposition rate. 

 Might change the tribochemical interaction between ATF and the friction 
interfaces evident from the elemental composition, e.g. low Ca, high P, on the 
water contaminated surfaces. 

 Accelerates the change in the surface roughness of steel plates. 

The present study suggested that the water in the ATF not only can affect the friction 
characteristics, but also has an impact on the friction interfaces. The majority of these 
changes of water contaminated surfaces can also be liable to undesirable friction 
behaviour in the presence of water or vice versa. Additionally, these results can be 
implemented to explain the influence of water on the friction behaviour and degradation 
of a boundary lubricated contacting surfaces.  
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ABSTRACT 

The degradation mechanism of water contaminated Automatic Transmission Fluids 
(ATF) was experimentally investigated. Water contaminated ATF was tribotested in a 
full-scale wet clutch test rig to monitor the friction durability during clutch ageing, and 
was also statically aged in oven to evaluate the interaction of ATF with water. The bulk 
properties and chemical nature of the ATF were analysed using viscosity measurements, 
Fourier Transform Infrared Spectroscopy (FTIR) and Thermogravimetric Analysis 
(TGA). It was shown that water presence in the ATF can increase the mean friction 
coefficient over a short time period, though in the long term perspective there is a higher 
loss of mean friction. Phase separation of the water-in-oil emulsion by centrifugation at 
20000 rpm made it possible to examine the water phase using infrared spectroscopy. The 
spectroscopic analysis revealed the hydrophilic nature of certain ATF constituents, 
although the impact of water on the bulk properties like lubricant viscosity and thermal 
stability was insignificant. The analysis of the tribotests showed that the friction increase 
for water contamination was a short-term effect and likely due to the interaction between 
polar surface active additives and water. Even though no significant change has been 
found for thermal degradation or in bulk properties of the lubricant, the initially changed 
action of the water soluble additives and generation of high friction resulted in a total 
deterioration of the clutch performance during long term use.  

KEYWORDS  

Wet Clutch, Automatic Transmission Fluid, Friction, Lubricant Degradation, Water 
Contamination. 
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1 INTRODUCTION 

An automatic transmission fluid’s (ATF’s) performance over time is an essential aspect 
for a wet clutch system to maintain a stable friction characteristic, a shudder-free and 
sufficient torque transfer, durable operation, and smooth gear shifting. All these 
tribological aspects of the clutch lubricant have been investigated for almost half a 
century to control and understand the frictional properties of a wet clutch. In a wet clutch, 
the static coefficient of friction (μs) should be lower than the dynamic coefficient of 
friction (μd) and μd should increase with the sliding speed to minimize the shudder in the 
clutch system [1]. According to previous studies [1-3], a clutch system usually exhibits 
shudder for negative slope of the friction-velocity curve; i. e. a friction coefficient that is 
decreasing with increasing sliding velocity. Clutch lubricants should be designed to 
provide a positive friction-velocity slope [2], even after ageing. Therefore, ATF generally 
contains a complex additive package containing around 20 different components to 
provide the best possible performance. 

Clutch friction is a combination of both hydrodynamic and boundary friction [1]. 
During clutch engagement, the clutch undergoes both hydrodynamic and boundary 
lubrication regimes due to the difference in the relative speeds. Because of the required 
feature of the wet clutch contact comprising friction lining porosity and contact surface 
roughness, there is negligible hydrodynamic film formation within the contact units. 
Therefore, the wet clutch is mainly dominated by the boundary lubrication friction. In 
general, the proportion of hydrodynamic friction increases at high sliding speed, 
conversely boundary friction provides the major part of friction at low sliding speed. To 
accomplish a positive friction-velocity curve it is important to retain boundary friction 
even at higher sliding speeds or to decrease it at low speed [4]. It has been reported earlier 
[2, 3] that low speed conditions favours the adsorption of surface active additives like 
friction modifiers, which can lead to a lower boundary friction during low sliding speeds 
as well as the positive friction-velocity slope. Friction modifiers dissolved in the ATF are 
generally attracted to the friction interfaces and the resulting adsorption forces to the 
friction surfaces are very strong. Ingram, et al. [3] suggested that the shear stress of the 
adsorbed boundary film within the contacts increases with the logarithm of the sliding 
speed and the friction enhancing additives like dispersants and detergents probably 
partially disrupt this tribolayer formation by the friction modifiers and increase the 
friction coefficient over the whole speed range. There is another assumption by the 
authors [1, 5] that viscous hydrodynamic film forms near the surface for the surface active 
additives can increase in the friction due to shearing of this film at high speed. That is 
why the physical and chemical properties of the ATF are essential factors for wet clutch 
function. Another important aspect of the clutch is the torque capacity, i.e. the amount of 
the maximum transmitted torque by the clutch system. For fuel efficiency and driveline 
durability it is however important to provide high friction and high torque capacity, but 
there are evidences that high friction level may negatively affect the friction stability [6]. 
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Since the durability of the clutch system changes along with degradation of friction 
interfaces and ATF during clutch operation [2], sufficient torque capacity and antishudder 
property should be verified after a number of clutch engagements. Different operating 
conditions, the ATF characteristics and the presence of contaminants can greatly 
influence the clutch operation and system durability [3, 7]. Recent advancement in 
transmission design requires better functioning ATF to meet the basic requirements for 
improved drivability and fuel economy. There are also demands on ATF like fill for life 
capability, shear stability, low temperature fluidity, good oxidation stability, to reduce 
wear at higher operating temperatures etc. However, complications like water 
contamination in the system can be challenging even for the newly developed high 
performance ATF. Water in ATF or automatic transmission system can originate from the 
environment, such as rain or moisture in the air. Leakage in ATF sump followed by 
condensation of humid air can be turned into water droplets and mixed with the ATF. A 
damaged water based cooling system can also be liable for water in the ATF. Water 
coming from any of these sources is considered contaminant after certain concentration 
that depends on different factors like type of the base oil, additive package, temperature 
and pressure etc. All this factors play important role in controlling the saturation level of 
the ATF as well as the condition of the existing water. A highly refined mineral oil with 
an insignificant amount of additives has a saturation level of about 100 ppm at 20 °C, on 
the other hand ester-based  synthetic oil can have saturation levels around 3000 ppm at 20 
°C.  

Water in oil can exist in three conditions: ‘dissolved’, ‘emulsified’ and ‘separated 
phase’. When the water amount is below the saturation level, the water molecules are 
dispersed alongside the oil molecules and become dissolved. So the saturation level 
determines the amount of water that can be held before developing an emulsion. Above 
the saturation point, the water can be dispersed in the lubricant as a discrete phase of free 
water or forming a water-in-oil emulsion as it passes through the oil pump and contact 
regions of high shear rate. A water-in-oil emulsion has a cloudy appearance. This water-
in-oil emulsion can be stabilized since water as a polar contaminant may attract both the 
polar additives and the polar ester compound of the base oil. Due to higher density of 
water than the lubricant (ATF), the free water forms in the lower layer and the emulsified 
water should be present in the intermediate position for stationary system. However these 
relative locations of the water and oil phases should not persist for continuous circulation 
of the lubricant system. As a discrete phase or emulsion, the water contamination can 
cause several rheological and chemical changes in the lubricant properties and might also 
have an impact on lubricant life. There are several hypotheses about the impact of water 
on the lubricant’s properties such as lubricant oxidation, weak additive action, change of 
the bulk viscosity etc. J. K. Lancaster [8] suggested that the measurement of the 
environmental humidity is important for any material testing or research related to 
machine component wear and friction. He also mentioned three main effects of water in a 
lubricated system: 1) crack propagation, 2) reaction with the sliding surfaces, and 3) 
modifications to third body layers of the aggregated wear debris. According to the review 
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[8] on the influence of water on friction and wear, water can modify the adsorption of 
long chain organic compounds during boundary lubrication and can affect the chemistry 
of the protective film formation at the interface. These suggestions can also be applicable 
for the wet clutch system where boundary lubrication plays the major role. In another 
relevant recent work by Cen, et al. [9] the effect of water on ZDDP anti-wear behaviour 
and on the tribochemistry of the lubricated steel-steel contact was investigated. It was 
found that the effect of water was detrimental for the ZDDP’s tribological performance 
due to the depolymerisation of longer chain phosphates and reduced reaction layer 
thickness, while the bulk properties of the lubricant was not changed. Although the 
damaging effect of water is evident from all these previous works [8-10], degradation of 
ATF specifically for clutch systems has not been studied enough. 

Previous studies by the authors [11, 12] showed that the antishudder behaviour and 
friction stability of a wet clutch system can be hindered by increasing friction and 
negative friction-velocity relationship, when water has been added to the ATF. As 
mentioned before, both these friction outcomes, increasing friction level and negative 
slope of the friction-velocity curve, are not favourable conditions for a proper clutch 
function. One of the studies [12] also established that the water contaminated friction 
interfaces are less thermally stable and more glazed (less porous surface) compared to the 
unaffected ones. It seems reasonable to suggest that water contamination can be 
responsible for the above mentioned change in the clutch friction behaviour. However, it 
has not been investigated earlier how a water contaminated system would respond to 
extended use and if there is any physical or chemical change in the ATF characteristics, 
which was not possible to be studied in the previous [11, 12] short-term friction tests. 

Therefore, the aim of this paper was to investigate the impact of water presence on 
ATF degradation. The specific wet clutch parameters contributing to the increased and 
unstable frictional behaviour of water contaminated systems were investigated as well.  

2 EXPERIMENTAL DETAILS 

In this work the frictional response for water contaminated ATF during a laboratory 
clutch test was monitored along with the chemical and physical changes due to water 
presence. The amount of water added in the present study to contaminate the ATF was 
relatively much higher (around 29000 ppm) than the usual amount of water or humidity 
that can be found in the transmission (700 ppm after 4000 km in field test [13]). The sole 
purpose of this high concentration of additional water in the ATF was to accelerate the 
wet clutch component ageing test under humid lubrication and for immediate diagnosis. 
This accelerated life test is an approach to be operated at a more severe test environment 
than that experienced during normal equipment use, for obtaining more information for a 
given test time than would be possible usually. The previous work by the authors [1] 
revealed the effect of water (2870 ppm/2 ml water in 800 ml ATF) in the ATF on the 
friction characteristics. Despite this apparent change in the friction coefficient, no 
noticeable difference was found in the ATF property or in the tribofilm formation for this 
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amount (2870 ppm/2 ml water in 800 ml ATF) of water. To understand the mechanism of 
increasing friction coefficient in presence of water and to estimate the influence of water 
on the wet clutch reliability the system was treated with 10 times more water. This 
accelerated environmental stress with higher concentration water can detect the change in 
ATF property for water contamination as well as can explain the mechanism of ATF-
water interaction with the friction interfaces during clutch engagements.  

The experimental steps and test details are presented in the following sections. 

2.1 Materials 

A standard paper based friction plate (OEMTM # 2420333, supplied by BorgWarner) and 
the standard reaction plate (OEMTM # 8683024, supplied by General Motors) were tested 
in a commercially available automatic transmission fluid (GM DEXRON®VI, 
manufactured by PetroCanada for use in General Motors vehicles). The friction plate is 
radially grooved and the paper friction liner is coated on an internally splined steel core 
plate. The liner is generally consisting of phenolic resin impregnated cellulose fibres with 
small amounts of aramid fibres [14]. The reaction plate used for the study is made of steel 
with a conventionally rolled and tumbled surface with the average surface roughness of 
0.25 μm. The lubricant used in this study is a fully formulated synthetic ATF with good 
performance and durability in terms of thermal stability, wear, friction, shear stability and 
oxidation [15]. 

2.2 Clutch friction test 

To analyse the friction performance and ageing of the ATF, the clutch plates were tested 
in a full clutch disc test rig for different number of duty cycles (Table 1). 

2.2.1 Wet clutch test rig 

This is the same test rig as previously used in Fatima, et al. [11, 12]. The test rig (see Fig. 
1) is a fully automated wet clutch test machine with a single reaction plate facing a 
friction plate in an arrangement allowing repetitive tests and control over the operating 
conditions. The three main sections; ‘drive shaft’, ‘clutch hub’, and ‘output shaft’ are 
arranged subsequently as shown in Fig. 1. Here the clutch plates are not immersed in the 
ATF, but the ATF is circulated from the oil sump at a rate of 1.8 l/minute through the 
interface. To generate power in the input drive shaft an electric motor is used at one end 
of the shaft and on the other end the shaft is connected with the reaction plate by a basket 
inside the clutch housing. When the motor drives the shaft, the reaction plate also rotates 
at a specified speed. A double acting hollow hydraulic cylinder around the drive shaft is 
used to apply the normal force to the clutch housing. The other side of the reaction plate 
faces the friction plate attached to the clutch hub and is connected to the output shaft. 
When the axial force is applied to press the clutch surfaces together and the electric motor 
drives the drive shaft, the torque is transmitted through the clutch interface from the input 
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to the output shaft due to the generated friction. The test parameters: oil temperature, 
contact temperature, applied load, torque, oil pressure and rotational speed are 
continuously measured during the test. While testing the operating parameters like load, 
sliding speed, slip time and oil temperature can be easily controlled [11]. 

 

Fig. 1 Internal arrangement of the wet clutch test rig (reproduced from Fatima et al. [11]) 

2.2.2 Test Conditions 

The normal load was applied for 5 s when the drive shaft was rotated at a maximum speed 
of 290 rpm.  The clutch plates were lubricated in between engagements with oil flowing 
at a rate of 1.8 l/min for 10 s. The oil temperature was maintained around 90 C during 
test. A typical test cycle is illustrated in Fig. 2. 

2.2.3 Run in stage 

To run in the surface’s, 500 cycles’ run-in period was run prior to the duty cycles. The 
difference between duty test cycles (see Fig. 2) and run in test cycles was the applied 
load. A normal load of 5kN was applied during clutch engagement for the run in cycles 
and a load of 10 kN was used for the duty cycles. This run-in period is a method of 
conditioning new clutch plates by providing this initial running period under light load. 
Initially both the paper based friction plates and the steel reaction plates have some 
surface irregularity and unevenness due to the production process. This surface condition 
of the clutch plate results in irregular friction (μ) during steady state (constant speed and 
constant load). The friction-velocity relation also changes during running in stage. Run in 
stage affects the liner porosity and the reaction plate roughness as well. Therefore run in 
stage was followed before the main test for all the test samples. 
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2.2.4 Duty Cycles test stage 

After the run in stage and the first 500 duty cycles as reference test, 20 ml of distilled 
water (conc. 28700 ppm or 2.9 weight %, where the ATF density at 15 C is 0.846 kg/l 
according to the technical data provided by the manufacturer) was added for each water 
contaminated test. This was followed by a 15 minute’s cooling and 15 minute’s mixing 
periods for each test according to Table 1. After this the regular test was followed for two 
different number of test cycles (1000 and 4500 duty cycles), to compare the friction 
characteristics and ATF ageing for different test durations. Each test for two different 
numbers of test cycles (1000 and 4500 duty cycles) and two test conditions 
(uncontaminated and water contaminated) was repeated for three times to check the 
recurrence of the outcome. 

Table 1 Friction Test Stages 

Run In 
Stage 

Reference 
Stage Cooling, Water Addition And Mixing Period Regular Test 

Stage 

500 run in 
cycles, 
5 kN load 

500 duty test 
cycles 
10 kN load 

No water addition for 
uncontaminated test 

20 ml water added for 
water contaminated test 

1000 and 
4500 duty 
test cycles 

 

Fig. 2 Test profile from the usual test data during duty cycle 
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2.3 Static ageing test 

Along with the friction test in the test rig, the static ageing of the ATF was also observed, 
where one friction plate was immersed in ATF and another plate was immersed in water 
contaminated ATF (5 ml distilled water in 200 ml ATF, conc. 28700 ppm or 2.9 
weight %) for 210 hours at 90 C in an oven [16]. The purpose of this test was to age the 
ATF in presence of water and friction liner without any tribotest. Additionally this 
statically aged ATF can be used to evaluate the thermal ageing due to the interaction 
between ATF, paper based friction liner and water under static conditions. In this case, 
the water mixed with the ATF was not making any emulsion since no stirrer was used to 
prevent the sedimentation of the water contaminated ATF mix during static ageing in the 
oven. 

2.4 Post-test analysis 

After the friction test and the static ageing tests the new and the tested lubricant samples 
were compared by using different analysis like thermogravimetric analysis (TGA) and 
spectral analysis. The viscosity measurement for the uncontaminated and water 
contaminated ATF was also a part of this analysis. Prior to these analyses, new ATF 
containing water (conc. 28700 ppm or 2.9 weight %) was mixed using an ultrasonic bath 
to achieve a homogenous emulsion and thereby to accomplish a similar molecular 
mobility under high pressure and temperature in the lubricant stream. The appearance of 
this water-ATF mix was like milky emulsion rather than clear oil. 

2.4.1 Thermal stability test 

The thermal stability of both the friction tested and statically aged ATF both with and 
without water contamination was investigated and compared with new ATF (mixed with 
2.9 weight% water and without water) with a Thermogravimetric analysis (TGA) 
instrument TGA Q500 (New  Jersey, USA). The temperature range utilized here was 
between ambient and about 600 C in air atmosphere, at a rate of 10 C/min. This TGA 
method (ASTM D6375) measured the decomposition of the lubricant in air by measuring 
the weight loss during heating and the temperature was recorded at the onset of 
decomposition. To evaluate the weight loss steps precisely the 1st derivative of the TGA 
curve or Derivative Thermogavimetry (DTG) was used to provide the decomposition rate.  

2.4.2 Viscosity measurement 

Additionally the dynamic viscosity of the new ATF (with and without 2.9 weight% water 
contamination) was measured at 40 C and 90 C under controlled stress using a standard 
Bohlin CVO 100 Rheometer.  
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2.4.3 Spectral analysis  

Infrared spectra were recorded on a Bruker Vertex 80v vacuum FTIR spectrometer 
equipped with a DTGS detector. All spectra were recorded at an ambient room 
temperature of ~23 C using the double side forward-backward acquisition mode. A total 
number of 128 scans were co-added and signal-averaged at an optical resolution of 4 cm-1 
using a ZnSe Attenuated Total Reflection (ATR) crystal. The ATR crystal was mounted in 
a vacuum tight cell. The resultant interferogram was Fourier transformed using the Mertz 
phase correction mode, a Blackman-Harris 3-term apodization function and a zero filling 
factor of 2.  

To record spectra of the possible water-soluble additives, 10 weight% distilled water was 
added to fresh new ATF oil. The ATF-water emulsion was formed after ultra-sonication 
for 10 minutes. It was then centrifuged for 30 minutes at 20000 rpm implying that the 
micro emulsion separated into a water phase and an oil phase. The precipitate was further 
extracted by adding milli-Q water and subsequently it was centrifuged at 3000 rpm for   
10 minutes to avoid any possible influence from the oil phase. A small part of the water 
fraction so obtained was transferred to a ZnSe ATR crystal. The crystal with the deposited 
water phase was dried in a vacuum desiccator to evaporate the water and the FTIR 
spectrum was recorded for the dry sample. 

3 RESULTS AND DISCUSSIONS 

3.1 Frictional Characteristics 

The duty cycle’s friction data was recorded and analysed. A constant speed of 290 rpm 
and a constant load of 10 kN were used for the measurement of the mean coefficient of 
friction (COF) during the duty cycles. Fig. 3 shows the mean COF during 5000 test cycles 
with and without water contamination. It indicates that the mean COF increased when 
water was added to the ATF which follows the same trend as observed previously [11, 
12]. The increased friction level for water addition continues for around 750 cycles after 
which the friction starts to decrease gradually. As this test progresses, the mean friction 
drops at a higher rate than for ATF without added water. This quick decline of friction 
after initial increased friction actually denotes degradation of the transmission system. 
The other test run for 1500 number of test cycles also showed the similar friction 
behaviour. Similar friction trend (Fig. 3) for the repeated tests indicated the repeatability 
of the test results. 
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Fig. 3 Mean COF during ageing test 

3.2 Thermogravimetric analysis (TGA)  

In order to evaluate the impact of water on the thermal stability of the tested and static 
aged ATF the TGA data were analysed and compared. No specific change in thermal 
stability was noticed in the TGA analysis (Fig. 4a) of the static aged ATF samples. 
However, the water contaminated ATF (after 5000 cycles) indicates lower exothermic 
peak temperature (283 C) in the DTG curve, (Fig. 4b) as well as less thermal stability 
compared to the uncontaminated tested ATF (after 5000 cycles for the same time (270 C). 
In Fig. 4(b), ‘New ATF+ water’ shows weight loss around 100 C most possibly due to the 
evaporation of water. Though there is no obvious weight loss around this temperature for 
the tested oils. This suggests added water has been consumed (not only for evaporation 
but also for reaction) during test. The comparatively unaffected static aged sample of 
water contaminated ATF indicates incomplete mixing of water and ATF. There is almost 
no (~0.17% to 0.2%) remaining residue after the TGA of the ATF samples, except some 
dark spots on the sample pan surface.  
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(a) 

  
(b) 

Fig. 4 Thermogavimetric  analysis curves (TGA) (left) and Derivative thermogavimetry 
or DTG curves (right), which measures the slope or derivative of the mass change with 
temperature during TGA for (a) static aged ATF (with and without water), (b) the new and 
friction tested ATF.  

3.3 Dynamic Viscosity 

The ATF mixed with the added water can form an emulsion in the test rig and can thereby 
change its viscosity. Table 2 shows that the measured dynamic viscosity at 40 C is rather 
high for the water contaminated ATF. However, the dynamic viscosity is almost similar 
for fresh and water contaminated ATF at 90 C. Since the operating temperature in the rig 
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is very close to this temperature (90 C), ATF viscosity change when contaminated with 
water is not likely to have any large effect on the increasing friction in the clutch 
interface. The results from the viscosity measurement and the TGA show that the bulk 
properties of the ATF remained almost the same even after water contamination, which is 
in conformity with the finding by Cen, et al. [9]. 

Table 2 Viscosity measurements at 40 C and 90 C for new ATF with and without water 

Temperature 
Dynamic Viscosity[Pa-s] 

Difference 
ATF ATF + water 

40 °C 0.025 0.027 8.4% 

90 °C 0.007 0.008 5.3% 
  

3.4 Fourier Transform Infrared (FTIR) Spectroscopy  

The FTIR spectra (see Fig. 5a) of the new ATF and the water containing ATF samples 
show absorption bands at 1730 cm-1 and 1705 cm-1 due to the C=O stretching 
vibration of carbonyl groups [17]. The band at 1705 cm-1 is shifted to 1703 cm-1 when 
the ATF was contaminated with water and the half-width of the band increased, 
indicating hydrogen bonding interaction between the carbonyl group and water. 
Carboxylic acids as well as esters usually exhibit C=O stretching in this spectral range. A 
strong band also appeared at 694 cm-1, beside the methylene in- phase rocking mode at 722 
cm-1 (see Fig. 5b), and together with a broad shoulder at 750 cm-1 (shown in Fig. 5b) for 
the water contaminated ATF sample after 1500 test cycles. The band appearing at 694 cm-1 
was even stronger than the 722 cm-1 band after 1500 test cycles (shown in Fig. 5b). 
However, these two bands (694 cm-1 and 750 cm-1) had disappeared after 5000 test cycles. 
The origin of these bands will be the subject of further investigation. It may be noticed in 
this context that organic chlorides show strong absorption between 785 cm-1 and 540 cm-1. 
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Fig. 5 FTIR spectra of a new ATF, new ATF with 2.9 weight % water and tested ATF 
samples showing two zoomed in sections (a) the carbonyl stretching region and (b) the 
spectral region between 750 cm-1 and 650 cm-1. 

The lubricity or the properties of the chemical boundary film formed by the 
formulated ATF depends, among other things, on its solvation power. The solvation 
power in turn is dependent on the polarity of the molecules added to the base oil. Usually 
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commercial synthetic ATFs are composed of poly alpha olefin (PAO), esters and 
additives [18]. PAO is the fully saturated non-polar hydrocarbon part of the base oil and 
it has a low solvation power for water. On the other hand the esters have a polar 
functional group and therefore water has a higher solvent power for such groups. Not 
only solvent power is important, but the strength and properties of the boundary film is 
also essential. This strength depends on the simultaneous presence of polar and non-polar 
oil species. Friction modifiers (FM), one of the key surface active additives, generally 
have a long straight hydrocarbon molecular chain as the tail and a polar group as the 
head. The polar head group in FM is to interact and adsorb onto the friction interfaces. 
Besides, the non-polar group has two roles: i) solubilized in the non-polar base oil and ii) 
separation of the solid-solid contact. Then the reduction of friction by FM is the synergy 
of both the groups’ actions (interaction and separation). The common polar groups used 
for friction modifiers formulations are: i) Carboxylic acids or derivatives, ii) Phosphoric 
or phosphonic acids and their derivatives, and iii) Amines, amides, imides and their 
derivatives [19]. Other surface active additives like the detergents and dispersants, both 
also have the long hydrocarbon tail and a polar head. This polar head contains metal ion 
in case of detergents and ‘oxygen and/or nitrogen’ atoms in case of dispersants. In both 
cases, the non-polar hydrocarbon tail or oleophilic ends make the additives soluble in the 
base oil [20]. Detergents like calcium sulfonates are frequently used in ATF to stabilize 
the friction characteristics. Besides, dispersants are important for ATF to control thermal 
decomposition and oxidation products which can be impregnated into the holes of the 
porous paper friction liner and thus change the friction characteristics [2, 4, 20]. 
Therefore, all these surface active additives play the key role to maintain the boundary 
lubrication in the clutch interface and thus control friction i.e. reduce the friction at low 
speed and increases the friction at high speed. Since water is a polar compound it can 
interact with polar additives like detergents, dispersants and friction modifiers. 
Consequently, the interaction between water and polar ester groups or polar additives is 
interesting to look into. Although the extracted and dried fraction from the centrifuged 
ATF/water emulsion (11.6 weight% water) will increase the concentration of water 
soluble additives on the surface of the ATR crystal, it should be emphasized that 
additives in water-ATF solution and additives in water extract state may not show 
identical IR spectra. However, dominant absorbance bands of the possible additives in 
ATF can be seen in the spectrum of the dried water extract (Fig. 6). Some of these 
absorption bands were hidden behind the dominant bands in the spectrum of the new 
water contaminated ATF or the bands were too weak to be observed. The carbonyl bands 
between 1700 cm-1 and 1730 cm-1 were, however, also observed in spectra recorded for 
water contaminated new ATF. The spectrum of the dried water extract show two weak 
bands at 1659 cm-1 and 1615 cm-1 (too weak to be observed in the spectrum of the 
water contaminated ATF) and a shoulder at about 1530 cm-1. In this spectral region 
vibration modes from amides could be expected together with N-H bending vibrations 
from amines and amides. It may be noticed that hydrogen bonding generally increases 
the frequency of bending modes [17]. So the water extract shows the possibility of 
dissolving the amides from the ATF. At lower wavenumber there are strong absorption 
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bands for both the water extract and the water contaminated ATF at 1460 cm-1. There 
is possibility of carbon-carbon stretching at 1460 cm-1 for aromatic ring structures such 
as aromatic sulfonates. The methylene scissoring vibrations as well as the CH3- in plane 
bending vibration also show absorption bands around 1460 cm-1. Since the spectral region 
around 3300 cm-1 clearly indicated hydrogen bonded O-H and/or N-H entities, the band at 
1404 cm-1 may be due to the infrared absorption from O-H bending vibration. The typical 
symmetric bending vibration of CH3 appears at 1377 cm-1. The latter band has clear 
shoulder at 1368 cm-1, which might indicate two or more CH3 groups attached to the 
same carbon atom.  S=O in other sulfur compounds like sulfonates and sulfonic acids 
also provides the asymmetric stretching at around 1350 cm-1 and symmetric stretching 
at 1150 cm-1. There are also prominent bands in the 1250-1000 cm-1 range, which 
possibly originates from phosphate (PO4

3-) compounds [21, 22]. The weak absorbance of 
the water contaminated ATF at 769 cm-1 and 694 cm-1 are absent in the spectra of the 
water extract.  As mentioned before usually aliphatic chlorides result in absorption of  
C-Cl stretching in this range (785-540 cm-1) [17]. Other significant bands at 1234 cm-1 
and 722 cm-1 in the spectra of ‘New ATF + water’ emulsion a r e  absent in the spectra 
of the ‘dried water extracted’ sample. These bands may be due to water insoluble 
additives and/or the base oil itself. 

 

Fig. 6 A comparison between FTIR spectra of the dried ‘new ATF with 2.9 weight% 
water emulsion and the centrifuged and dried water extract from new ATF with 10 
weight% water emulsion 
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3.5 Discussions 

The observed spectral features of the water extract (Fig. 6) showed the effect of water on 
water-soluble additives and esters in the ATF, as well as clarified the possible degradation 
mechanism of the ATF contaminated with water. During normal clutch operation the 
external water in the ATF sump scattered as droplets can readily form water-in-oil 
emulsion. These water-in-oil droplets are stabilized by the surfactants in ATF like 
detergents and dispersants. This surfactant stabilized water-in-oil droplets are called 
reverse micelles. Here, the polar head of these surfactant additives works as a hydrophilic 
part and the non-polar hydrocarbon tail works as a hydrophobic part. When the water 
concentration is considerably high then the other surface active additives like friction 
modifiers also can form this emulsion with the water droplets. In either type of the 
emulsion product, the water droplets can be kept apart by the repulsive forces of the long 
oleophilic part of the surfactants [19] and distinct water phase formation can be hindered. 
These droplets are dispersed randomly and subjected to Brownian motion in the non-polar 
base oil solvent. In regular system with uncontaminated ATF, the surface active 
molecules should gather in such a way that the polar groups can be attracted to the friction 
interfaces and the non-polar groups can be solubilized in the base oil. The surface active 
friction modifier molecules generally form multi-molecular clusters and align themselves 
perpendicularly due to Van der Waals forces, so that they can  provide hard to compress 
but easy to shear surface molecular layers as tribofilm [20]. So the anchoring of the 
surface active molecules to the friction interfaces is very important for the formation of 
friction modifying tribofilm. Oppositely, in water contaminated system due to the 
formation of that is reverse micelles i.e. water-in–oil emulsion there can be possible 
inaccessibility of the water soluble friction modifier and other surface active additives for 
the friction interface. This can immediately affect the formation of a tribofilm and thus 
contribute to the increase of the friction. The DTG curves in Fig. 4b and the spectral data 
in Fig. 5 confirms the absence of the added water in ATF after a thousand test cycles, as 
well as indicates that the water from the reverse micelles droplets were evaporated 
constantly during test. This hypothesis also supports the insignificant change in the 
thermal stability and in the FTIR spectral features for the water contaminated ATF after 
5000 test cycles. Additionally, earlier frictional performance deterioration revealed in the 
present work and, the previous [12] evidence of loss of antishudder property and faster 
friction interface degradation confirms this possibility of the change in the surface active 
additives’ action due to water contamination. Since the additive-water interactions, 
reverse micelles formations and sudden rise in friction due to lack of additive-friction 
interface interactions can accelerate the friction interface degradation for pore clogging 
[20] and consequently provides the rapid frictional loss during service. The minor change 
in the thermal stability and physical characteristics for water contaminated ATF should 
not be liable for this ultimate change in clutch durability. Though, a large amount of water 
(28700 ppm/2.9 weight %) was used in the present work, the change in the dynamic 
viscosity (Pa-s) was negligible at the operating temperature (Table 2). So, the ATF quality 
was not significantly changed due the formation of emulsion in this accelerated test.  
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The above hypothesized degradation mechanism of ATF by water is summarized in Fig. 
7. The illustration shows the effect of water presence in ATF can change the function of 
surface active additives like FM’s on the friction interfaces. Since the affinity among FM-
water molecules is higher than the affinity among FM-friction surfaces, the friction 
modifying tribofilm formation on friction interface by the friction modifiers and other  
surface active molecules is hindered. On the other hand, interactions among these 
additives and the polar water molecules form randomly dispersed reverse micelles. The 
possibility of inadequate friction modifying tribofilm on the friction interfaces can be the 
most considerable cause of enhanced friction momentarily as indicated in Fig.7. Besides, 
pore blockage and glazing of the friction material might increase along with higher oil 
oxidation product and other insoluble wear debris  due to inadequate performance of the 
surface active additives like detergents and dispersant. The figure also demonstrates that 
altered friction surface condition and high friction for certain period can be responsible 
for the rapid friction interface degradation and permanent loss of clutch performance. 

 

Fig. 7 Schematic illustration of the possible ATF degradation mechanism rout by water as 
a contaminant 
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4  CONCLUSIONS 

This paper presents an experimental approach to evaluate degradation of water 
contaminated ATF and to detect the particular reason responsible for the change in the 
wet clutch system’s friction behaviour due to water contamination. The following 
conclusions can be drawn from this work:  

 The present paper clarified the impact of water presence on ATF performance. The 
dynamic viscosity was almost unchanged at the operating temperatures. In addition, the 
thermal stability of the tested water contaminated ATFs showed a minor impact of the 
water contamination in the ATF even after 5000 test cycles. Therefore no substantial 
influence of water on the base oil’s rheological properties and durability can be liable for 
the sudden increase in COF when water has been added to the ATF. 

 The friction data indicated the quick loss of mean COF for long test duration. 
Consequently, this confirms the increase in friction is a short-term effect of water 
contamination in ATF. 

 The FTIR spectra and the DTG curves of the tested ATFs showed the absence of 
water in the lubricant after several thousand clutch engagements in the test rig. This 
finding also supports the change in friction behaviour. 

 There is not any notable change in the FTIR spectra of the tested water contaminated 
ATF compared to the tested uncontaminated ATF. This implies that the key functional 
groups in the water contaminated ATF are unaffected after test. 

 However, one important result from the performed FTIR investigation of the water 
contaminated ATF is the fact that some of the surface active additives in the base oil are 
shown to accumulate in the water phase of the water-in-oil emulsion. 

So the current study indicates possible two mechanisms of ATF degradation for water 
contamination: i) rapid reverse micelles formations (responsible for the sudden increase in 
friction around 500 cycles in Fig. 3 due to the probable inadequate additive action) and ii) 
promoting ageing (responsible for gradually decrease in friction after 1500 cycles). The 
later was considered as an impact of water since water evaporated during the test, but the 
degradation still proceeded and can also be responsible for the previously [12] observed 
fast degradation in the friction interfaces, implies permanent change of the clutch system.  
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Highlights 

Tribotests are performed using a full-scale wet clutch test rig. 

Standard clutch plates are employed with water-contaminated commercial ATF. 

Surface sensitive techniques are applied to investigate the additive adsorption. 

Results suggest that water can vary the adsorption of the ATF additives which might be 
responsible for the friction rise observed when the ATF been contaminated with water.  

Abstract 

Boundary lubrication (BL) is the governing lubrication regime for the major torque 
transfer in wet clutch applications. The BL friction generated between the lubricated clutch 
surfaces is influenced by the adsorbed surface active additives or tribofilm formed on the 
surfaces. Water as a polar contaminant can change the absorbability of these additives. 
Standard clutch plates lubricated with water-contaminated commercial ATF were 
employed in a full-scale wet clutch test rig to evaluate the friction behaviour for a 
controlled test condition. Surface sensitive techniques like Scanning Electron Microscopy-
Energy Dispersive X-ray spectrometry (SEM-EDS), Fourier Transform Infrared 
Spectroscopy (FTIR) and X-ray Photoelectron Spectroscopy (XPS) were employed to 
characterize the chemical species of the tribofilm and to evaluate the additive adsorption 
on the friction interfaces. Though almost similar functional groups were found both in the 
uncontaminated and water-contaminated surfaces, frequency shifts in case of C=O 
stretching and PO4

3- absorptions on the water-contaminated friction interfaces indicated 
hydrogen bonding in the presence of water. There found to be a lack of Ca, S, and Zn, but, 
a presence e of high P on the steel surface and high Si, P, Fe and O on the water-
contaminated cellulose surface. The spectral analysis of water-contaminated cellulose 
surfaces also revealed formula groups such as O-C=O, C-O/Si-O, C-O/C-N and C=O. The 
results clearly demonstrated that with the same ATF formulation and same friction 
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interface materials the adsorption of the ATF additive can differ for water contamination. 
These differences in additive adsorption might cause the characteristic friction behaviour 
for water contamination. 

Keywords 

Clutches, Lubricant degradation, Lubricant additive, Surface chemical analysis 

1. Introduction 

Automatic transmissions (AT) are a popular choice for today’s vehicles for their quick 
response and convenience. The clutch selects only the gear range in AT, but it is not used 
when driving. The gear changes automatically. After first introduction of AT by Chrysler 
in 1941, there have been continuous modifications and improvements to execute automatic 
gear shifting as well as to enhance performance. With AT, oil lubricated wet clutches are 
mainly used for torque transfer purposes where more heat and energy is to be handled and 
to control torque. Lockup clutches in a torque converter or shifting device are important 
applications involving wet clutches in AT [1]. During operation, the wet clutches utilize 
the sliding friction occurring at the contacting clutch plates to enable the power transfer 
from the input shaft to the output shaft. One of the contact surfaces is the friction plate and 
the other is the steel reaction plate. In clutch systems, these plates are arranged alternately 
and a typical AT requires a multiple plate clutch system to amplify torque output with 
smaller plates. A low ratio of static to dynamic friction coefficient (μs/μd) is required for 
better shift quality and a shudder-free system [1]. However, it is also necessary to maintain 
enough μs for sufficient torque capacity. Additionally, friction-velocity characteristics play 
an important role in providing the desirable shudder-free characteristics. According to [1, 
2, 3] negative friction-velocity relationship can cause friction induced shudder. The 
friction material plays an important role as a basic functioning clutch component. Of the 
various friction liner materials the cellulose based materials are now preferred for their 
friction-speed characteristics, cost, and environmental aspects. The components might 
vary for different manufacturers, but paper or cellulose plates usually consist of phenolic 
resin bonded cellulose with activated carbon, graphite, solid friction-modifiers, 
diatomaceous earth (sedimentary rock with silicate cell walls of diatoms). Although, there 
are many different friction materials from traditional sintered bronze to recent hybrid 
materials, medium to high carbon steel (En6 or En42) can be used as counter surface or 
reaction plate material ubiquitously [2, 3]. Automatic Transmission Fluid (ATF) is used to 
lubricate these clutch plates. The rapid development of AT systems and improved clutch 
operation necessitates the development of more effective ATF. ATFs are used to remove 
heat or to clean the sliding clutch surfaces, and are also used to maintain the friction-speed 
characteristics which prevent shudder. ATFs are considered the most complex functional 
fluids among the automotive lubricants [1, 3]. This formulated lubricant of a complex 
mixture of additives to the base oils, so that it will function as a commercial transmission 
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fluid [1, 4]. ATFs are designed to provide the desired friction performance, viscosity-
temperature characteristics, anti-wear property and oxidation stability. Besides, viscosity 
index improvers, antioxidants and anti-wear additives; ATF formulation requires surface 
active additives, such as friction modifiers (FM), metallic detergents, dispersants etc. The 
dominant lubrication regime during clutch engagement is the boundary lubrication regime; 
the friction characteristics of the wet clutch thus depend largely on the interaction between 
these surface-active polar additives and the friction interfaces [2, 3, 4, 5]. The polar head 
groups of the amphiphilic surfactants interact with the clutch surface and form 
monomolecular layers. These layers of the adsorbed surfactants provide the boundary 
lubrication as the clutch engages, thus reduce sliding friction and wear. Friction modifiers 
are added to the ATFs to adjust the friction of the clutch [1]. The long hydrocarbon tails of 
the FMs solubilizes in the non-polar base oil and the polar heads anchored to the friction 
interfaces or reacts with the already adsorbed species. This interaction between interface 
and surface active FMs may form closely packed arrays of multilayer clusters (as proposed 
in [6]). Van der Waals force aligns the molecules in the multilayer clusters tend to align 
themselves in parallel to each other. The resulting layer resists compression, but is easily 
sheared and there is thus less friction. FMs (e.g. long chain fatty acids, aliphatic ester, long 
chain amines, amides, phosphonate esters, phosphate esters, etc.) reduce friction at low 
speeds. Dispersants (succinic imides, succinate esters, etc.) and detergents (metallic 
sulfonates like calcium sulfonates) increase friction at higher speeds [2, 4]. Phosphorus, 
sulfur compounds and zinc dialkyldithiophosphate (ZDDP) are the most widely used anti-
wear agent. A sulfur compound produces iron sulfides on a steel surface at extreme 
pressures and phosphorus compounds form iron phosphate on a steel surface during the 
boundary lubrication stage. These anti-wear agents together with amine or phenol type 
anti-oxidants also affect the ATF’s friction characteristics [1]. So the stable and shudder-
free friction generation depends on the nature of the tribofilm [2, 3, 5]. The thickness and 
effectiveness of this friction modifying tribofilm is related to a number of factors such as 
polar groups, chain length, configuration of the molecule, base oil or solvent, 
concentration, temperature, surface profile, and contaminants [6]. The polarity of water 
can influence the activity of polar additives and polar part of the base oil. It has also been 
proposed by Lancaster, et al. [7] that water in the boundary lubricated condition can ,1) 
influence the adsorption behaviour of the long chain organic compounds, ii) affect the 
formation of protective film by additives or oxidation ,and, iii) increase contact surface 
degradation. According to [7], water can modify the oxides formed for the interaction of 
long chain organic compounds with metals by forming free radicals. Some previous works 
[8, 9, 10] evaluated the effect of contaminating water on the wet clutch friction and on the 
clutch component. It was found that the addition of water in ATF intensified the mean 
friction coefficient initially, but in the long run the loss of friction increased with time and 
more rapidly degraded clutch life. It was also reported [9] that the presence of water 
promoted the negative friction-speed relationship.  
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The key objective for the present study was to characterize the tribofilm subsequent to the 
tests with water-contaminated ATF. It was aimed in this work to investigate the 
correlations between the tribofilm compositions and the friction characteristics. 

2. Materials and Method 

2.1. Test Materials 

The clutch plates used for the tribotest are a standard paper/cellulose based friction plate 
OEM TM# 2420333, supplied by General Motors and a steel reaction plate (OEM TM# 
8683024, supplied by BorgWarner). These type of friction pairs are manufactured for AT 
in GM vehicles. Dexron®VI, a commercially available fully formulated automatic 
transmission fluid, supplied by Petro-Canada Ltd. was used as the test lubricant. 

2.2. Tribotest Equipment and Test Conditions 

An automated full-scale wet clutch test rig was built to study the steady state (constant 
load 10 kN and constant speed 290 rpm for 5s slip time) friction performance 
characteristics of wet clutches used for automatic transmission. The test comprised three 
stages, i) 500 cycles running in stage (5kN load) to remove the initial clutch surface 
irregularities, ii) 500 cycles reference stage (10 kN load) to get the reference friction 
measurement before the water addition, iii) 1000 cycles regular stage (10 kN load) to 
evaluate the friction after water addition. The regular stage was continued for 1000 test 
cycles in the present work considering the friction behaviour observed in [8]. Since this 
previous study [8] showed that the coefficient of friction reached a maximum value around 
this period after water addition, before it starts to drop. 

Between test cycles the friction interfaces were lubricated with 800 ml ATF flowing at a 
rate of 1.8 l/min (kept at 90° C). In the water-contaminated test, 20 ml distilled water was 
added to oil sump after the reference stage and mixed for 15 min. During the test, the 
steady-state (constant load and speed) coefficient of friction (COF) was calculated and 
monitored. Full details of the test and the test rig can be found in [8]. 

2.3. Post-test Analysis  

The terminology used for post-test clutch plates is listed below in Table 1. 

Table 1 Terminology of the post-test samples 

Test Condition Cellulose Plate Reaction Plate 
Uncontaminated FPWOW RPWOW 
Water-contaminated FPWW RPWW 
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After the tribotest the cellulose plates and steel plates were rinsed with n-hexane for a few 
seconds and then dried in vacuum (according to ASTM standard E1829 guide) to prepare 
them for sensitive surface analysis. 

Scanning Electron Microscopy-Energy Dispersive X-ray spectrometry (SEM-EDS) 

A high resolution (ca 0.8 nm) electron microscope (Carl Zeiss Merlin FEG-SEM) 
admitting energy dispersive X-ray spectrometry (XMAX 20 EDS detector using Inca 
software from Oxford instruments) was used for chemical mapping and elemental analysis. 

Fourier Transform Infrared Spectroscopy (FTIR) 

Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR) was 
utilized to analyse the functional groups of the organic compounds in the surface film. IR 
spectra were recorded using a Bruker Vertex 80v FTIR spectrometer equipped with a 
diamond Attenuated Total Reflection (ATR) accessory and a doped Triglycine sulfate 
(DTGS) detector. Spectra were recorded under vacuum at room temperature (23 °C) and 
128 scans were co-added and signal averaged at an optical resolution of 4 cm-1. Both the 
cellulose and the steel plates were carefully washed with n-hexane to remove base oil 
before analysis. 

X-ray Photoelectron Spectroscopy (XPS) 

After SEM-EDS and FTIR spectroscopy of the cellulose liners, XPS analyses were 
performed using a PHI VersaProbe II Multitechnique XPS microprobe (consists of dual 
beam, 1 eV electron beam and 8 eV Ar beam) on the same location. The cellulose plate 
samples tested with and without water in the ATF (FPWW and FPWOW) were 
characterized using x-ray beam at 100 W. The analysed area was 1400 μm x 100 μm. 
Spectra were acquired at a 10-7 to 10-8 Pa base pressure, using Al kα monochromatic 
source with a spot size of 100 μm. Firstly survey scans were acquired on the samples. 
Secondly the high resolution spectra scans were recorded for the major detected elements. 
The data were further analysed by a curve fitting software PHI Multipack.  

3. Results and discussions 

3.1. Tribotest 

The mean COF calculated from the friction measurements during the reference and regular 
stages for each case (uncontaminated and water-contaminated ATF tests) are illustrated in 
Fig.1. It can be seen in Fig.1 that the mean COF is almost uninterrupted and stable with the 
number of test cycles for the uncontaminated fluid. Subsequent to the addition of water 
contaminated fluid a similar trend of friction that increases with the number of test cycles 



190  Paper D  
 

was shown as observed in the previous studies [6, 8]. The aim of this tribotest was to 
analyse the change in post-test surface chemistry due to water contamination. 

 
Fig. 1 Mean COF vs. number of test cycles 

3.2. SEM-EDS results 

The EDS test results of the post-test samples are shown in Table 2. In the case of the 
cellulose plate surfaces, the atomic concentrations of O, Si, P and Fe are high in the 
water-contaminated sample. FPWW also shows adsorption of N and Al traces on the 
surface. The uncontaminated post-test steel reaction plate RPWOW adsorbed Zn, Ca and 
S. In contrast, water-contaminated RPWW shows a lack of Ca, S, Zn and Si and 
comparatively high P content. The cellulose friction liner has a complex structure and the 
density and distribution of the major elements on the cellulose liner surfaces were 
evaluated by quantitative EDS mapping.  

As shown in Fig. 2, the major elements are almost homogeneously distributed on the 
surface and resemble the SEM-EDS results in Table 2. The chemical mapping of O and C 
shows comparatively lower ratio of C to O in the water-contaminated liner compared to 
the uncontaminated liner. This result was correlated with the influence of water on the 
rate of oxidation [9]. 
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Table 2 Atomic concentration comparison of large area EDS analysis 

Element FPWOW FPWW RPWOW RPWW 
C K 75.5 44.6 15.9 11.9 
N K - 8.1 - - 
O K 19.1 34.5 6.7 7.8 
Al K - 0.2 - - 
Si K 1.1 2.9 0.3 - 
P K 1.6 3.7 0.8 1.2 
S K 0.5 0.9 0.4 - 
Fe L 1.6 4.3 75.5 79.1 
Zn L 0.6 0.8 0.1 - 
Ca K - - 0.1 - 

    
a) Uncontaminated test sample FPWOW  

    

b) Water-contaminated test sample FPWW  

Fig. 2 Quantitative element mapping from the post-test cellulose surface EDS-SEM for 
the major constituents O, C, P and Fe 

3.3. FTIR results 

Fig. 3 presents the FTIR spectra of the post-test samples. The spectra are very complex 
containing several bands arising from the different functional groups contributed by the 
surface active additives, base oil and friction material. The FTIR spectra were analysed to 
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identify the functional groups according to their characteristic bands. Typical N-H stretch 
occurs at 3500-3300 cm-1 and free O-H stretching shows broad peak at 3650-3600 cm-1. 
The broad peak at 3350 and 3200 cm-1 (Fig. 3a) indicates that the hydrogen bonding shifts 
the wave numbers for O-H or N-H. However this was observed for both the 
uncontaminated and water-contaminated cellulose surfaces, which can be due to the 
environmental water adsorption. In this high wave number region, other two peaks at 
2941 cm-1 and 2899 cm-1 show a stretching mode of CH2 and CH3 groups. FPWOW 
shows (see Fig. 3a) a weak band at 1708 cm-1 that is shifted to a higher frequency 1713 
cm-1 in the spectra of FPWW. This band position usually corresponds to the stretching 
vibration of C=O in carboxylic acids [11]. It is noteworthy that the C=O stretching shifts 
to a higher frequency for oxygen conjugation. The other adjacent bands with peak 
intensities at 1666 and 1647 cm-1 show absorption due to N-H bending and C=O 
stretching in primary and secondary amides for both samples. The band at 795 cm-1, 
which corresponds to N-H wagging in secondary amine, can be found at a lower 
frequency for water-contaminated FPWW. However, assignments to a specific mode 
should always be made with caution in the fingerprint region of infrared spectra because 
the bands are usually a mixture of vibration modes. Absorption bands in the spectral 
region between 1464 cm-1 and 1448 cm-1 are, however, typical for C-H bending vibrations 
in methylene and methyl groups. The absorbance bands shifted at lower frequency for 
water-contaminated FPWW. The absorption at 1377 cm-1 shows CH3 bending. C-O 
stretching is also observed for both samples almost at the same positions, 1312 and 1207 
cm-1. Further, the strong and broad band centred at 1050 cm-1 with distinct peaks at 1058 
and 1047 cm-1 is most probably due to phosphate and C-O vibrations [2]. The intensity of 
the band is weaker in spectra of FPWOW than in spectra of FPWW samples, which 
indicates greater contribution from phosphate entities in the latter samples (Fig. 3a). 

The surface of the water-contaminated steel plate (RPWW, Fig. 3b) also shows a 
stretching mode of CH2 and CH3 groups at 2918 cm-1 and 2853 cm-1. These peaks are 
present at the higher frequencies 2975 cm-1 and 2890 cm-1 for RPWOW surface. RPWW 
further shows C=O stretching bands at 1749 cm-1 and 1726 cm-1. These bands are missing 
in the spectra of the uncontaminated RPWOW plates and are characteristic absorption for 
ester carbonyls. The weak absorption band at 1571cm-1 is not observed for the RPWOW, 
which sample showed the possibility of N-H bending. The strong and broad band (peaks 
at 1161 and 1137 cm-1) centred at 1160 cm-1 for RPWW is in the spectral region typical 
for phosphate vibration. This is present at higher frequency 1170 cm-1 for uncontaminated 
RPWOW. The band shifts to a higher wavenumber than the corresponding infrared band 
observed for the RPWW and cellulose surfaces (Fig. 3a), which is more indicative of 
P=O. However, a contribution from S=O stretching cannot be excluded [10]. The weak  
band at 1076 cm-1 might represent the absorption by C-O stretching in RPWOW, which is 
absent in water-contaminated RPWW. The water-contaminated RPWW also shows a 
weak absorption at 748 cm-1 corresponds to out of plane C-H bending. 
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(a) Post-test cellulose plates (FPWOW, FPWW) 

 
(b) Post-test steel plates (RPWOW, RPWW) 

Fig. 3 FTIR spectra obtained for the post-test friction interfaces 

The FTIR results indicate that all the major functional groups are present in both 
uncontaminated and contaminated friction interfaces. However, both the spectra from 
cellulose and steel surfaces show some shift for some of the absorbance bands and even 
the presence/absence of some peaks in the case of water-contaminated surfaces. For the 
water-contaminated cellulose surface, the absorbance bands shifted to higher frequency 
for C=O stretching, and shifted to lower frequency for N-H out of plan bending. 
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Furthermore, the water-contaminated cellulose surface spectrum contains features 
indicating higher PO4

3- absorptions. Additionally, the water-contaminated reaction plate 
shows the major frequency shift and occurrence of absorbance bands for C-H stretching, 
C=O stretching, out of plan C-H bending, N-H bending, P=O absorbance and C-O 
stretching in saturated carbon. These frequency shifts in the water-contaminated cellulose 
and steel spectra indicate hydrogen bonding in the presence of water in the ATF. 

3.4. XPS results 

The cellulose plate surface was further analysed with XPS, since this surface sensitive 
technique allows determination of the chemical nature of the uppermost (1-2 nm) layer of 
the tribofilm. This semi-quantitative analysis is useful for understanding the stoichiometry 
of the tribofilm. At first the survey scans (illustrated in Fig. 4a and Fig. 4b) were 
recorded. The survey spectra were recoded to identify the presence of major elements and 
peaks. The atomic concentrations calculated from these survey spectra are shown in Table 
3.  

The comparison between the friction plate samples shows that the water-
contaminated sample FPWW has a higher concentration of N, O and P. Moreover, 
FPWW also confirms the presence of Fe and Si which are absent in the uncontaminated 
FPWOW. The possible source of Fe on cellulose surface is the wear product from the 
steel plate. Si originates from the cellulose friction liner (Si rich diatomaceous earth) or 
from the ATF additives since the concentration on the steel plate surface is very low 
(Table 2).  
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(b) Water-contaminated FPWW samples 

Fig.4. XPS survey spectra measured on the post-test surfaces of a) uncontaminated FPWOW and 
b) water-contaminated FPWW samples. 

Table 3 Atomic concentration measured from the XPS survey scans in Fig. 4 

Element & 
Atomic Orbital 

Atomic Concentration % 
FPWOW FPWW 

C 1s 87.4 78.8 
O 1s 7.2 14.0 
N 1s 2.4 3.2 
P 2p 1.5 2.0 

Ca 2p 0.8 0.3 
S 2p 0.4 0.5 

Zn 2p3 0.3 0.2 
Fe 2p - 0.5 
Si 2p - 0.5 

Subsequently the high resolution scans were performed along with curve fitting for 
the major detected elements (O1s, C1s, S2p) on the post-test cellulose surfaces. These high 
resolution spectra (shown in Fig. 5) were recorded to identify the different chemical state 
of the elements present and for making chemical state assignments based on the reference 
data for the observed binding energy. The most prominent peaks of C 1s (see Fig 5a) at 
284.72 eV (FPWOW) and 284.75 eV (FPWW) referred to 285 eV from aliphatic carbon 
(C-C). A minor C1s peak found at 286.82 eV (FPWOW) and 286.01 eV (FPWW), where 
carbon should be found with oxygen and nitrogen. Another minor contribution from C1s 
(see Fig 5a) found at 288.31 eV indicates carbonate or carboxylic groups (O-C=O). O-
C=O suggests the presence of carbonyl groups: ester and/or carboxylic acid groups on the 
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water-contaminated liner. The curve fit of the C 1s shows a higher amount (17.10%) of C-
O/C–N in the uppermost tribolayer for water-contaminated ATF (FPWW) than in the 
uncontaminated FPWOW system (2.9%). Peak fitting of O1s is shown in Fig. 5a and it 
consists of two peaks for both samples. The first major peak found at 532.7 eV (for 
FPWOW) or at 532.11 (for FPWW) corresponds to C-O. In general, the curve fit of the 
C1s peak shows presence of O-C=O, C-O/Si-O and a higher amount of C-O/C-N, C=O on 
the water- contaminated cellulose plate surface. 

Only O 1s curve fitting for FPWW surface at this binding energy can be assigned 
to a C-O/SiOC species. The second contribution of O 1s peak fitting found at 532.7 eV 
(for FPWOW) or at 532.11 (for FPWW) can indicate that there is bridging oxygen/non-
bridging oxygen that can be assigned as Metal oxide/PO4

3- for FPWOW and Metal oxide/ 
PO4

3-/C=O for FPWW. Possible metal in metal oxides for O 1s curve fitting can be Zn or 
Ca found in both samples. The area occupied by these two major chemical states differs 
for the two samples.  

The Ca 2p shows two contributions at 350 eV and 347.2 eV (Fig. 5a). The 
intense peak at 347.2 eV corresponds to Ca-O for Ca2p3/2. The second peak for the 
Ca2p½ spectral line at 351 eV corresponds to CaCO3.  

The N 1s consists of one intense peak at 400 eV (Fig. 5b) which can be assigned 
to C-N.  

The P2p peak fitting (Fig. 5b) contributes initially Zn3s peak at 140 eV. 
However, the major P2p peak at 133.2 eV (Fig. 5e) indicates PO4

3-. 

 S2p has two contributions. The major peak at 163.5 eV for the S2p3 peak fitting 
corresponds to S-CHx in both samples. Other peaks at 162.67 eV and 161.57 eV 
correspond to metal sulfides and peaks at 162.67 eV and 161.57 eV correspond to 
oxidation state -2 assigned as CHx-SO2 (see Fig. 5b). Greater areas are occupied by metal 
sulphides and lesser areas are occupied by CHx-SO2 and S-CHx for S2p3 and S2p1 in the 
FPWOW sample compared to the FPWW sample.  

The Zn2p3/2 peak found at 1023 eV (see Fig. 5g) corresponds to ZnO for both 
samples. 

 Only the FPWW surface shows the presence of two minor peaks for the Fe2p 
curve fitting assigned to Fe2p3/2 and the Fe2p1/2 and two minor peaks for the Si2p 
curve fitting assigned to silicone at 102.9 eV and metallic Si at 99.4 eV (Fig. 5c).  
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 (a) Curve fitting for the C1s, O1s and Ca2p in the high resolution XPS spectra of FPWOW 
and FPWW 
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(b) Curve fitting for the N1s, P2p and S2p in the high resolution XPS spectra of FPWOW and 
FPWW 
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(c) Curve fitting for the Zn2p/3, Fe2p and Si2p in the high resolution XPS spectra of 
FPWOW and FPWW*(Fe 2p and Si 2p were only found in the FPWW samples) 

Fig. 5 High resolution XPS spectra measured on the post-test surfaces of uncontaminated 
FPWOW and water-contaminated FPWW samples and curve fitting for the major elements 
detected. 
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Table 4 Chemical state assignments from the high resolution spectra (see Fig. 5) XPS curve 
fitting results of the post-test cellulose plate surfaces 

Element and 
Atomic Orbital 

Chemical State of 
the species 

Binding Energy, eV,  (%Area) 
FPWOW FPWW 

C 1s 

C-C 284.72, 97.1% 284.75, 80.5% 

C-O/C-N 286.82,  2.9% 286.01, 17.1% 

O-C=O  288.31, 2.3% 

O 1s 

Metal-O/PO4 531.11, 62.6% 530.99,  38.1% 

C-O 532. 37, 37.4% - 

C-O/Si-O - 532.11, 61.92% 

N 1s C-N 400 400 

Ca2p Ca2p CaO 347.2 347.2 
Ca p1/2 - 350 350 

P 2p -PO4 133.2 133.2 
Zn 3s - 140.5 140.5 

S 2p 

S2p3 
S-Metal 161.61,   25.35% 161.57, 14.26% 
S-CHx 163.51,  28.10% 163.52, 35.45% 
CHx-SO2 167.97,  9.08% 167.98, 13.7% 

Sp1 
S-Metal 162.70, 16.73% 162.67, 9.41% 
S-CHx 164.69, 16.14 164.69, 20.32% 
CHx-SO2 169.15, 4.54% 169.6.85 % 

Zn 2p 3/2 ZnO 1021.8 1021.8 

Fe 2p 
FeO - 710.9 
Fe2O3 - 709.3 
Fe 2p 1/2  723.0 

Si 2p Si - 102.9 

 

The water-contaminated cellulose surface showed the presence of  Fe and Si, and has a 
higher atomic concentration of O, N, P. Briefly, these high resolution spectra (in Table 4) 
show that chemical species containing Ca, P, Zn, S and N are similar in both samples: Fe, 
Ca and Zn are found on the surfaces in oxide forms; N, P and partly S appear to be 
coupled with the organic matrix (C-N, -PO4, S-CHx-, CHx-SO2).  
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The XPS results (Table 3) as well support the major elements detected in SEM-
EDS of the post-test water-contaminated cellulose surface. 

The lubricant used for the tests is a fully-formulated commercial ATF. With a 
proprietary formulation, this ATF is a complex package of base oils and additives 
including friction modifiers, detergents, dispersants, anti-oxidants etc. The presence of O-
C=O, C-O/Si-O and high amounts of C-O/C-N, metal sulfide groups in the XPS study and 
C=O, N-H in the FTIR spectrum suggest that there was water effect on the adsorption of 
the detergents and friction modifier. The friction modifiers like fatty amide or amine are 
the usual precursors of the negative charged (due to dipole moment) inorganic C-O/C-N 
groups. The formation of metal sulfides and the shift in S=O, P=O are also considered to 
be enhanced by the typical anti-wear (AW) additives. Typical organic AW additives such 
as ZDDP decompose during sliding of the clutch plates and tribofilm forms due to 
reaction between the decomposition product and the metal steel plate. A previous study 
[7] shows that water presence can increase the decomposition rate of ZDDP and change 
the tribofilm composition. The presence of Fe in SEM-EDs and iron oxides, especially 
Fe2O3 in XPS could be due to severe abrasive wear and could also cause plastic 
deformation of the steel reaction plate. It has been reported [7, 12] that the lubricated 
wear of steel in a humid sliding system can be severe due to corrosion and continuous 
removal of oxides from the surface.  

Though the presence of Si is noticeable in the water- contaminated friction 
interfaces, the source and effect of Si in this water-contaminated tribosystem was not 
determined It can be from the cellulose plate or additives in the ATF. According to 
Lancaster, et al. [7] the presence of Si on the water-contaminated cellulose liner can lead 
to the formation of wear resistant protective films of hydrated amorphous silica. This can 
be the possible cause of the presence of high amounts of Si on the water-contaminated 
cellulose surface. 

4. Conclusions 

Various surface analysis techniques were applied to understand the tribofilm formation on 
post-test clutch plate surfaces under water-contaminated ATF lubrication. The XPS study 
reveals the presence of FeO, Fe2O3, O-C=O, C-O/Si-O and a high amount of C-O/C-N, 
metal sulfide groups in the water-contaminated cellulose surface.  This chemical state 
information from the high resolution spectra in XPS and frequency shifts for C=O 
stretching, N-H out of plan bending and  higher PO4

3- absorptions  in the FTIR spectra 
suggest that there is a water effect on the adsorption of the polar additives such as anti-
wear agents, detergents and friction modifier. Frequency shifts and the occurrence of 
absorbance bands for C-H stretching, C=O stretching, out of plan C-H bending, N-H 
bending, P=O absorbance and C-O stretching in saturated carbon for water-contaminated 
steel plate also indicated that there was a change in the post-test tribofilm composition. In 
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summary, the presence of formula groups is different for the differences in adsorption of 
the surfactants active additives (specifically friction modifiers, metallic detergents) in the 
water-contaminated friction interfaces. Additionally, the results show that the presence of 
iron or iron oxides on the cellulose liner are indications of increased reaction plate wear 
when water is present in the ATF. It is concluded that the differences in the tribofilm 
composition can be related to the predicted alteration in the action of polar additives in 
water-contaminated ATF and the observed high friction initially [10].  
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Influence of water on the tribological properties of zinc dialkyl-
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Terminology 

ATF   Automatic transmission fluid    

COF    Coefficient of friction   

BO    Base Oil 

AW    Anti-wear additives  

AO    Anti-wear additives  

FM   Friction modifiers  

Det    Detergent    

ZDDP   Zinc bis(dialkyldithiophosphate)   

Cal-sulfonates  Calcium sulfonates  

PAO   Poly α-olefin   

FTIR   Fourier Transform Infrared Spectroscopy 

μ-v    Friction-velocity  

Abstract 

Stable friction and a positive slope of the friction-velocity curve is characteristic clutch 
performance. Lubricated friction interfaces used for wet clutches generate different 
friction behaviour depending on the lubricant conditions. Usually the lubricant conditions 
vary for different lubricant formulations such as base oil type, additives, and for the 
presence of contaminant. The aim of this paper was to evaluate the water effect on some 
simplified model lubricants containing only common AW or AO additive (ZDDP) and 
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detergents (over-based Ca-sulfonates) in a mineral base oil (API Group I base oil), and to 
compare with a commercial fully-formulated automatic transmission fluid 
(DEXRON®VI). A full-scale wet clutch test rig was used to evaluate the frictional 
response due to water contamination of the lubricants. The remaining water content in the 
post-test lubricants was evaluated using the Karl-Fischer titration. Fourier Transform 
Infrared Spectroscopy was utilized to evaluate the variation in the solubility of these polar 
organic additives in the water phase for different formulations. Though the performance 
of the commercial fully-formulated ATF showed a large influence of water 
contamination, the effect was less in the simplified model lubricants with only ZDDP and 
over-based calcium sulfonates additives.  

Keywords 

Wet clutch, ATF, Friction behaviour, Water contamination, Additives, Contamination 
history. 

1. INTRODUCTION 

Wet clutches are used to transmit torque between transmitting elements. In an automatic 
transmission, multiple wet clutch plates are employed as a lock up clutch or shift clutch to 
select the correct gear ratio for planetary gear systems during shifting of gear. These 
lubricated clutches are also important for various applications in the drivetrain, such as in 
the limited slip differentials where they allow for continuous slipping. The torque 
transmitted during clutch engagement is due to generated friction in the lubricated clutch 
plates or friction interfaces. Static friction should thus be high enough to accomplish the 
desirable torque capacity of a clutch system. It is, however, difficult to achieve smooth 
clutch engagement or gear shift for higher static friction (μs) than the dynamic friction 
(μd). It is also important to ensure high friction at high speed compared to friction at a low 
speed. Both the high μs/μd and negative friction-velocity (μ-v) relationships can induce 
friction induced vibration or stick-slip [1]. This unstable action or clutch shudder between 
the rubbing surfaces tends to produce undesirable noise and harsh clutch engagements [2]. 
Therefore, clutch components should provide the positive μ-v slope and stable friction 
characteristics for a better performance. Though clutch friction is a combination of 
boundary friction and viscous shear, the dominant is the boundary lubrication regime. 
That is why; clutch performance largely depends on the interactions of the contacting 
surfaces with the surface active additives and polar part of the base oils. Automatic 
transmission fluids (ATF), a complex blend of additives and base oils are used for clutch 
lubrication. Though the required amount of additives in ATF for a particular performance 
is much lower than the amount of base oil, additives provide the necessary protection and 
benefits to the ATF [3]. Base oils alone cannot support the wet clutch applications at 
desired operating conditions [3]. Among different additives used for commercial ATF 
formulation, the surface active additives are friction modifiers (FM), anti-wear (AW), 
detergents and dispersants [4, 5]. The surface active additives or surfactants are molecules 
that have both hydrophilic and hydrophobic parts that show partial affinity toward both 



Paper E  209 
 
polar and non-polar surfaces. The hydrophobic part consists of non-polar moieties, such 
as alkyl groups (CnH2n+1). In contrast, the hydrophilic part consists of ionic functional 
groups (such as, CO2

- or NH4
+) or non-ionic polar groups such as, OH in alcohol 

molecule. This affinity toward both polar and non-polar groups makes it more probable 
that the surfactants interact with the surfaces. The interface between the solid clutch and 
lubricating fluid provides an ideal location for adsorption of surfactants [6]. The solid 
clutch provides locations at which the polar part of the surfactant can adsorb chemically 
or physically. Chemisorption involves chemical reaction between the contact surfaces and 
the surfactants, whereas physisorption involves electrostatic and van der Waal forces 
between them. Then the hydrophilic steel surface changes to hydrophobic surfaces due to 
these adsorptions of a monolayer of surfactants and their orientation in the layer [6]. On 
the other hand, hydrophobic cellulose surfaces are then converted to hydrophilic and this 
makes it easier to retain polar lubricants at the surface. At the boundary lubrication stage, 
clutch friction thus is dominated by the effect of surfactants. For example, friction 
modifiers added to ATF to modify the frictional properties [7]. FMs consist of long non-
polar hydrocarbon chain and polar groups such as, i) carboxylic acids or derivatives, ii) 
phosphoric/phosphonic acids and their derivatives, iii) Amines, amides, etc. [5, 6]. These 
polar head groups are the main factor in determining the effectiveness of the FM [3, 7]. 
As mentioned earlier, the polar parts of the FM are attracted to the contacting surfaces. In 
contrast, the alkyl groups were arranged perpendicularly so that strong electrostatic 
dipole-dipole interactions among the surfactants and van der Waals forces due to the 
orientation of these molecules will allow the formation of multi-molecular clusters of FM 
parallel to each other. These layers of FM stacking perpendicularly on one another are 
hard to compress, but are easily sheared. FM in this manner reduces friction during 
sliding [4, 5, 7].  

AW agents, detergents and dispersants also affect the friction behaviour [8]. 
Oxidation of the ATF produces deteriorated compounds. Worn out friction liners, 
oxidation products, particulates materials, and water can come into the lubricant system 
and disrupt the proper function of ATF. Surfactants such as, dispersants and detergents 
are widely used in transmission fluid to keep insoluble wear debris and ATF oxidation 
products dispersed in the ATF and prevent blocking of the porous friction liner [8]. 
Dispersant are an ash-less, non-metal cleaning agent containing long alkyl group and a 
polar head group incorporating the inclusion of oxygen, nitrogen or boron. The polar head 
interacts with sludge particles and due to the long hydrocarbon chain this sludge is 
dispersed in the base oil. Besides, detergents provide cleaning action by neutralizing acids 
or oxidation product. This additive contains an oleophilic hydrocarbon tail with polar 
metal ions and this oleophilic group acts as a solubilizer in the base oil. The most widely 
used detergent polar substrate type is sulfonates and the metal ions are Ca2+, Mg2+ and 
Na+. Over-based sulfonates are formed by a complex reaction between neutral metal 
sulfonates and a metal-hydroxide, in presence of CO2 and alcohol promoter compound. 
Over-based sulfonates containing basic salts in excess of the stoichiometric amount are 
more effective in neutralizing the acidic bodies. The ‘over-based calcium sulfonates’ thus 
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are mostly used detergent in ATF [8]. This additive contains as oleophilic alkyl group 
with polar metal ions and this oleophilic group acts as a solubilizer in the base oil. 
Together with neutralizing the oxidation and acidic products in ATF, the major role of 
detergents is to stabilize friction. According to Kugimiya, et al. [5] metal sulfonate 
detergents with succinimide dispersants can increase friction coefficient at high speed. 
Tohyama, et al. [9] also reported the interaction of friction modifiers and over-based Ca 
sulfonates can improve the anti-shudder property by decreasing low speed friction and 
increasing high speed friction. Furthermore, over-based Ca sulfonates also shows an anti-
wear property which can be related to the protective film formation due to the probable 
physical deposition of metal carbonate formation [10]. The mechanism is different from 
typical AW additives.  

Typical AW agents for ATF include sulfur compounds, phosphorus compounds, 
zinc bis(dialkyldithiophosphate) (ZDDP) [3, 4, 5, 11]. ZDDP plays the key role as AW 
and AO in most of the ATF formulation to control wear and oxidation. To aid the AO’s 
property, phenol or amine types of AOs are added to the ATF. These neutral compounds 
are more soluble in the non-polar solvents due to long chain derivatives. Zhao, et al. [12] 
studied μ-v relationships for basic additives in PAO6 based fully formulated ATF using 
variable speed friction test (VSFT) rig. The study revealed [12] influence of ZDDP and 
over based Ca sulfonates on the friction behaviour. When amine and ester based FM are 
present in the system it is possible to maintain friction and increase durability. They 
conclude that the presence of AW and detergent additives affect the activity of the FMs.  

The specific characteristics of the surfactants, the presence of other polar solvents 
such as water can interfere with the activity of these surfactants in the ATF and thus 
influence the clutch friction behaviour. The authors [13, 14] found that water presence in 
the commercial fully-formulated ATF initially increases the friction level [13] and the 
friction-velocity slope becomes negative [14] with increasing water concentration. A 
long- term tribotest after water addition [15] showed faster loss of friction and rapid 
clutch degradation. Moreover, the adsorption of surfactant additives and carbonyl groups 
in the ATF on to the friction interface was found to be altered for the water-contaminated 
ATF [16]. Though spectral analysis and thermal analysis reveal no water phase left in the 
ATF after several clutch engagements [15], it was not confirmed what the water 
concentration in the ATF flow was when the friction was increasing. One important 
observation from the earlier work [15] was that some of surface active additives and ester 
groups in the ATF can accumulate in the water phase when adding water in the ATF. 
However, this commercial ATF used in [13-16] was fully formulated and the formulation 
can be a very complex blend of different surfactants in high quality base oils. It was thus 
difficult to understand how different surface active additives can interact with water. In 
this respect, it was also important to identify the key responsible polar part of the ATF 
(polar part of base oil or surfactant additives) and water interaction that can change the 
friction behaviour for a certain period.  
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The influence of water upon the mineral base oil containing long-chain ZDDP and 
over-based Ca-sulfonate additives and their friction behaviour under boundary lubrication 
in wet clutch contacts was investigated in this work. Based on previous research [13-16], 
the aim is to explain the exact mechanism by which water affects the tribological 
performance of a fully-formulated ATF. 

2. EXPERIMENTAL DETAILS 

Two simplified model lubricants, common AW and/or detergent additive containing 
mineral base oil were tested for friction behaviour when water-contaminated in a full-
scale wet clutch test rig. To facilitate comparison with the previous studies and findings 
[13-16] regarding water contamination, the same test rig and the same test method [16] 
was applied during the friction test. Later the post-test lubricants were tested for viscosity 
and water content. The water-soluble lubricant constituents were analysed using FTIR to 
explain the friction results. 

2.1. Test Lubricants Composition and Designation  

The base oil employed here was the API Group I mineral oil, with the kinematic viscosity 
of 32.9 cSt at 40 ºC. The additives used here are over-based Ca sulfonates and long chain 
ZDDP. The over-based Ca sulfonate has the general formula [(RSO3)2Ca]m∙[CaCO3]n, 
where R=alkylphenyl, m, n=natural number. ZDDP has the general formula 
Zn[SP(S)(OR)2]2, where R=long alkyl group. These simplified lubricants are prepared and 
supplied by Statoil, Sweden. 

DEXRON®VI (supplied by Petro-Canada, Canada) with density at 15 ºC is 0.846 
kg/l, kinematic viscosity 29.1 cSt at 40 ºC and 6.0 cSt at 100 ºC (according to the 
manufacturer) was utilized as the commercial fully-formulated ATF to compare with 
these model lubricants. The test lubricants and the acronyms used for them are listed 
below in Table 1. 

Table 1.  List of the test lubricants 

Test Lubricants  Acronyms 
Base oil (API Group I mineral oil)  BO 
Base oil +AW additive (long chain ZDDP primer)  Oil A 
Base oil +AW additive(long chain ZDDP primer)+ 
Detergents (over-based calcium sulphonate) 

 
 

Oil B 

Commercial ATF (DEXRON ®VI)  ATF 

2.2. Friction Test 

The friction tests were carried out in order to compare their friction characteristics for two 
different lubricant conditions; i) water-contaminated and ii) uncontaminated. The test 
cycle during the friction test is illustrated in Fig 1. The oil temperature was maintained at 
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around 90 ºC during the test. Each test was repeated three times to check the repeatability 
of the results. Each test cycle starts with speed ramp from 0 to 290 rpm in 2 s. Around 2 s 
after the speed has reached 290 rpm, the constant load 10kN was applied. After 5 s the 
load was removed and the speed starts to ramp down to 0 rpm in 2 s. In between two test 
cycles, oil flow (1.8 l/min) was pumped from the sump for 7 s to lubricate the clutch 
interface. This test cycle was chosen according to Matsuoka et al. [17] to study the steady 
state friction at constant speed with a stable pressure. 

 

Fig. 1 Typical test cycle during friction test 

 

Each friction test involves 1) initial stage of 500 cycles of running in, ii) 500 cycles 
reference stage ,and, iii) 1000 cycles regular stage. 

Running-in stage 

In the beginning, there was observed 500 running in cycles for every test. For running in 5 
kN normal load was applied during clutch engagements. This is a method of surface 
conditioning initially with lighter load, before the actual test to remove the initial surface 
irregularities and for steady friction behaviour during steady state. 
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Reference test stage 

After the running-in stage there was a reference test stage for 500 test cycles (applied load 
10 kN). The purpose of this stage was to the evaluate friction at the uncontaminated state, 
before water contamination. 

Water addition  

After the reference stage, the rig was stopped for 15 minutes to cool down the oil sump 
for the water addition. 20 ml distilled water has been added into 800 ml lubricant (conc. 
28700 ppm or 2.9 weight% for ATF’s density 0.846 kg/l and 2.84 weight% for model 
lubricants’ density 0.82 kg/l) in the oil sump. Next the oil pump was running without 
clutch engagements to mix the lubricant with the added water. For uncontaminated test 
the same cooling and mixing stages were followed without adding any water to keep the 
same operating conditions. 

Regular test stage 

After the reference stage, cooling, water addition (for water contamination test), and 
mixing stages, the friction test was continued for another 1000 test cycles of the regular 
stage.  

Test plates 

The friction pair used was a paper-based and grooved friction plate (OEM #2420111, 
supplied by BorgWarner) with a steel reaction plate (OEMTM # 8683024, supplied by 
General Motors). Both the plates are commercially available, and are used for first 
generation transverse, front wheel drive hydramatic transmission, such as 4T60, 4T60E. 
Here the paper friction liner is coated on an internally splined core steel (medium carbon) 
plate. The paper liner consists of mostly cellulose fibres with small amounts of aramid 
fibres, which are impregnated with a phenolic resin binder. The steel reaction plate with 
outer splines is made of standard steel (≈ 0.35-0.45% C) and the surface roughness is 
around 0.25 μm. 

Test rig 

A test rig (see Fig. 2), designed for the paper based friction clutch configurations in the 
automatic transmission, was used for the current study. 
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Fig. 2 The wet clutch test rig 

The design was based on the test rig designed by Mäki [18] to study limited slip 
clutch friction properties. This test rig has the benefits of a full-scale test rig, and is able 
to control the input operating parameters. The test method was designed to measure the 
wet clutch friction under boundary lubrication conditions during static load. Moreover, 
the rig does not have the complexity of a real transmission. In the clutch housing the 
reaction plate is connected to the input drive shaft and on the other side the friction plates 
is connected to the output shaft. The drive shaft is powered by an electric motor with 
gearbox through a torsionally rigid flexible coupling. A load cell (Sensy 5900) is adjacent 
to the clutch hub and measures the axial force. A double acting hollow piston around the 
drive shaft was used to apply the normal load to the clutch housing. The other side of the 
output shaft is fixed and connected with a torque sensor (Sensy 6100). When the clutch 
engages, the friction plate rotates and the torque transmitted from the drive shaft to the 
output shaft and can be measured with the torque sensor. The oil sump is heated by an oil 
coil connected with two external heaters. A similar type K thermocouple inserted into a 
hole drilled in the outer edge of the steel reaction plate measures the clutch contact 
temperature. The torque output of this clutch test is then used to calculate the friction 
coefficient. This rig was entirely controlled by a National Instrument system (NI SCXI-
1000) using the LABVIEW virtual instrumentation software. This control system features 
the measuring components and controls six channels of input or output data (axial load, 
rotational speed, output torque, contact temperature, oil temperature and oil pressure). 
The details of the test rig can be found in [12].  

2.3. Karl-Fischer Titration for Water Content Measurement 

The water content of the post-test ATFs was measured using the Karl Fischer titration 
method. The titration method in this study was coulometric titration (ASTM D4928) to 
determine trace amounts of water in the oil sample. For the present studies Aquamax KF 
plus v.13.08 was used. Its main compartment is a titration cell containing an anode 
solution with the analyte. Initially, before equivalence point the anode solution contains 
little I2, but high I-. Excess I2 appears at the equivalence point and abrupt voltage drop 
marks the end of the titration. This instrument determines the water content by measuring 
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the amount of electrolysis current necessary to produce the required iodine. When electric 
current is provided to the titration cell, the platinum anode generates I2. One molecule of 
I2 is consumed for each H2O molecule. The titrants were specially formulated for use with 
this Aquamax KF titrator, and are suitable for most routine applications including the 
water content of oil samples. The reaction involved: 

 I2+SO2+3C5H5N+H2O→ 2C5H5N∙HI+ C5H5NSO3             (Eq. 1) 

2.4. Viscosity Measurements 

The dynamic viscosity of the post-test lubricants (including base oil and commercial 
ATF) was studied at 40 ºC and 90 ºC under controlled stress conditions (ASTM D445). A 
standard Bohlin CVO 100 Rheometer, that automatically calculates dynamic viscosity 
from the results, was used for this study. The kinematic viscosity for each measurement 
was calculated considering the lubricant density according to the supplier. 

2.5. Fourier Transform Infrared (FTIR) Spectral Analysis 

A Bruker Vertex 80v vacuum FTIR spectrometer equipped with a doped Triglycine 
sulfate (DTGS) detector was used for Fourier Transform Infrared (FTIR) Spectral 
analysis. All spectra were recorded at room temperature (23 ºC) using the double side 
forward-backward acquisition mode. 128 scans were co-added and signal-averaged at an 
optical resolution of 4 cm-1. A ZnSe Attenuated total reflection (ATR) crystal was 
utilized, which was mounted in a vacuum cell. The resultant interferogram was Fourier 
transformed using the Mertz phase correction mode, a Blackman-Harris 3-term 
apodization function and a zero filling factor of 2. To separate the water soluble 
surfactants or other polar constituents of the base oil from the model lubricants and the 
ATF, 11.6 weight% distilled water was added to all the fresh new lubricant samples.  The 
ATF-water mixture formed a water-in-oil emulsion after ultra-sonication for 10 minutes. 
The emulsion was then centrifuged for 30 minutes at 20000 rpm so it could be separated 
into water and oil phase. The precipitate was then extracted by adding milli-Q water. This 
precipitate was centrifuged again at 3000 rpm for 10 minutes to avoid any influence from 
the oil phase. The second precipitate was extracted again and a small part of it was 
washed with n-hexane and dried in vacuum. Then the dried extract was transferred to a 
ZnSe ATR crystal. The crystal with the deposited water phase was mounted in a vacuum 
cell and an infrared spectrum of the dry sample was recorded. 

3. RESULTS AND DISCUSSION 

3.1. Friction Characteristics 

Friction behaviour at steady state was monitored during the friction test for different 
lubricant formulations in uncontaminated and water-contaminated conditions. Fig. 3 
shows the change in the mean coefficient of friction during clutch engagement versus 
number of test cycles.  
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(a) Water contamination study. Model lubricants and commercial ATF: DEXRON®VI 

        

(b) Water contamination study. Base oil 

Fig. 3 Steady state friction behaviour during tribotest 

 

 

Both the uncontaminated lubricants, Oil A and Oil B, displayed stable friction 
during test, though the friction level is much lower compared to the uncontaminated 
commercial ATF. The water-contaminated lubricant with only ZDDP (AW) additive, Oil 
A, showed some interesting features, similar to the commercial ATF. Oil A showed 
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increase in friction from the uncontaminated state when water has been added. Compared 
to the commercial ATF, this change in friction is smaller in this simplified model oil. In 
contrast, for the water addition into the system after 500 duty cycles, no noticeable 
changes were detected for Oil B with both the AW and detergent additives. The base oil 
without any additives showed increasing friction with number of test cycles in the 
uncontaminated state and after water addition the system. After water addition to this 
system a quick drop of friction occurred and then again, after approximately 200 test 
cycles, the previous trend of increasing friction with test cycles was seen. So, water 
addition did not show any stable change in the base oil that could influence its irregular 
friction behaviour. 

3.2  Kinematic Viscosity and water content of the post-test lubricants 

Table 2 showed the kinematic viscosity of the post-test lubricants for both water-
contaminated and uncontaminated tests at two different temperatures. The post-test 
commercial ATF showed no change in the kinematic viscosity of the water 
contamination. The base oil also showed no difference in the viscosity for water 
contamination at 90 ºC and around 12.5% lower viscosity at 40 ºC. It can be seen that at 
an uncontaminated state Oil A with only ZDDP has higher viscosity than the Oil B with 
both the additives. In contrast, the post-test water-contaminated Oil B showed a greater 
viscosity increase at both temperatures than the uncontaminated sample. These negligible 
changes in the viscosity for the water contamination in Oil B can be due to the presence 
of detergent additives. However, these minor differences in the viscosity could not be 
related to the different friction behaviour observed in Fig. 3. 

Table 2: Kinematic viscosity of the post-test lubricants 

Test Oil Kinematic Viscosity [cSt] 
Water-contaminated test Uncontaminated test 
40 °C 90 °C 40 °C 90 °C 

Base Oil 31.7 8.5 32.9 8.5 
Oil A 31.7 9.8 31.7 9.8 
Oil B 32.9 9.8 31.5 8.5 
ATF 30.7 9.5 30.7 9.5 

 

The water uptake and the remaining water content in the different lubricant 
samples at different stages of the water-contamination test are shown in the following 
Fig.4. 
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Fig. 4 water content in different lubricant samples 

Fig. 4 shows that the water content was the highest in the fresh oil B, which  
 
contained ZDDP and over-based Ca-sulfonate. It can be due to the crystalline water in 
CaCO3 which is hydrophilic in nature. The fresh commercial ATF also dissolved small 
amounts of water which became even smaller after running in the test rig for 500 cycles at 
90 ºC before the water addition sample. It can be seen from the above measurement that 
the remaining water content is the highest in the commercial ATF after running for 200 
cycles with the added (2.9 weight%) water. However, the remaining water concentration 
dropped to a very low value after running for 1000 cycles with the added water. This is 
probably due to the evaporation of water since oil temperature was above 90 °C in the oil 
reservoir, so water was continuously removed from the system. In the case of the 
simplified model lubricants, oil A can dissolve a lesser amount than the oil B during the 
test and after 1000 test cycles. It is clear that the base oil dissolved the least water among 
all the tested lubricants after being used in the friction tests.  

 

3.3. FTIR analysis  

Fig. 5 shows the FTIR spectra for the dried-centrifuged extract from the water phase of 
the test lubricants ‘Oil A’, ‘Oil B’ and the commercial ATF. Both Oil A and B shows a 
very broad band in the spectral region 3500-3100 cm-1 corresponding to OH stretching. 
For ‘oil B’ with over-based Ca-sulfonate this band is much stronger than the 
corresponding band for ‘oil A’ with only ZDDP.  This indicates a stronger interaction 
between the detergent and water than between ZDDP and water. FTIR spectrum (see Fig. 
5a) of ‘oil A’ shows stronger absorbance at 2957, 2924, and 2854 cm-1 those correspond 
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to C-H stretching [19] compared to oil B. The infrared band at 1653 cm-1 is due to the 
bending vibration of water. The bands for oil A peak intensities at 1454 and 1379 cm-1 are 
characteristic for CH2 and CH3 bending modes [19]. The weak absorbance bands for both 
samples at 1180, 1140, and 1020 cm-1 is associated with P-O-C vibrations [11, 12, 20]. 
The methylene in phase rocking can be observed at 725 cm-1 for oil B and 720 cm-1 for 
‘oil A’ [19]. The spectrum for ‘oil A’ showed clear indication of P=S at 675 cm-1[11, 20].  

Subtraction of a spectrum of BO (see Fig. 6) from spectra of BO containing ZDDP 
and detergent also revealed weak absorption bands due to carbonate at 1497 cm-1 and   
898 cm-1 in addition to a peak absorbance at 1327 cm-1 that may be associated with S=O 
stretching from the sulfonate detergent [10, 21] and a broad spectral feature between  
1200 cm-1 and 1000 cm-1 that in addition to P-O-C vibrations also may contain stretching 
vibrations in the sulfonate group (not shown in Fig. 5). 

For the commercial ATF almost similar peaks can be identified for OH-, H-C-H,   
C-C alkyl group, and CH- stretching together with P-O-C and P=S vibrations. Moreover, 
there was observed (Fig. 5 b) additional bands for carbonyl stretching in the 1730-1650 
cm-1 region [10, 19] and strong S=O vibrations in the spectral region 1200-1000 cm-1.  

 
 

 

(a) Simplified model lubricant 
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(b) Commercial ATF DEXRON®VI 

Fig. 5 FTIR spectra of the dried extract of the centrifuged water phase from the new lubricant 
with 11.8 wt% water emulsion  

 

Fig. 6 FTIR spectra of the fresh base oil (BO) 
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3.4 Discussion 

It was also observed in the FTIR spectra (Fig 5a) of the ‘dried extract of the water phase 
from ‘oil A-water emulsion’ that ZDDP can interact with the added water. However, due 
to lack of other surfactants the amount of water which remained in ‘Oil A’ during 
tribotest (Fig. 4) was lower than the amount which remained in the other oil B containing 
‘over-based Ca sulfonates’ detergent. Detergents intake of the added water prevents water 
from interacting with other additives such as FM and AW. Note that Detergents and 
dispersant can be deactivated by the contaminants, not by other additives like ZDDP [7, 8, 
and 21]. FTIR spectra (Fig. 5a) of the ‘dried extract of the water phase from ‘oil B-water 
emulsion’ showed the evidence of the detergent’s accumulation in the water phase as well 
as modification in the ZDDP’s interaction with water. These results also support the 
friction behaviour (Fig. 3a) observed for the ‘water contaminated oil B’. So the presence 
of over-based Ca sulfonates in ‘oil B’, prevent the change in friction after water addition 
as it was seen for oil A. 
The model lubricants’ friction behaviour in the presence of water is a clear indication of a 
difference in the additives’ activity in the water contaminated lubricant. Mean friction 
was increased from the uncontaminated state when water was added to ‘oil A’ with 
ZDDP. This change in friction indicated ZDDP and water interaction which can influence 
the friction reducing tribofilm formation. ZDDP have multifunctional performance in 
clutch lubrication. During clutch engagement and due to operating conditions, ZDDPs 
undergo different chemical transformations. The tribochemical reaction between the steel 
plate surface and ZDDP forms complex tribofilm structure. Some of the Zn[SP(S)(OR)2]2 
dissolved in the base oil and adsorbed into the surface. Some of the Zn[SP(S)(OR)2]2  
decomposed into thio acid (RO)2P(S)SH [22]. This (RO)2P(S)SH structure can be 
analogues to the surfactants’ structure for a long alkyl chain (C16-18), thus can be adsorbed 
into the friction interfaces and reduce the friction in the contact [23]. Thus ZDDP in the 
BO can modify the resultant friction under boundary lubrication [11, 12, 22]. ‘Oil A’ also 
showed the similar actions by providing lower friction (Fig 3a) compared to the BO (Fig. 
3b) lubricated contact. 

Besides, the base oil BO without any additives cannot dissolve the added water due 
to the lack of any surfactants or polar additives. This API Group I base oil is the least 
refined of all the groups. This is usually a mixture of different hydrocarbons with little or 
no uniformity [3]. According to API 1509, appendix E, solvent refined API Group I 
mineral base oils contain less than 90% saturates, more than 0.03% sulfur and VI range of 
80-120. Though the aromatics in it contains π-electrons in the aromatic rig and makes it 
slightly polar in nature, this base oil is less polar than esters [3]. Therefore, the remaining 
water concentration (Fig. 4) during tribotest was the lowest among other lubricants with 
additives. The friction behaviour shown in Fig 3b can also be related to the remaining 
water concentration in the base oil (Fig. 4). It can be seen from Fig. 3b that the friction 
starts to decrease after water addition in the base oil and it was continued for 200 cycles, 
when the water content was the highest for the base oil. The cooling of the lubricant for 
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the added water can contribute to this decrease in friction for base oil. Around 200 cycles 
after the water has been added to the base oil, the remaining water was removed from the 
system due to evaporation (Fig 4, BO: 1000 cycles after water addition) and the friction 
increased to the level it was before water contamination (Fig. 3b). 

The above outcome also clarifies the water effect in the commercial ATF.  Though 
the formulations of conventional and commercial ATFs bearing ‘DEXRON®’ certificated 
fully formulated lubricants vary with the manufacturer, they usually contain 10-25% 
additives in high quality base oils [3]. The group IV oil or PAO derived from ethylene is 
mostly used as the base oils for the recent commercial oils [3], contain fully saturated 
hydrocarbon molecules, so polar and hydrogen bonding interactions are negligible. Since 
PAO are non-polar and polar esters are added to the synthetic or semisynthetic 
commercial oils as base oil to improve the solubility of the surfactant additives. The 
properties of DEXRON® type of ATFs resemble synthetic ATF containing (20% ester 
base oil, 70% PAO, base oil and 10% additive) [3]. These esters in the base oil, ester-
based friction modifiers and other friction reducing surfactants can also interact with the 
added water readily, and prevent the tenacious but easily sheared friction reducing films 
on the clutch surface. Thus the friction increases promptly after adding water into the 
commercial ATF. The change in friction was relatively high compared to a simple model 
lubricant containing only one or two additives. The present work also revealed that, the 
friction deterioration continued due to water contamination induced clutch degradation 
[15] even when the added water was completely removed from the system (See Fig. 4). 
This suggests the significance of water contamination history of a clutch system during 
condition monitoring of the ATF.  

4. CONCLUSIONS 

The influence of water contamination on friction behaviour were evaluated in the present 
study based on the simplified lubricant system and was compared with the previously 
studied [15, 16] commercial ATF test results. The research results implied the following 
conclusions: 

 Water contamination seems to be not influencing the kinematic viscosity, a bulk 
lubricant property for both the commercial ATF and the simplified model lubricants. 

 Though ZDDP mainly work as an AW agent, for a long alkyl chain it can work as a 
friction modifying additive which can reduce the friction compared to a base oil 
only system. Water most likely prevents the formation of this friction modifying 
boundary film by long alkyl chain ZDDP, thus friction cannot be modified when it is 
water contaminated. 

 By adding another polar additive such as, over-based Ca-sulfonates, the change in 
the friction due to water contamination can be lesser than the case with only ZDDP. 
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This indicates the water and surfactant interaction reduces the possibility of water-
ZDDP interactions.  

 It is also clear from this study that the influence of water for each additive is 
different. Therefore, the influence of water in fully formulated commercial ATF is 
an accumulation of several water-additive interactions. The presence of higher 
concentration of different surfactants and ester-based base oil/FM can have a more 
rapid and greater water effect on clutch friction. 

Commercial ATF is manufactured as a well-balanced base oil and additive package to 
meet the ATF performance. The insertion of water can destroy this balance and change 
friction performance more severely than a simplified lubricant system.  
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Influence of clutch output shaft inertia and stiffness on the 
performance of the wet clutch 

Nowshir Fatima*, Pär Marklund and Roland Larsson 

Division of Machine Elements, Luleå University of Technology, Luleå SE-97187, Sweden 

 

Abstract 

Being a part of the complex mass, spring and damper system in a driveline, the choice of 
design factors like, output shaft stiffness and inertia of a wet clutch system can influence 
its performance. 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. A low inertia system in general showed a faster degradation 
and shorter clutch life for high torsional oscillation. Besides the system becomes more 
shudder sensitive for lower natural frequency in case of less stiff system. The less stiff 
output shaft with low inertia showed the highest shudder tendency among the four 
conditions. The differences in performance for different output shaft conditions become 
noticeable for numerous clutch engagements or a degraded system. The effect of different 
shaft design conditions is also illuminated in the topographical analysis of the reactions’ 
surfaces and morphological study of frictional surfaces. 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.  

KEY WORDS 

Wet clutch; friction induced vibration; torsional stiffness; inertia 

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 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 
(Miyoshi (1)). 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 (Mäki (2), Lingesten, et al.. (3)). Since the clutch torque is generated from the 
interface friction, high and stable friction coefficient is very important to maintain the 
required output torque and smooth operation (Ingram, et al. (4)) for all these clutch 
applications. However the friction coefficient gradually drops throughout clutch service 
life due to the degradation of the clutch components (Fei, et al. (5)) chiefly the friction 
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material and automatic transmission fluid (ATF) due to several chemical, mechanical and 
thermal factors (Maki (2), Berglund, et al. (6), Marklund, et al. (7)). This 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. Two conventional 
mechanisms leading to shudder in a wet clutch system are stick slip and oscillatory sliding 
((Ingram, et al. (8), Kato, et al. (9)). Stick slip occurs when the static coefficient of 
friction exceeds the dynamic coefficient of friction and oscillatory sliding is the result of 
frictional instability where a self-excited condition exists that amplifies vibration. Both 
stick slip and oscillatory sliding can be detectable for negative friction-velocity slope or 
negative damping in the system. However, any clutch system requires a long life span as 
well as necessary torque generation capability with a very low tendency of shudder 
(Ingram, et al. (8)). As a result, the wet clutch frictional stability and shudder occurrences 
are regarded as complex interconnected facts which depend on several parameters. 

 

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

 There has been extensive experimental (e.g. Ingram, et al. (4, 8), Devlin, et al. 
(10), Gao, et al. (11), Kaneko, et al. (12), Ohkawa, et al. (13)) and numerical 
investigations ( e.g. De Valde, et al.(14), Kani, et al. (15), Jarvis and Oldershaw (16), 
Drexl (17)) by previous 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, reaction plate’s 
surface conditions, lubrication chemistry, physical properties, thermal  factors, clutch 
operating conditions, contamination etc. (Mäki (2), Berglund, et al. (6), Fatima, et al.(18) 
Berger, et al. (19)). Clutch shudder investigations reveal not only friction influencing 
factors including physical and chemical properties of clutch material, lubricant, clutch 
operating conditions, contamination etc. but also, the mechanical design parameters 
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(stiffness, damping and inertia), driveline alignment and assembly etc. can influence the 
shudder properties (Yamada and Kunihiko (20), Nause (21)). Researchers (e.g. Centea, et 
al. (22, 23), Crawther, et al. (24)) in different numerical and analytical studies on clutch 
frictional vibration considered the dynamic behaviour of friction clutches from a mass-
spring-damper system approach. In a recent study by Yuan, et al. (25) showed 
theoretically that system damping and stiffness can be liable for the dynamic instability in 
friction clutches. It was also experimentally verified that the inertia and spring stiffness of 
a clutch system affects the vibrational response (Herscovici (26)). Holgerson, et al. (27) 
and Gao, et al. (11) observed individually in different experimental studies that the clutch 
engagement with lower moment of inertia is finished earlier than that with high moment 
of inertia, meaning that for a certain engagement time there should be smaller sliding 
distance for the transmission shaft with a higher inertia. Ost, et al. (28) studied wet clutch 
torsional vibration for a small scale rig with variable damping and spring stiffness. They 
found the system oscillations was aborted by increasing damping in the system and the 
oscillations amplitude 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 or small scale test rigs, which are less comparable to a real system. 
And to the authors’ knowledge there is no details experimental investigation 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 and the shudder tendency, utilizing a fully 
automated and controllable wet clutch test rig. The outcomes from this study can be 
beneficial for the development of reliable and shudder free wet clutch system.  

EXPERIMENTAL METHOD 

Since the transmission system for a driveline is a complex arrangement of components 
with different mass-spring-damper, several previous investigations (e.g. Centea, et al. 
(23), Abuasaker and Srniotti (29), Rababeih and Crolla (30)) considered the mechanical 
model of a drivetrain with a shift or lockup clutch transmission as a combination of these 
elements. Therefore, the clutch performance for the different combinations of mechanical 
parameters can be presumed applying the basic mechanics. So in a clutch system where 
the undamped output shaft (stiffness, k and inertia J) is working as a torsional spring 
undergoing a vibrational motion, the total torque generated due to clutch friction Ff, or   

 is                  (Eq. 1) 

i.e. before full engagement,                 (Eq. 2) 

In this vibrational motion, there is back and forth transformation of the potential energy    
( 2

2
1 k ) stored due to shaft spring displacement into kinetic energy )( 2

2
1 J  to accelerate 
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the system inertia to a minimum potential energy state and vice versa. Therefore 
considering Eq. [2] for the addition of inertia and increasing stiffness of a simple wet 
clutch system, the system oscillation or the vibrational response will be decreased 
according to energy conservation. Moreover, the vibrational response of any mechanical 
system is highly dependent on the natural frequency (Abuasaker and Srniotti (29)), which 
is related to the ratio of system stiffness and inertia Jkn . So that a stiffer shaft will 
raise the natural frequency and on the opposite way adding mass (inertia) will lower it. In 
this paper how wet clutch shudder occurrence and friction characteristics can be 
optimized by controlling the mechanical parameters, stiffness and inertia related to input 
force and frequency variation is experimentally evaluated. The experimental details are 
described in the following sections: 

Test Rig Organisation  

A full scale driveline is not commonly used for the experimental studies of clutch shudder 
because of its complex mechanical system (Mäki (6), Ost, et al. (31)). So a test rig is 
designed for the experimental work. Though this full scale clutch test rig does not fulfil 
the actual automatic transmission design, this design is flexible enough for repetitive tests 
in controlled operating conditions to study different friction influencing parameters and 
economical than the field test. It is designed for 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 is free to rotate a small angle during clutch 
engagement allowing the torsional movement of the output shaft. The whole arrangement 
allows the torque transmission from the drive shaft to the output shaft through the axially 
loaded clutch. The rig, along with the measuring components, is controlled by a National 
Instrument control system. Six channels of data (axial load, torque, rotational speed, 
contact temperature, oil temperature, and oil pressure) are collected as well as the 
generated friction coefficient is continuously calculated in the LABVIEW virtual 
instrumentation software for the measured load, torque and given interface dimensions. 
Details of the test rig measuring and control equipment can be found in Fatima et al. (18). 
During tests several modifications were done in the test rig including change of output 
shaft stiffness and inertia required for specific test conditions (Table 1).  



Paper F  233 
 

 

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

Test Materials 
Commercial paper based friction plate (OEM™ #24202333, Borg Warner) with standard 
steel reaction plate (OEM™ #8683084, General Motors) are used in this study. These 
clutch plates are recommended for input clutch application in General motors (GM) 
passenger cars with automatic transmissions. These radially grooved friction plates are 
composed of a paper based friction lining coated on a steel substrate plate with internal 
splines. The steel reaction plate surfaces were conventionally rolled and tumbled to 
provide around 0.25 μm of average surface roughness (Ra). The clutch plate dimension 
details can be found in Fatima, et al. (18). For the present study, the friction pairs are not 
immersed in the lubricant (ATF) but ATF is circulated (flow rate 1.8 l/min) through the 
friction interface from an oil reserve. A commercially available GM DEXRON®VI (29 
cSt at 40 C) is used to get the best possible clutch lubricant performance according to 
Fewkes (32). 

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 (Table 1) defined as four different 
combinations of shaft stiffness and added inertia were examined. Same test conditions 
and types of friction plates were chosen to keep the four cases comparable where stiffness 
and inertia were varied. According to the derivation of stiffness, the output shaft stiffness 
k depends on the shaft dimensions and material properties,  

k ldGlGJ 324          (Eq. 3) 

where, J, G, d and l are polar moment of inertia, modulus of rigidity, diameter of shaft 
and length of shaft respectively. So using Eq. 3, for decreasing the shaft diameter from 28 
mm to 16 mm (around 0.5 times) the stiffness is lowered from 6273 N-m/ rad to 669 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 
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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 1. 

Table 1 Test parameters in four different combinations for inertia and stiffness study 

Case Length 
(mm) 

Shaft 
diameter(mm) 

Stiffness,  
k 

(N-m/ rad) 

Inertia, 
J 

(kg-m2) 

Natural 
frequency 

(Hz) 
1 (High k, High J) 760 28 6273 0.072 47 
2 (High k, Low J) 760 28 6273 0.0047 184 
3 (Low k, High J) 760 16 669 0.072 15 
4 (Low  k, Low J) 760 16 669 0.0043 63 

Every test batch for each case is generally divided into three stages (see Table 2); 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 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 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 2 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 3000 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. (33) 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 behaviour. 
The purpose of the running in period is to stabilize the friction and torque generation from 
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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 2) 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 around 5kN (F = p*A=1 Pa*4635 mm2 ≈5 
kN) and 10kN (F = p*A= 2 Pa*4635 mm2 ≈ 10kN) 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 (Hamrock, et al. (34)), 

mN RnFT           (Eq.4) 

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, which is one 
for single interface. 

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 reaction plate surfaces were investigated using the Wyko NT1100 3D 
optical surface profiler. 

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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Analysis of the friction measurement 

The mean COF during total test duration (number of cycles) is compared in Fig. 6 for four 
different cases of output shaft stiffness and inertia combinations. In the earlier stage the 
friction levels are almost close to each other for four cases with the same mean friction 
value around 0.14. On the other hand, at the later stage mean friction coefficient levels are 
dissimilar for the four different cases. The lowest friction is found for case 2 and the 
highest one for case 3 at the end of those tests. Case 4 has the second lowest friction level, 
which is in fact stopped earlier (at ~15000 cycles) due to excessive shudder generation 
during μ-v measuring cycles (See Fig. 7d). The total duration of other cases are around 
25000 cycles. 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. 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. The drop of friction coefficient for a number of cycles is the 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.  

 

 

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) 
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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. 7a, 
7b, 7c and 7d. 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. 7b), while not much shudder is found in case 1 even after 25000 duty cycles 
(Fig. 7a). 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. 7c) 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. 7d), which lead to 
that the test for case 4 is aborted. 

 
   (a)      (b) 

 

   (c)      (d) 

Fig. 7 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). 
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The test results from Fig. 6 and Fig. 7 are summarized in Table 3. The loss of mean 
friction coefficient in percentage is shown for all cases after 15000 and 25000 cycles. 
This table also shows the number of duty cycles for the shudder occurrences for the 
individual cases and their amplitudes. The test data show much lower 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 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 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 and stiffer shaft. 

Table 3 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 
After 
15000 
cycles 

After 
25000 
cycles 

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

* For case 4 the total test time is 15000 duty cycles due to the occurrence of excessive shudder. 

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 (Fei, et 
al. (5), Ito, et al. (35)). A degraded surface can affect the microscopic contact area, oil 
film thickness, temperature level, internal damping, oil flow, etc. As discussed earlier the 
clutch’s friction-velocity relation as well as overall frictional behaviour is also influenced 
for this. So the change in the frictional response with the number of test cycles should 
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also be noticeable from the change in the frictional surface conditions. In the present 
study, the visual inspection of the used friction surfaces found indifferent glazed, dark and 
worn out grooves for all cases. A scanning electron microscopy (SEM) investigation of 
the friction surfaces is made. SEM micrographs of the new unused friction plate and used 
friction surfaces are shown in Fig. 8. 

 

Fig. 8 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 (Fig. 8a), which 
changes enormously during test as it is shown in other SEM figures (Fig. 8b, 8c, 8d and 
8e). The used plates looks smooth in texture and fillers are pulled out and detached from 
the fibres. 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 shown very smooth glazed surfaces with the remaining fibre-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 and case 4 
with the more worn friction surfaces with few fibres 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 
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friction layer compared to the samples from other cases  which are checked after 25000 
duty cycles.  

Analysis of the reaction plate surfaces 

Uniform contact is required between the friction and reaction plates for the essential 
torque transfer that is a combined operation of the surface asperities and the lubricant 
shear. 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 (Greenwood and Williamson (36), Nyman, et al. (37), Fish and Lloyd (38)). 
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 thermo-elastic 
process (Ingram, et al. (4)). Oppositely, this non uniformity in the contact can be possible 
for thermal distortions and localized constraints (Zagrodiski (39)). The investigated 
topography of the new and used reaction plate surfaces are illustrated in Fig. 9. There is a 
noticeable difference in those surface profiles for tested samples from four different tests. 

 
Fig. 9 Sliding surface images with 3D optical profiler for a new reaction plate sample and 
samples from the four different cases after tests (sliding direction is marked with arrow). 
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The surface profile of the new reaction 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 surface after the case 1 test seems to be very flat with some 
light sliding marks and waviness. The 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 reaction 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 reaction plates’ surfaces disclose the effect of the dissimilar degradation of the 
frictional surfaces (see Fig. 8) for four different cases. The more uniform and flat surface 
for case 1 compared to case 3 reaction 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 reaction 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. 

Discussions and evaluation of the overall findings 

In general, our studies show that the friction coefficient decreases during the service-life. 
However the rates of frictional loss with time are not the same for the four different 
investigated cases with different output shaft stiffness and inertia. The test results (Table 
3) shows that a low shaft inertia wet clutch system degrades faster providing low torque 
and friction compared to a higher shaft inertia system with the same test conditions. These 
outcomes match well with the theoretical relations described before (see sec. 
Experimental Method, Eq. [2]), that there is less frequent torsional displacement for a 
high inertia and this might result in low contact temperature and less deformation for the 
certain engagement time. It is also found that there exist comparatively less friction losses 
for the cases with a less stiff shaft with lower natural frequency. 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), as well as 
higher frictional loss and lower clutch life with the presence of shudder. However, the 
shudder occurrence in the friction-speed measurement cycles is massive for a clutch with 
a less stiff output shaft (see Fig. 8c and Fig. 8d), whereas the frictional loss is 
comparatively low. This indicates the change in the natural frequency as well as the 
shudder sensitivity for shaft stiffness. When the system has lower natural frequency, there 
exists self-excited condition that amplifies the torsional oscillation (Fig. 8d). 
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It is also observed after the first few thousands cycles that the clutch system is 
becoming sensitive for different design conditions as the test progresses and the clutch 
degrades. This is apparent in the dissimilar frictional loss during total duty cycles (Fig. 6) 
as well as in the friction-velocity relationships (Fig. 7). The slope of the friction velocity 
curves or damping values in Fig. 7 are measured at 150 rpm speed and compared for four 
different cases in the next Fig. 10. In this figure 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 
(shown in Fig. 7c). The damping values are also absent after 20000 cycles for case 4, 
since it was aborted after 15000 duty cycles. Fig. 10 shows that for all cases the slope or 
damping values are negative and this negative damping is roughly increasing with the test 
cycles. It is because the clutch friction is changed during repeated engagements due to 
frictional damping or the slope of the friction-velocity curve, c and relative velocity 

)( , where is the rotational velocity of the input shaft. This will eventually 
influence the total clutch mass- spring system according to Eq. [2], 

k)( 0 JRcFRFc NN                (5) 

where, μo= friction at zero speed or static friction. 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 (c<0) 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 also apparent from the test results. 

 

Fig. 10 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, case 2, case 3 and case 4. 
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The above relation in Eq. [5] explains the differences in shudder occurrences 
during test for different design conditions. The damping value is the lowest for case 4, the 
weakest system where the occurrence of pronounced shudder is earlier than the other 
cases. The presence of low damping and lower natural frequency than case 2 explains this 
behaviour (see Fig. 7d) for case 4, whereas there is less frictional loss with test cycles 
(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. 7b) 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. 7a. 

The distinguishable features in friction plates’ morphological studies, and reaction 
plates’ topographies for four different cases also explains the influence of shaft stiffness 
and inertia on wet clutch life and frictional behaviour. The SEM images reveal the 
significantly glazed and degraded friction surfaces for the cases with low inertia and less 
stiff system compared to the cases with higher inertia and stiffer shaft systems. Besides, 
reaction’s surface topographies display waviness and irregular sliding marks for the cases 
with stiffer shaft. 

CONCLUSIONS 

As the paper aimed for, the influence of the output shaft’s stiffness and inertia on the 
friction characteristics along with overall service life of the wet clutch system are studied 
here through simplified experimental investigations. 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. 

 Here it is shown that the shudder sensitivity for a clutch system 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. 
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 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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