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Abstract 

In this dissertation, the spontaneous damage behavior of wet multi-plate clutches under 

transient slip conditions is investigated, a critical factor for the efficiency, safety, and comfort 

of modern automotive drivetrains. Wet multi-plate clutches are widely used in limited slip 

differentials and torque vectoring systems with the goal of improving the lateral dynamics of 

the vehicle. The scope of the study is to investigate the failure mechanisms of these clutches 

using three types of friction linings (paper, carbon composite, and woven carbon) and different 

steel plate thicknesses. A testing and evaluation methodology, grounded in the current state 

of the art, is proposed and validated through preliminary tests to identify different failure 

mechanisms. 

The study identifies varied failure mechanisms: buckling of steel plates in systems with paper 

and carbon composite linings, and delamination of friction lining in assemblies with woven 

carbon linings. A key result is the identification of a critical temperature range that indicates 

upcoming failure in different systems, regardless of the different failure mechanisms and the 

friction linings used. 

Both two- and three-dimensional finite element models have been developed to further 

understand the thermo-mechanical behavior of the clutches during operation. The results 

underscore the significant influence of design parameters, such as the thickness of the steel 

and lining plates and the thermal properties of the materials, on the thermal behavior of the 

clutch. The research recommends a symmetrical and uniform design of clutch components to 

increase resistance to deformation, such as buckling, and to reduce thermal stresses. 

In addition, predictive models derived from simulation data and using machine learning 

algorithms have been developed to predict potential damage states and thereby aid in damage 

prevention. Among these, the back-propagation neural network model stands out for its 

accuracy in predicting temperature increases and critical conditions. For applications requiring 

real-time predictions, a decision-tree-based model is recommended because of its practicality 

and because it significantly outperforms other algorithms in prediction speed. 

The contributions of this dissertation are manifold, providing profound insights into the damage 

mechanisms of wet multi-plate clutches and critical knowledge for the refinement of clutch 

design. Furthermore, the development of effective predictive maintenance strategies based on 

these findings promises to prevent spontaneous damage and increase the reliability of vehicle 

powertrains. 
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Nomenclature 
 

Sign Unit Description 

Latin symbols  

A m2 Apparent contact area 
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AFlank m2 Tooth flank area 
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dcp mm Thickness carrier plate 
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di,fl mm Inner diameter friction lining 

dm mm Mean frictional diameter 

do,fl mm Outer diameter friction lining 

di,sp mm Inner diameter steel plate 

do,sp mm Outer diameter steel plate 

dsp mm Thickness steel plate 

dt mm Thermocouple diameter 

E N / m2 Young’s modulus 

Efl N / m2 Young’s modulus friction lining 

Fa N Axial force 

hc W / m2∙K Thermal contact conductance 

J kgm2 Mass inertia 

L m Stretched length 

L0 m Initial length 

∆L m Length change 

N − Number of slip phases 

n min−1 Speed 
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Sign Unit Description 
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Δnmax  min−1 Max. differential speed 
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q J / mm2 Friction work 

q̇ W / mm2 Friction power 

q̇max W / mm2 Max. friction power 

q̇ W / mm2 Heat flux density 

Q̇ W Heat flow rate 

r m Radius 

rm mm Mean frictional radius 

T Nm Torque 

T K Temperature field  

ΔT K Temperature difference 

T0 K Initial temperature 

Tcp K Temperature field carrier plate 

tcp mm Thickness carrier plate 

Tcp,fl K Temperature field carrier plate in contact with the friction lining 

Tf Nm Friction torque 

Tfl K Temperature field friction lining 

tfl mm Thickness friction lining 

Tfl,cp K Temperature field friction lining in contact with the carrier 

Tfl,sp K Temperature field friction lining in contact with the steel plate 

Ti K Temperature field of solid body i  

Tmax  Maximal temperature 

Toil °C Oil temperature 

Tsp K Temperature field steel plate 

tsp mm Thickness steel plate 

Tsp,fl K Temperature field steel plate in contact with the friction lining 

t s Time 

Un,rel % Relative measurement uncertainty slip speed 

UT,rel % Relative measurement uncertainty steel plate temperature 

Uμ,rel % Relative measurement uncertainty coefficient of friction 

v m / s Sliding speed 

vrel m / s Relative sliding speed 

v̇oil mm3 / mm2 / s Specific oil flow rate 

z − Number of friction interfaces 
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Sign Unit Description 

z m Axial coordinate 

Greek symbols  

𝛿 − Proportionality coefficient 

𝜀 % Total strain 

𝜀𝑇 % Thermal strain 

𝜀𝐸 % Mechanical strain 

𝜃 ° Angular coordinate 

𝜆cp W / m∙K Thermal conductivity carrier plate 

𝜆fl W / m∙K Thermal conductivity friction lining 

𝜆𝑖 W / m∙K Thermal conductivity of solid i 

𝜆sp W / m∙K Thermal conductivity steel plate 

𝜇 − Coefficient of friction 

𝜇top − Characteristic coefficient of friction value 

𝜌 kg / m3 Density 

𝜌cp kg / m3 Density carrier plate 

𝜌fl kg / m3 Density friction lining 

𝜌sp kg / m3 Density steel plate 

𝜌𝑖 kg / m3 Density of solid i  

𝜎 N / m2 Stress 

𝜔rel rad / s Relative angular velocity 

 

Indices 

a Axial max Maximum 

cp Carrier plate min Minimum 

f Friction o Outer 

fl Friction lining ref Reference 

fp  Friction plate sp Steel plate 

i Inner t Thermocouple 

m Mean   

 

Glossary 

2D Two-dimensional GfT Gesellschaft fuer Tribologie e.V. 

3D Three-dimensional GP Gaussian Process 

AI Artificial intelligence GUM Guide to the Expression of 

Uncertainty in Measurement 
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ATF Automatic transmission fluid HV Vickers hardness 

BSE Backscattered electron ISO International Organization for 

Standardization 

BPNN Backpropagation Neural 

Networks 

KLP Kupplungs-Lebensdauer-

Pruefstand 

CFD Computational fluid dynamics MAPE Mean Absolute Percentage 

Error 

CoF Coefficient of friction MSE Mean Squared Error 

CFRC Carbon fiber reinforced carbon NVH Noise Vibration Harshness 

CFRP Carbon fiber reinforced plastic OAT One-at-a-time 

CV Cross validation PR Polynomial Regression 

DIN Deutsches Institut fuer Normung RMSE Root Mean Squared Error 

DOF Degree of Freedom SAE Society of Automotive Engineers 

DT Decision Tree SE Secondary electron 

EDX Energy Dispersive X-ray 

Spectroscopy 

SEM Scanning electron microscopy 

e.V. Eingetragener Verein SP1 Steel plate 1 

FEM Finite element method SP2 Steel plate 2 

FDM Finite difference method SP3 Steel plate 3 

FP1 Friction plate 1 SVR Support Vector  

Regression 

FP2 Friction plate 2 TEI Thermoelastic instability 

FP3 Friction plate 3 TST Tribological surface 

transformation 
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1 Introduction 

Wet multi-plate clutches are important components for the functioning, safety, and comfort of 

modern automotive powertrains. In heavy and sporty vehicles, the number of new registrations 

is steadily increasing [Kor21, Kor22]. These vehicles often use wet multi-plate clutches in 

limited-slip differentials and torque vectoring systems to improve lateral dynamics through 

transient slip operation. Over the past few decades, growing torque demands in both internal 

combustion and electric vehicles have led to improved transmission performance [Ifd22]. 

Consequently, wet multi-plate clutches are expected to transmit more power in a comparable 

package space, without compromising service life, loss behavior, or shifting comfort. However, 

the demand for higher power density is in competition with the need for high operational 

reliability. 

Vehicle transmission applications are almost always safety-critical because a failure of the 

clutch can render the vehicle undrivable. Spontaneous damage is a concerning issue, as it can 

lead to clutch failure with just one shift and is unpredictable [Str17]. The design of multi-plate 

clutches is complicated by the diverse physical and tribological properties of various types of 

friction materials, as well as their resulting damage patterns. Consequently, clutches are often 

over-dimensioned to mitigate the risk of spontaneous damage during operation. 

Existing test methods for evaluating the tendency of wet multi-plate clutches towards 

spontaneous damage typically focus on individual operating points and mechanical load 

variables [Str17]. However, various studies [And90, Sch20a, Sni06, Su06b, Yu19a] 

demonstrate that the thermal behavior of wet multi-plate clutches significantly affects their 

spontaneous damage behavior. An optimized clutch design aims to reduce thermal damage, 

necessitating investigations into variations in steel and friction plate geometrical parameters 

and material selection, particularly for the friction lining. Performing experimental investigations 

on component test rigs, as well as microstructure, topography, and SEM analyses, is essential 

for this objective. Given that a comprehensive measurement and analytical description of the 

thermal behavior of wet multi-plate clutches are nearly unattainable, the use of simulation with 

finite element models becomes indispensable for understanding tribological and 

thermomechanical processes. Such simulation models enable extensive parameter studies 

and sensitivity analyses. 

In addition to avoiding high friction interface temperatures and associated damage through 

appropriate layout and adapted clutch design, critical system states can be mitigated during 

operation. In industrial and automotive transmissions, the thermal behavior of clutches is 

calculated in real-time to prevent such states [Gro21a]. In other disciplines, data-based 

predictions are increasingly complementing online calculation tools [Lia18, Mad19]. However, 

the critical limiting temperatures for spontaneous damage occurrence are currently unknown 

for these calculation tools or prediction models. As a result, current systems either fail to 

prevent spontaneous damage, or they operate below their maximum performance capabilities 

due to overly conservative limits. 

Despite optimized clutch design and prediction models designed to avert overload cases, 

damage can still occur during operation. For this reason, condition monitoring gains increasing 

importance in modern drive systems, replacing traditional reactive or preventive maintenance 

with condition-based maintenance. This change is motivated by the high costs and time 

required for removing friction elements, which often lead to transmission write-offs [Sto23]. To 

ensure reliable condition monitoring of wet multi-plate clutches, a comprehensive 
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understanding of the system's tribological behavior after overload or spontaneous damage is 

crucial. 
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2 State of the Art 

The following section presents the fundamentals that are used for achieving the research 

objectives in this thesis. The modes of operation and properties of wet multi-plate clutches are 

explained. Furthermore, the damage behavior, design recommendations, and 

thermomechanical simulation models are discussed in detail.  

2.1 Wet Multi-Plate Clutches 

The first mention of a multi-plate clutch design 

consisting of friction and steel plates is 

presented by Weston [Wes68] in 1868. In this 

work, Weston introduces a variety of designs 

(see Figure 2.1) of brakes and clutches, which 

are specifically intended for hoist and windlass 

applications. Nowadays, multi-plate clutches 

find use in many drive technology applications 

and fulfill a variety of functions. Examples 

include torque vectoring systems and 

differential locks in modern vehicles. In 

industrial systems, these clutches serve, 

among other uses, to engage ancillary units and to act as slipping clutches designed to protect 

against overloads and vibrations. 

2.1.1 Design  

Wet multi-plate clutches are classified as shiftable externally actuated friction clutches and 

brakes and adhere to VDI standard 2241 [VDI82]. The main clutch components include the 

outer and inner carrier, outer and inner plates, friction linings, end plates, and pressure plate 

[VDI82]. The inner and outer plates are arranged in an alternating pattern. These plates are 

non-rotatably connected to their corresponding drivers, allowing them to move in the axial 

direction. In the non-shifted state, the two shafts generally exhibit different speeds. Actuating 

the clutch synchronizes the shafts when under load. The torque is determined by the friction 

between the inner and outer plates, which are pressed against each other by an applied axial 

force. By arranging several inner and outer plates in series, the axial force is simultaneously 

applied across multiple friction interfaces, enabling an increase in the friction torque. Wet multi-

plate clutches are oil-cooled and generally exhibit a higher power density than dry clutches 

[Voe20a]. A distinction can be made between immersion in oil, oil bypass, splash oil, and oil 

supply from inside through the shaft [VDI82]. 

A comprehensive overview of the type and function of friction clutches and friction brakes is 

presented by Niemann [Nie83]. More detailed descriptions of the design and operating 

principles of wet multi-plate clutches and brakes can be found in company publications by 

Hoerbiger [Hoe01] and Ortlinghaus [Ort04]. 

2.1.2 System Requirements  

The requirements for wet multi-plate clutches, especially for their friction linings, primarily 

depend on various operating conditions. Naunheimer et al. [Nau19], Rao [Rao11], and Voelkel 

[Voe20a] summarize these requirements. Desired properties include smooth shifting behavior, 

i.e., a consistent coefficient of friction curve over the sliding speed, as well as a drop in the 

 

Figure 2.1: Design of a friction clutch [Wes68]. 
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coefficient of friction toward static friction, which affects the controllability of the clutch. 

Moreover, shudder must be avoided in order to ensure favorable NVH behavior. A long service 

life is just as crucial as a high torque transmission capacity, indicated by a high coefficient of 

friction. Factors that influence the service life include low wear, high mechanical strength, and 

high thermal load capacity. Additional criteria encompass consistent friction properties 

throughout the service life of both the oil and lining, as well as insensitivity to metallic abrasion, 

particles and water in the oil, and minimal no-load losses. 

2.1.3 Operating Modes  

Depending on the application, wet multi-plate 

clutches are operated in different sliding speed 

ranges. These application-specific differences must 

be considered when performing experiments used to 

characterize clutch damage and friction behavior. 

The load shift mode (see Figure 2.2) is used to 

characterize friction and damage behavior at sliding 

speeds exceeding 0.03 m / s. In this case, the clutch 

is first accelerated to the maximum differential speed 

Δnmax in the disengaged position. The clutch is then 

closed, and a defined axial force Fa is applied. The 

acting frictional torque synchronizes the outer and 

inner plates. [Mei15] 

A constant axial force Fa is applied to the clutch pack 

in the steady slip mode (see Figure 2.3). A differential 

speed Δn is then set, and the clutch is operated 

constantly at this slip speed for a defined period of 

time. Finally, the speed is reduced to a standstill, and 

the clutch is disengaged. [Mei15] 

In the transient slip mode (see Figure 2.4), the clutch 

is actuated at a constant axial force Fa in the same 

way as in steady slip mode. The clutch is then 

repeatedly accelerated to the differential speed Δn, 

and the differential speed Δn is then reduced back to 

zero. [Mei15, Voe20a]  

In the case of micro-slip, the actuated clutch is loaded 

with a constant torque to investigate the frictional 

behavior and to determine the coefficient of static 

friction (see Figure 2.5). The micro slip operating 

mode is present if relative rotation occurs between the 

inner and outer carriers. If no relative rotation occurs, 

then the clutch is being operated in static friction 

mode. [Mei16] 

2.1.4 Friction Material Pairings  

Various friction pairings, which influence shifting, damage, and wear behavior [Bac10, Hen14, 

Jon13], are used for wet clutches, depending on the application requirements. Typical 

  
Figure 2.2:
   

Load shift (based on 
Meingassner [Mei15]). 

 
Figure 2.3:
   

Steady slip (based on 
Meingassner [Mei15]). 

 
Figure 2.4:
   

Transient slip (based on 
Meingassner [Mei15]). 

 
Figure 2.5:
   

Micro slip (based on 
Meingassner [Mei16]). 
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requirements for the friction pairing include low material and manufacturing costs, low wear, 

durability, a high dynamic and static coefficient of friction, favorable noise behavior, low no-

load losses, oil compatibility, temperature resistance, and safety against overload [VDI84, 

Hua19, Mar07, Nau19, Nie83, Win85]. A friction partner made of steel is generally chosen due 

to its ability to meet the above requirements [Win85]. These steel plates are manufactured in 

series production by punching from the coil and machining with geometrically undefined cutting 

edges [Hoe01, Voe20a]. Punching burrs can be removed, and specific surface properties (e.g., 

roughness) can be adjusted [Fis73, Voe20a, Yes92]. The typical steel plate materials are heat-

treatable steels (e.g., C60) [Hoe01, Ost01] that can be post-treated by means of various 

hardening and coating processes (e.g., quenching and tempering [VDI84, Hoe01, Lef13, 

Ort04, Pfl98, Win85], nitriding [VDI84, Pfl98, Sit07], nitrocarburizing [Sit07], phosphating 

[Hoe01, Pfl98]). Both wear resistance and seizure resistance are improved thereby. The typical 

second friction partners include sintered bronze-based friction linings, paper-based friction 

linings, and carbon friction linings applied to a supporting steel plate [Fei08, Nau19, Voe20a]. 

Friction materials such as molybdenum for high pressures [Hoe01, Ort04] and ceramics for 

temperature resistance [Ber13, Czé09, Hoe01, Nie83] are used in particular applications. A 

second friction partner made of steel, sintered iron, or gray cast iron [VDI84, Gro18, Hoe01, 

Nie83, Ost01] is chosen when electromagnetic properties are required. 

The macroscopic and microscopic design of the friction interfaces significantly influence friction 

behavior, thermal load capacity, torque increase during shifting, and drag torque [Hoe01, 

Pfl98]. Therefore, friction plates are provided with macroscopic grooves in the form of radial 

grooves, spiral grooves, wafer grooves, and parallel or sunburst grooves, enabling sufficient 

cooling of the closed clutch through oil flow [Gro18, Pfl98, Sit07]. These grooves facilitate rapid 

oil displacement from the friction contact when the clutch is actuated. As a result, load-bearing 

hydrodynamic effects are avoided [Voe20a]. At the microscopic level, friction plates possess 

high surface roughness and porosity. This leads to improved cooling, and load-bearing 

hydrodynamic lubrication films are thereby also avoided [Dev04, Mat93, Mat97a, Pfl98, Sit07].  

Bronze-Based Sinter Friction Lining: 

Bronze-based sinter friction linings (hereinafter referred to simply as sinter friction linings) 

contain about 60 % to 75 % copper [Mae05, Win85, Yev22] and less than 10 % of each 

element such as lead, tin, iron, aluminum, SiO2, Fe, graphite, Sn, Mn, MoS2, and zinc [Kwa14, 

Mae05, Nau19, Win85]. During the manufacturing of sinter friction linings, the sintered friction 

lining and a binding agent in powder form are sprinkled directly onto the supporting steel plate 

and then sintered in a continuous furnace [Bac10]. This process ensures a strong bond 

between the carrier plate and the friction lining. A uniformly compacted friction interface 

exhibiting plane parallelism is achieved through pressing. In addition, pressing can be 

employed to introduce various groove patterns without the use of machining methods and to 

affect the sinter density and porosity [Hoe01]. Sinter friction linings are characterized by high 

thermal conductivity [Mae05, Mar09, Ort04, Rod60, Voe18, Yev22], high bearable contact 

pressure [Hoe01, Ort04], and good durability [Hoe01, Ort04, Yev22]. Given these properties 

and the relative disadvantages in terms of comfort compared to paper-based and carbon 

friction systems [Mae05, Voe20a], sinter friction systems are commonly utilized in industrial 

gearboxes and commercial vehicles [Nau19, Voe20a]. Ankur [Ank21] and Kwabena [Kwa14] 

demonstrate that material properties can be optimized during manufacturing through 

compaction pressure, sintering temperature, and sintering time. The influence of different 

fibers on the mechanical and tribological properties of a semi-metallic copper friction material 
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is investigated by Ho et al. [Ho05]. Copper and brass fibers significantly enhance the strength 

of the friction material. According to Guha Keshav et al. [Guh21], strength and hardness can 

also be improved by the addition of steel fibers and fly ash. Celebi Efe et al. [Cel12] study the 

mechanical properties of copper enhanced by SiC particles in the matrix. Their results show 

that composite hardness increases with the number of particles and particle size. 

Paper Friction Lining: 

Paper friction linings are classified as organic friction linings [Ing10c]. The name refers to the 

manufacturing process, which is similar to that of paper production [Ing10c]. The individual 

components of the lining (fibers, fillers, and chemicals) are first dissolved in water, dried, 

impregnated with a resin as a binder, and cured [Ing10c]. Typical fibers of interest include 

cellulose fibers [Chi01, Hoe01, Ito98, Mae05], synthetic fibers [Hoe01, Ito98], aramid fibers 

[Ing10c, Kea97, Win85], basalt fibers [Ing10c], glass fibers [Sit07, Win85], and cotton fibers 

[Gao02a, Kea97, Mae05, Win85]. Given the comparatively high thermal stability for an organic 

resin material of > 300 °C [Kea97], the mechanical strength, and the chemical stability against 

a wide range of solvents, a phenolic resin [Hoe01, Ing10c, Ito98, Kit94, Nau19, Win85, Yag15], 

a modified phenolic resin [Ing10c], or a cresylphenolic resin [Ing10c, Win85] is usually used 

for preparing the composite [Sit07]. The elastic and porous paper friction lining resulting from 

the fiber braiding is finally applied to a mechanically stabilizing carrier plate [Sit07]. Paper 

friction linings are characterized by a high load limit, good friction behavior (i.e., high dynamic 

coefficients of friction and good friction characteristics), and thus no friction oscillations 

[Voe20a, Wag93]. Clutches with paper friction linings offer favorable clutch comfort 

characteristics and are widely used in the automotive sector [Voe20a]. A variety of fillers, such 

as diatomaceous earth [Ing10c, Ito98], clay [Ing10c], silicone particles [Ing10c], cashew dust 

[Ing10c], barite [Ing10c, Win85], calcium carbonate [Ing10c], graphite [Ito98, Kea97, Nak97, 

Sit07, Wag93, Win85], SiO2 [Acu16a, Sit07], Al2O3 [Acu16a, Kea97, Sit07, Win85], FeS [Sit07], 

ZrSiO, copper particles [Acu16a, Sit07], mineral wool [Sit07], and activated carbon [Ito98], are 

used to improve friction stability, coefficient of friction, and curing of the lining. The negative 

aspects of paper friction linings include their low-pressure stability [Bru91] and high wear 

[Fei15, Ran04, Wag93]. 

Carbon Friction Lining: 

Carbon friction linings are also classified as organic friction linings and are composed of a 

matrix material, one or more fiber materials, and, in some cases, fillers and friction modifiers 

[Awa05, Foe15, Sat06]. Carbon fibers are used as reinforcement due to their remarkable 

properties, such as self-lubrication, chemical inertness, high strength, high Young's modulus, 

and excellent thermal stability [Che20, Kea97, Omr15, Wan18, Wu20]. The carbon fibers for 

such linings are usually based on polyacrylonitrile, whereas pitch fibers and rayon fibers are 

niche products [Hua09, Ran04, Sto21, Sto23]. Besides carbon fibers, additional fiber types are 

added to non-woven carbon friction linings in order to reduce cost and improve friction 

properties. Aramid fibers [Ler19, Sto23, Wen16c], basalt fibers [Izi91], cellulose fibers [Nic95], 

glass fibers [Nar93] and acrylic fibers [Cro93, Eva90] are mentioned in the literature. Polymer 

materials are used as matrix materials that have an excellent strength-to-weight ratio and 

outstanding tribological properties [Wu20]. Typical engineering examples include 

thermoplastics such as polyamide [Kuk99, Kum16], polybutylene terephthalate [Lin18], 

polycarbonate [Lee01, Mer05, Zha18b], and polyetheretherketone [Bij15, Guo17]. These 

materials are primarily semi-crystalline polymers with a low glass transition temperature 

[Wu20]. Phenolic [Ahm19, Fei12] and epoxy [Lee06, Sur10, Zho09] are usually chosen as 
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thermoset matrix materials. Given its high mechanical strength, hardness, and good chemical 

resistance, epoxy is the most commonly used matrix material in applications [Wu20]. The 

carbon friction linings currently available on the market can be divided into woven and non-

woven categories based on their design principle [Acu16a, Aug12, Bac13, Jon13, Ran04, 

Sto23]. Non-woven friction linings include paper-based friction linings reinforced with carbon 

fibers and particles (known as composite carbon) [Old06, Ran04, Wen16b] and two-ply carbon 

friction lining [Gro21b, Jon13, Ran04, Sto21]. Woven friction linings are divided into woven 

carbon fiber reinforced plastic (CFRP) [Fei12, Liu12, Su06a, Yan22] and woven carbon fiber 

reinforced carbon (CFRC) [Gib89, Kal16, Nag14, Sto21, Zha09c], based on the matrix.  

Composite carbon friction linings are manufactured using a process similar to that of paper 

friction linings. Specifically, they are made from a single-layer resin matrix with fillers and non-

directional fiber reinforcements [Acu16a, Foe15, Sto23]. The properties of composite carbon 

friction linings closely resemble those of paper friction linings. They typically offer good 

frictional behavior regarding shifting comfort, but their compressive stability is limited [Acu16a]. 

Foege et al. [Foe15] and Kearsey [Kea97] provide further details on the manufacturing process 

of composite carbon friction linings. 

Dual-layer friction linings consist of a base layer and a friction layer. The base layer is typically 

an aramid fiber-reinforced thermosetting resin, with the aramid fibers being dispersed in the 

resin in an undirected manner [Acu16a, Ran04]. The friction layer comprises finely dispersed 

carbon particles of small size (about 20 ... 100 µm), which are bonded to the resin during the 

curing of the base layer [Acu16a]. The advantages of dual-layer friction pads lie in their cost 

and friction level stability, although they exhibit poorer wear behavior and compression stability 

compared to other carbon friction linings [Ran04]. 

Woven friction linings consist of fiber fabrics impregnated with resin and are typically composed 

of polyacrylonitrile fibers [Jon13, Kum22]. The impregnation rate of the resin exerts a decisive 

influence on the stability and porosity of the lining and must strike a compromise between both 

objectives [Acu16a, Wen16b, Wu20, Zha05]. Depending on the matrix, a distinction is made 

between carbon fiber reinforced plastic (CFRP) and carbon fiber reinforced carbon (CFRC). 

Carbon, when serving as a matrix material, can enhance the friction lining's temperature 

resistance [Foe15, Gib89, Gro21b, Ran04] and thermal conductivity [Che20, Kea97]. 

In general, carbon friction linings merge the advantages of paper and sinter friction systems, 

boasting excellent wear behavior, temperature resistance, friction behavior, noise behavior, 

and pressure stability [Ahm19, Awa05, Fei12, Fei15, Gib89, Luo16a, Old06, Ran04, Voe20a]. 

Their only drawback, when compared to other friction lining variants, lies in cost [Kea97, 

Ran04, Voe20a]. Given these performance characteristics, one typically uses carbon friction 

linings in aerospace, motorsports, commercial vehicles, and automotive applications [Acu16a, 

Awa05, Gib89, Iva09, Nag14]. To further refine frictional properties [Wan19a, Wan15, Zha05], 

wear resistance [Su06a, Wan19a, Zha05], and adhesion properties between fibers and matrix 

[Su06a, Wan19a, Zha05], various chemical pretreatments are conducted on the fibers, and 

fillers as well as nanoparticles are incorporated into the matrix material. The typical fillers for 

carbon friction linings comprise nano-CaCO3 [Su06a], nano-SiO2 [Su06a], nano-TiO2 [Su06a], 

carbon nanotube [Ala17, Ues16, Wan19a, Wan15], nano-ZnO [Zha05], nano-SiC [Zha05], 

POLYFLUO® 150 wax [Zha05], and boron nitride nanoplates [Ues16]. In order to improve the 

adhesion with the matrix material, the fibers can be pretreated with nitric acid or aqueous 

hydrogen peroxide [Nak17, Pit97, Wan19a]. 
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2.1.5 Friction Characteristics and Model Conceptions of Boundary Layers 

The friction behavior plays an essential role in the safe operation and shifting comfort of a wet 

clutch. Due to the importance of friction characteristics for clutch performance, this section 

explains the basic concepts, model conceptions of boundary layers, and various influencing 

factors. 

The German Society for Tribology (Gesellschaft fuer Tribologie e.V. (GfT)) [GFT02] defines 

friction as an interaction between material areas of bodies that are in contact and counteract 

a relative movement. The bodies consist of substances that can be solid, liquid, or gaseous 

[GFT02]. According to Fleischer [Fle72], friction is the loss of mechanical energy at the start, 

during, and at the conclusion of a relative motion between material areas in contact. Thus, 

friction is invariably related to motion, including static friction. Although there is no macroscopic 

change in the position of the bodies in the case of static friction, microscopically, a distance is 

traversed in the adhesive interface due to material expansion [Bar01]. Depending on the state 

of motion, friction can be divided into static, dynamic, and starting friction [GFT02]. Depending 

on the affiliation of the material areas engaged in the friction process, external and internal 

friction can be present [GFT02, Bar01]. External friction occurs when the areas of material in 

contact are parts of different bodies, whereas internal friction occurs when the materials in 

contact belong to the same body [GFT02, Fle72]. 

Furthermore, multiple friction states can be distinguished, depending on the aggregate state 

of the substances involved [GFT02, Dec18, Wit21]. Solid friction is the friction between or 

within areas of material with solid-state properties [Czi20, Wit21]. Thus, solid friction can occur 

as external friction caused by adhesion between different regions of matter, and internal friction 

caused by deformation within a matter region [Bar10a]. If material areas in contact are covered 

by a solid boundary layer (e.g., an oxide layer), this is referred to as boundary layer friction. If, 

however, the boundary film is very thin (e.g., an adsorption layer), this is termed boundary 

friction [Bar10a]. Hydrodynamic friction is the internal friction in a material region exhibiting 

liquid properties, and gas friction is the internal friction in a material region exhibiting gas 

properties [Czi20]. Mixed friction describes any mixed form of the friction states mentioned 

above [Bar10a], but most commonly refers to the simultaneous presence of solid and 

hydrodynamic friction [GFT02, Nie19, Wit21]. In the case of friction clutches, Pflaum [Pfl88] 

assigns typical friction coefficient values to various friction states, including boundary friction, 

mixed friction, and hydrodynamic friction. Furthermore, Pflaum [Pfl88] and Winkler [Win08] 

show that hydrodynamic load components do not significantly impact the frictional behavior of 

clutches, and that primarily boundary friction prevails. Stribeck [Str02] investigates the frictional 

behavior of hydrodynamic plain bearings and presents a suitable representation of the various 

frictional states of a lubricated tribological system, as a function of macro- and microgeometry, 

lubricant, and operating conditions (see Figure 2.6). According to Stribeck [Str02], the 

coefficient of friction can be plotted against the rotational speed, sliding speed, or a parameter 

variation of the viscosity, the sliding speed, and the load. The load and viscosity must remain 

constant in a representation using sliding speed or rotational speed. The condition of 

hydrodynamic friction, occurring at high sliding speeds, is sought-after mainly in plain bearings 

due to low friction losses and low-wear operation. As the sliding velocity decreases, a transition 

from hydrodynamic to mixed friction occurs. With a further reduction in sliding speed, a friction 

minimum is reached in the mixed friction area. This friction minimum exists in the area of mixed 

friction because, in the case of initial solid body contacts, the external load is still largely 

supported by the hydrodynamic load-bearing force. Boundary friction remains minimal in this 
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case. Given the decrease in hydrodynamic friction at a decreasing sliding velocity, the sum of 

the fluid and boundary friction acts to further reduce system friction. Boundary friction 

dominates mixed friction on the left side of the minimum. Since the highest coefficients of 

friction are realized in this area, it represents the desired friction condition for friction clutches 

[Acu16a, Pfl88, Win08]. Typically, the maximum coefficient of friction is obtained at a sliding 

speed of zero. [Bar01, Bar10a, Czi20, Str02, Wit21] 

In the case of solid friction, the friction and wear behavior is significantly determined by the 

structure and properties of the formed boundary layers [Bar10a]. In addition to the term 

“boundary layer”, terms such as “tribological layers” [Ina00] or “tribomutation” [Keh98, Keh99] 

are also mentioned in the literature. The interaction of the lubricant and the ambient medium 

with the surfaces of the contact partners significantly alters the zones close to the contact 

surfaces [Loh16]. A model of the boundary layer structure of synchronizers is presented by 

Winkler [Win08] (see Figure 2.7) and is extended by Tomic [Tom09]. According to 

Voelkel [Voe20a], this model can be applied universally to the application of wet multi-plate 

clutches and is also described by other researchers, such as Eguchi et al. [Egu01], 

Layher [Lay11], and Ingram et al. [Ing10b]. The boundary layer is divided into an outer and an 

inner boundary layer. In the case of metals, the inner boundary layer consists of a 

manufacturing-related or tribologically induced deformation or strengthening zone and may 

have an element composition and concentration different from that of the base material 

[Bar01]. The outer boundary layer typically has a composition different from the base material 

and may consist of oxide layers, adsorption layers, and impurities [Czi20]. In the case of 

lubricated contact, the formation of tribologically favorable boundary layers can be promoted 

by layer-forming additives added to the base oil [Bar10a, Loh16]. The effect of these additives 

is rooted in interaction processes with the surfaces. In this process, adsorption layers and 

reaction layers can form as a result of the reaction of the additives or their components with 

the solid surface [Bar01, Bar94, Bar10b]. Meyer [Mey84] categorizes additives into groups that 

modify the physical properties of lubricating oils (e.g., viscosity index improvers), the chemical 

properties of lubricating oils (e.g., antioxidants), and the properties of contact surfaces (e.g., 

extreme pressure additives). The effectiveness of the additive depends on the reaction’s 

activation energy, surface temperature, additive concentration, base lubricant, and the 

chemical- physical properties of the solid [Bar01, Bar94, Win08]. In experimental studies of 

automatic transmission fluids, Farfán-Cabrera et al. [Far15] highlight the need for additives 

 
Figure 2.6: Friction conditions of a hydrodynamically lubricated radial plain bearing inspired by Wittel 

et al. [Wit21] based on the model of Stribeck [Str02]. 
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such as anti-wear 

agents, antioxi-

dants, detergent 

dispersants, and 

friction modifiers 

for use in clut-

ches. In particu-

lar, the need for 

detergents or dis-

persants used to 

avoid glazing the 

friction material  

of clutches is 

elaborated upon. 

Ingram et al. [Ing10a] investigate the effect of a range of additive solutions on friction as a 

function of sliding speed. Succinimide dispersant and sulfonate detergent additives cause an 

increase in friction above that of the base oil at medium to high sliding speeds. Over-based 

and neutral detergents exhibit almost identical friction curves. These results indicate that a 

calcium carbonate film is deposited on the steel friction surface when an over-based detergent 

is present. However, this outcome does not influence friction since the alkyl group of the 

sulfonate controls it. Friction increases with sliding speed when using long-chain surfactant 

additives such as fatty acids and amines, as well as commercially available organic friction 

modifiers. A number of ATF base oils comprising various friction modifiers, e.g., a fatty amide 

friction modifier and calcium detergent combination, are studied by Zhao et al. [Zha12]. The 

results of the post-test surface analysis are linked to the friction performance in order to 

investigate the friction-modifying mechanisms of the additives. The fatty amide in the 

formulations is essential for anti-shudder performance because it provides low friction at low 

speeds. The results of surface analysis (XPS, ToF-SIMS and ATR FT-IR) show that the friction 

modifiers significantly affect the tribofilm composition. 

2.2 Damage Mechanisms 

Wet multi-plate clutches are subjected to high loads, which can be divided into mechanical 

(e.g., pressure, sliding speed) and thermal (e.g., surface temperature, cooling behavior) loads. 

These loads not only influence the frictional behavior but also alter and damage the friction 

system. Various damage mechanisms are known for wet multi-plate clutches. These damage 

mechanisms can be subdivided into spontaneous damage and long-term modifications, 

according to their temporal characteristics. Whereas long-term modifications occur due to a 

continuous change in the friction system over several shifting operations, up to tens of 

thousands, spontaneous damage occurs within just a few individual shifting operations. 

2.2.1 Long-Term Damage Mechanisms 

Long-term damage to sinter friction systems is discussed in the literature, including wear, 

changes in friction behavior, and clogging of the friction lining [Gon15, Nym06, Wim05, Xia20, 

Zho19]. Determining the causes of such phenomena is the subject of numerous research 

projects. Wimmer [Wim05] investigates the damage behavior of sinter friction materials in load 

collectives. The coefficient of friction level of sintered metallic linings depends on the friction 

 
Figure 2.7: 

 

Boundary layer of a friction-loaded contact (based on Winkler 
[Win08]). 
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work and the peak temperature at the friction interface. Increasing loads lead to a smoothing 

of the friction lining and to decreasing coefficient of friction. Yao et al. [Yao07] investigate the 

properties of the worn surface of Cu-based powder metallurgical brake materials after 

machining under operating conditions. The worn surface is divided into three zones, depending 

on the degree of destruction of the friction film: a heavy wear zone, a light wear zone, and 

another light wear zone. Grain wear and fatigue wear are the main mechanisms of severe 

wear. Abrasion is the primary mechanism of the mild wear zone, where the friction film 

regenerates. The light wear zone results from the regeneration of the friction film on the mild 

wear zone. Gong et al. [Gon15] investigate Cu-based wet friction clutch wear behavior using 

a ring-on-ring test. A wear diagram for Cu-based friction material under oil lubrication 

conditions is proposed and linear equations are developed to mark the transition boundaries 

between different wear regimes. The predominant wear mechanisms of the copper-based 

friction material in the ultra-mild wear range include plastic deformation and microplowing. 

Abrasive wear occurs in mild wear, and delamination and abrasive wear are involved in severe 

wear. Fatigue and oil wedge aggravate the delamination wear of friction material in heavy wear 

conditions. Zhou et al. [Zho19] establish friction and wear maps of copper matrix composites, 

demonstrating that the friction materials exhibit a stable high coefficient of friction and low wear 

rates at an iron volume content of between 10 % and 15 %. According to the wear mechanism 

map, adhesion is the primary wear mechanism for low iron content  ≤ 5 vol.-%) and low brake 

energy density. At the same iron content, severe plastic deformation is observed at a high 

brake energy density (> 38 J / mm2). Plow wear is observed at moderate brake energy density 

(8-30 J / mm2). Oxidation-delamination wear is the main wear mechanism at moderate iron 

content (5-15 vol.-%) and high brake energy density (> 25 J / mm2). At high iron content levels 

 ≥ 15 vol.-%), delamination is identified as the predominant wear mechanism, especially when 

the braking energy density exceeds 30 J / mm2. Xiong et al. [Xio07] used an experimental 

approach to study how Fe and SiO2 components affect the friction and wear characteristics of 

Cu-based materials. However, the Fe and SiO2 effects on the abrasion properties are very 

complex. Moderate iron content reduces wear, especially wear at high speeds. SiO2 effectively 

improves the frictional resistance at high speeds and increases the wear loss at low speeds. 

The wear mechanism of Cu-based brake pads is investigated by Xiao et al. [Xia20]. Oxidation, 

delamination, and spallation are the dominant wear mechanisms. The results demonstrate that 

a ~2 μm thick nanostructured tribola er of CuO and Fe2O3 is formed on the worn surface due 

to plastic deformation, mechanical mixing, oxidation, and sintering. Due to its oxide-based 

composition and high hardness, the tribolayer enables a much higher coefficient of friction and 

wear resistance than the original surface. Debris settles in the pores, causing the friction 

interface temperature to rise further. The influence of changes in the topography of the sintered 

friction material on the frictional characteristics of wet clutches is investigated by Nyman et 

al. [Nym06] using an experimental method. Characterizing the topography makes it possible 

to predict the remaining service life of a sintered friction material in a wet clutch. 

Hensel [Hen14] proposes a characteristic value for the description of the thermal load of 

clutches for load shifting, which allows a correlation of the damage with the thermal load. It is 

demonstrated that various damage mechanisms exist, depending on temperature level and 

cooling. Yu et al. [Yu19b] compare the wear mechanisms of copper and paper-based friction 

materials and determine that the wear depth increases dramatically with increasing ambient 

temperature. Both the coefficient of friction and the wear depth of the Cu-based friction material 

are much larger than those of the paper-based friction material. The variation of the wear 

mechanism causes the failure of Cu-based friction material. Given a gradual deterioration of 
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working conditions, abrasive wear, furrow wear, adhesive wear, and peel wear occur 

successively in Cu-based friction material. In addition, the failure of paper-based friction lining 

is associated with the wear of the fibers and the softening and decomposition of the resin, 

resulting in a much smoother surface.  

According to the literature, adhesive wear and thermal degradation are the main causes of 

long-term modification in paper friction systems [Gao02a, Nym06, Omp13, Omp15]. Adhesive 

wear occurs when a friction material slides against the mating surface, thus forming abrasive 

particles due to the removal of the weakest surfaces by the mechanism of plastic deformation 

[Omp15]. Thermal degradation occurs when the temperature at the interface is relatively high, 

as a result of which the carbonization process of the cellulose fiber and resin content in the 

friction material occurs [Omp15]. The two damage mechanisms change the surface 

topography [Gao02b, Nym06, Omp13], resulting in an increase in the actual contact area 

[Gao02a, Ing10c, Kim05, Omp13], and the mechanical and physical properties change [Chi01, 

Mae03, Mat95, Omp13]. Ompusunggu et al. [Omp10] demonstrate that these two phenomena 

influence the shear strength of the friction lining. Maeda and Murakami [Mae03] link the shear 

strength reduction to fiber carbonization and the influence of additives (detergent and 

dispersant components). Chiba [Chi01] confirms the influence of the lubricant, but considers 

the shear strength reduction to be the result of pore growth. As the size of the pores increases, 

the resin bonds between the fibers are weakened. Ost et al. [Ost01] investigate the friction and 

wear behavior of paper-based wet clutches in both SAE #II [Aut12a] and pin-on-disk tests, 

analyzing the influences of material parameters and operating conditions on the coefficient of 

friction and wear rate. However, the pin-on-disk tests cannot accurately reflect friction material 

wear because they cannot reproduce the same thermal conditions as the SAE #II tests. 

Although this limits the validity of the data obtained using the pin-on-disk test in terms of the 

influence of contact pressure on wear rate, it can be concluded that the wear rate of the friction 

material increases with the increasing hardness of the separator plate. Lingesten et al. [Lin12] 

describe a two-stage wear rate phenomenon using a specialized test rig equipped with multiple 

sensors, which enable the continuous measurement of temperature, gearbox torque, speed, 

and friction lining wear rate. The test results demonstrate a two-stage wear phenomenon with 

a clear transition from an initial low wear rate to a much higher rate after a certain number of 

engagement cycles at a high power input (see Figure 2.8). Yang et al. [Yan98, Yan97] perform 

thermogravimetric analysis in a study used to quantify the change in a cellulose weight ratio in 

a friction material during use. The strong influence of thermal effects on weight and friction 

material properties is demonstrated. Based on this finding, the authors propose a useful 

degradation model for characterizing 

material behavior as a function of the use 

cycle. Its applicability, however, faces 

difficulties in explaining the two-stage 

wear behavior suggested by Lingesten et 

al. [Lin12]. Calcut et al. [Cal04] and Sarkar 

et al. [Sar04] develop an empirical 

degradation model to predict the service 

life of an automatic transmission fluid 

(ATF). The flexible service life model 

enables either predictive or real-time end-

of-life calculations under various 

 
Figure 2.8: Schematic representation of the two-

stage wear model based on Lingesten et 
al. [Lin12]. 
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transmission design strategies and customer driver behavior, as reflected in operating 

temperatures, shift characteristics, fluid volume, and fluid distribution throughout the 

transmission. A methodology for the classification of friction linings in friction clutches is 

presented by Graswald [Gra07]. After a preliminary selection, potentially suitable friction linings 

are analyzed in detail using a statistically planned experimental program. The calculation 

model for the service life of the friction linings obtained simultaneously with this analysis can 

be used for service life prediction, and therefore for designing friction clutches. The service life 

under collective loading can be estimated with the aid of a damage accumulation hypothesis, 

with the fundamental criterion being wear. Research on the damage of organic friction linings 

by Maeda and Murakami [Mae03] shows a high level of correlation between the clogging of 

porosity and the decrease of the coefficient of friction at high sliding speeds. Visually, this 

phenomenon is manifested by a smooth and shiny surface, indicating that the friction material 

loses its porosity due to the deposition of debris particles. Based on the experimental results, 

it is thought that improving the high-temperature detergency of ATFs can inhibit the blocking 

of wet friction material pores, thereby extending the material service life. Damage to the friction 

material of wet clutches caused by deposits of lubricant degradation products on the friction 

material surface is described as glazed by Newcomb et al. [New06]. According to Blau [Bla05] 

and AbuBakar [Abu08], this phenomenon is also observed in dry-running brakes. In the latter 

case, the glazed surface in the friction material is formed by dirt debris bound by decomposed 

organic compounds. The term “glazing” should thus describe a smooth and shin  film on the 

friction material surface formed by dirt particles bound to decomposed organic compounds, 

which may result from a combination of adhesive wear and thermal degradation of the friction 

material or/and the deposition of ATF degradation products [Omp15]. Vernersson et al. [Ver12] 

observe a temperature dependency of the wear rate of organic friction linings in their 

experiments. According to these experiments, the wear rate increases significantly above 

500 °C surface temperature, whereas it increases only very slightly before this level. 

Hensel [Hen14] conducts comprehensive research on long-term damage behavior under load 

shifting with organic friction systems. The development of a life test methodology enables the 

identification of performance limits under short-term loading and the assessment of long-term 

damage under sustained and cumulative loading. Research by Hensel [Hen14] demonstrates 

that, with regard to organic paper friction linings, in addition to the peak friction surface 

temperature, the temperature-time collective at the friction interface, e.g., rapid or slow cooling, 

influences the damage behavior and also the coefficient of friction characteristics. 

Osanai [Osa90] establishes a relationship between deterioration of the friction characteristics, 

carbonization of the friction lining, and thermal stress. Increasing peak friction surface 

temperature increases damage to the friction lining, resulting in less favorable friction behavior. 

Cho et al. [Cho18] experiment on the wear properties of two different types of paper-based wet 

friction materials, one with and one without carbon fibers, using a pin-on-reciprocating plate 

tribotester. The wear properties are quantified based on Archard’s [Arc56] wear law by 

comparing confocal microscope images of paper-based friction materials before and after the 

tests. Higher wear rates are observed with increasing normal force and sliding velocity. It is 

also found that the wear rate of the paper-based friction material without carbon fibers is lower 

than that with carbon fibers, by a factor of 1.3 – 2.7. In addition, the carbon fibers are broken 

into pieces of smaller lengths by the sliding contact, which may contribute to the wear progress. 

The carbon fibers can also cause significant abrasive wear on the counter surface.  

Typical long-term changes in carbon friction systems include clogging of the friction lining with 

oil-cracking products and wear particles, abrasive wear, adhesive wear, fiber breakage, and 
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matrix degradation [Acu16a, Ran04, Sto23, Su06b]. Rank and Kearsey [Ran04] perform a life 

test with three different carbon friction linings. All of the friction linings investigated exhibit low 

wear rates and high coefficient of friction. In addition, the lubricant influence on the coefficient 

of friction is considered to be low, which is also confirmed by Stockinger [Sto23]. 

Acuner [Acu16a] demonstrates smoothing of the surface via experimental tests due to clogging 

of the coating pores over the test period. The load parameters and the thermal stability of the 

lubricant and its additives influence the strength of the clogging. EDX analyses detect sodium, 

sulfur, phosphorus, and zinc in low-reference oil and show increased calcium, sulfur, and 

phosphorus deposits in high-reference oil. These elements are typically used in additive 

components of the lubricant. In contrast to research performed by Weber and Poll [Web15], 

the deposits are more chemically resistant. Not even the cleaning procedure before the SEM 

measurements is able to remove them [Acu16a]. Acuner [Acu16a] demonstrates, based on 

experiments with model fluids in the component test rig and subsequent SEM/EDX analyses, 

that the detergent additive (over-based calcium sulfonate) is significantly responsible for the 

formation of deposits, and that the dispersant additive (succinimide) tends to inhibit deposits. 

It cannot be clarified whether the detergent decomposes due to high temperatures and 

accumulates in the friction lining or binds other cracked oil constituents and adheres with them 

in the friction lining. Fei et al. [Fei12] investigate the effect of phenolic resin on friction and wear 

behavior using four carbon fabric-reinforced phenolic resin composites produced by 

impregnation friction materials. The carbon fabric/phenolic resin composites have excellent 

wear resistance and do not damage the steel plate. Based on the study, the optimum phenolic 

resin content of carbon fabric/phenolic resin composites is 25 % by weight, considering the 

coefficient of friction, friction stability, and wear resistance. Decomposition and micro-

decomposition of the resin are the primary wear mechanisms for the sample with resin content 

above 25 wt%. Micro-cutting, fracturing, and removing carbon fibers, together with the 

formation of tiny debris on the surface, seem to be the predominant wear mechanism for the 

low resin-content friction materials. The results by Su et al. [Su06a], Wang [Wan10], and Wag 

et al. [Wan15] are thereby confirmed in addition to observing fiber breakage and carbon fibers 

tearing out of the matrix. Su et al. [Su06a] also demonstrate an increased temperature 

dependence of the wear rate for carbon friction linings since, at temperatures above 240 °C, 

the adhesive resin is degraded or decomposed and loses its ability to bind the carbon fibers. 

Wu et al. [Wu20] investigate polycarbonate and epoxy resin-based composites reinforced with 

staple fiber fabric and different amounts of impregnating resin. The primary factor influencing 

the specific wear rate is the degree of resin impregnation. The partially impregnated 

composites have a lower specific wear rate than fully impregnated composites. Finally, the 

main wear mechanisms identified for poly-carbonate-based composites are abrasive, 

adhesive, and fatigue wear. Conditions for the above wear mechanisms include matrix wear, 

plastic flow, resin drag fracture, resin crush deformation, plow fracture, fiber/matrix debonding, 

and fiber breakage. Regarding epoxy-based composites, the main wear mechanisms are 

abrasive wear and fatigue wear. Mainly micro‐cutting fracture, plowing fracture, fiber/matrix 

debonding, fiber breakage, and crushing fracture are observed thereby. Wenbin et 

al. [Wen16b] compare three carbon friction linings partially filled with carbon fiber powders to 

improve the weak interfacial bonding between carbon fabric and phenolic matrix. The damage 

to the friction linings is analyzed and compared with the aid of SEM images. The main wear 

mechanisms are matrix cracking and fiber breakage caused by bending the fibers. Fiber 

breakage caused by abrasion debris is also observed. Lehua et al. [Leh18] investigate the 

effect of MoS2 on carbon fabric composite wear and friction behavior under wet load shifting 
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conditions. SEM images are used to demonstrate the damage forms of fiber breakage, fiber 

cracking, and fiber-matrix debonding in the case of friction lining and pitting on the mating 

friction surface. The wear mechanism starts with the loading of the fibers by the vertical 

pressure and friction force of the counterpart during the friction phase. The fibers tear and 

detach due to high shear stress. At the same time, the high temperature caused by the friction 

significantly reduces the strength of the material, resulting in the flaking of the resin matrix and 

the reduction of wear resistance, known as adhesive wear. Strongly adherent fibers are 

gradually worn down and thinned out by wear until they finally break. The detached resin matrix 

and fiber breakage act as a third body and cause the onset of abrasive wear. The MoS2 filled 

into the composites produces corrosive substances through a tribochemical reaction during 

friction, which leads to pitting on the mating surface. Wenbin [Wen15] investigates the 

mechanical and tribological properties of carbon fabric/phenolic composites with different 

weave filament counts. Both composites exhibit similar wear behavior, starting with adhesive 

wear at the beginning of the test and abrasive wear in the late phase. Wear abrasion (including 

resin abrasion, fiber abrasion, and metal abrasion) occurs first. The resulting abrasion then 

begins to plow through the contact surface, and bending, breaking, and tearing of fibers occur. 

As a result, the tearing of the fibers and the deposition of debris lead to the appearance of 

cavities in some places. At the same time, the steel counter friction plate smooths out during 

the process of the test. SEM images show that fiber-matrix debonding and cavity formation 

dominate for the composite with a lower weave filament count. Severe fiber bending and 

excessive fiber breakage are observed in the composite having a large number of weave 

filaments. Changes in the frictional behavior and wear mechanisms of carbon fiber composites 

under oil-lubricated conditions during load shifting throughout their service life are 

systematically studied by Fei et al. [Fei16]. The combination of adhesive wear, abrasive wear, 

and thermal degradation is considered to be the primary wear mechanism under oil-lubricated 

conditions throughout the service life. Different wear characteristics are described in parallel 

and perpendicular directions of the surface. The fibers aligned in the parallel direction undergo 

continuous polishing, leading to instances of fiber breakage and fragmentation. In the 

perpendicular direction, the fibers undergo polishing and cutting. 

2.2.2 Spontaneous Damage 

Spontaneous damage occurs within a few shifts and can be attributed to high mechanical and 

thermal loads [Sch19]. According to Strebel [Str17] and Schneider et al. [Sch19], spontaneous 

damage can be subdivided, depending on the friction material pairing. Hot spots and hot bands 

have been demonstrated for organic friction linings with metallic counter friction plates. The 

typical damage form for metal-on-steel friction pairs is adhesive wear and seizure (see 

Figure 2.9), which is often referred to as sinter carryover in the literature [Pfl98]. 

Snima [Sni06] discusses the performance limits on wet multi-plate clutches for sintered metal 

friction linings under continuous slip loads. Adhesive wear occurs at surface temperatures 

above 250 °C, associated with sinter carryover. The existing boundary layers produced by 

lubricant additives and the friction materials are removed during this process. Atomic bonds 

(micro-welds) form, especially at the plastically deformed micro-contacts between the steel 

plates and sintered linings. This process is attributed to the oil film breakdown and thermal and 

mechanical overload. The temperatures achieved in the experiments usually range between 

about 230 °C and 250 °C, thus reducing the proportion of hydrodynamic friction and the 

kinematic viscosity of the cooling oil. A temperature flash occurs as a result of the momentary 

local solid contact with coupled surface welds. The welds are immediately torn open in the 



16 State of the Art 

 

process, flecking the steel plate and leading to coefficient of friction peaks over time. 

Pfleger [Pfl98] systematically describes the damage form of sinter carryover for wet multi-plate 

clutches in load-shifting applications and divides them into three classes. Depending on the 

coefficient of friction increases caused by the seizure of the friction material and the steel plate, 

a distinction is made between light, medium, and heavy sinter carryover. Accordingly, light 

sinter carryover requires coefficient of friction peaks of up to 15 %, whereas heavy sinter 

carryover is characterized by an excess coefficient of friction of at least 30 %. Medium sinter 

carryover moves between the two levels. In addition, the area affected by the sinter carryover 

can be included in the evaluation. The sinter carryover caused by the thermal overload also 

clogs the pores of the friction plate, thus confirming the results of Duminy [Dum79]. 

Duminy [Dum79] investigates the damage behavior of wet multi-plate clutches during load 

shifting using the friction pair of steel and sintered bronze. The damage patterns for 

spontaneous damage include wear, clogging of the lining pores, cracking the lubricant, sinter 

carryover, and buckling of the steel plate. The failure criterion is the buckling of the steel plates 

(inversion of more than 0.1 mm). Schneider et al. [Sch19] initially distinguish between the 

damage patterns of discoloration of the steel plate and sinter carryover in the case of load 

shifting of metallic friction systems (see Figure 2.9). These damage patterns are further divided 

into the categories of large-scale and localized damage. A coefficient of friction increase of at 

least 20 % is specified as a failure criterion. With the aid of thermal simulations, Schneider et 

al. [Sch20a] show that the calculated maximum 

temperatures lie between 200 °C and 250 °C when 

recognizable sinter carryover occurs. In further studies, 

Schneider et al. [Sch20b] investigate the frictional 

behavior of pre-damaged multi-plate clutches during load 

shifting. For this purpose, three clutches are pre-

damaged at different intensities so that spontaneous 

damage (local discoloration, sinter carryover) occurs. All 

of the pre-damaged clutches pass the endurance test, 

and the local discoloration and sinter carryover are no 

longer visible after the endurance test. In addition, there 

is a correlation between the intensity of the pre-damage 

and the coefficient of friction at the beginning of a shifting 

process. It is evident that the greater the pre-damage, the 

lower the coefficient of friction at the beginning of a cycle. 

Regarding friction systems with organic friction linings, Strebel [Str17] and Schneider et 

al. [Sch19] distinguish between locally limited, circular to elliptical, black discolorations, also 

called hot spots (see Figure 2.10). They also describe large areas of black discoloration, 

known in the literature as hot bands [Gra12]. Moreover, they make a distinction between hot 

spots with an increase in thickness less than or equal to 0.05 mm and those with an increase 

greater than 0.05 mm, using this distinction as a failure criterion. Schneider et al. [Sch21c] also 

perform endurance tests for organic friction elements with pre-damaged clutches (slight 

discoloration, severe local discoloration, and local thickening). It is demonstrated that several 

thousand shifts can still be performed using severely damaged plates. In contrast to local 

thickening, local discolorations become no longer visible after the test. A deterioration of friction 

behavior is observed. Distinctions for paper friction systems in load shifting, similar to those 

made by Schneider et al. [Sch19], are also made by Graf and Ostermayer [Gra12], Mann et 

 
Figure 2.9: Local discoloration and 

sinter carryover on the 
steel plate for sinter 
friction systems 
[Sch20a].  
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al. [Man21], and Panier et al. [Pan04b], who distinguish between hot spots and hot bands. In 

this context, hot bands refer to an inhomogeneous temperature distribution in the radial 

direction, and hot spots refer to a strongly distorted temperature field in the circumferential 

direction. Hot spots are, in particular, the maxima of the temperature field and can be identified 

as single dark discolorations.  

Pfleger [Pfl98] classifies hot spots according to the size 

of the individual hot spots as well as the affected area of 

the steel plates. Also considered is whether any plastic 

deformation of the steel plate is associated with the hot 

spot damage. Wimmer [Wim05] adopts Pfleger's [Pfl98] 

classification, showing that depressions are present on 

the steel plates affected by hot spots due to local 

material removal at previously highly loaded areas. As 

the specific friction work increases, the average depth of 

the depressions increases. The friction behavior 

deteriorates significantly when hot spots are formed. 

Anderson and Knapp [And90] provide a qualitative 

description of various types of hot spots based on 

research regarding friction systems of automotive applications. Local hot spots are described 

which exhibit elliptical to circular damage. These local hot spots are divided into critical and 

non-critical local hot spots. Only cosmetic interface changes are detected on the surfaces of 

the non-critical local hot spots, e.g., brown to blue discolorations, and temperatures of up to 

300 °C are reached. There is no structural transformation in the steel plates. Critical hot spots 

are characterized by plastic deformation, cracks on the surface, and residual martensite. The 

resulting martensite increases the volume of the steel plate. Based on the microstructural 

transformation, it is determined that a temperature of at least 750 °C is required for the 

development of critical hot spots. Schneider et al. [Sch20a] use thermal experiments to identify 

the maximum temperature at which hot spots occur. It should be noted, however, that local 

effects cannot be taken into account with their simulation model, which is why a relatively wide 

temperature scatter band (480 °C – 710 °C) results for the organic friction systems. 

Haemmerl [Hae95] further measures depressions of up to 12 µm in the centers of hot spots, 

which are described as yellow-brown and partly blue areas. However, Haemmerl does not 

describe structural transformations. Hensel [Hen14b] observes black discolorations (hot spots) 

and local increases in thickness at random areas on the steel plates in organic friction systems. 

Microstructural examinations show that grain refinement has taken place in these areas. 

Kasem et al. [Kas11] also demonstrate by means of metallurgical experiments that, due to the 

temperature effect, grain refinements and microstructural transformations accompany hot 

spots at the corresponding areas. Moreover, plastic deformations of the surface are observed 

in areas affected by hot spots. These plastic deformations are explained as melting of the steel 

material due to high temperatures and high mechanical loads. In addition to the microstructure 

measurements, infrared camera measurements of brake disks made by Kasem et al. [Kas11] 

exhibit locally excessive temperatures close to the austenitizing temperature at the points 

where hot spots form. The plastic deformation of the steel surface observed by Kasem et 

al. [Kas11] during friction processes is described by Eleoed et al. [Ele99] as "tribological 

transformation of surface – TTS" and by Antoni et al. [Ant12] as "tribological surface 

transformation – TST". Like Kasem et al. [Kas11], Panier et al. [Pan04b] perform thermal 

 
Figure 2.10: Local discoloration and 

local thickening on the 
steel plate for paper 
friction systems 
[Sch20a]. 
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measurements using a high-speed infrared camera on TGV disk brakes in order to better 

classify and explain thermal gradients on the disk surface. First, hot bands form, then thermal 

gradients develop on hot bands before macroscopic hot spots finally appear. Panier et 

al. [Pan04b] differentiate with respect to the individual damage classes (asperity, gradients on 

hot bands, hot bands, macroscopic hot spots, and regional hot spots), depending on the 

parameters of size and thermal level. Mann et al. [Man21] also perform infrared thermography 

measurements and confirm the observations made by Kasem et al. [Kas11] and Panier et 

al. [Pan04b] regarding the formation and development of hot spots and hot bands. In their 

measurements, hot spots concentrate radially on two hot bands characterized by different 

diameters. Hirano et al. [Hir07] contribute to the state of the art with their division of hot spots 

into the categories of cosmetic and heavy. Cosmetic hot spots refer to mere discolorations on 

the friction surface, while severe hot spots are caused by plastic deformation of the steel plate. 

The transformation of the pearlitic or ferritic microstructure of separator plates into martensitic 

microstructure in hot spot areas is described, which is also confirmed by Abbasi et al. [Abb14]. 

Yang et al. [Yan13] observe cracking in the inner and edge regions of the hot spots. Crack 

growth occurs through the propagation of individual cracks and the connection of multiple 

cracks. Li et al. [Li14] investigate crack propagation behavior under various braking conditions 

and find that high braking energy can accelerate crack propagation. 

Barber [Bar67] analyzes the formation of hot spots and attributes them to thermal deformation 

of the friction interfaces, although the description of the heat generation phenomenon is 

uncertain. Barber [Bar69] later explains that the formation mechanism of hot spots is 

thermoelastic instability (TEI). According to the explanation of TEI, uneven load or pressure 

distributions in the frictional contact, for which fine irregularities in the microstructure of the 

friction partners are the cause, lead to locally excessive heat input and therefore increased 

temperatures. Due to the thermal expansion of a friction partner, the local pressure increases 

even more. Hence, TEI represents a self-reinforcing instability that continues to increase 

unless it is damped externally (e.g., by wear). An initial local deviation from the nominal surface 

pressure can become self-reinforcing and lead to instability. This outcome depends on whether 

thermal expansion or wear becomes the dominant mechanism. According to Barber [Bar69], 

TEI is mainly a function of sliding velocity and contact pressure. However, TEI can be partially 

avoided by choosing suitable friction partners that have smaller coefficients of thermal 

expansion, or by having a ratio of thermal conductivities closer to one. Building on these 

results, Dow and Burton [Dow72] formulate a two-dimensional analytical description of the TEI 

problem based on the heat conduction equation. They derive a stability limit for the formation 

of TEI in frictional contact for a simplified model geometry with two semi-infinite planes and 

while neglecting wear. They assume that there is an initial temperature non-uniformity and that 

the system becomes unstable as soon as a critical value for the sliding velocity is exceeded. 

According to TEI theory, a critical temperature level is exceeded during the process, leading 

to the formation of hot spots. The original pin-disk model is extended by Dow and 

Burton [Dow73] to include wear, which has a damping effect on thermoelastic instability. The 

wear particles improve the temperature level by absorbing the heat and thus stabilize the 

system. Burton et al. [Bur73] further develop this model to take into account the influences of 

material properties, coefficient of friction, and sliding velocity. The analysis considers the 

stability limit behavior, both when the friction materials are identical and when one friction 

partner, such as glass, acts as a perfect insulator. The value of the critical sliding velocity 

decreases with increasing differences in the conductivity of the friction materials. Similar to 

research by Dow and Burton [Dow72], Lebeck [Leb76] investigates the instability of two rings 
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in rotating, sliding contact. An analytical model is developed to describe TEI, including both the 

operating point (i.e., contact pressure and sliding velocity) and the waviness of the friction 

interfaces. It is demonstrated that contact conductance, ring stiffness, thermal coefficient of 

expansion, sliding speed, friction, thermal conductivity, and geometry are essential parameters 

with respect to stability. Lee and Barber [Lee93] extend the friction-excited thermoelastic 

instability analysis made by Dow and Burton [Dow73] to the case of a finite-thickness layer 

sliding between two half-planes. This extension aims to evaluate the influence of finite disk 

thickness on the stability behavior of an automotive disk brake. The results reveal a specific 

wavelength that is preferred for instability within a layered geometry. This contrasts with the 

behavior observed when two half-spaces slide against each other. In that scenario, the critical 

velocity decreases steadily as the wavelength increases. Using material properties and 

dimensions consistent with automotive practice, the layer model predicts critical velocities 

based on those observed in experiments. As a result, this model is much more accurate than 

the two-half-space model, which overestimates the critical velocities by an order of magnitude. 

However, the relevant experiments are performed at a constant axial force, meaning that the 

influence of pressure is not considered. Decuzzi et al. [Dec01] propose a two-dimensional 

analytical model used to predict the critical sliding velocity in multi-plate clutches and brakes. 

It is shown that the model of Lee and Barber [Lee93], which considers infinitely thick plates, 

significantly overestimates the critical speed for practical machine elements, with a critical 

speed difference of about 80 %. The study also demonstrates that the critical speed depends 

on the steel and friction plate thickness ratio. Jang and Khonsari [Jan02] develop a 

comprehensive model for analyzing the occurrence of thermoelastic instability in a wet clutch 

with paper friction lining. Porosity, deformability, the thickness of the friction material, and the 

thickness of the steel plate are considered. The lower limit of the critical speed is strongly 

influenced by Young's modulus and the thickness of the friction material. In contrast, the results 

indicate that the influence of Young's modulus and the thickness of the steel plate on the lower 

limit of the critical speed is relatively small. The model is extended by Jang and 

Khonsari [Jan03] to include surface roughness, hydrodynamic pressure, and viscous shear 

dissipation within the lubricating film. The model reveals that independent dimensionless 

parameters govern the critical speed, and that their interaction determines the susceptibility of 

a system to TEI. Of particular interest are the thickness of the conducting member and its 

surface roughness, the influence of the lubricant viscosity and film thickness, and the physical 

properties of the contacting bodies. The model demonstrates that the number of surface 

disturbances is directly related to the number of hot spots. A comparison with independent 

experimental results reveals a satisfactory prediction of the number of hot spots. These results 

are confirmed by Zhao et al. [Zha15], who use theoretical research to show that material 

properties, e.g., thermal conductivity and elasticity, and structural properties, e.g., the 

thickness of the friction lining, have a significant influence on the stability of the system. Abbasi 

et al. [Abb14] prove by way of theoretical and experimental investigations using a pin-on-disk 

test rig with a cast-iron friction lining that the points of highest temperature on the friction 

interface correlate with the points of highest surface pressure. In the friction system used, the 

wear rate increases with increasing temperature. As a result, the location of the highest 

temperature changes continuously, due to the increased wear at hot spots because excess 

pressure is reduced. Zagrodzki and Truncone [Zag90] confirm by way of theoretical and 

experimental research that, even at the transient sliding velocities occurring in many typical 

automotive or heavy machinery applications, unstable behavior is caused by a variation of the 

pressure distribution. Pressure differences are typically caused by geometry deviations, 
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material inhomogeneities, or uneven force application. Deviations from the nominal geometry 

are critical, especially in the case of the steel plate, since this disturbance is stationary in the 

coordinate system of the subsequent damage. Deviations in the friction plate change their 

position continuously due to the differential speed relative to the steel plate. Operating at 

above-critical speeds can result in severe hot spots from even a single momentary 

intervention. 

Audebert et al. [Aud98] demonstrate by way of a numerical algorithm that clutch disks 

subjected to axisymmetric temperature variations can develop residual in-plane bending 

moments large enough to cause buckling during unloading. In this case, axisymmetric buckling 

(coning) occurs when the residual stress at the outer radius is tensile, and a non-axisymmetric 

"potato chip" mode occurs when it is compressive. An axisymmetric residual stress field 

thereby causes the non-axisymmetric shape. Buckling in single-sided disks is researched 

theoretically and experimentally by Cenbo et al. [Cen15]. Temperatures are measured using 

thermocouples at four different radii in the axial center of the clutch, and tests are performed 

under low and high lubrication regimes. It is shown that buckling of the plates occurs when the 

radial temperature difference becomes large enough, and the in-plane bending moment 

exceeds a critical value. Yu et al. [Yu20] discuss the potential damage caused by disk buckling, 

noting that disk deformation causes not only large temperature differences but also significant 

frictional torque between the contact and non-contact regions, which in turn exacerbates 

deformation. In simulation studies, Cui et al. [Cui15] demonstrate that three types of saucer-

shaped deformation and one type of wave-shaped deformation occur, based on the transient 

thermal deformation model of the friction clutch. The boundary conditions of the disks and the 

thermal conductivity of the materials significantly influence the deformation pattern. Li et 

al. [Li17b] demonstrate that, depending on the steel plate thickness, buckling is caused either 

by radial thermal stresses or by circumferential thermal stresses. In their study, circumferential 

thermal stresses are dominant at steel plate thicknesses below 1.8 mm, and radial thermal 

stresses are dominant at thicknesses above 1.8 mm. 

2.3 Influences of Engineering Parameters on the Load Carrying Capacity 

The explanations in the previous chapter clarify that many different types of damage and 

damage mechanisms exist for wet clutches, influenced by a multitude of factors. The literature 

provides numerous design recommendations for damage prevention and performance 

improvement, which are discussed in the following section. 

The current state of the art contains 

contradictory statements regarding the load 

parameters that can be tolerated without 

damage. The more theoretical studies mostly 

derive a sliding velocity limit for spontaneous 

damage [Al-02, Dow73, Dow72, Gra14, Jan02, 

Lee93, Li08, Ost13, Zag90, Zag09, Zha13]. 

However, this assumption is contradicted by 

Panier et al. [Pan04], among others. Their 

experiments state that hot spots can only 

develop when the load reaches a certain level, 

even if the relative speed reaches a certain 

value. Moreover, the research by Xiong et 

 

Figure 2.11: Permissible friction work as a 
function of friction power and 
shifting frequency inspired by 
Strebel [Str17] based on the 
investigations of Duminy 
[Dum79]. 
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al. [Xio14] shows that the rotation of speed influences the number of hot spots, but not whether 

hot spots are formed at all. In addition, the number of hot spots decreases linearly when the 

contact pressure increases from 0.2 MPa to 2.6 MPa. When the contact pressure is low, the 

deformation remains in a hot band mode that eventually transitions to individual hot spots. 

Duminy and Federn [Dum77] explain that the performance limit of sintered metal friction 

clutches, defined by the allowable amount of shifting work, increases when the shifting 

frequency, friction surface pressure, and relative speed are reduced. Several diagrams are 

proposed for the design of sintered metallic disk clutches. Figure 2.11, for example, presents 

the performance limit overview for the parameters of area-related friction power, shifting 

frequency, and area-related shifting work. Based on the limiting case of a single layer, less 

friction work can be tolerated at an increasing shifting frequency for the same peak friction 

power. In addition, a nomogram is proposed which can be used to determine the permissible 

area-related friction work per shifting process, and the slipping time of the friction pairing as a 

function of the parameters friction surface 

pressure, initial relative velocity, coefficient of 

friction, and shifting frequency. The influence of 

the cooling oil quantity is achieved via 

correction factors. Findings by Duminy and 

Federn [Dum77] are also summarized in VDI 

Guideline 2241 Part 1 [VDI82] and 

Part 2 [VDI84]. Based on the results of Duminy 

and Federn [Dum77], many experimental 

studies have described the friction working limit 

as a function of the maximum friction power 

(see Figure 2.12) and operating frequency for 

the damage-free operation of wet multi-plate clutches operating under load shifting conditions 

[Dum77, Gro21b, Hae95, Sch21b, Sch19, Sch22d, Str17]. 

In addition to load limits in terms of sliding speed, frictional power, and frictional work, 

recommendations for temperature limits are proposed specifically to prevent damage. To avoid 

excessive friction disk wear, Yu et al. [Yu19a] suggest that the appropriate surface temperature 

should be maintained at 100 °C – 175 °C. Failure of the plates is reported at a surface 

temperature above 250 °C. Su et al. [Su06b] demonstrate by way of experimental studies of 

carbon fabric composites filled with nano-Al2O3 and nano-Si3N4 particles that wear rates of the 

composites increase significantly at elevated temperatures above 180 °C, a result which can 

be attributed to the degradation and decomposition of the resin adhesive. In contrast, 

Hensel [Hen14] does not propose a peak temperature as a characteristic value for 

characterizing the damage limit of wet multi-plate clutches. A characteristic value AϑRf is 

defined which enables correlation of the damage with the thermal load. Using AϑRf, it can be 

shown that there are different damage mechanisms depending on the temperature level and 

the residence time at the temperature level. The characteristic value considers the thermal 

load, and not a single event throughout use. Anderson and Knapp [And90] describe focal hot 

spots associated with microstructural transformation and martensite formation, for which 

surface temperatures over 750 °C are required in the systems considered. Brown to blue 

discolorations on brake drums are indicated as non-critical focal hot spots. No microstructural 

transformation takes place. The required temperatures are significantly lower 

(200 °C – 300 °C) than in critical hot spots. To avoid sinter carryover, Snima [Sni06] 

 

Figure 2.12: Permissible friction work as a 
function of max. friction 
power based on Schneider et 
al.  [Sch19]. 

Max. friction power q0 in W/mm2
.

F
ri

c
ti

o
n

w
o

rk
q

in
 J

/m
m

2

2 4 6 8 10
0
0

1

2

3

4

5

6



22 State of the Art 

 

recommends cooling the friction linings well by recooling the cooling oil. Wu [Wu18] confirms 

this recommendation through simulations and demonstrates that an increased cooling oil flow 

rate increases the cooling capacity, thus leading to lower friction surface temperatures, which 

can reduce the damage tendency. Schneider et al. [Sch21b] also describe a statistically 

significant effect of oil flow rate on damage occurrence in paper friction systems under load 

shifting. 

In addition to load parameters and external cooling, there also exists a variety of design 

parameters on the steel or friction plates to increase load-carrying capacity in terms of damage. 

For example, Li et al. [Li17a] investigate groove design influence on wet multi-plate clutch wear 

behavior. The waffle groove exhibits the highest wear rate compared to the radial and spiral 

grooves. Furthermore, it is shown that the grooves have a negative effect on wear for short 

shifting times (0.2 s), and friction linings without grooves are recommended. For long shifting 

times (3 s), the wear properties of the friction material are significantly improved by grooves 

compared to groove-free friction material. Schneider et al. [Sch21b, Sch22b] research the 

influence of grooves on spontaneous damage behavior during load shifting in paper and sinter 

friction systems. The experiments discover no statistically significant difference between the 

grooves investigated. Dow [Dow78] proposes design changes, e.g., special coatings or 

sacrificial parts. The sacrificial parts are intended to induce a desired wear that dampens the 

TEI. Studies performed by Xiong et al. [Xio14] also show that the wavelength of hot spots 

increases when the Young’s modulus of the steel increases. In contrasting terms, it is evident 

that, when the Young’s modulus decreases, the number of hot spots increases, until there is 

no single hot spot, but a hot band. Fieldhouse [Fie11] suggests a uniform mass distribution for 

the steel plates in order to ensure that the heat distribution is homogeneous, while Yu et 

al. [Yu19a] suggest increasing the number of teeth in each plate so as to improve the 

resistance to mechanical buckling. Several studies [Cen15, Cui15, Li17b, Wan22, Yu20] 

suggest that the thickness of the steel plate should be increased in order to prevent buckling. 

Li et al. [Li17b] further conclude that the critical thickness determines whether the 

circumferential or radial thermal stress dominates during thermal buckling, while Wang et 

al. [Wan22] clearly demonstrate in their simulative studies that doubling the steel plate 

thickness can increase the buckling strength by up to 398.4 %. On the other hand, the 

simulation results by Zagrodzki and Truncone [Zag03] indicate that reducing the thickness of 

the steel disk can significantly improve thermoelastic stability. At the same time, it is pointed 

out that thinner steel plates are more susceptible to well-known permanent deformations (cone 

formation, distortion). Furthermore, the steel plates serve as heat sinks, and a reduction in 

their thickness increases the average clutch temperature for the same load. Regarding load 

shifting with paper and sinter friction systems, Schneider et al. [Sch21b, Sch22b] demonstrate 

a clear influence of the steel plate thickness on damage occurrence. The thicker the steel 

plates, the higher the loads necessary for damage to occur. Decuzzi et al. [Dec01] determine 

that friction partners with a thickness ratio of around 1 are particularly susceptible to hot spots. 

It is also discovered that the critical wave parameter increases slightly with a decreasing 

thickness ratio. Decuzzi et al. [Dec01] suggest either increasing the thickness of the friction 

lining or decreasing the thickness of the steel plate. In contrast to these research results, 

Scieszka and Zolnierz [Sci07a, Sci07b] present evidence that increasing the steel plate 

thickness leads to an increase in the critical velocity regarding the occurrence of thermoelastic 

instability. Jang and Khonsari [Jan02], in turn, make it clear that the influence of the thickness 

of the steel plate on the lower limit of the critical speed is relatively small with respect to the 

formation of hot spots. At the same time, both the Young’s modulus and the thickness of the 



State of the Art 23 

 

friction material strongly influence the critical speed. Furthermore, Li et al. [Li17a] emphasize 

the positive influence of the thickness of the friction lining on the wear rate. Scieszka and 

Zolnierz [Sci07a, Sci07b] also show, by way of a finite element model, that lowering the 

Young’s modulus increases the range of critical velocit  for thermoelastic instabilit . 

Fieldhouse [Fie11] follows Barber [Bar69] in describing non-uniformities as being one of the 

causes of hot spots. Fieldhouse [Fie11] also suggests when using friction materials with low 

Young's modulus to account for the continuous thickness differences of the steel plate. This 

way, the pressure non-uniformity can be compensated. As a result, the thickness differences 

of the plates lead to lower pressure non-uniformities, a result which is also demonstrated in 

recent publications by Zhao et al. [Zha18a], and Sabri et al. [Sab21a]. In the case of buckling, 

Yang [Hui15] and Wang et al. [Wan22] show that the Young's modulus does not influence the 

load-bearing capacity, whereas Wang et al. [Wan22] report that the coefficient of thermal 

expansion has a considerable influence. Keeping the coefficient of thermal expansion as low 

as possible is suggested, and is also recommended by Barber [Bar69], Xiong et al. [Xio14], 

and Scieszka and Zolnierz [Sci07a, Sci07b] in the case of hot spots. While the coefficient of 

thermal expansion should be kept small to avoid spontaneous damage, studies in the literature 

[Kub98, Kum11, Zha01] report that the coefficient of thermal conductivity of the friction lining 

should be chosen to be large, and a ratio of the thermal conductivities of the two friction 

materials should be closer to 1 [Bar69]. The thermal conductivity of the friction material can be 

increased by incorporating carbon fiber into a composite material [Kea97, Luo16b]. Groetsch 

et al. [Gro21b] confirm these results by way of experiments using carbon fiber reinforced 

carbon (CFRC) friction linings, which contain a carbon matrix in addition to carbon fibers. The 

carbon friction linings investigated exhibit excellent resistance to spontaneous damage. For 

example, Kearsey [Kea97] and Lam et al. [Lam06] also report that carbon friction plates are 

less prone to hot spot formation than paper friction plates. At the same time, the increased 

thermal conductivity of the friction lining leads to an increase in the temperature level of the 

friction lining, thus leading to the need for increasing the heat resistance of the fibers and the 

matrix material. For example, Fei et al. [Fei16], Huang et al. [Hua09], and Su et al. [Su06b] 

report that, regarding the development of wet composite clutches, a polymer matrix having 

excellent heat resistance should be selected in order to avoid damage. In addition, Fei et 

al. [Fei16] recommend improving the interfacial adhesion between the carbon fabric and the 

phenolic matrix. In order to improve the interfacial adhesion between matrix and fiber material, 

Wan et al. [Wan19a] suggest, on the one hand, pretreating the fibers with nitric acid, while on 

the other hand, Zhang et al. [Zha09b] recommend coating the fibers with SiO2. Furthermore, 

Shamra et al. [Sha11] demonstrate by means of pin-on-disk tests that cold remote nitrogen-

oxygen plasma-treated carbon fabric has better wear resistance than untreated carbon fabric. 

Many contributions propose adding fillers to the composite in addition to pretreating the fibers 

in order to increase interfacial adhesion and wear resistance. For example, Su et al. [Su06a] 

propose the fillers nano-CaCO3, nano-SiO2, and nano-TiO2; Zhang et al. [Zha05] propose the 

fillers PFW, nano-ZnO and nano-SiC; Qi et al. [Leh18] propose the fillers MoS2 with 20 wt%; 

and Su et al. [Su06b] propose the fillers 5 %nano-Al2O3 and 8 %nano-Si3N4. 

2.4 Test Procedures 

The complex interactions in the frictional contact described so far, as well as the large number 

of partly unknown parameters influencing the system behavior of wet clutches, make an exact 

prediction of the damage and the frictional behavior almost impossible. Therefore, in order to 



24 State of the Art 

 

be able to draw reliable conclusions about the performance of friction clutches, experiments 

play a central role in the design process. This section first provides an overview of tribology 

test categories and then presents test procedures for load shifting and slip operation. 

According to DIN 50322 [DIN86], measurement and test procedures for the friction and wear 

behavior of tribological systems can be divided into six basic categories: I machinery field tests, 

II machinery bench tests, III subsystems bench tests, IV components bench tests, 

V component model tests, and VI laboratory tests. In this context, a higher category 

corresponds to a more significant system simplification. Machinery field tests (category I tests) 

involve testing actual final products under experimental conditions, in which case the wide 

range of experimental operating conditions are often unable to be sufficiently characterized 

[Czi20]. Considerable effort is required to confirm the test results in repeated tests and to verify 

them statistically. As a result, full-scale field trials are usually costly [Czi20]. In categories II to 

IV tests, actual machines, tribosystems, or components are examined in precisely defined 

bench tests, and the test results can be related to the actual technical structures [Czi20]. Tests 

in categories V to VI are fundamentally oriented, and no real components are used, rather only 

specimen models (e.g., pin-on-disk) [Czi20]. Given the complex system behavior, the broad 

field of application, and the described basic categories for testing tribological systems, many 

test procedures exist for determining the damage and friction behavior of wet friction clutches.  

Acuner et al. [Acu13] develop a coefficient of friction short test for paper friction linings of wet 

clutches. Variations in pressure and sliding speed are used to evaluate friction behavior. The 

mass moment of inertia is kept constant in each test series, so that a variation in the friction 

work and the maximum friction power accompanies the variation of pressure and sliding speed. 

Stockinger et al. [Sto17] extend the test methodology for carbon and sintered friction materials 

in wet clutches. The life test methodology developed by Hensel [Hen14] is used to identify the 

decisive influencing parameters regarding friction and damage behavior and to simultaneously 

characterize the stress ability related to these parameters. In addition, a characteristic value 

for the description of the thermal load (AϑRf) is defined, enabling a correlation between damage 

and thermal load. With the aid of AϑRf, it is possible to demonstrate that various damage 

mechanisms exist, as a function of temperature level and cooling. In addition, collective tests 

at two load levels are performed several times in a row and are used to investigate recovery 

effects during continuous operation. Pfleger [Pfl98] and Wimmer et al. [Wim05] investigate far 

more complex load collectives, varying sliding speed, pressure, specific friction work, and 

maximum specific friction power at different load levels. These load collectives are strung 

together as often as required, depending on the research objective (e.g., clutch failure). 

Haemmerl [Hae95] uses step tests with ten shifts per load step to investigate hot spots on wet 

multi-plate clutches. The mass inertia, axial force, and speed are varied during the step tests. 

A correlation is qualitatively reported between specific friction work and maximum specific 

friction power at damage onset. It is reported that, regarding brake circuits with high peak 

specific friction power and low specific friction work, there is no damage to the friction system, 

whereas hot spots are observed at lower maximum friction power levels in circuits with higher 

friction work. Similarly, step tests with ten load cycles per load step are used by Fairbank et 

al. [Fai01]. The speed is increased from load step to load step, and the mass moment of inertia 

is kept constant. However, the slipping time is kept constant by adjusting the axial force. In 

addition, Hirano et al. [Hir07] use a similar experimental procedure to investigate hot spot 

phenomena on wet multi-plate clutches by means of nine braking circuits per load step. The 

specific friction work and specific friction power are increased from load level to load level by 
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increasing the initial speed. The mass inertia and pressure remain constant during the 

individual step tests. Strebel [Str17] presents a test method for investigating the spontaneous 

damage behavior of sinter and paper friction systems for load shifting. The load on the multi-

plate clutch is increased from load level to load level in a step test. At ten shifts per load level, 

the number of shifts is small enough to avoid long-term damage and large enough to achieve 

spontaneous damage. After each load level, the multi-plate clutch is able to be inspected for 

any damage, and the test parts are documented. The cycle time, i.e., the time between two 

successive shifts, is chosen to be 40 s, which is large enough to ensure that the clutch is 

cooled back to the lubricant temperature (80 °C by default) before each shift, which means 

that the steady-state temperature of the clutch has already been reached by the first shift. A 

run-in test is performed before the actual step test to compensate for manufacturing tolerances 

and inhomogeneities in the individual clutches. This test method is subsequently used by 

Schneider et al. [Sch21b, Sch19, Sch20b, Sch21c] in numerous experiments on paper and 

sinter friction systems and is also successfully applied by Groetsch et al. [Gro21b] as well as 

Schneider et al. [Sch22d] with regard to carbon friction systems. 

The Society of Automotive Engineers (SAE) provides standardized test procedures for 

durability and friction tests of multi-plate clutches using the SAE #II multi-plate clutch test rig 

[Aut12a]. This rig is utilized to evaluate the friction characteristics of multi-plate clutches in 

automatic transmissions with automotive transmission fluids, and it is also capable of 

conducting durability tests on wet friction systems. The test procedures J2487 [Aut19b] and 

J2488 [Aut19c] describe a step test with 200 cycles per load level, based on a stepwise 

increase of the friction work at a constant output speed of 3 600 min−1 and 6 000 min−1, 

respectively. At each load level, the moment of inertia must be increased while the lubricant 

temperature and the flow rate are kept constant over the entire running time. The specific 

purpose of the test procedures is to define a stepped power test used to evaluate wet friction 

system performance variation as a power level function. Test procedure J2489 [Aut12b] is 

developed to evaluate the performance variations of wet friction systems as a function of the 

number of cycles. Individual load levels from tests J2487 [Aut19b] and J2488 [Aut19c] are 

strung together as often as required to produce a continuous shift test at a constant load level. 

In addition, test procedure J2490 [Aut19a] is used to evaluate the variation of wet friction 

system performance as a function of speed, temperature, and pressure. This test procedure 

involves four 50-cycle break-in levels at 3 500 rpm with increasing steps of contact pressure, 

followed by 16 levels consisting of 25 dynamic engagements and one breakaway following the 

completion of the 25th dynamic cycle. The 16 levels are obtained by varying initial engagement 

speed, contact pressure, and oil sump temperature while the inertia is kept constant, at 

0.701 kg / m2. 

In addition to the test procedures presented thus far regarding load shifts, there are also a few 

experimental procedures for clutches under transient conditions. Szappanos et al. [Sza06] 

present the development of a friction screening test using a Full-Scale Low-Velocity Friction 

Apparatus (FS-LVFA) designed to investigate breakaways at low speeds, such as those 

encountered during the operation of limited slip differentials. The test consists of four phases 

(break-in, pre-durability performance evaluation, durability, and post-durability performance 

evaluation) and is used to investigate fundamental interactions between the friction material 

and the lubricant. Henley et al. [Hen10] further develop the proposed test procedure from 

Szappanos et al. [Sza06] by adding a statistical data analysis method to facilitate a comparison 

of the tested friction materials and lubricants. Schenkenberger et al. [Sch06] develop a µ-split 
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screening test using the SAE #2 friction test rig to provide faster and more accurate screening 

of candidate fluids. A complete test consists of 40 cycles of chatter, µ-split, and moan events. 

The chatter event comprises a speed sweep from 0 to 25 rpm over 4 s, a dwell at 25 rpm for 

4 s, and a return to 0 rpm over 4 s (see Figure 2.13). To match field conditions, the chatter 

event is performed under constant load and in both the forward and reverse directions. In the 

µ-split event, a differential speed is built up when pressure is applied, and the predefined 

differential speed is maintained. The moan event is a discrete velocity event at 40 rpm. The 

load remains constant for the entire duration of the event, which lasts 30 s. The test compares 

and evaluates lubricants for use in limited slip differentials concerning friction behavior and 

NVH behavior. Whittcar et al. [Whi10] optimize the proposed test procedure by Schenkberger 

et al. [Sch06] in terms of equipment 

modifications, data analysis, and correlation to 

full-vehicle µ-split testing. Voelkel [Voe20a] 

develops a test method used to characterize the 

running-in behavior of slipping multi-plate 

clutches. In order to investigate the frictional 

behavior of slipping clutches in a manner as 

close as possible to the application, vehicle data 

from various test drives (race tracks, mountain 

passes, µ-split) are evaluated, and relevant load 

conditions are identified. Six application-related 

load levels of different specific stresses are derived based on identifying relevant differential 

speed lock-up torque combinations. A slip cycle in transient slip consisting of five slip phases 

and a connected cooling phase is used. In a slip phase, the clutch, which is subjected to axial 

force, is opened up in a triangular differential speed curve, and the differential speed is reduced 

again. Between the individual slip phases, the closed clutch is stationary for a duration of one 

second. 

2.5 Numerical Analysis of the Thermomechanical Behavior  

The presented state of the art clarifies that the thermal behavior is an important factor in the 

design of a multi-plate clutch. The previous sections show that the temperature at the friction 

interface determines the boundary layer structure and, therefore, the friction and damage 

behavior of the clutch. It is also shown that high temperatures can damage the lubricant. 

Therefore, a good understanding of the heat flow through these components is essential when 

optimizing their design. 

The actuation of a clutch is a process in which kinetic energy is converted into thermal energy 

(see Figure 2.14). The parameters of speed, contact pressure, coefficient of friction, and 

thermophysical properties of the materials change during clutch actuation (see Section 2.1). 

In this process, frictional heating during braking causes thermoelastic deformation, changing 

the contact pressure distribution p(x,y,t) and therefore the distribution of frictional heating 

q(x,y,t) [Yi02]. The coupling between the mechanical and thermal problems is established by 

the energy balance relation q(x,y,t) = µ·v·p(x,y,t), where µ is the coefficient of friction and v is 

the sliding velocity [Yi02]. 

Experimental tests or theoretical calculations can determine the temperature distribution in the 

clutch components during actuation. Experimental tests are generally time-consuming and 

expensive, and are used to validate numerical solutions. Analytical calculations considering 

 

Figure 2.13: Sample of a chatter event based 
on Schenkenberger et al. 
[Sch06]. 
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friction heating systems require 

half-spaces or plane-parallel 

strips, so applying a finite domain 

is impossible. Obtaining an exact 

solution to the problem is 

extremely difficult due to the 

complex geometry of clutch 

components. [Yev10] 

The foundational research behind 

modern thermal and 

thermomechanical clutch models 

dates back to the early 20th 

century. For instance, Geiger 

[Gei37] used a simple one-

dimensional model to calculate 

clutch temperatures, taking into 

account heat conduction through 

the connecting components. Furthermore, Geiger [Gei37] observes that the converted energy 

and friction interface temperature are relevant to clutch damage. Hasselgruber [Has59] 

investigates the chronological history of the temperature of friction clutches during a single 

shifting process for the one-dimensional case. The analytical calculation formula for the 

temperature increase is developed by solving the differential equation using Laplace's 

singularity method. However, the model assumptions (semi-infinite bodies, one-dimensional 

heat conduction problem) limit the applicability to short shifting times, thick plates, a single 

shifting process, and a friction power curve described by a polynomial approach. 

Steinhilper [Ste62] extends the work of Hasselgruber [Has59] to large slipping times and 

calculates the axial temperature distribution of a multi-plate clutch using a superposition 

method. Steinhilper [Ste63a, Ste63b, Ste64] develops thermal networks in further work. The 

thermal networks are converted into electrical circuit diagrams to conduct experimental 

investigations. The accuracy of the computational results is confirmed by comparison with 

experiments. Steinhilper further notes that a one-dimensional thermal design approach is 

usually sufficient for practical purposes. Lauster and Staberoh [Lau73] consider the thermal 

behavior of wet multi-plate clutches during successive shifting cycles, in which case the 

heating of the clutch due to drag losses can also be considered. The end temperature of the 

respective preceding shift cycle forms the start temperature for the following shift. Unless the 

clutch cools back down to the lubricant temperature during the cooling phase, the maximum 

plate temperature will rise to a certain steady-state value. Haemmerl [Hae95] uses the finite 

difference method to calculate the temperature behavior in wet multi-plate clutches, and his 

work forms the basis for the FVA program KUPSIM, which is continuously evolved [Voe16, 

Woh09]. Using KUPSIM, thermal design and recalculation are possible for changing operating 

loads of clutches. The calculation models and the results are validated by comparison with test 

bench results, showing a high level of agreement. In addition, based on the finite difference 

method, Tatara and Payvar [Tat02] calculate the temperature distribution in wet multi-plate 

clutches during the friction, closed, and open cooling phases. Besides load shifting, continuous 

slip is also considered, whereby the largest fraction of frictional heat is dissipated through the 

lubricant. The heat transfer coefficients required for this purpose are calculated according to 

 
Figure 2.14: The feedback process for TEI based on Yi et al. 

[Yi02]. 
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Payvar [Pay91]. Regarding longer slippage times, Pacey and Turnquist [Pac90] report 

improved heat dissipation. Zagrodzki [Zag85] investigates the axisymmetric transient 

temperature and quasi-static thermal stress distributions in wet clutches. The finite difference 

method is used for calculating the temperature distribution, and the finite element method is 

used for calculating the thermal stresses. The contact pressure is uniformly distributed over 

the friction interfaces and is assumed to be independent of the thermoelastic deformations. 

The coefficient of friction is considered to be constant and independent of a radial coordinate, 

and the frictional heat equals the power density of the frictional forces. Temperature gradients 

and radial stress components occur due to differences in local velocities in the radial direction. 

It is evident that the maximum thermal stress reached is below the yield point of the material, 

and the damage behavior of the clutch cannot be predicted. The axial stress in the clutch is 

about 30 times higher than the circumferential and radial stresses. The circumferential and 

radial stress components at the friction surfaces are compressive stresses, and tensile 

stresses occur inside the disk. As a result of the superposition of axial and radial temperature 

gradients, compressive stresses are present at the outer diameter and tensile stresses at the 

inner diameter. The influence of the radial component of the temperature gradient on the 

values and distribution of thermal stresses is found to be dominant. The yield stress of the 

materials investigated does not surpass the equivalent Huber-Mises stress level. In further 

investigations, Zagrodzki [Zag90] performs a thermomechanical analysis of temperature and 

thermal stresses, including the non-uniform contact pressure distribution in a multi-plate clutch. 

The influence of wear is neglected, which, as mentioned, could weaken the thermoelastic 

instability phenomenon. A clutch with 10 friction interfaces, consisting of nine plates coated 

with friction material, hydraulic pistons, and an opposing plate, is analyzed. The distributions 

of normal pressures on the friction interfaces greatly influence the temperature gradients in the 

disks as well as the resulting thermal stresses. In most unfavorable situations, the stresses 

can exceed the yield point of the materials used. In the following, Zagrodzkiy and 

Truncone [Zag03] and Zagrodzki [Zag09] compare the quality of the results and the numerical 

computational effort of two- and three-dimensional finite element models. Due to the lower 

computational effort of two-dimensional models, they accept the less accurate results and 

report slightly underestimated maximum temperatures for two-dimensional models. As a result, 

only focal hot spots are considered in the simulations, and the associated critical velocities are 

determined as a function of the wavelengths of the modes considered. Using a two-

dimensional finite difference model, Jen and Nemecek [Jen08] compare the calculated 

temperatures of a multi-plate clutch by way of experimental measurements. Differences are 

found in the circumferential direction. While the simulation determines uniform temperature 

distributions in the circumferential direction, differences are discovered in the measurements 

concerning the absolute temperatures and the time curves. Zhao et al. [Zha08] build an 

axisymmetric finite element model to analyze the thermomechanical behavior of multi-disk dry 

clutches and disk brakes. The transient changes in temperature and stress tensor components 

for a single engagement are analyzed. Explicitly different material properties are investigated, 

including carbon-carbon composites. In contrast, Rao et al. [Rao89] determine the temperature 

distributions during repeated braking cycles. Following Zagrodzki [Zag85], it is assumed that 

the total kinetic energy is converted into heat. The heat capacity of the friction lining is not 

considered, and it is assumed that the brake disk absorbs all of the heat energy. In addition, 

temperature-independent material properties are used, and the finite element model is 

validated through experimental tests. The brake disks are radially drilled and equipped with 

thermocouples for this purpose. Koetniyom et al. [Koe02] also investigate the 



State of the Art 29 

 

thermomechanical behavior of a disk brake during repeated braking operations. However, they 

use temperature-dependent material parameters obtained in specially performed experimental 

measurements. The heat energy is determined using the vehicle's kinetic energy, and both 

convection and radiation are taken into account in the analysis. The required heat transfer 

coefficient is taken from Grieve et al. [Gri98]. One section of the disk brake is analyzed in order 

to limit the numerical effort. Mackin et al. [Mac02] also investigate brake disks in experimental 

and theoretical studies, focusing on crack formation. The loads that can cause thermal cracks 

during operation are identified. Using FEM models, radial, circumferential, and equivalent 

Huber-Mises stresses are determined, and the number of cycles until brake disk failure is 

determined based on the Coffin-Manson model [Bue98]. It is demonstrated that compressive 

stresses prevail during braking, whereas tensile residual stresses prevail in the circumferential 

direction during cooling. In the hub area, the material yield strength is exceeded by the 

maximum equivalent stresses. In addition, the experimentally determined values are about 

11 % lower than those determined using the FEM model. Wu et al. [Wu16] determine the 

thermal fatigue crack propagation during consecutive emergency braking for high-speed brake 

disks using FEM. In the first step, the thermophysical, mechanical, and fracture mechanics 

parameters for brake disks made of alloyed forged steel are determined experimentally at 

different temperatures. The calculation results are used to evaluate the fatigue life and safety 

margin while in service. The predicted peak temperature and calculated crack geometry agree 

well with the experimental data, and the thermal fatigue crack propagation is used to evaluate 

the safety level of the brake disk. Yi et al. [Yi02, Yi00] develop a finite element method to 

determine the critical sliding velocity for the thermoelastic instability of axially symmetric 

clutches and brakes. The critical sliding velocity is related to the number of hot spots. 

Temperature measurements on the brakes exhibit non-uniform distributions in the 

circumferential direction. The experiments also show that hot spots can be explicitly identified, 

especially at high sliding velocities. The theoretical predictions of the critical speed agree well 

with the experimental results. Graf and Ostermeyer [Gra12, Ost13] analyze disk brakes in 

relation to TEI using analytical, numerical, and experimental methods. Wear, heat generation, 

thermal expansion, and thermal conduction are taken into account in the analyses to 

investigate the formation of hot spots and hot bands. The location of the calculated hot band 

is identical to the location of maximum pressure and therefore dominates the effective friction 

radius. It is also shown that the critical velocity for hot band formation is lower than the one for 

hot spot formation.  

In more recent work, three-dimensional simulations see increasing development and use for 

analysis, in addition to two-dimensional simulation models, due to improved numerical 

computing capacity. Xiong et al. [Xio14] investigate the formation of hot spots in multi-plate 

clutches using simulations. A three-dimensional finite element model of a multi-plate clutch is 

developed to simulate the hot spot generation process and illustrates the generation 

mechanism scenario. The formation process is divided into three phases. First, local heating 

occurs, which leads to local hot expansion, and the first hot spot forms on a steel plate. Then, 

due to thermal stresses, another hot spot forms alternately on the other side of the steel plate. 

The generation of more hot spots continues until a sinusoidal deformation with hot spots is 

achieved over the entire circumference of the steel plate. A series of simulations show that the 

wavelength of the hot spots increases almost linearly as the speed, pressure, coefficient of 

thermal expansion, and Young's modulus of the steel plate increase. Motivated by 

observations of macroscopic cracks on the friction interface of TGV high-speed trains, 

Dufre'noy and Weichert [Duf03] also investigate the formation of cracks in disk brakes. Using 
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FE simulations, a segment of 30° of the entire disk is analyzed with respect to influences on 

crack formation. The thermal results of the numerical calculations agree well with those from 

experimental thermographic measurements. The simulated residual stress values are verified 

by the hole drilling strain gage method. Lower values are obtained in the radial direction than 

in the circumferential direction, which is consistent with the calculations. The highest residual 

stress values are near the hot spot, as Dufre'noy and Weichert [Duf03] also determine 

numerically. Furthermore, Grzes et al. [Grz16] use pulsed infrared thermography to validate 

the finite element model of a railroad braking system. In addition, the simulated temperatures 

are validated using measured values of thermocouples from experimental tests. The validated 

finite element model is then used to compare and evaluate many different friction materials. 

Gao et al. [Gao07] investigate the thermomechanical behavior of brake disks using a three-

dimensional FEM model. Variations in temperature and stress development are observed due 

to rotational motion, and a clear relationship between temperature development and the 

change in equivalent stress is demonstrated. The maximum values for temperature and stress 

are reached in about half of the braking time. The highest stress values are observed in the 

circumferential direction, followed by the radial direction. The maximum equivalent stress 

exceeds the yield strength of the disk material in the working zone. The temperature decreases 

after braking is completed, resulting in residual plastic strain. This temperature change results 

in the disk no longer being under compressive stress during braking, but under tensile stress 

after cooling. It is pointed out that macroscopic cracks may appear in the friction interface after 

several braking operations. A nonlinear three-dimensional FEM model of high-speed train 

brake disks with thermo-mechanical coupling is created in ANSYS by Zhang et al. [Zha09a]. 

A 90° segment of the brake disk is modeled for this purpose. The thermal field calculation 

shows that different temperature distributions exist along the circumferential and vertical 

directions of the brake disks. Given the results of the stress calculations, it is evident that 

compressive stresses cause the plastic deformations of the friction interfaces, and the yield 

strength compressive stress is exceeded at the surface of the disk. The surfaces and interior 

of the brake disks will also be subjected to periodic fatigue stresses, consisting of residual 

tensile and compressive stresses, which will cause cracking in the disk. During braking, 

compressive stresses are present on the contact interface of the brake disk and, after stopping, 

the sign of the stresses changes, and tensile stresses are present. On the other hand, Thilak 

et al. [Thi11] develop a three-dimensional 360° finite element model of a disk brake using 

ANSYS. This model is used to perform transient thermoelastic analyses during repeated brake 

applications. Temperature, deformation, and stress fields in the brake disk made of three 

composite materials and one cast iron for high thermal and mechanical loads are investigated. 

To calculate the thermoelastic behavior of the disk brakes, the coupled heat conduction and 

elasticity equations are solved with contact problems. A similar analysis is performed by 

Sowjanya and Suresh [Sow13], who use ANSYS to perform structural and thermal analysis of 

the disk brake using three materials (stainless steel, cast iron, carbon-carbon composite). It is 

assumed that the materials used are homogeneous and isotropic. Stainless steel offers better 

braking performance than other materials from a deformation point of view, but cast iron 

performs better with respect to loading. To investigate the thermal behavior of multi-disk friction 

pairs in hydro viscous drives, a three-dimensional transient temperature model is developed 

for the numerical simulation by Cui et al. [Cui14]. Grooved and non-grooved friction disks are 

compared with respect to pressure distribution and temperature behavior. However, it is 

demonstrated that the non-grooved areas tend to deform, and the friction linings are more 

likely to be deformed. Bao et al. [Bao16] build a three-dimensional finite element model of a 
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clutch. Typical pressure disturbances in friction disks along the circumferential direction, which 

can be caused by the failure of return springs, are determined by means of static calculations 

with finite elements. A thermal analysis is performed in the second step. The finite element 

method is used to determine the critical speed and temperature field of friction disks when 

thermoelastic instability failure occurs under pressure disturbances. Sabri et al. [Sab21a] 

develop a full three-dimensional model of a dry friction clutch system (single disk) using the 

finite element method to estimate the distribution of contact pressure between the contact 

elements of the clutch system under different operating conditions. The main result is that the 

contact pressure decreases with a decrease in Young's modulus of the friction lining, while the 

deformations increase. The results show that the structural stiffness of the friction lining 

increases the tendency of the friction system to operate in the stability zone. The influence of 

the material parameters on the contact pressure distribution in a multi-shear piston coupling is 

also investigated by Liu et al. [Liu21]. A finite element model and a thermodynamic numerical 

model are built for this purpose and validated using experimental pressure measurements. 

Similar to Sabri et al. [Sab21a], it is shown that increasing the Young's modulus and Poisson's 

ratio of the mating plate can effectively improve contact pressure uniformity. Yu et al. [Yu19c] 

analyze the contact pressure distributions on the friction interfaces when an outer circlip axially 

supports a multi-plate clutch using a finite element model. The calculation results show that 

the outer circlip leads to an inhomogeneous distribution of the contact pressure in both the 

radial and the axial directions. The radial contact pressure significantly affects the temperature 

fields on the friction interfaces, which bench tests can effectively verify. Both the simulation 

and the experimental results show that the outer circlip is identified as one of the main reasons 

for the increase in radial temperature difference. A three-dimensional finite element model and 

a thermodynamic numerical model of a multi-plate clutch with eight friction interfaces are 

developed by Liu et al. [Liu21] to investigate the influence of the material parameters on the 

contact pressure distribution. An experiment on the static pressure of the clutch verifies the 

accuracy of the numerical model. The pressure distribution index is proposed to evaluate the 

pressure differences of individual friction pairs. Wenbin et al. [Wen16a] present a thermal 

model of a clutch with carbon friction lining considering heat flow, convective heat transfer, and 

heat conduction. This model is solved using finite element analysis and validated by way of 

experimental data. The main focus of the research is the influence of the specific heat capacity 

and the thermal conductivity of the materials in order to reduce the temperature in the clutch 

and to avoid failure of the friction material. Through several contributions, the research group 

around Abdullah and Schlattmann builds two-dimensional [Abd13a, Abd14a, Abd18a, Abd12a, 

Abd13b, Abd14b, Abd18b, Abd12b] and three-dimensional [Sab19, Sab21a, Sab21b] finite 

element models of brakes, single-disk clutches, and multi-disk clutches with ANSYS and 

validates each with analytical methods. Using these models, sensitivity studies for contact 

pressure and penetration are performed by use of penalty and augmented Lagrange contact 

algorithms [Abd13a, Abd13c]. The importance of the contact stiffness (FKN value) between 

the contact surfaces of the friction coupling elements is highlighted. In addition to the FEM 

settings, the influences of geometry parameters (ratio of the inner to the outer radius of the 

friction surface [Abd12b], the thickness of the steel plate [Abd14d], the thickness of the friction 

lining [Abd18a, Sab19, Sab21b], grooves [Abd14c]), load parameters [Abd14a, Abd12a, 

Abd13b, Abd18b, Abd14d, Jab21] (differential speed, pressure), boundary conditions [Abd14b] 

(fixing of the clutch) and material parameters (Young's modulus [Sab21a], thermal conductivity 

[Abd14a]) are investigated. 
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In addition to understanding the thermomechanical behavior of brakes and clutches in greater 

detail and predicting thermoelastic instability, several contributions to the literature take a 

closer look at the damage mechanism of buckling by means of the finite element method. 

Wang et al. [Wan19b] analyze the temperature field distributions of friction pairs and the 

location of the maximum temperature. For this purpose, numerical simulations are set up for 

the three-dimensional equations regarding unsteady heat conduction with boundary value 

problems. The numerical problem is solved using the finite difference method. This research 

serves as a prerequisite for investigating the thermal buckling behavior. Based on Rayleigh-

Ritz plate theory [Lie93] and Timoshenko's beam theory [Tim12], which assume that a curved 

beam buckles laterally when the in-plane bending moment exceeds the critical value, 

Ma [Ma04] derives the governing equations for studying the thermal buckling of annular disks. 

The finite element method is used to study the problem of thermal buckling, taking into account 

the geometrical and material parameters of the separated plate. Huizhou [Hui15] investigates 

the thermal buckling of brake and clutch disks using finite element analysis. Observations show 

that buckling appears when the temperature distribution is uniform at the circumference but 

non-uniform at the radius. Thermal buckling occurs when the temperature gradient exceeds a 

critical value, and therefore, is unlikely to occur at the beginning of the engagement process. 

Bagheri et al. [Bag17] focus on the nonaxisymmetric buckling behavior of isotropic 

homogeneous annular plates subjected simultaneously to the effect of a constant temperature 

increase and a constant angular velocity. Solving a plane stress formula determines the plate 

deformations and stresses before buckling (neglecting rotations and lateral deflection). The 

numerical results show that rotation can increase the critical temperature for annular disks 

having clamped outer rims. Zhao et al. [Zha16] use finite element analysis to investigate the 

stability limits of thermal buckling in automotive clutches. They demonstrate that the radial 

variation of temperature significantly affects the critical buckling temperature and the 

predominant buckling modes by the pattern of the radial temperature distribution. Whereas a 

linear or monotonic temperature pattern always leads to axisymmetric buckling modes, a 

temperature pattern with a temperature maximum in the center leads to non-axisymmetric 

potato chip modes. The associated critical temperature is typically much higher. The authors 

point out that thermoelastic instability can be induced at the beginning of the frictional 

engagement and can lead to banding modes and focal hot spots. Similar to Huizhou's [Hui15] 

studies, thermal buckling occurs only when the temperature gradient exceeds a critical value 

and therefore is unlikely to occur at the beginning of the intervention. In contrast, research by 

Li et al. [Li17b] demonstrates that the buckling shape is dependent on the steel plate thickness. 

Gong et al. [Gon18] investigate the thermal buckling characteristics of the pressure plate of a 

dry clutch under two typical thermal loads using the finite element method. They find that the 

temperature distribution along the thickness direction of the dry clutch pressure plate has no 

apparent influence on the critical temperature of thermal buckling and can, therefore, be 

neglected. The radial temperature distribution mainly induces thermal buckling. The boundary 

conditions of the pressure plate dominate the thermal buckling mode, and the thermal buckling 

of the pressure plate occurs more easily during the cooling phase than during the heating 

phase. Chen et al. [Che16] perform numerical analyses on the thermal buckling of automotive 

brakes and clutches using a reduced Fourier method. Commercial Abaqus software is used 

for model validation. The results demonstrate a certain wavenumber at which the buckling 

temperature reaches a minimum. In further studies, Chen et al. [Che19] demonstrate strong 

coupling between thermoelastic instability and thermal deformation in clutch disks. They 

calculate the critical buckling temperatures and the buckling deformation modes of the clutch 
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disk under specific temperature fields of the commercial finite element Abaqus software. The 

effects of several parameters, such as coefficient of friction, sliding velocity, and boundary 

conditions, are studied, and strong coupling between thermoelastic instability and thermal 

buckling is demonstrated. Moreover, the unstable temperature modes induced by 

thermoelastic instability can significantly change the temperature profiles for thermal buckling 

and, therefore, the critical buckling temperatures. Furthermore, it is determined with regard to 

the existence of focal hot spots that the minimum temperature for thermal buckling is 

characteristically much higher than the operating temperatures of clutches. The coupling 

between focal TEI hot spots and thermal buckling is, therefore, of less importance in real 

applications. 

2.6 Conclusion of the State of the Art  

This section examines the state of the art regarding the damage behavior of wet multi-plate 

clutches, operating modes, damage behavior, and thermomechanical simulation models of wet 

multi-plate clutches. In addition, experimental testing methods and influencing parameters on 

the load-carrying capacity of clutches are discussed. The following sections also summarize 

the most important findings from the current state of the art. 

The following conclusions can be drawn concerning system requirements, operating modes, 

friction materials, and friction conditions: 

▪ Wet multi-plate clutches are used in a wide range of automotive and industrial 

applications. 

▪ Depending on the application, wet multi-plate clutches are operated in various ways 

and at a wide range of sliding speeds, resulting in different operating modes for 

experiments with the clutches. 

▪ A variety of requirements are imposed on the clutch in terms of comfort, service life, 

and safety, depending on the application. 

▪ One friction partner is typically made of steel. 

▪ The second friction partner is applied to a steel carrier plate and is generally made of 

bronze-based sintered metal, paper, or, more recently, carbon. The mechanical 

properties, as well as the cost, can be optimized through the use of fillers and chemical 

pre-treatments. 

▪ Bronze-based sinter friction systems are generally used in industrial systems due to 

their beneficial thermomechanical properties, whereas paper friction systems are 

preferred in automotive applications due to their comfort advantages. Carbon friction 

systems combine the advantages of bronze-based sintered and paper friction systems 

but are currently found only in high-performance applications due to cost 

disadvantages.  

▪ Several parameters, including mechanical and thermal loads, friction material, base oil, 

and additives, influence the friction characteristics. 

▪ Wet multi-plate clutches are operated in boundary friction regime. 

The literature distinguishes between long-term changes and spontaneous damage, and the 

following conclusions can be drawn: 

▪ Depending on the friction pairing, different long-term modifications exist, which are 

especially well-researched for load shifting with sinter and paper friction systems. Little 

research exists on long-term modifications in the context of non-steady slip operation 

and continuous slip operation. 
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▪ For sinter friction systems, typical modifications include smoothing of the lining and 

decreasing the coefficient of friction. Several published damage models and wear 

diagrams are available for predicting long-term behavior, some of which account for 

temperature effects on damage behavior. 

▪ In the case of paper friction systems, typical long-term modifications include adhesive 

wear, thermal degradation of the friction material, and glazing. Damage models for 

predicting service life behavior usually incorporate thermal loads on the friction system. 

▪ The typical long-term changes of carbon friction systems are well-researched, 

especially for synchronizers. These changes include abrasive wear of the steel friction 

surface, low wear rates of the lining, fiber breakage, and fiber departure from the matrix. 

Additionally, the influence of lubricant additives and thermal effects on the clogging of 

lining pores and the resulting drop in the coefficient of friction become apparent.  

▪ Spontaneous damage can also vary depending on the friction pairing. Numerous 

research contributions specifically address sinter and paper friction systems in load 

shifting, while limited research exists on non-steady slip operation and continuous slip 

operation.  

▪ Typical spontaneous damage for sinter friction systems includes local discoloration, 

buckling of the steel plates, adhesive wear, and sinter carryover with an increase in the 

coefficient of friction. Thermal limits, specifically for local discoloration and sinter 

carryover, are published. 

▪ Local discoloration, microstructural changes, cracking, buckling of the steel plates, hot 

spots with local compression, and hot bands constitute the most common spontaneous 

damage found in paper friction systems. No thermal limits are available in the current 

state of the art for various damage classifications. 

▪ To date, only two research contributions address spontaneous damage in carbon 

friction systems. These focus on load shifting and report on lining damage. 

Based on the findings regarding parameters that influence the load-carrying capacity of 

clutches and spontaneous damage, the following conclusions can be drawn: 

▪ The development of local spontaneous damage can be explained by the theory of 

thermoelastic instability.  

▪ Thermal stresses can explain the formation of buckling of the plates in the radial 

direction. 

▪ Many theoretical studies propose sliding velocity limits as an influencing variable for 

spontaneous load-induced damage, while experimental studies propose limit curves 

depending on specific friction power and specific friction work. 

▪ Many research papers propose temperature limits or temperature integral limits for 

long-term modifications. Regarding spontaneous damage, only damage limits exist for 

bronze-based sinter friction systems in load shifting with regard to thermal load. 

▪ Cooling, influenced by oil flow rate and groove design, plays a minor role in the load-

carrying capacity related to spontaneous damage. 

▪ The Young's modulus of the friction lining and the thickness of the friction lining have a 

positive influence on the thermoelastic instability, whereas the tendency to buckling is 

not affected. 

▪ The recommendations regarding the thickness of the steel plate contradict each other 

in parts of the literature. A thin steel plate is suggested in order to avoid thermoelastic 

instability, while a thick steel plate is recommended as a temperature sink. 
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▪ Low thermal expansion and large thermal conduction coefficients are proposed for the 

materials used. In addition, the ratio between the thermal conductivity coefficients of 

the lining and the steel plate should be one. 

The following content of the researched experimental test procedures are important with 

regard to the present work: 

▪ Depending on the research objective, it is necessary to consider the simplification of 

the system under study when performing experiments. 

▪ Specially adapted test rigs are essential for research, tailored to the mode of operation.  

▪ Step tests constitute the standard approach for load shifting to determine performance 

limits related to spontaneous damage. Specific friction work and specific friction power 

are increased step-wise until damage occurs. Only a small number of shifts are 

performed at each load level. 

▪ Test procedures for slipping clutches focus on typical loads that occur in locking 

differentials and concentrate on investigating the coefficient of friction. Test methods 

for determining damage limits for the unsteady slip mode of operation are not available 

in the literature. 

The numerical analysis of the thermomechanical behavior of clutches has been the subject of 

research for a long time. The following conclusions can be drawn from the findings of the 

literature research: 

▪ In industry, specialized numerical solution methods such as KUPSIM are preferred over 

generic commercial software solutions. 

▪ Finite difference and finite element methods are employed to solve the numerical 

problems. 

▪ Typically, axisymmetric two-dimensional simulation models are created. Recently, 

more and more publications also calculate a three-dimensional structure for the clutch. 

▪ The research objectives in the literature include the determination of heat distribution, 

thermal stresses, mechanical stresses, crack development, critical speeds in relation 

to thermoelastic instability, and influence parameters (geometry, material parameters) 

on the thermal level. Load shifting in clutches and brakes is considered. Slip 

applications are not addressed through simulation in the literature. 
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3 Aim and Structure of the Thesis 

3.1 Problem Statement and Motivation 

The transient slip operation of wet multi-plate clutches is discussed only in general terms and 

is rarely addressed in textbooks on mechanical engineering and drive technology. For 

example, Naunheimer [Nau19] differentiates between the load shifting and continuous slip 

operating modes without mentioning transient slip operation. In scientific publications, on the 

other hand, research exists on the transient slip behavior of wet multi-plate clutches [Sch06, 

Voe20a]. However, these studies are limited to evaluating friction and running-in behavior. 

While comprehensive research on the behavior of wet multi-plate clutches in transient slip 

operation remains lacking, it is established that thermal and mechanical overloads significantly 

impact their susceptibility to spontaneous damage. Several aspects of transient slip operation 

in wet multi-plate clutches remain largely unexplored. These include the types of spontaneous 

damage that can occur, how material parameters and the geometric design of steel and friction 

plates affect damage behavior, and the impact of such damage on further clutch operation. 

Detailed guidelines, design recommendations, or temperature limits for avoiding spontaneous 

damage in transient slip operation are absent in the current state of the art. Especially in heavy 

and sporty vehicles — the registrations of which are continuously increasing [Kor21, Kor22] — 

wet multi-plate clutches are deployed in transient slip operation for applications such as limited-

slip differentials and torque vectoring systems to improve lateral dynamics. Therefore, a 

pressing need exists for understanding damage behavior and for subsequent design 

recommendations. 

3.2 Research Objectives 

This work aims to investigate the spontaneous damage behavior of wet multi-plate clutches in 

the transient slip operating mode and to derive design recommendations. Specifically, the 

following objectives are pursued: 

▪ Development of a test procedure: Based on the literature review, a test procedure is 

developed to investigate various operating points related to spontaneous damage. The 

selection of relevant operating conditions and validation of the test procedure are 

achieved through preliminary experimental investigations. 

▪ Identification of damage patterns and damage progression: Damage patterns and 

progression for different friction systems in transient slip operation are identified. 

▪ Analysis of macro- and microgeometric modifications: Depending on the damage 

patterns, macro- and microgeometric modifications to the multi-plate clutches are 

determined. 

▪ Analysis of microstructure and elemental composition: Microstructural 

modifications and elemental compositions on the friction interfaces are analyzed 

concerning their damage patterns. 

▪ Evaluation of the friction and temperature behavior under high loads: The friction 

and temperature behavior under high loads, as well as during subsequent shifts at the 

run-in level, is compared and evaluated. 

▪ Evaluation of the friction behavior in case of prior damage: The friction and 

service-life behavior of clutches that were previously affected by spontaneous damage 

are investigated and evaluated. 
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▪ Analysis of temperature and pressure behavior: The temperature and pressure 

behavior during the shifting process in the axial, radial, and circumferential directions 

are analyzed. Additionally, the effects of significant material and geometric parameters 

on these behaviors are identified. 

▪ Identification of damage limits: Critical temperature ranges for the occurrence of 

spontaneous damage are proposed for the investigated friction systems. 

▪ Derivation of a surrogate model to prevent damage: Using the simulation data and 

machine learning algorithms, a prediction model for the temperatures occurring during 

the shifting process is proposed.  

▪ Deriving design recommendations: Recommendations are derived for the 

application and design of wet multi-plate clutches in transient slip operation to prevent 

spontaneous damage. 

By achieving these objectives, many unresolved questions can be answered concerning the 

investigation of the spontaneous damage behavior of wet multi-plate clutches in transient slip 

operation. 

3.3 Thesis Structure  

The solution path is based on the objectives of this thesis. To achieve these objectives, the 

current state of the art was first analyzed comprehensively, and conclusions are drawn to guide 

the solution path of this work. Due to the complex physical and chemical interactions at the 

friction interfaces, extensive test rig-based investigations are required to analyze the 

spontaneous damage behavior. Hence, a test method is developed based on the state of the 

art. Experimental investigations are conducted with three different lining variants and three 

steel plate variants, and their spontaneous damage behavior is evaluated comparatively. 

Operating conditions are varied, and the factors influencing the damage of the different 

systems are investigated. An evaluation methodology is developed based on known 

characteristic values to assess the damage behavior of different multi-plate clutches. 

Topography measurements, EDX and SEM analyses, and microstructure investigations are 

carried out to characterize the damage behavior. Additionally, clutches are intentionally pre-

damaged with spontaneous damage of various intensities, and the influence of the pre-

damage on the friction and service life behavior is analyzed by endurance tests. 

According to the current state of the art, the differences in the spontaneous damage behavior 

of various friction and steel plates are attributed to the temperature and pressure distribution 

of different systems. Since it is difficult to measure and analytically describe the temperature 

and pressure distribution in the multi-plate clutch, simulations are necessary to understand the 

aforementioned thermomechanical processes. To achieve this, a two-dimensional 

thermomechanical model is developed for a multi-plate clutch. Additionally, three-dimensional 

thermomechanical simulations are performed to analyze influencing variables that cannot be 

represented in two-dimensional simulations, such as circumferential direction analyses. 

Verification and validation of the models are conducted based on experimental investigations 

previously performed. Critical influencing factors are identified through parameter variations 

with respect to loads, material characteristics, and geometric dimensions. The simulation data 

of the two-dimensional thermomechanical model are used to develop predictive models for the 

temperature behavior in the clutch using machine learning algorithms. In the subsequent 

discussion, the findings are interpreted as a whole, classified in the state of the art, and model 
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conceptions and design recommendations are derived. For better clarification, the thesis 

structure is shown graphically in Figure 3.1. 

 

 
Figure 3.1: Visualization of the research methods applied, the correlations between the methods and 

the approach in this thesis. 
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4 Experimental Setup and Test Procedure 

Experiments are carried out on the component test rig KLP-260 to investigate the spontaneous 

damage behavior of wet multi-plate clutches. The following sections explain the test 

equipment, test parts, test lubricant, experimental methodology, and evaluation methodology 

used in the study. 

4.1 Test Rig, Measuring Equipment and Measuring Methods 

4.1.1 Component Test Rig KLP-260 

The experimental investigations are conducted on the component test rig KLP-260. The 

schematic structure is shown in Figure 4.1, and the relevant technical specifications are listed 

in Table 4.1. The 

KLP-260 test rig 

can operate in load 

shift, transient slip, 

and steady-state 

slip operating 

modes. A load cell 

connects the outer 

carrier to the test 

rig housing to 

measure the 

friction torque. The 

inner carrier is 

connected to the 

main shaft and can be driven by the main drive as well as the creep drive. If required, the inner 

carrier can be linked with the shiftable mass inertia J2 as well as a manually adjustable inertia 

mass J1. A hydraulic piston actuates the clutch with a displacement measuring system. The 

test clutch can be lubricated from the inside as well as from above with volume flow control 

and temperature control. In this way, it is ensured that the entire clutch assembly is well 

lubricated even at low speeds. In load-

shifting mode, the speed-controlled main 

drive accelerates the main shaft, while an 

axial force is applied to the clutch plates by 

a force-regulated hydraulic cylinder 

through a thrust ring. In steady-state and 

transient slip operating modes, the clutch is 

subjected to a differential speed by the 

creep drive under defined axial force 

application. The electromagnetic clutch 

disconnects the main drive in this operating 

mode. [Mei15]  

Max. friction torque in Nm 2 000 

Max. axial force in N 20 000 

Max. differential speed in min−1 

• Load shift mode 

• Slip mode 

 

7 000 

140 

Mass moment of inertia in kgm2 

• J1 

• J2 

 

1.0 

0.1 … 0.75 

Table 4.1: Technical data of the test rig KLP-260 

[Mei15]. 

 
Figure 4.1:
  

Schematic layout of the component test rig KLP-260 based on 
Meingassner [Mei15]. 
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4.1.2 Macrogeometry Analyses 

To determine macrostructural changes, three-dimensional topography measurements are 

conducted on plates with varying degrees of damage using the Infinite Focus G4 measuring 

device, as shown in Figure 4.2. The optical 

three-dimensional surface measuring device 

Infinite Focus G4 from Alicona is based on focus 

variation technology, also known as shape-from-

focus. Focus variation is an area-based method 

to obtain an image with a full depth of focus and 

three-dimensional information of the object for 

optics with a shallow depth of focus. The height 

data necessary for a three-dimensional display 

is obtained by varying the focus position. The 

method can also be combined with active 

illumination to measure surfaces with poor 

structure, such as reflective surfaces. The 

system has various magnification objectives to 

measure objects at different resolutions. [Ali22] 

A 5x magnification objective is used for the measurements, which allows for a minimum 

measurable height of 0.41 µm and a measurement accuracy of 0.05 % at a step height of 

1 mm. The chosen objective offers the optimal measurement time and accuracy balance for 

measuring steel and friction plate deformations. 

4.1.3 Metallographic Analyses  

Micrographs of individual steel plates are taken using standardized metallographic methods to 

qualitatively and quantitatively describe their microstructure. For this purpose, small samples 

are separated from the steel plates, which are embedded in synthetic resin for better handling. 

The samples are then ground and polished in several steps. Due to the high reflectivity of the 

surface, only the microstructural details whose reflectivity deviates extensively are detected on 

a polished surface. Generally, only non-metallic inclusions, cracks, and pores are examined in 

this condition of the sample. The polished surface is chemically etched with dilute acid (Nital 

2 %, 3 s) to increase contrast, resulting in different reflectance conditions for the individual 

microstructural constituents. Analyses are performed on steel plates in new and used 

conditions. An Axio set from Carl Zeiss with various optics is used to create the micrographs. 

In addition, Vickers Hardness measurements in the low force range (HV1) according to DIN 

EN ISO 6507-1 [DIN18] are carried out using a fully automatic hardness tester Q60A from 

Qness. The measurements are performed on the inner, mean, and outer friction diameters. 

Type ARL infrared spectroscopy is applied for quantitative elemental analysis of the steel 

plates. 

4.1.4 Microgeometry and Elemental Analyses  

A scanning electron microscope (SEM) from CamScan is used to examine the sample 

surfaces. The SEM works by directing an electron beam onto the surface being studied within 

a vacuum chamber. As the electron beam interacts with the sample, different types of electrons 

are emitted from its surface. Detectors are utilized to record secondary electrons, 

backscattered electrons, and X-rays. To analyze the surface, the emitted secondary electrons 

 

Figure 4.2:
  

Measuring system Alicona Infinite 
Focus G4 [Ins22]. 
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are observed. With the help of the backscattered electrons, material contrast is displayed. The 

emitted X-rays enable identification of the chemical elements. These X-rays are evaluated 

using energy-dispersive spectroscopy (EDX). The sample must undergo preparation before it 

can be examined with the SEM. Generally, samples need to be conductive to prevent charging 

under the electron beam. For non-conductive materials, conductivity is achieved by applying 

a thin layer of conductive platinum using a physical vapor deposition process. The 

measurements are conducted in each case on the mean friction diameter. 

4.2 Test Parts and Lubricant 

In the experimental tests, five selected friction systems are investigated. The use of series 

parts ensures a high application relevance of the results as well as a high manufacturing 

consistency. The test parts and lubricants are used in limited slip differentials. 

The clutches under investigation consist of 10 friction interfaces with six outer and five inner 

plates. The assembly configuration of a clutch set is shown in Figure 4.3. The plates are 

marked for clear identification and 

are aligned with the corresponding 

markings on the carriers for 

reproducible assembly. The 

thermocouple (type K) for 

temperature measurement during 

the tests is mounted in the steel 

plate with the marking "C" in the 

center of the clutch assembly. A 

more detailed illustration for fixing 

the thermocouple can be found in 

Section 4.5.3. 

Figure 4.4 shows photographs of the 

investigated steel plate and their 

corresponding friction plates. The 

steel plates serve as outer plates, 

and the friction plates act as inner ones. Three different types of friction plates are being 

investigated. Friction plate FP1 features a paper friction lining, while friction plate FP2 has a 

carbon composite friction lining. Both friction plates possess the same segmented groove 

pattern. Friction plate FP3 has a woven carbon friction lining and differs from FP1 and FP2 in 

its groove pattern. All three friction plate variants are manufactured in one batch each.  

 

Figure 4.3:
  

Schematic assembly of a clutch disk set with 
outer toothed steel plates and inner toothed 
friction lining disks in the component test rig 
KLP-260. 

 
Figure 4.4:
  

Photos of the test parts: a) steel plate, b) friction plate FP1 with paper friction lining, 
c) friction plate FP2 with carbon composite friction lining, d) friction plate FP3 with woven 
carbon friction lining. 
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The geometric dimensions of the friction plates are listed in Table 4.2. 

 Symbol FP1 FP2 FP3 Unit 

Inner diameter 

friction lining 
di,fl 68 68 70.5 mm 

Outer diameter 

friction lining 
da,fl 104 104 104 mm 

Thickness 

friction lining 
tfl 0.39 0.39 0.27 mm 

Thickness 

carrier plate 
tcp 0.8 0.8 0.8 mm 

Table 4.2: Geometry data of the friction plate variants FP1, FP2, and FP3. 

There are a total of three variants of steel plates. Steel plate SP1, also shown in Figure 4.4, 

serves as the reference. Steel plates SP2 and SP3 differ from steel plate SP1 by their 

thickness. Each variant of steel plates is produced in a single batch by one manufacturer. The 

geometrical sizes of the steel plates are listed in Table 4.3. 

Figure 4.5 shows the technical drawings of the steel plate SP1 and friction plate FS1. 

 

 Symbol SP1 SP2 SP3 Unit 

Inner diameter 

steel plate 
di,sp 70 70 70 mm 

Outer diameter 

steel plate 
da,sp 105 105 105 mm 

Thickness 

steel plate 
tsp 0.8 1.2 1.6 mm 

Table 4.3: Geometry data of the steel plate variants SP1, SP2, and SP3. 

 
Figure 4.5: Technical drawings of the steel palte SP1 and friction plate FP1, and the assembly [Sch22c].  
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Twelve steel plates are analyzed by spark 

spectroscopy to determine their microstructural 

composition. In addition, Vickers Hardness 

measurements in the low force range (HV1) and 

microstructural examinations using micrograph 

analyses, as described in Section 4.1.3, are 

conducted. The results of the hardness 

measurements of the 12 steel plates are shown 

in Figure 4.6. The median hardness of the 

measured steel plates is 544.5 HV. Furthermore, 

Figure 4.6 displays three exemplary 

micrographs of the steel plates. The micrographs 

illustrate that the microstructure is martensitic. 

The chemical composition of the twelve steel 

plates measured can be seen in Figure 4.7.  

 
Figure 4.7: Chemical composition of 12 measured steel plates. 

Different friction systems are set up from the various friction and steel plates (see Table 4.4). 

The friction systems FS1, FS2, and FS3 are formed from the reference steel plate SP1 and 

the friction plates FP1, FP2, and FP3. For the friction systems FS4 and FS5, the friction plate 

FP1 is used, and the steel plates are varied (SP2, SP3). 
 

 FS1 FS2 FS3 FS4 FS5 

Steel plate SP1 SP1 SP1 SP2 SP3 

Friction plate FP1 FP2 FP3 FP1 FP1 

Table 4.4: Assembly of the different friction systems formed from the various friction and steel 
plates. 

The lubricant used for the experimental tests is a standard oil from the application of limited 

slip differentials and is made from synthetic oils and additives. The exact composition, as 

published by the manufacturer, is listed in Table A.1 in the appendix. In addition, an oil sample 

was analyzed by the company Oelcheck with regard to its element concentration (see 

Table 4.5) and its physical properties (see Table 4.6). 
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Figure 4.6:
  

a) Measured Vickers Hardness of 
the steel plates, b) exemplary 
micrographs of the steel plates. 
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Element  Unit  Value 

Calcium Ca mg / kg  2 

Magnesium Mg mg / kg  1 

Boron B mg / kg  231 

Zinc Zn mg / kg  1 

Phosphorus P mg / kg  2749 

Barium Ba mg / kg  0 

Molybdenum Mo mg / kg  1 

Sulfur S Wt.%  2.64 

Table 4.5:  Element concentrations of the lubricant used. 
  

Property Unit  Value 

Viscosity at 40 °C mm2 / s  50.75 

Viscosity at 100 °C mm2 / s  9.17 

Viscosity index −  165 

Table 4.6:  Properties of the lubricant used. 

4.3 Experimental Methodology 

This section provides an overview of the procedure, conditions, and evaluation of the 

experiments. The same procedure and comparable conditions are considered for each 

experiment. 

4.3.1 Run-In 

Before the tests are carried out, all 

clutch assemblies undergo a run-in 

procedure. The characteristic of the run-

in process is a nonlinear change in the 

coefficient of friction as a function of the 

number of shiftings [Voe20a]. According 

to Voelkel [Voe20a], a run-in is 

considered complete when the change 

in the coefficient of friction stabilizes into 

an approximately linear pattern (see 

Figure 4.8). In order to investigate the 

running-in behavior of slipping clutches 

as closely as possible to the application, 

Voelkel [Voe20a] de-

scribes a test me-

thodology that serves as 

the basis for this work. A 

load collective consisting 

of six application-typical 

load levels with different 

contact pressure and 

differential speed is 

performed. Figure 4.9 

 
Figure 4.8:
  

Exemplary coefficient of friction trend at the 
beginning of operation with identification of 
the phase of the run-in (based on Voelkel 
[Voe20b]). 

 
Figure 4.9:
  

Schematic representation of a slip cycle (based on Voelkel 
[Voe20b]). 
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illustrates a slip cycle in transient slip, 

which includes five slip phases and a 

subsequent cooling phase, in a schematic 

format. In a slip phase, the clutch, 

subjected to an axial force, accelerates to 

a defined speed and then decelerates 

using a triangular differential speed curve 

(ramp t1 = 1 s). Between the individual slip 

phases, the closed clutch remains 

stationary for a duration of t2 = 1 s. In the 

cooling phase, the clutch is driven at a 

defined speed for a duration t3 = 20 s to 

ensure complete cooling of all plates. The load collective of the run-in, consisting of six load 

levels, cycles a total of 200 times. Table 4.7 presents the various load levels, S1 through S6, 

of the load collective, along with their associated data. The load levels are cycled in the order 

S1-S4-S2-S5-S3-S6. [Voe20a] 

4.3.2 Step Test 

Based on the state of the art, step tests are applied to investigate spontaneous damage in this 

thesis. In step tests, one or more load parameters are usually increased stepwise during the 

test, enabling documentation of damage progression. The specific load of a multi-plate clutch 

(specific friction work, specific 

friction power) during transient slip 

operation is determined by the 

pressure, maximum differential 

speed, and load duration 

parameters, assuming a constant 

coefficient of friction. In this work, 

the goal is to investigate the largest 

possible parameter space. 

Therefore, all parameters are 

varied. The pressure and maximum 

differential speed vary between the 

different step tests, each employing 

its own test clutch. Within a step 

test, the load duration and the 

number of slip phases are 

increased (see Figure 4.10). A load 

level is defined by the number of slip phases N; i.e., load level 1 consists of one slip phase, 

load level 2 consists of two slip phases, and so forth. By increasing the number of slip phases 

from load level to load level, an increase in the specific friction work is achieved. 

Before the start of each step test, the test rig is idled for one hour at an oil injection temperature 

of 80 °C. Thereby, a stationary mass temperature of the test parts is achieved and a stationary 

temperature distribution of the test rig mass is assumed. Afterward, the multi-plate clutch to be 

tested performs a load level consisting of ten repetitions of a slip cycle. The number of 

repetitions is based on Strebel's [Str16] research results for load shifting and is deliberately 

Load level 
Pressure in 

N / mm² 

Differential 

speed in min−1 

S1 0.75 25 

S2 1.50 25 

S3 3.00 25 

S4 0.75 50 

S5 1.50 50 

S6 3.00 50 

Table 4.7: Data of the load levels of the run-in (based 
on Voelkel [Voe20b]). 

 
Figure 4.10:
  

Schematic representation of the differences 
between step tests and the differences of load 
levels within a step test. 
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chosen low to exclude long-term changes of the clutch. 

However, it is still high enough to detect possible random 

effects on spontaneous damage. Each slip cycle is followed 

by a cooling phase in which the plates cool down to the initial 

temperature of T = 80 °C. For this purpose, the signal of the 

thermocouple in steel plate “C” is used (see Figure 4.3). Each 

load level is followed by a reference load level with loads S5 

(see Table 4.7) from the run-in. The slip cycle of the reference 

load level is run ten times and is used to evaluate the damage 

progress of the clutch pack (see Figure 4.11). After the 

completion of a load level, including reference cycles, the 

plates are cleaned, inspected for damage, and any damage 

is documented. After the visual inspection of the clutch, it is 

reinstalled in the test rig in accordance with Section 4.2. After 

that, the next higher load level is executed, and the procedure 

is repeated until the clutch failure occurs. The specific oil flow rate during the load levels is 

v̇oil = 0.25 mm3 / mm2 / s. The oil flow is supplied from the inside (50 %) and the top (50 %). Due 

to the external lubrication, the clutch is lubricated even at low speeds.  

In addition to the spontaneous damage behavior in step tests, the influence of spontaneous 

damage on the friction behavior in endurance operation is investigated in experimental tests. 

In the first step, clutches undergo specific pre-damage in step tests following their run-in. In 

the second step, endurance tests are conducted using both these pre-damaged clutches and 

a non-pre-damaged reference clutch. The loads in the endurance tests correspond to the 

running-in conditions (see Table 4.7). The collective number is set at 1 000. The friction 

behavior of the pre-damaged clutches is then compared to that of the reference system and 

evaluated. 

4.3.3 Evaluation Methodology 

Particular emphasis is put on evaluating the friction behavior, in addition to topography 

measurements, visual examinations, temperature measurements, microstructure analyses, 

SEM, and EDX measurements. The friction behavior is described by characteristic coefficient 

of friction values and the progression of the coefficient of friction over the slip speed, also 

known as friction characteristic. Voelkel [Voe20a] uses the friction characteristic for the 

transient slip to define the characteristic value µtop, which describes the coefficient of friction at 

maximum slip speed, and thus, characterizes the coefficient of friction level (see Figure 4.12). 

 
Figure 4.11:
  

The procedure of a 
step test. 

 
Figure 4.12:  Exemplary friction characteristic for transient slip with coefficient of friction value µtop 

(based on Voelkel [Voe20a]). 
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The friction properties are 

evaluated based on the last slip 

phase (see Figure 4.13). The 

coefficient of friction is plotted 

against the slip speed for the 

descending part of the slip 

phase. From this analysis, an 

objective description of the 

friction behavior is derived, 

using the coefficient of friction 

value µtop. Further evaluation 

steps are then carried out. Bar 

charts with error bars are used 

to present the values of µtop for 

each load level and each 

reference load level in the step tests. This enables the scatter of the coefficient of friction value 

µtop within a load level to be evaluated, as well as any change in the coefficient of friction level 

across the individual load levels. In the case of the run-in and endurance tests, the coefficient 

of friction value µtop is plotted against the number of cycles. This approach enables the 

evaluation of the development of the friction behavior over the entire test and the assessment 

of the reproducibility of several tests. 

4.4 Experimental Program 

This section provides an overview of the experimental procedure and conditions. The same 

procedure and comparable conditions are applied to each experiment. The conditions of the 

basic investigations are presented first. The experimental program of the extended 

investigations is based on the results of the basic experiments, which are presented in Section 

5.1. 

4.4.1 Basic Investigations 

Preliminary experiments are conducted to select the relevant operating conditions for the 

investigations of the damage behavior. In the initial step, the study aims to determine damage 

patterns in the case of failure for the friction systems FS1, FS2, and FS3. For this aim, the 

number of slip phases N is incrementally increased until failure occurs under constant load 

parameters. Additionally, the study addresses questions regarding the influence of the oil flow 

rate and the number of friction interfaces on temperature behavior by varying the loading 

parameters (pressure, max. differential speed). In the last step, the load ranges essential for 

conducting a meaningful analysis of damage behavior are determined. Table 4.8 shows the 

experimental test parameters of the different basic investigations. 

 

 

 

 

 
Figure 4.13: Procedure and evaluation of a step test. 
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4.4.2 Extended Investigations 

In the extended investigations, spontaneous damage 

behavior is examined in more detail. The results of the 

basic investigations inform the design of the extended 

investigations. This leads to an oil flow rate of 

0.25 mm3 / mm2 / s and a number of friction interfaces 

of 10. The oil injection temperature is 80 °C. The 

mechanical loads are adapted to the friction system 

(FS1, FS2, FS3, FS4, FS5) to enable efficient and 

representative studies. Step tests are conducted in the 

extended experiments using the friction systems with 

the loads, as shown in Table 4.9, until failure. To 

analyze the damage behavior more precisely, 

topography measurements, optical assessments, 

temperature measurements, residual stress measurements, microstructure investigations, 

SEM and EDX measurements, as well as friction behavior investigations, are conducted with 

the clutches during the extended experiments. In the extended experiments, apart from the 

damage behavior alone, the influence of spontaneous damage intensity on the further clutch 

operation is also to be considered. For this purpose, individual clutch assemblies are pre-

damaged, and an endurance test is run. This allows for a more detailed study of the friction 

behavior of pre-damaged clutches, compared to the non-pre-damaged reference system. The 

loads and the procedure in the endurance test correspond to those of the run-in (see Table 4.7) 

with a collective number of 1 000. 

 

Damage 

patterns in 

case of failure 

Influence of the 

oil volume flow 

on the thermal 

behavior 

Influence of the 

number of friction 

interfaces on the 

thermal behavior 

Influence of the 

load on the 

spontaneous 

damage behavior 

Friction system FS1 | FS2 | FS3 FS1 FS1 FS1 | FS2 | FS3 

Pressure p  

in N / mm2 
6.0 1.0 … 8.0 1.0 … 8.0 1.0 … 8.0 

Max. differential 

speed Δnmax      

in min−1 

100 10 … 140 10 … 140 10 … 140 

Oil volume flow 

 ̇oil in 

mm3 / mm2 / s 

0.25 0.25 | 0.50 | 1.00 0.25 0.25 

Number of fric-

tion interfaces z 
10 10 6 | 10 | 14 10 

Oil temperature 

Toil in °C 
80 80 80 80 

Number of slip 

phases N 
1 … 15  10 10 1 … 15 

Table 4.8: Experimental test parameters of the basic investigations. 

 
FS1 | FS2 | FS3 

| FS4 | FS5  

Pressure p  

in N / mm2 
4.0 … 8.0 

Max. differential 

speed Δnmax         

in min−1 

50 … 140 

Number of        

slip phases N 

Until clutch 

failure 

Table 4.9: Experimental test parameters 

of the extended tests 
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4.4.3 Test Overview 

For better understanding, Figure 4.14 provides a schematic representation of the different 

types of tests, measurements, and analyses conducted in both the basic and extended 

investigations. 

 
Figure 4.14:  Schematic overview of the experimental program. 

4.5 Measurement Accuracy  

In the following section, an evaluation of measurement uncertainties of relatively measured 

parameters at the test rig KLP-260 is carried out according to the Guide to the Expression of 

Uncertainty in Measurement (GUM) from the Joint Committee for Guides in Metrology [Joi08]. 

Uncertainties for the coefficient of friction, the creep drive speed, and the steel plate 
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phases N

• Max. differential 
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• Pressure p in N/mm2

• Friction system
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• Number of slip 

phases N

• Oil volume flow voil in 
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• Max. differential 
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temperature are given because these parameters are included in the evaluation of the test 

results. Therefore, it is essential to understand the accuracy and deviations of the 

measurements in order to evaluate the gathered data properly. The analyses are based on the 

work of Baumgartner [Bau20], Schmid [Sch21a], and Willand [Wil21]. 

4.5.1 Determination of the Coefficient of Friction 

The coefficient of friction is calculated using Equation (4.1), which 

combines the measured values of axial force Fa and friction 

torque Tf with the constant variables of number of friction 

interfaces z and mean frictional radius rm. Both the axial force Fa and the friction torque Tf are 

measured by load cells. Both load cells are calibrated together with their amplifiers at the test 

rig. Variables that influence the measurement uncertainty for axial force Fa and friction torque 

Tf are: 

▪ Measurement uncer-

tainty of the voltage 

signal of the transducer. 

▪ Measurement uncer-

tainty of the applied 

calibration force. 

▪ Measurement uncer-

tainty of the calibration 

factor. 

Figure 4.15 shows the 

relative measurement 

uncertainty Uμ,rel of the 

coefficient of friction for 

temperatures of the load cells 

for axial force and friction 

torque of 70 °C in a three-

dimensional plot. The results 

are projected into a two-

dimensional plot to interpret 

the measurement uncertainty 

better. The coverage 

probability is p = 95.45 %. 

The relevant map range is 

depicted by drawing three 

characteristic curves as 

examples. Along these 

curves, the coefficient of 

friction µ assumes specific 

values (µ = 0.15, µ = 0.10, µ = 0.05). Based on the axial forces measured in operation 

(Fa > 10 000 N), a relative measurement uncertainty of Uµ,rel ≈ 1.35 % can be assumed 

accordingly. 

µ =
𝑇𝑓

𝐹𝑎 ∙ 𝑧 ∙ 𝑟𝑚
 (4.1) 

 

Figure 4.15:
  

Relative measurement uncertainty Uμ,rel of the 
coefficient of friction µ in % at assumed sensor 
temperature of 70 °C. 
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4.5.2 Determination of the Sliding Speed 

An incremental encoder is used to 

measure the slip speed. This 

encoder determines the angular 

velocity of the drive by 

photoelectric scanning. The 

variables that influence the 

measurement uncertainty of the 

slip speed at the creep drive 

include:  

▪ Measurement uncertainty 

during speed measurement. 

▪ Measurement uncertainty of 

the resolution at pulse 

converter. 

▪ Measurement uncertainty of 

the voltage signal of the transducer. 

Figure 4.16 shows the relative measurement uncertainty Un,rel for the slip speed with a 

coverage probability of p = 95.45 %. It indicates that for slip speeds n > 10 min−1, which are 

relevant for the scope of this work, the relative measurement uncertainty Un,rel is below 1.0 %. 

4.5.3 Determination of the Steel Plate Temperature 

A temperature sensor is fitted to a steel plate to 

measure the clutch's temperature during 

operation accurately (see Section 4.2). For this 

purpose, a hole is radially drilled in a steel plate 

into which the temperature sensor is inserted (see 

Figure 4.17). The drill hole has a diameter of 

db = 0.3 mm and is drilled radially up to the mean 

friction diameter of the steel plate. A type K 

thermocouple NiCr-Ni [The22] is used for 

temperature measurement. The sensor has an 

Inconel 600 outer sheath and a diameter 

dt = 0.25 mm. The measuring range and the limit 

deviations for type K thermocouples are specified 

in DIN EN 60584 [DIN14]. Before the 

thermocouple is attached, thermal paste [Coo22] 

is inserted into the hole. For considering the 

relative measurement uncertainty of the thermocouple, the following parameters are taken into 

account: 

▪ Measurement uncertainty of type K thermocouple according to DIN EN 60584-1 [DIN14] 

for T < 1000 °C. 

▪ Measurement uncertainty of the voltage signal of the transducer. 

 

Figure 4.16:
  

Relative measurement uncertainty Un,rel for slip 
speed in %. 

 

Figure 4.17:
  

Position of the hole for the 
thermocouple and dimensions 
of the steel plate 
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The relative measurement 

uncertainty UT,rel is shown in 

Figure 4.18, with a coverage 

probability of p = 95.45 %. For 

temperatures above 80 °C, it 

illustrates that the relative 

measurement uncertainty UT,rel is 

below 3.0 %, and above 250 °C, 

it is below 1 %. To consider the 

response time of the 

thermocouple, the diameter of 

the thermocouple, the depth of 

the hole and the material values 

of Inconel 600 are taken into 

account. Assuming that 25 % of 

the sheath surface is in contact, 

the response time is 7 ms. A detailed calculation for the response time can be found at Willand 

[Wil21]. 

 

 

 

  

 

Figure 4.18:
  

Relative measurement uncertainty UT,rel for steel 
plate temperature in %. 
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5 Experimental Results on the Spontaneous Damage Behavior 

This section presents the results of all the experimental work carried out as part of this thesis. 

In the first step, the results of the basic investigations on the test rig KLP-260 are presented, 

followed by the results of the extended investigations. The test procedure and evaluation of 

the test results documented in the following correspond to the test conditions and evaluation 

methods described in Section 4.  

5.1 Results of Basic Investigations  

The results of the basic investigations presented in the following section are primarily used to 

select relevant operating conditions for the extended investigations.  

5.1.1 Damage Patterns in the Case of Failure 

Initially, the cause of the failure of the friction system variants (FS1, FS2, FS3) is investigated. 

For this purpose, step tests, as described in Section 4.3.2, are carried out on the component 

test rig KLP-260 under the specified parameters: 

p = 6.0 N / mm2, n = 100 min−1, Toil = 80 °C, v̇oil = 0.25 mm3 / mm2 / s 

The clutch assemblies are removed after each load level, inspected for damage, and operated 

until system failure. Figure 5.1 shows the friction interfaces corresponding to the failure load 

level for the FS1 friction system. For the steel plates, discoloration of the friction interface can 

be seen on the outer friction areas of the clutch assembly (friction interfaces 1, 2, 3, 8, 9, and 

10). Damage to the steel plates is more intense in the center of the clutch assembly (friction 

interfaces 4, 5, 6, and 7). In addition to severe discoloration, deformation in the form of buckling 

of the steel plates can also be observed. This deformation is up to 3 mm in the axial direction 

and leads to the fact that the system can no longer be operated. In the case of the friction 

material, the damage is discoloration of the friction linings and groove areas. The pictures show 

that the discoloration on the friction linings increases toward the center of the clutch assembly. 

 
Figure 5.1: Damage patterns of friction system FS1. 

Figure 5.2 shows the friction interfaces for the friction system FS2 after clutch failure. The 

cause of the failure of friction system FS2 is buckling of the steel plates in the center of the 

clutch assembly (friction interfaces 4, 5, 6, and 7). Further damage to the steel plates includes 

discoloration of the steel plates, which intensifies to the center of the clutch assembly. The 
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friction material also discolors strongly, except for interfaces 1 and 10. The friction material in 

contact with buckled steel plates (e.g., friction area 7) is abrasively worn on the outer diameter. 

 
Figure 5.2: Damage patterns of friction system FS2. 

For FS3, detachment of the friction lining leads to the failure of the system (see Figure 5.3). In 

the case of the friction plates in the middle of the clutch, the lining detaches completely (friction 

interfaces 3, 4, 5, 6, 7, and 8). The friction lining displaces from the carrier plate for the friction 

plates at the outer ends of the clutch. In contrast to friction systems FS1 and FS2, no buckling 

of the steel plates can be observed. Only a discoloration of the steel plates occurs, which is 

more noticeable in the center of the clutch assembly. 

 

Figure 5.3: Damage patterns of friction system FS3. 

5.1.2 Influence of the Oil Volume Flow on the Thermal Behavior 

The increase in power density by cooling with oil is one of the core advantages of wet multi-

plate clutches. During the friction phase, a considerable amount of heat is dissipated by 

convection of the cooling oil through the grooves. According to the state of the art, the amount 

of cooling oil flow significantly influences the clutch's thermal behavior. In order to determine 

the influence of the oil volume flow on the measured steel plate temperature, investigations 
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are carried out with the friction system FS1 on the component test rig KLP-260 with the 

following parameters: 

p = 1.0 … 8.0 N / mm2, n = 10 … 140 min−1, N = 10, Toil = 80 °C,  

v̇oil = {0.25 | 0.50 | 1.00} mm3 / mm2 / s, number of friction interfaces = 10 

The left chart in Figure 5.4 shows a comparison of the measured temperatures in the steel 

plate C in the center of the clutch for oil flow rates v̇oil = 0.50 mm3 / mm2 / s and 

v̇oil = 1.00 mm3 / mm2 / s. Especially at high temperatures (> 250 °C), a clear difference between 

the two variants can be seen. For better data analysis, the temperature difference between the 

two series of measurements is plotted in the right chart in Figure 5.4. There is a difference in 

the measured steel plate temperature, and the absolute value of the temperature difference 

between the two measurement series increases with the measured steel plate temperature. 

 

Figure 5.4:
   

Measured steel plate temperatures for oil flow rate v̇oil = 0.50 mm3 / mm2 / s versus oil flow 
rate v̇oil = 1.00 mm3 / mm2 / s (left); temperature difference between the two series of 
measurements over the measured steel plate temperatures for oil flow rate 
v̇oil = 0.50 mm3 / mm2 / s (right). 

To statistically validate the difference between the two variants, a t-test is performed, with the 

null hypothesis that the data (temperature difference) come from a normal distribution with 

mean 0. Since the p-value (p = 2.19e−16) is much smaller than the defined limit of 0.05, the 

null hypothesis can be rejected. A hypothesis test (ANOVA) is performed with respect to the 

regression line to investigate the stronger influence of oil flow at higher temperature levels on 

the temperature difference of the measured steel plate temperature. The null hypothesis states 

that the slope of the linear equation is equal to zero. The regression line is given by: 

where ΔT is the temperature difference, T the measured temperature, and β0 and β1 are the 

regression coefficients. The null hypothesis can be rejected due to a probability value of 

p = 3.81e−34 (see Table A.2 in the appendix). Therefore, changing the oil flow rate from 

v̇oil = 0.50 mm3 / mm2 / s to v̇oil = 1.00 mm3 / mm2 / s has an effect on the temperature difference of 

the measured steel plate temperatures. The absolute value of the temperature difference 

between the two variants increases as the temperature level increases. 

For oil flow rate v̇oil = 0.25 mm3 / mm2 / s and v̇oil = 0.50 mm3 / mm2 / s, the left diagram in 

Figure 5.5 compares the measured temperatures in the steel plate. The measuring points are 

more often located below the angle bisector. The influence becomes clearer in the right 
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diagram of Figure 5.5, which shows the temperature difference of the measuring points. As the 

measured steel plate temperature increases, the absolute value of the temperature difference 

of the measurement series also increases. 

 

Figure 5.5:
   

Measured steel plate temperatures for oil flow rate v̇oil = 0.25 mm3 / mm2 / s versus oil flow 
rate v̇oil = 0.50 mm3 / mm2 / s (left); temperature difference between the two series of 
measurements over the measured steel plate temperatures for oil flow rate 
v̇oil = 0.25 mm3 / mm2 / s (right). 

In addition to the graphical representation, statistical tests (t-Test, ANOVA) are performed for 

validation. A t-test is used to examine whether the temperature differences between the two 

variants originate from a normal distribution with a mean value of 0. The probability value is 

p = 1.29e−16, and thus the null hypothesis can be rejected. The null hypothesis for the ANOVA 

states that the slope of the linear equation (see right plot in Figure 5.5) is equal to zero. The 

null hypothesis can be rejected due to a probability value of p = 4.92e−39 (see Table A.3 in the 

appendix). There is an effect of changing the oil flow rate from v̇oil = 0.50 mm3 / mm2 / s to 

v̇oil = 0.25 mm3 / mm2 / s on the temperature difference of the measured steel plate 

temperatures. The effect intensifies with increasing temperature levels. 

In order to study the damage behavior, the test parameters are chosen with an oil flow rate of 

v̇oil = 0.25 mm3 / mm2 / s, as this rate has a significant and increasing effect on the temperature 

difference observed in the measured steel plate temperatures. 

5.1.3 Influence of the Number of Friction Interfaces on the Thermal Behavior  

The influence of the number of friction interfaces on the thermal behavior of the clutch is 

investigated similarly to the investigations in Section 5.1.2. The experiments are randomized 

in each test block, with three different numbers of friction interfaces (6, 10, and 14). The test 

parameters are as shown below: 

p = 1.0 … 8.0 N / mm2, n = 10 … 140 min−1, N = 10, Toil = 80 °C,  

v̇oil = 0.25 mm3 / mm2 / s, number of friction interfaces = {6 | 10 | 14} 

Temperature measurements are taken at the center of the clutch assembly in each case, as 

described in Section 4.2. In Figure 5.6, the left diagram compares the measured temperatures 

in the steel plate for the number of friction interfaces 6 and 10. A clear difference between the 

two sets of measurements can be observed, which increases at higher temperatures. The right 

diagram in Figure 5.6 shows the temperature difference between the two sets of 

measurements, making it easier to compare the data. The measured steel plate temperature 
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shows a difference between the two sets of measurements, and the absolute value of the 

temperature difference between the two measurement series increases with increasing 

temperature. 

 

Figure 5.6:  Measured steel plate temperatures for 10 versus 6 friction interfaces (left); temperature 
difference between the two series of measurements over the measured steel plate 
temperatures for 10 friction interfaces (right). 

In the same way, as in Section 5.1.2, a t-test is performed for statistical validation with the null 

hypothesis that the data (temperature difference) originate from a normal distribution with 

mean 0. Since the p-value (p = 1.15e−26) is significantly smaller than the defined limit of 0.05, 

the null hypothesis can be rejected. Using ANOVA, the analysis investigates a correlation 

between the temperature level and the temperature difference. The null hypothesis for the 

ANOVA is that the slope of the linear equation (right plot in Figure 5.6) is zero. The null 

hypothesis can be rejected based on a probability value of p = 3.26e−13 (see Table A.4 in the 

appendix). Changing the number of friction interfaces from 6 to 10 has an effect on the 

temperature difference of the measured steel plate temperatures. The effect increases with 

increasing temperature levels.  

The results of the experiments for 10 and 14 friction areas are shown in Figure 5.7. 

  
 
 
 
 
 
  
 
  
 
 
 
 
  
  
  
  
 
  
  
 
  

 
  
  
  
 
  
 
  
 
  
  
 
  
 
 
  
 
  
  
 
 
 
 
  

                              

                                     

                                       

   

   

   

   

   

   

  

 

                              

                                     
 
 
 
 
 
  
  
  
  
  
  
  
 
 
 
  
 
  

 

  

   

   

   

   

   

   

   

   

 

Figure 5.7:  Measured steel plate temperatures for 14 versus 10 friction interfaces (left); temperature 
difference between the two series of measurements over the measured steel plate 
temperatures for14 friction interfaces (right). 
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Only a small difference is seen in the graphical representation. In the right diagram of 

Figure 5.7, it is evident that the temperature difference of the measuring points lies between 

−10 K and +10 K. A t-test is used to investigate whether the temperature differences of the two 

variants originate from a normal distribution with a mean value of 0. The probability value is 

p = 0.2839; thus, the null hypothesis cannot be rejected. Changing the number of friction 

interfaces from 10 to 14 has no statistically detectable effect on the temperature difference of 

the measured steel plate temperatures. 

The test parameters are chosen with 10 friction interfaces to save resources, as the observed 

effect on the temperature difference is statistically significant, whereas increasing the number 

to 14 does not yield a significant difference. 

5.1.4 Influence of the Loads on the Thermal Behavior 

In this section, the load parameters for the systematic investigations are defined. An upper 

load limit (N = 2) and a lower load limit (N = 15) are defined to conduct investigations in the 

load range of spontaneous damage. It is known from the state of the art that the load limits 

concerning spontaneous damage can be described as a function of the specific friction power 

and the specific friction work. Step tests (see Section 4.3.2) with two slip phases N = 2 are 

conducted to determine the upper limit of the load parameters. Stepwise, the maximum specific 

friction power q̇max is increased until system failure. For this purpose, the number of slip 

phases N remains constant in the step test. For the loading parameters at the lower limit of the 

investigation, step tests with fifteen slip phases (N = 15) are performed. The max. specific 

friction power q̇max is again increased stepwise until failure. This procedure is carried out for 

the friction systems FS1, FS2, and FS3. Figure 5.8 shows two exemplary measurement 

diagrams for the friction system FS3. 

 
Figure 5.8: Exemplary measurement data for determining the lower (N = 2, left) and the upper (N = 15, 

right) load parameters for the extended investigations for friction system FS3.  

With respect to the experiments, the max. specific friction power q̇max that can be applied for 

the number of slip phases of N = 2 and N = 15 is determined so that failure does not occur. The 

values of the max. specific friction power q̇max for the friction systems FS1, FS2, and FS3 are 

listed in Table 5.1. 
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FS1, 

N = 2 

FS1, 

N = 15 

FS2, 

N = 2 

FS1, 

N = 15 

FS3, 

N = 2 

FS1, 

N = 15 

Max. specific friction 

power q̇max in W / mm2 
0.51 0.28 0.56 0.25 0.36  0.18 

Table 5.1: Maximum friction power q̇max that can be applied for the friction systems FS1, FS2, and FS3 

for the number of slip phases of N = 2 and N = 15. 

5.1.5 Preliminary Conclusion Regarding the Following Studies 

The results of the basic investigations show that: 

• The failure damage for friction systems FS1 and FS2 is buckling of the steel plates. 

• The failure damage for friction system FS3 is the detachment of the friction lining. 

• In the center of the clutch assembly, the damage is more extensive for all three friction 

systems than on the outer friction interfaces. 

• The oil flow rate influences the thermal behavior of the clutch during the shifting 

process. As the oil flow rate increases, the measured temperature in the steel plates 

decreases. 

• Changing the number of friction interfaces from 6 to 10 influences the thermal behavior 

of the clutch by decreasing the measured steel plate temperature. 

• An influence of changing the number of friction interfaces from 10 to 14 on the 

measured steel plate temperature is not statistically verifiable. 

• Upper and lower limit values for the max. specific friction power q̇max can be found for 

the investigation of the spontaneous damage behavior. 
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5.2 Results of Extended Investigations 

The conditions for the extended tests are selected in accordance with Section 4.3, taking into 

account the results of the basic tests from Section 5.1. In the first step, damage patterns and 

characteristics are identified. For this purpose, the damage patterns are studied 

macroscopically as well as microscopically using focus variation measurements, scanning 

electron microscope measurements, and microstructure examinations. In the second step, the 

friction and temperature behavior during the damage process is investigated. As a final step, 

the influence of spontaneous damage on further friction behavior is examined in the endurance 

tests. The experiments are carried out systematically on the component test rig KLP-260. 

5.2.1 Damage Patterns Progression 

Figure 5.9 shows an example of the damage behavior of three investigated friction systems 

during various step tests. The new condition, the condition after run-in, and the condition after 

the slip cycles N = 1, N = 2, N = 3, and N = 4 are shown. Based on the results of the preliminary 

tests, steel plates, and friction plates from the center of the clutch assembly are selected for 

representation. Also shown are the measured temperatures of the center steel plate at each 

load level. For better comparison, three tests are selected in which friction system failure 

occurs after four slip cycles. The loads are as described below: 

• FS1: p = 7.0 N / mm2, n = 140 min−1, Toil = 80 °C, v̇oil = 0.25 mm3 / mm2 / s 

• FS2: p = 6.0 N / mm2, n = 140 min−1, Toil = 80 °C, v̇oil = 0.25 mm3 / mm2 / s 

• FS3: p = 4.0 N / mm2, n = 140 min−1, Toil = 80 °C, v̇oil = 0.25 mm3 / mm2 / s 

In the case of friction system FS1, a smoothing of the steel plate surface is observed after the 

run-in procedure. In the subsequent step test, the steel plate initially discolors at load level 3 

(N = 3). At this load level, temperatures of 350 °C are measured in the steel plate. At load level 

4, the system fails due to the buckling of the steel plates. The temperature measurements at 

this load level scatter strongly around the mean value of about 400 °C. The friction plates 

discolor during the step test in the area of the groove and the friction lining pads. In the failure 

load level, abrasive wear is observed in the area of the buckling of the steel plate.  

Friction system FS2 also fails due to buckling of the steel plates. As initial damage, 

discoloration of the steel plates is observed at load level 2 (N = 2) at about 295 °C. With a 

further increase in the load parameters, the discoloration of the steel plate increases, and 

buckling occurs at load level 4 (about 500 °C). An increased scattering of the temperature 

measurement values is identified at this load level. After the run-in, a lightening of the friction 

lining is visible due to the absorption of the cooling oil. At higher loads and temperatures, the 

friction lining discolors to almost black. In the failure load level, abrasive wear is visible on the 

outer diameter.  

Friction system FS3 fails due to detachment of the friction lining. No discoloration of the steel 

plates is observed in the load levels before failure. Likewise, no visual changes are visible on 

the friction plate. When the clutch fails, discoloration occurs on the steel and friction plates in 

addition to the detaching of the lining. Measurements of the steel plate temperature at failure 

are in the range of about 370 °C. In contrast to friction systems FS1 and FS2, no increased 

scatter is seen in the temperature measurement in the steel plate at the failure load level. 
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Figure 5.9:
   

Damage pattern progression for friction systems FS1, FS2, and FS3. 
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(p = 7.0 N/mm2, 
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5.2.2 Modification of the Macrogeometry  

In this section, the macrogeometrical surface patterns are investigated as examples of different 

conditions of steel and friction plates. The results are obtained using the Alicona Infinite Focus 

G4 optical three-dimensional surface measuring device based on focus variation technology 

(see Section 4.1.2). 

Figure 5.10 shows sections 

of steel plates in the states 

new condition, after run-in, 

and after failure. The loads 

for the individual states of the 

different friction systems 

(FS1, FS2, FS3) correspond 

to those given in Figure 5.9 

In the right area of the figure, 

an adapted scale is shown 

for each condition. In the 

new condition, slight 

elevations (about 50 µm) 

can be observed in the area 

of the toothing. In the friction 

interface area, the surface 

macrogeometry is 

homogeneous. After run-in, 

the elevations in the area of 

the toothing increase 

slightly, while in the area of 

the friction interface, the 

surface macrogeometry 

remains homogeneous. 

After the failure of the plates, 

substantial buckling of the 

steel plates can be seen for 

the friction systems FS1 and 

FS2. The areas on the outer 

diameter increase compared 

to the inner diameter, and 

the surface contour changes 

occur in the radial direction. 

The height difference is 

about 2.4 mm. The change 

in the surface 

macrogeometry of the two 

plates of FS1 and FS2 is 

comparable. In contrast, no 

buckling of the steel plates is 

observed for the friction 

 
Figure 5.10: Macrogeometrical surface pattern of different steel 

plate conditions for the friction systems FS1, FS2, and 
FS3. 
 

 

Figure 5.11: Macrogeometrical surface pattern of different friction 
plate conditions for the friction systems FS1, FS2, and 
FS3. 
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system FS3 after the failure of the clutch system. The surface macrogeometry is very 

homogeneous. 

Figure 5.11 shows the macrogeometrical surface pattern for the friction plates in the states 

new condition, after run-in, and after failure. The loads assigned to the different friction systems 

(FS1, FS2, FS3) for each condition correspond to the values given in Figure 5.9. In new 

condition, the surfaces of the friction lining pads of the three friction plates are very 

homogeneous. After run-in, the friction linings are measured to be lower in height relative to 

the carrier plate, which serves as the reference height, compared to their height in the new 

condition. This modification can be explained by wear and compaction of the friction lining. The 

surface macrogeometry of the friction lining pads is very homogeneous for all three friction 

systems. The measurements after failure show that the thickness of the friction lining has 

further decreased. Elevations are visible on the inner diameter of the friction lining pads of 

friction systems FS1 and FS2. These areas are outside the friction interface, so there is no 

wear or compaction of the lining. In addition, a difference can be seen between the FS1 and 

FS2 friction linings. In the measurements of friction system FS3, it is noticeable that thinner 

thicknesses of the friction lining pad are measured after the run-in and after the failure. After 

failure, individual carbon fibers are torn out of the friction lining pad (see Figure 5.11). 

5.2.3 Modification of the Microgeometry and the Elemental Composition  

In addition to macrogeometrical investigations, the surfaces of selected friction plates and steel 

plates are analyzed using scanning electron microscopy (see Section 4.1.4). The analyses are 

presented using secondary electron (SE) and backscattered electron (BSE) imaging and EDX 

mappings. A total of nine elements are considered: carbon (C), oxygen (O), silicon (Si), 

phosphorus (P), sulfur (S), iron (Fe), calcium (Ca), chromium (Cr), and zinc (Zn). The results 

of these investigations for the FS1, FS2, and FS3 friction systems are presented below. 

Friction system FS1: 

Figure 5.12 shows BSE images of the friction lining FP1 of the friction system FS1 in the states 

new condition, after run-in, and after failure (p = 6.0 N / mm2, n = 120 min−1) at 25x and 150x 

magnification. After run-in, the images show an already incipient but not very pronounced 

smoothing of the friction lining. A clear surface smoothing can be seen on the failed friction 

plate, but also lining breakage. The difference in contrast in the BSE image shows that clogging 

of the lining porosity is mainly responsible for this. As described in Section 4.1.4, in BSE 

images, elements of lower atomic numbers appear dark, and elements of higher atomic 

numbers appear light. The dark regions represent fibers of the friction material, and the light 

areas denote lubricant residues [Acu16a]. EDX analysis can be used to identify the chemical 

elements of the friction lining surface. Figure 5.12 shows the results for carbon, phosphorus, 

sulfur, and iron. The remaining results are in the appendix (see Figure A.1 – Figure A.3). The 

mapping for carbon shows the structure of the paper fibers of the friction lining and correlate 

with the BSE images. In the failed condition, the smoothing is visible, and the fibers are barely 

visible. The porosity has decreased significantly. The EDX mappings for phosphorus and sulfur 

show more signals in the after failure state than in the new condition and after run-in states, 

confirming the increase in these elements. The signals are complementary to the signals of 

carbon. The iron mapping shows a structure similar to phosphorus in the after failure state. 

The intensity of the image signals is higher than in the after run-in and after failure states. In 

addition to the individual mappings, X-ray spectra are also prepared (see 

Figure A.1 – Figure A.3) in the appendix, confirming the mappings' results. The X-ray spectra 
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already show a slightly higher concentration of phosphorus, sulfur, and molybdenum relative 

to the new condition after the run-in. After failure, a further sharp increase in sulfur, phosphorus 

and molybdenum concentration is observed. In addition, higher iron content is measured. 

Figure 5.13 shows BSE images of the steel plate surfaces from step tests (p = 6.0 N / mm2, 

n = 120 min−1) with FP1 friction plates in the states new condition, after run-in, and after failure 

at 150x and 1 000x magnification. In both the new condition and after run-in states, scratches 

of varying depths are observed running in multiple directions. After run-in, some minor 

scratches appear to be partially smoothed. In the after failure state, smaller scratches are 

entirely smoothed, leaving only the deeper ones. EDX mappings help in determining the local 

distribution of the elements. In both the new condition and after run-in states, only widespread 

noise is visible for all elements. After failure, a higher number of X-ray quanta are registered. 

A pattern mirroring the BSE image is also observed for the elements carbon and sulfur. More 

signals are detected for carbon, phosphorus, and sulfur in the regions of the scratches than in 

the rest of the image.  

The X-ray spectra from the EDX analyses are shown in the appendix (see 

Figure A.4 – Figure A.6). The proportion of carbon is higher in the after failure state than in the 

 
Figure 5.12: BSE images and EDX mappings for the elements carbon, phosphorus, sulfur, and iron 

of friction lining FP1 in the states new condition, after run-in, and after failure. 

 
Figure 5.13: BSE images and EDX mappings for the elements carbon, phosphorus, and sulfur of 

steel plates for the friction system FS1 in the states new condition, after run-in, and after 
failure. 
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new condition and after run-in states. Similarly, the levels of phosphorus and oxygen are 

elevated in the after failure state compared to the new condition and after run-in states, in 

which they are present only in minimal amounts.  

Friction system FS2: 

Figure 5.14 presents BSE images of the friction lining FP2 of the friction system FS2 in the 

states new condition, after run-in, and after failure (p = 6.0 N / mm2, n = 140 min−1) at 25x and 

150x magnification. In the BSE images, differences compared to the new condition are evident 

after run-in. There is an incipient smoothing of the friction lining on the carbon fibers that 

becomes visible. In the after failure state, the images reveal a clear smoothing of the surface 

and a clogging of the lining porosity. The smoothing of the friction lining is more pronounced 

than for the friction system FS1, both after run-in and after failure. The mappings for carbon 

depict the structure of the carbon fibers of the friction lining and correlate with the BSE images. 

While the structure is clearly visible in the new condition state and after run-in based on the 

image contrast, the contrast diminishes significantly in the after failure state. The carbon fibers 

become nearly invisible. The EDX mappings of phosphorus and sulfur indicate more signals 

in the after failure state than in the new condition and after run-in states. The iron mapping 

displays no additional signals after failure than in new condition and after run-in. The X-ray 

spectra (see Figure A.7 – Figure A.9) confirm these results. After run-in, a slight increase in 

the concentration of phosphorus and sulfur relative to the new condition can be observed. After 

failure, a sharp increase in the concentration of these two elements is seen, with the 

proportions of sulfur being more significant than those of phosphorus. The proportion of iron 

does not change significantly compared to the friction plates in the FS1 friction system. 

Figure 5.15 shows BSE images of the surface of steel plates from step tests (p = 6.0 N / mm2, 

n = 140 min−1) with FP2 friction plates in the states new condition, after run-in, and after failure 

at 150x and 1 000x magnification. In new condition, coarse and fine scratches can be seen on 

the steel surface. After run-in, only coarse scratches remain. In the after failure state, there are 

no significant changes in the surface topography compared to the after run-in state. The 

mapping of sulfur in the after failure state differs from the mappings of the new condition and 

after run-in states, with specific localized deposits of sulfur present. The carbon mappings 

show no differences between the states of the steel plate. The X-ray spectra from the EDX 

analyses, as shown in the appendix (see Figure A.10 – Figure A.12), confirm these results. 

 
Figure 5.14: BSE images and EDX mappings for the elements carbon, phosphorus, sulfur, and iron 

of friction lining FP2 in the states new condition, after run-in, and after failure. 
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Friction system FS3: 

Figure 5.16 shows BSE images of the friction lining FP3 of the friction system FS3 in the states 

new condition, after run-in, and after failure (p = 4.0 N / mm2, n = 140 min− ) at 25x and 150x 

magnification. In the images with 25x magnification, the woven structure of the friction lining 

can be clearly seen. After run-in, an island-shaped smoothing of the carbon friction lining can 

be seen, which is even more pronounced after failure. The BSE images with 150x 

magnifications show an apparent increase in the smoothings during the step test. The 

mappings for carbon display the structure of the carbon fibers of the friction lining and correlate 

with the BSE images. Compared to the new condition, the surface already appears slightly 

smoothed after the run-in. In the after failure state, the carbon fibers tend to show up weaker 

compared to the new condition and after run-in states. The EDX mappings of sulfur show more 

signals in the after run-in state than in the new condition state. After failure, a high amount of 

sulfur is detected on the friction interface. In the mappings of phosphorus, more X-ray quanta 

are registered after the run-in and after failure than in the new state. The iron mappings show 

point changes after run-in and after failure. The X-ray spectra shown in the appendix (see 

Figure A.13 – Figure A.15) confirm the results of the EDX mappings. 

 
Figure 5.15: BSE images and EDX mappings for the elements carbon, phosphorus, and sulfur of 

steel plates for the friction system FS2 in the states new condition, after run-in, and after 
failure. 

 
Figure 5.16: BSE images and EDX mappings for the elements carbon, phosphorus, sulfur, and iron 

of friction lining FP3 in the states new condition, after run-in, and after failure. 
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Figure 5.17 presents BSE images of the surface of steel plates from step tests (p = 4.0 N / mm2, 

n = 140 min−1) with FP3 friction plates in the states new condition, after run-in, and after failure 

at 150x and 1 000x magnification. In the new condition state, coarse and fine scratches on the 

steel surface can be seen. After run-in, only coarse scratches remain. In the after failure state, 

the finer scratches are completely smoothed out, and only deeper ones remain. In addition, 

however, a basic roughening of the steel plate can be seen, and depressions occur in particular 

areas. EDX mappings are used to determine the local distribution of the elements. Only large-

area noise can be seen for all elements in the new condition and after run-in states. In the after 

failure state, localized deposits of sulfur and carbon are detected. The sulfur deposits are 

located in the depressions of the steel surface visible in the BSE image. The mapping of 

phosphorus shows no differences between the states of the steel plate. The X-ray spectra 

shown in the appendix (see Figure A.16 – Figure A.18) of the EDX analyses confirm these 

results. 

5.2.4 Modification of the Microstructure  

Metallographic microstructural investigations of steel plates in different states are conducted 

to describe the structural condition of the steel plates before and after the damaging step tests 

in more detail. Investigations are performed in the new condition, after run-in, after the 

appearance of the first local discoloration, and after the failure of the clutch. The etching time 

is 30 s. The procedure is described in more detail in Section 4.1.3. Figure 5.18 compares the 

micrographs of the steel plates from step tests of the friction systems FS1, FS2, and FS3 for 

the different conditions. In each case, the steel plate "C" of the clutch under investigation is 

used for the microstructure examinations, and the analyses are carried out on the inner, mean, 

and outer friction diameters. For the investigations, samples are cut from the plates, precluding 

the analysis of a single plate under all conditions during the tests. Instead, a separate clutch 

assembly is required for each condition. 

 

 
Figure 5.17: BSE images and EDX mappings for the elements carbon, phosphorus, and sulfur of 

steel plates for the friction system FS3 in the states new condition, after run-in, and after 
failure. 
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In the new condition of 

the steel plates, a 

martensitic micro-

structure is present in 

all sections. After the 

run-in, fewer mar-

tensite needles appear 

for all three clutch 

variants (FS1, FS2, 

FS3), indicating a clear 

heat contribution. As 

the first local 

discolorations appear, 

the granular structure 

becomes more pre-

valent, and the 

martensite needles 

diminish for all three 

friction systems. 

Differences are noted 

in the radial direction. 

Measurements on the 

outer friction diameter 

show a more 

pronounced decrease 

of martensite needles 

and an increase of 

granular microstruc-

ture in the material 

depth than on the inner 

friction diameter. In the 

case of the FS1 and 

FS2 friction systems, 

heat zones can also be 

seen as black 

discoloration at the 

edges of the mean and 

outer friction diame-

ters. These heat zones 

occur more intensely 

on the outer diameter 

than on the mean 

diameter. No heat 

zones are observed for 

the FS3 friction system 

after the appearance 

of the first local 

 
Figure 5.18: Micrographs of the friction systems FS1, FS2 and FS3 for the 

states new condition, after run-in, after local discoloration and 
after failure. 
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discolorations. After the failure, heat zones can be seen at the edge zone for all three friction 

systems. These are more intense at the outer friction diameter than at the inner friction 

diameter. The core exhibits a granular structure. Along with microstructural investigations, 

hardness tests are carried out at the inner, mean, and outer friction diameters of the steel 

plates. Ten measurements are taken per measuring point, and the results for the friction 

systems FS1, FS2, and FS3 are shown in Figure 5.19 for the states new condition, after run-

in, after first local discoloration, and after failure.  

 
Figure 5.19: Hardness measurements using the Vickers method for the steel plates of friction systems 

FS1, FS2, and FS3 for the states new condition, after run-in, after first local discoloarion, 
and after failure. 
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For all three friction systems, there are almost no differences in the hardness values of the 

steel plates at the inner, mean, and outer friction diameters in the new condition and after the 

run-in. The median values range between HV1 = 540 and HV1 = 550. For the friction system 

FS3, no changes in the hardness measurements are observed even for the conditions after 

first local discoloration and after failure. There are also no apparent differences between inner, 

mean, and outer friction diameters. The median values are between HV1 = 540 and 

HV1 = 550. For friction systems FS1 and FS2, differences in the hardness measurements 

become evident when considering both the diameter and the condition (after first local 

discoloration, after failure). After the first local discoloration, a decrease in hardness 

measurements is noted, which becomes more pronounced with larger diameters. The median 

values range between HV1 = 520 and HV1 = 540. After the failure of the FS1 and FS2 friction 

systems, a further drop in hardness can be seen, more pronounced at the middle and outer 

diameters (median HV1 = 470 – 490) compared to the inner diameter (median 

HV1 = 520 – 530). 

5.2.5 Modification of the Friction and the Temperature Behavior  

Step tests are performed for all five friction systems (FS1 – FS5) to evaluate the change in 

friction as well as thermal behavior. The detailed procedure is provided in Section 4.3.2. Each 

load level consists of load engagements and subsequent reference engagements, enabling 

the investigation of the change in frictional behavior. In all tests, the steel plate temperature is 

measured by a thermocouple. The loads for each load level are based on the results of the 

basic investigation from Section 5.1.4. 

A total of nine step tests with varying pressure and slip speed are carried out with the FS1 

friction system. Figure 5.20 displays the characteristic coefficient of friction µtop and the 

maximum measured steel plate temperature for four step tests. The data of the remaining five 

step tests are shown in the appendix in Figure A.19. The test results are presented in bar 

charts with standard deviations. The blue bars represent the results of the load engagements, 

and the gray bars are the results of the reference engagements. The step tests with friction 

system FS1 are carried out with pressures of 4.0 – 8.0 N / mm2 and a maximum slip speed of 

80 – 140 min−1. The characteristic coefficient of friction µtop decreases during the step tests in 

the load engagements (shown in blue). In the failure load level, there is an increase in the 

characteristic coefficient of friction µtop in individual step tests. The standard deviation of the 

characteristic coefficient of friction µtop shows a tendency to grow as the load level increases. 

The maximum measured temperature in the steel plate and its standard deviation also 

increase in the load levels during the course of the step test. In the reference engagements 

(shown in gray), a constant temperature level with a small standard deviation can be seen over 

all load levels. The characteristic coefficient of friction µtop in the reference engagements 

initially decreases in the first load levels. In the experiments with several load levels, the 

characteristic coefficient of friction µtop stabilizes around 0.09. No further systematic decline in 

the characteristic value is seen in subsequent load levels. 
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Figure 5.21 displays the measured maximum temperatures in the steel plate and the 

characteristic coefficient of friction µtop for four step tests with the FS2 friction system. The data 

of the remaining step tests are shown in the appendix in Figure A.20. The results of the step 

tests are presented with blue bars, while the reference engagements are depicted with gray 

bars. In the step tests, the pressures range from 4.0 – 8.0 N / mm2, and the maximum slip 

speeds vary between 60 – 140 min−1. The characteristic coefficient of friction µtop decreases 

from load level to load level in the load engagements. The maximum measured temperature 

in the steel plate and its standard deviation also increase during the step test. In the reference 

engagements (shown in gray), a constant temperature level with a small standard deviation 

can be seen over all load levels. The characteristic coefficient of friction µtop in the reference 

engagements is lower at higher load levels than at the beginning of the step test and decreases 

from load level to load level. 

 
Figure 5.20: Characteristic coefficient of friction µtop and measured maximum temperature in the steel 

plate for step tests with friction system FS1. 
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Figure 5.22 illustrates the measured maximum temperatures in the steel plate and the 

characteristic coefficient of friction µtop for four step tests using the friction system FS3. The 

data from the remaining step tests are presented in the appendix in Figure A.21. The pressures 

in the step tests range from 4.0 – 8.0 N / mm2, and the maximum slip speeds vary between 

50 – 140 min−1. The characteristic coefficient of friction µtop decreases with consecutive load 

levels in the step tests in the load engagements. The maximum measured temperature in the 

steel plate and its standard deviation increase continuously during the step test. Temperatures 

above 300 °C are measured in the failure load levels. In the reference engagements, a 

constant temperature level can be seen, which is at the same level across all tests for FS3. 

The characteristic coefficient of friction µtop in the reference engagements stays consistently 

high throughout the step test. 

 
Figure 5.21: Characteristic coefficient of friction µtop and measured maximum temperature in the steel 

plate for step tests with friction system FS2. 
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A total of three step tests with pressures of 5.0 – 8.0 N / mm2 and a maximum sliding speed of 

80 – 130 min−1 are conducted with the FS4 friction system (steel plate thickness 1.2 mm). 

Figure 5.23 shows the course of the characteristic coefficient of friction µtop and the maximum 

measured steel plate temperature in the step tests. The characteristic coefficient of friction µtop 

declines initially in the early load levels of the step tests and then stabilizes at a consistent 

value in the following load levels (shown in blue). In the failure load level, there is an increase 

of µtop in the individual step tests. The standard deviation of µtop shows a tendency to grow as 

the load level rises. The maximum measured temperature in the steel plate and its standard 

deviation also increase during the step test in the load levels. Temperatures above 500 °C are 

measured in the failure load levels. In the reference engagements (shown in gray), a constant 

temperature measurement with a small standard deviation can be seen. The characteristic 

coefficient of friction µtop in the reference engagements tends to decrease in the course of the 

step test. 

 
Figure 5.22: Characteristic coefficient of friction µtop and measured maximum temperature in the steel 

plate for step tests with friction system FS3. 
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Figure 5.24 shows the measured maximum temperatures in the steel plate and the 

characteristic coefficient of friction µtop for three step tests with the FS5 friction system (steel 

plate thickness 1.6 mm). In these tests, pressures range from 4.0 – 8.0 N / mm2, and the 

maximum sliding speeds lie between 60 – 140 min−1. The characteristic coefficient of friction 

µtop initially decreases in the step tests during load engagements and then increases again as 

the step test progresses. The maximum measured temperature in the steel plate and its 

standard deviation increase during the step test. Temperatures above 500 °C are measured 

in the failure load levels. A constant temperature level with a small standard deviation can be 

observed at the reference engagements. The characteristic coefficient of friction µtop in the 

reference engagements is lower at higher load levels than at the beginning of the step test and 

decreases from load level to load level. In the failure load level, there is a repeated increase 

of µtop. 

 
Figure 5.23: Characteristic coefficient of friction µtop and measured maximum temperature in the steel 

plate for step tests with friction system FS4. 

 
Figure 5.24: Characteristic coefficient of friction µtop and measured maximum temperature in the steel 

plate for step tests with friction system FS5. 
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5.2.6 Modification of the Frictional Behavior Due to Pre-Damage  

Three different clutch conditions are investigated to describe the friction behavior in endurance 

operation after previous damage. Here, run-in clutches are compared with pre-damaged 

clutches in endurance tests. The loads for the run-in (200 collective runs) and the endurance 

test (1 000 collective runs) correspond to those of the run-in and are listed in Table 4.7. In each 

case, the damage to the pre-damaged clutches takes place after the run-in and before the 

endurance test. 

Friction system FS1: 

Figure 5.25 shows the steel and 

friction plates of the reference clutch 

and the pre-damaged clutch for the 

friction system FS1 before and after 

endurance tests. A step test 

(p = 6.0 N / mm2, n = 140 min−1, N = 7) 

to load level 7 is conducted for the 

pre-damage after the run-in. As a 

result of the damage, the steel plate 

shows a noticeable black 

discoloration, and the friction plate is 

also discolored black. The plates 

presented in the figure indicate that 

the discoloration diminishes during 

endurance testing, and the visual 

signs of damage decrease 

throughout the testing. In contrast, 

the reference clutch does not show 

any significant optical changes. 

Based on the visual inspection, 

however, limited conclusions can be 

drawn about the friction behavior during and after the end of continuous operation. For this 

reason, the characteristic value µtop during the run-in (collective run 0 – 200) and endurance 

test (collective run 201 – 1 000) are displayed in Figure 5.26, with each load level represented 

individually based on the collective passes. A 95 % confidence interval is provided for the run-

in, which can be derived from the run-ins of all FS1 friction systems examined. The confidence 

interval aims to facilitate the evaluation of the differences between the reference clutch and 

the pre-damaged clutch. The rise in the characteristic value µtop from the end of the run-in 

period to the start of the endurance test can be attributed to reconditioning effects resulting 

from the disassembly of the clutch and its subsequent documentation, as also discussed by 

Voelkel [Voe20a]. Depending on the load level, the characteristic value µtop for the pre-

damaged clutch is either lower or higher than for the reference clutch. For load levels S1, S4, 

and S5, the characteristic value µtop of the reference clutch remains consistently higher in the 

continuous shifting test, and the difference grows with an increasing number of collectives. The 

differences between the curves of µtop at load levels S2, S3, and S6 are minimal. The increase 

in the µtop value at the transition from the run-in to the endurance test can be explained by 

reconditioning effects. The parts are removed and photographed after the run-in. Overall, all 

curves show a slight increase in the coefficient of friction within the continuous operation. A 

 
Figure 5.25: Photos of the reference and pre-damaged 

steel and friction plates of the friction system 
FS1 before and after the endurance test. 
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pronounced influence of the damage on the friction behavior during continuous operation is 

observed only at load level S4 and the end of load level S1. Additionally, it becomes evident 

that the differences between the two variants are rather subtle at higher pressures. 

 

Friction system FS2: 

Figure 5.27 shows the steel and 

friction plates of the reference clutch 

and the pre-damaged clutch for the 

FS2 friction system, both before and 

after the endurance test. A step test 

(p = 6.0 N / mm2, n = 140 min−1, N = 7) 

up to load level 7 is performed for the 

pre-damage after the run-in. The 

pre-damage of the clutch becomes 

visually evident through the dark 

discoloration of the steel and friction 

plate. The discoloration appears to 

weaken, especially in the area of the 

friction interface, after the 

endurance test. The reference 

clutch shows no significant visual 

changes. 

To illustrate how the friction behavior 

evolves during the endurance test 

operation, the characteristic value 

 
Figure 5.26: Characteristic value µtop during run-in and endurance test with the reference and pre-

damaged clutches with friction system FS1 for load levels S1 – S6. 

 
Figure 5.27: Photos of the reference and pre-damaged 

steel and friction plates of the friction system 
FS2 before and after the endurance test. 
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µtop is represented as a function of the collective runs (see Figure 5.28). As in the run-in, the 

individual load levels are considered separately. The characteristic value µtop of the reference 

clutch maintains a consistent level throughout the endurance test, with a slight upward trend. 

It can be seen that it is as much as 50 % lower in some instances than for the as-new clutch 

across all load levels. The characteristic value µtop of the pre-damaged clutch stays relatively 

stable between the collective runs from 201 to 1 000, with a minor dip afterward. Meanwhile, 

the characteristic value µtop of the clutch rises as the endurance test progresses. In general, 

the differences between the reference clutch and the pre-damaged clutch decrease as the 

surface pressure increases and as the differential speed decreases. 

 

Friction system FS3: 

Figure 5.29 illustrates the steel and friction plates of the reference clutch and the pre-damaged 

clutch for the friction system FS3 before and after endurance testing. The pre-damage results 

from a step test (p = 5.0 N / mm2, n = 140 min−1, N = 3), manifesting as slight black discoloration 

on the steel plate and between the friction lining pads on the friction plate. As the endurance 

tests progress, the discoloration diminishes. The visual signs of damage diminish over the 

course of the endurance tests. No significant visual changes can be seen in the reference 

clutch. Figure 5.30 presents the friction behavior during run-in (collective run 0 – 200) and 

endurance test (collective run 201 – 1 000) by representing µtop for all load levels as a function 

of the collective runs. A 95 % confidence interval is given for the run-in, calculated using the 

run-ins of all the clutches examined with the FS3 friction system, to obtain comparable values 

between the reference clutch and the pre-damaged clutch. For load levels S1, S4, and S5, the 

reference clutch exhibits a consistently higher µtop, value, with the difference amplifying as the 

number of collectives rises. 

 
Figure 5.28: Characteristic value µtop during run-in and endurance test with the reference and pre-

damaged clutches with friction system FS2 for load levels S1 – S6. 
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Differences between the µtop 

curves at load levels S2, S3, 

and S6 are minor. The 

increase in the characteristic 

value µtop at the transition 

from the run-in to the 

endurance test can be 

explained by reconditioning 

effects. The parts are 

inspected after the run-in. In 

total, all curves show a slight 

increase in the characteristic 

value µtop during continuous 

operation. The damage has a 

more decisive influence on 

µtop during continuous 

operation only at load level S4 

and at the end of load level 

S1. At higher pressures, the 

differences between the two 

variants are less pronounced. 

 

 
Figure 5.29: Photos of the reference and pre-damaged steel and 

friction plates of the friction system FS3 before and 
after the endurance test. 

 
Figure 5.30: Characteristic value µtop during run-in and endurance test with reference and pre-

damaged clutches with friction system FS3 for load levels S1 – S6. 
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6 Development of Simulation Models of Multi-Plate Clutches  

The results of the experimental investigations, as well as the state of the art, indicate that 

thermal behavior has a significant influence on the spontaneous damage behavior of multi-

plate clutches. In this section, two-dimensional and three-dimensional thermomechanical finite 

element model for a multi-plate clutch are developed based on work from the literature 

[Acu16a, Cui15, Mil23, Neu08, Sto23, Wan21]. A two-dimensional model offers the advantage 

of time-efficient execution of extensive parameter studies regarding material parameters and 

geometry sizes. Detailed considerations are conducted with a three-dimensional model, 

especially in the circumferential direction. Mesh and time-step analyses ensure that the quality 

of the results of the simulation models is independent of the numerical settings. The models 

are also validated with experimental data from test rig runs. The results presented below are 

published by Schneider et al. [Sch22c]. 

6.1 Mathematical Model 

The study of the thermomechanical behavior of a clutch is a broad and multi-disciplinary field 

of expertise. The fields of heat transfer, thermal expansion, contact mechanics, and rigid body 

mechanics need to be coupled. In the following, all the required physical relationships are 

described.  

6.1.1 Thermal Principles 

In the energy conversion process from mechanical to thermal energy, under conditions of heat 

flow coupling, no energy losses are assumed. The following equation calculates the local heat 

flux density q̇ between two contacting surfaces of a clutch: 

Most of the frictional heat generated at the contact surfaces is absorbed by the lining and steel 

plates. A minor part of the thermal energy is absorbed by the lubricating film and particles. 

Therefore, this ratio is described by the proportionality coefficient δ: 

The boundary condition at the contact surface requires continuous temperature at the contact 

point on the friction pair. This means that for frictional contact, the temperature of the steel 

plate surface is equal to the temperature of the friction plate surface, where Tsp,fl and Tfl,sp 

represent the contact point temperatures of the steel and friction plates, respectively: 

�̇� = 𝜇 ∙ 𝜔rel ∙ 𝑟 ∙   (6.1) 

𝜐rel = 𝜔rel ∙ 𝑟. (6.2) 

Symbol Unit Description Symbol Unit Description 

�̇� W / m2 Heat flux density 𝜇 − Coefficient of friction 

𝜔rel rad / s Relative angular velocity   N / mm2 Surface pressure 

𝜐rel m / s Sliding speed    

�̇� ∙ 𝛿 = λsp ∙
𝜕𝑇sp,fl

𝜕𝑧
 −  λfl ∙

𝜕𝑇fl,sp

𝜕𝑧
  (6.3) 

Symbol Unit Description Symbol Unit Description 

�̇� W / m2 Heat flux density δ − Proportionality coefficient 

λsp W / m ∙ K Thermal conductivity steel plate λfl W / m∙ K Thermal conductivity friction lining 

𝑇sp,fl K Temperature field steel plate in 

contact with the friction lining 

𝑇fl,sp K Temperature field friction lining in 

contact with the steel plate 

𝑧 m Axial coordinate    
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The temperature distribution in the steel and friction plate is calculated using the parabolic heat 

conduction Equation (6.5) in cylindrical coordinates, which is suitable for axisymmetric 

modeling and assumes a uniform heat flow in the circumferential direction. Since the heat flux 

remains independent of the θ-direction, Equation (6.5) can be simplified: 

Heat conduction also takes place between the lining carrier and the friction lining, whereby the 

temperatures at the contact surface between the friction lining and the lining carrier are 

assumed to be the same: 

The clutch components transfer thermal energy to the inner and outer carriers and axial 

mounting parts. Between these components, there exists a steel–steel contact. However, 

effective contact between these surfaces occurs only at a few points separated by large 

distances, reducing the contact area to 1 – 2 % of the nominal area [Mad96]. Therefore, the 

heat flow lines are narrowed to pass only through the actual contact points, creating resistance 

to heat flow, which results in a sharp drop in temperature at the interface. This additional 

resistance to the heat flow, caused by the reduction of the contact area at the interface, is 

termed the thermal contact conductance hc, and its reciprocal is defined as the thermal contact 

resistance [Dou16]. As early as 1969, Cooper et al. [Coo69] publish a paper on the model-

based description of thermal conductivity in the contact between two bodies. This work is 

subsequently extended fundamentally by Mikic [Mik74]. Recent publications, such as those by 

Asif [Asi16], Tariq [Tar16], and Dou [Dou16], build on these equations and demonstrate that 

the heat flow rate in a steel-steel contact is calculated as follows: 

𝑇sp,fl = 𝑇fl,sp  (6.4) 

Symbol Unit Description Symbol Unit Description 

𝑇sp,fl K Temperature field steel plate in 

contact with the friction lining  

𝑇fl,sp K Temperature field friction lining in 

contact with the steel plate 

𝜌𝑖 ∙ 𝑐𝑖
λ𝑖

∙
𝜕𝑇𝑖
𝜕𝑡

=
𝜕 𝑇𝑖
𝜕𝑟 

+
 

𝑟
∙
𝜕𝑇𝑖
𝜕𝑟
+
 

𝑟 
∙
𝜕 𝑇𝑖
𝜕𝜃 

+
𝜕 𝑇𝑖
𝜕𝑧 

, (6.5) 

𝜌𝑖 ∙ 𝑐𝑖
λ𝑖

∙
𝜕𝑇𝑖
𝜕𝑡

=
𝜕 𝑇𝑖
𝜕𝑟 

+
 

𝑟
∙
𝜕𝑇𝑖
𝜕𝑟

+
𝜕 𝑇𝑖
𝜕𝑧 

  (6.6) 

Symbol Unit Description Symbol Unit Description 

𝜌𝑖 kg / m3 Density of solid i  𝑐𝑖 J / kg ∙ K Specific heat capacity of solid i 

λ𝑖 W / m ∙ K Thermal conductivity of solid i 𝑇𝑖 K Temperature field of solid body i  

𝑟 m Radius 𝜃 ° Angular coordinate 

𝑧 m Axial coordinate 𝑡 s Time 

−λfl
𝜕𝑇fl,cp

𝜕𝑧
+ λsp

𝜕𝑇cp,ff

𝜕𝑧
=  , (6.7) 

Tfl,cp = 𝑇cp,fl  (6.8) 

Symbol Unit Description Symbol Unit Description 

λfl W / m ∙  K Thermal conductivity friction lining 𝑇fl K Temperature field friction lining 

δ − Proportional coefficient 𝑧 m Axial coordinate 

𝑇fl,cp K Temperature field friction lining in 

contact with the carrier 

𝑇cp,fl K Temperature field carrier plate in 

contact with the friction lining 
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6.1.2 Mechanical Principles 

In addition to the thermal equations, mechanical equations are required to calculate the 

clutch’s thermomechanical behavior. The contact pressure distribution, which according to 

Equation (6.1), strongly influences the local heat input, depends on the expansions of the 

materials. The total strain is divided into thermal strain and mechanical strain: 

The mechanical strain of the material derives from the quotient of the length change ΔL and 

the initial length L0. Thermal strain is a change in the geometric dimension of a body caused 

by temperature changes and, according to Equation (6.12), depends on the temperature 

difference ΔT and the material-specific coefficient of thermal expansion α: 

The stresses in the individual parts of the clutch are calculated based on the total strain ϵ 

according to Equation (6.10) and the elastic matrix of the materials D: 

The equations introduced are used to calculate the temperature behavior as well as the 

stresses and pressure distribution as a function of temperature for clutches. 

6.2 Material Properties 

In addition to the physical relations, it is also necessary to specify the material properties for 

the simulation. The mounting parts, the outer plates, and the lining carrier plates consist of 

steel. The friction linings are made of organic blended fabric and are paper-based. Table 6.1 

Q̇ = ℎc ∙ 𝐴 ∙ Δ𝑇  (6.9) 

Symbol Unit Description Symbol Unit Description 

Q̇ W Heat flow rate ℎc W / m2 ∙  K Thermal contact conductance 

𝐴 m2 Apparent contact area Δ𝑇 K Temperature difference at the 

interface 

𝜀 = 𝜀E + 𝜀T. (6.10) 

Symbol Unit Description Symbol Unit Description 

𝜀 % Total strain 𝜀𝐸 % Mechanical strain 

𝜀𝑇 % Thermal strain    

𝜀E =
𝐿 − 𝐿0
𝐿0

=
∆𝐿

𝐿0
, (6.11) 

𝜀T = 𝛼 ∙ (𝑇 − 𝑇0) = 𝛼 ∙ ∆𝑇  (6.12) 

Symbol Unit Description Symbol Unit Description 

𝜀E % Mechanical strain 𝐿 m Stretched length 

𝐿0 m Initial length ∆𝐿 m Length change 

𝜀𝑇 % Thermal strain 𝛼 K−1 Linear thermal expansion 

T K Temperature rise 𝑇0 K Initial temperature 

∆𝑇 K Temperature change    

𝜎 = 𝐷 ∙ (𝜀E + 𝜀T). (6.13) 

Symbol Unit Description Symbol Unit Description 

𝜎 N / m2 Stress 𝐷 N / m2 Elastic matrix 

𝜀E % Mechanical strain 𝜀T % Thermal strain 
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enumerates the material properties used for the simulation model. With exception of the 

Young’s modulus of the friction material, the values are derived from the literature [Woh09]. 

 Unit Steel Friction lining 

Young’s modulus  N / m2 2.1 ∙  1011 Regression function (6.14)  

Poisson’s ratio  − 0.3 0.2 

Coefficient of thermal expansion 1 / K 13.3 ∙  10−  70 ∙  10−  

Density kg / m3 7 850 900 

Specific heat capacity J / kg ∙  K 520 2 890 

Thermal conductivity W / m ∙  K 52 0.25 

Table 6.1: Material parameters according to Wohlleber [Woh09]. 

The Young’s modulus of the friction lining of the friction plate FP  is measured. To this end, 

ten compression tests are performed on a set of plates (six steel plates, five friction plates). 

The measured data are shown in Figure 6.1 on the left. The material behavior exhibits 

nonlinearity. The measured data are characterized by a compensation curve to determine the 

Young’s modulus: 

The Young's modulus represents the slope of the curve in the stress–strain diagram or, in 

mathematical terms, constitutes the first derivative of stress with respect to strain. The first 

derivative of Equation (6.14) is as follows: 

Thus, the Young’s modulus of the friction lining is described as a function of stress. The curve 

is shown on the right in Figure 6.1. 

𝜎 = (
𝑥 − 𝑐

𝑎
)

1
𝑏
  (6.14) 

Symbol Unit Description Symbol Unit Description 

𝜎 N / m2 Stress  𝑥 % Strain 

a − Regression coefficient = 0.04345 𝑏 − Regression coefficient = 0.5312 

𝑐 − Regression coefficient = − 0.004454    

𝐸(𝜎) = 𝜎′(𝜎) =  𝜎1 𝑏
 

𝑎 ∙ 𝑏
   (6.15) 

Symbol Unit Description Symbol Unit Description 

𝐸 N / m2 Young’s modulus 𝜎 N / m2 Stress  

a − Regression coefficient = 0.04345 𝑏 − Regression coefficient = 0.5312  

 
Figure 6.1: Results of compression tests for friction lining of friction plate FP1 (left); Young’s modulus 

as a function of stress for friction lining (right). 
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6.3 Formulation of a Two-Dimensional Simulation Model 

The two-dimensional thermomechanical simulation of the clutch is set up and performed in 

ANSYS Mechanical 2022 R1 using the internal scripting language APDL. The simulation setup 

follows the basic principle of published research [Acu16a, Mil18], where static-mechanical 

calculations are coupled with transient-thermal calculations in a sequential process. In the 

static-mechanical simulation, the deformation of the plates and the pressure distribution on the 

friction interfaces are determined, which serve as input parameters for the transient-thermal 

simulation. The local heat flux density q̇(r,θ,t) is calculated for each element on the friction 

interfaces based on the local pressure p(r,θ,t) and the local sliding velocity vrel(t,r), as outlined 

in Equation (6.1). The computed temperature distribution is subsequently used as an input 

parameter for the mechanical simulation, in accordance with Equation (6.6). The total strains 

are determined based on the mechanical and thermal strains, and new pressure distribution is 

computed. A workstation with two Intel Xeon 6154 CPUs and 96GB of RAM and an NVIDIA 

Quadro P2000 GPU is used to perform the calculations. [Sch22c] 

6.3.1 Geometry 

The template for the two-dimensional 

model is based on the friction system 

FS1, with the steel plates serving as 

outer plates and the friction plates as 

inner plates. The geometry is reduced to 

two dimensions by utilizing rotational 

symmetry to minimize the complexity of 

the FEM simulation model. As a result, 

the grooves of the lining and the shape 

and number of teeth of the steel and 

friction plates are omitted from 

consideration. To maintain consistency, 

the diameters of steel or carrier plates 

are adjusted to ensure that the thermal 

mass of the simplified parts matches the 

thermal mass of the physical parts. The model setup, geometric dimensions, and mechanical 

boundary conditions are shown in Figure 6.2. The technical drawing of the parts to be analyzed 

is presented in Figure 4.5. [Sch22c] 

6.3.2 Finite Element Method Settings 

The basic principle of the two-dimensional model is based on preliminary work [Acu16a, Erd05, 

Mil18, Neu08, Sto23], and the results presented below have been published by Schneider et 

al. [Sch22c]. The area elements PLANE55 (thermal calculation) and PLANE182 (mechanical 

calculation), with four nodes each, are used for the geometric structure. Besides area 

elements, contact elements must also be evaluated and defined. A pair-based contact 

condition employing TARGE169 and CONTA172 elements is adopted. In the simulation model, 

the contact elements overlay the underlying surface elements. The Augmented Lagrangian 

method serves as the contact algorithm. Both Dirichlet and Neumann boundary conditions 

need definition for the mechanical and thermal calculations. For the mechanical calculations, 

two aspects govern the Dirichlet boundary conditions. Firstly, uniform axial displacement of the 

 
Figure 6.2: Model setup, geometrical dimensions in 

mm, and mechanical boundary conditions 
of the friction system FS1 [Sch22c]. 
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right face of the pressure plate, where the axial force is applied, is assumed. Secondly, the left 

side of the reaction plate, as illustrated in Figure 6.2, is assumed to prohibit any axial 

displacement. For thermal calculations, the multi-plate clutch is assumed to start with a 

temperature of 80 °C. Additionally, passive cooling is implemented through the contact 

surfaces of the teeth in the circumferential direction and the axial mounting parts. The heat 

flow rate is calculated using Equation (6.9). In the two-dimensional model, the shape of the 

teeth of the steel plates and the lining carrier plate cannot be replicated due to rotational 

symmetry. Since the lateral surface area of the components in the finite element model is much 

larger than the contact surfaces of the teeth with the carriers, a dimensionless factor, Arat, is 

introduced: 

Dietsch [Die21] indicates that the share of free convection and thermal radiation is 

approximately 0.15 % each. Consequently, both heat transport mechanisms are omitted in 

subsequent discussions. 

The thermal Neumann boundary condition is defined by the heat flux rate in the contact 

elements, as calculated by Equation (6.1). The determination and application of q̇(r,θ,t) must 

be done individually for each network element. The rationale for element-wise calculation lies 

in the relative velocity gradient, which increases with the radial coordinate, as shown in 

Figure 6.2. [Sch22c] 

6.3.3 Operating Conditions 

The load parameters of the clutch, 

which are derived from the 

experimental load parameters, are 

detailed below. These load 

parameters serve as the 

mechanical Neumann boundary 

conditions. The clutch operates 

under transient slip conditions. 

After the axial force is applied, the 

clutch undergoes repeated 

acceleration, and the differential 

speed is subsequently reduced to 

zero. The individual ramps for both 

the build-up and reduction of the 

differential speeds last for 2 s each. A pause of 0.5 s intervenes between the slip phases. 

Figure 6.3 shows the curve of the axial force and differential speed with exemplary 

values. [Sch22c] 

𝐴rat =
𝐴Flank

𝐴FE−Model
  (6.16) 

Symbol Unit Description Symbol Unit Description 

𝐴rat − Area ratio of the model to the real 

part  

𝐴Flank m2 Tooth flank area 

𝐴FE Model m2 Contact area in the model    

 
Figure 6.3: Curves of the load parameters axial force and 

differential speed with exemplary values 
[Sch22c].  
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6.3.4 Mesh and Time-Step Sensitivity Analysis 

Figure 6.4 shows the 

model for the mesh and 

time-step sensitivity 

analysis. The maximum 

temperature Tmax at the 

level of the mean 

friction diameter rm of 

the third steel plate in 

the axial center, serves 

as the convergence 

criterion (see 

Figure 6.4). Conse-

quently, temperatures 

at this specific location 

are compared across 

all simulations 

conducted. The load 

parameters of the 

simulations for the 

studies are detailed in 

Table 6.2. Figure 6.5 shows the 

simulated maximum temperature 

Tmax as a function of different 

numbers of nodes and inverse 

time-step sizes. The lowest 

number of nodes for the mesh 

analysis is 1 190, which is successively increased.  

The numerical solution of the temperature calculation is influenced by the computational mesh 

and converges as the number of nodes increases. A node count exceeding approximately 

11 000 is deemed sufficient for subsequent analyses. This node count corresponds to an edge 

length of 0.2 mm per element. The smallest time-step size is given by the pause between two 

 Unit Value 

Pressure p N / mm2 5.0 

Max. differential speed Δnmax  min−1 110 

Table 6.2: Load parameters for mesh and time-step analysis. 

b 
Figure 6.4: Model with meshing to simulate temperature and pressure 

distribution and as a reference model of the mesh and time-
step sensitivity analysis [Sch22c].  

 
Figure 6.5: Calculated increase in temperature for different numbers of nodes (left) and time-step 

sizes (right) to evaluate the convergence behavior of the numerical solution [Sch22c].  

Fußzeile 1
Fußzeile 2

Begrenzung links Mitte Begrenzung rechts

Begrenzung
oben

Begrenzung
unten

Folie
Mitte

FZG Deutsch 16:9 1.2.0Titel und Inhalt

Textfeld
Oberkante

Textfeld
Mitte

Carrier plates

Friction linings

Steel plates

Point for mesh analysis 

Temperature measuring 

point for experimental 

investigations 

Pressure plate

Reaction plate

Friction interface 

1

2

3

4

5

6

7

8

9

10

In
c

re
a

s
e

o
f

te
m

p
e

ra
tu

re
in

 K

295

0

315

310

305

300

Inverse time-step in 1/s

In
c

re
a

s
e

o
f

te
m

p
e

ra
tu

re
in

 K

0

Number of nodes

295

0

315

310

305

300

0 1 2 3 4 5
x 104

2 4 6 8 10 12 14



88 Development of Simulation Models of Multi-Plate Clutches 

 

slip phases and amounts to 0.5 s. (see Figure 6.3). The differences of the numerical solution 

of the temperature calculation, as a function of the time-step size, are very small, and the 

solution is thus only slightly influenced by the time-step size. Halving the time-step size roughly 

doubles the computational time, a trade-off that does not warrant the marginal increase in 

accuracy. Consequently, a time-step size of 0.5 s is employed in subsequent calculations. 

[Sch22c] 

6.3.5 Validation with Experimental Data 

Experimental tests are used to 

validate the simulation model 

to ensure that it computes 

correctly and accurately 

represents application-related 

conditions. For this purpose, 

temperature measurements 

are compared with the 

simulation results. First, a 

single test incorporating three 

slip phases is configured within 

the simulation framework. The 

coefficient of friction obtained 

from the experimental test is 

replicated in the simulation 

through the use of numerous 

reference nodes. Both 

differential speed and axial 

force are treated as linear 

variables, with absolute values 

sourced from the measurements. This data is detailed in Table 6.3.  

The location for evaluating temperature in both the simulation and the experimental 

measurement aligns, as indicated in Figure 6.4. Data from the experimental test, approximated 

input parameters for the simulation, and the simulated temperature curve are shown in 

 

Figure 6.6: Measurement recording of a slip cycle and 
comparison of the simulated temperature with the 
measured temperature [Sch22c]. 

 Unit Value 

Pressure p N / mm2 4.0 

Max. differential speed Δnmax  min−1 80 

Approximated coefficient of 

friction using reference nodes  
− 

0.098, 0.100, 0.103, 0.104, 0.103, 0.098, 0.093, 

0.085, 0.059, 0.060, 0.087, 0.094, 0.096, 0.096, 

0.090, 0.060, 0.079, 0.088, 0.091, 0.092, 0.084, 

0.080, 0.071, 0.0607, 0.084, 0.077, 0.056 

Average coefficient of friction − 0.085 

Table 6.3: Load parameters, coefficient of friction as reference nodes and averaged coefficient of 

friction for the comparison of the simulated temperature with the measured temperature 

[Sch22c]. 
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Figure 6.6. The measured and simulated temperature curves agree very well over the entire 

slip cycle. The deviations between measurement and simulation are in the range of ± 10 K. 

Figure 6.6 shows that the simulated temperatures tend to be higher than the measured ones 

and that the measured temperature increases are flatter than the simulated increases. 

For a more comprehensive validation of the simulation model, numerous individual tests are 

conducted on the test rig, and the measurement results are compared with those from the 

simulation. For each test, the average value of the measured coefficient of friction across the 

entire slip cycle is computed and integrated into the simulation model. The tests are performed 

with the following parameters: 

• p = 4.0 … 8.0 N / mm2  

• Δnmax = 60 … 140 min−1  

• Number of slip phases N = 1 … 3 

Figure 6.7 shows a comparison between 

simulated and experimental results. 

Congruence between simulation and 

experimental data occurs when the data 

points are precisely positioned on the bi-

sector of the angle. A correlation exists 

between the simulation results and the 

experimentally measured values across all 

load cycles. The deviations between test rig 

results and simulation results are larger at 

high temperatures. In total, the differences 

are small and do not exceed 10 % at any 

point. The maximum absolute difference is 

24 K. [Sch22c] 

6.4 Formulation of a Three-Dimensional Simulation Model 

The three-dimensional thermomechanical simulation of the clutch is configured and executed 

in ANSYS Mechanical, using Workbench 2022 R1 and the Coupled Field Transient Analysis 

System. Similar to the two-dimensional simulation model, mechanical calculations are coupled 

with thermal calculations to analyze the thermomechanical behavior of the clutch. The 

computations are performed on the SuperMUC-NG, utilizing Intel Skylake Xeon Platinum 8174 

processors. Each node has 48 cores and 96 GBytes of memory per node. 

6.4.1 Geometry 

The geometry for the three-dimensional simulation model is derived from the dimensions of 

the FS1 friction system. Therefore, the same plates investigated in the two-dimensional 

simulation are used in the three-dimensional simulation. Figure 4.5 in Section 4.2 shows the 

technical drawings of the steel and friction plates, which are faithfully replicated in the 

simulation model. Similar to the two-dimensional simulations, the steel plates are modeled as 

outer plates, and the friction plates as inner plates. To compute the thermomechanical 

behavior of the clutch, a half-section of the steel plates and of the friction plate is modeled in 

the axial direction. This approach helps to manage the computational effort and allows for the 

study of the clutch's thermomechanical behavior in the circumferential direction without any 

restrictions. 

 

Figure 6.7: Comparison between simulated and 
measured temperature increase for 
different loads [Sch22c].  
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6.4.2 Finite Element Method Settings 

The three-dimensional model in ANSYS is designed based on the two-dimensional model 

described in Section 6.3.2, as well as the preliminary work by Wang and Zang [Wan21] and 

Sabri et al. [Sab21a]. The volume elements PLANE222, along with the contact elements 

CONTA174 and TARGE170, are employed. The steel plate flanks are unblocked in the axial 

direction and fixed in the circumferential direction, thereby serving as a mechanical Dirichlet 

boundary condition. A symmetry boundary condition is implemented on the rear side of the 

steel plate, under the assumption of no axial displacement. The thermal simulation 

commences with an initial temperature of 80 °C for the multi-plate clutch. Heat flow from the 

tooth flanks to the mounting parts is implemented in a similar manner as the two-dimensional 

simulation model for both the steel and friction plates. Due to the brief duration of the friction 

phases, the axial heat flow at the interfaces between the lining and the steel plates is negligible. 

The rotational velocity is applied to the flanks of the friction plate. In line with the two-

dimensional model, the analysis does not consider free convection due to its minimal impact. 

6.4.3 Operating Conditions 

The load parameters (axial force, differential speed) for 

the three-dimensional model are obtained from 

experimental data. These load parameters define the 

mechanical Neumann boundary conditions. The clutch is 

operated under transient slip conditions. However, due to 

the high computational effort required for the three-

dimensional model, a different approach is taken 

compared to the two-dimensional model. In the three-

dimensional simulation, the differential speed is 

accelerated once and then returned to zero after applying 

the axial force. Each ramp, for both the increase and 

decrease of the differential speeds, lasts 2 s. In separate 

simulations, the axial force and differential speed are 

varied. Figure 6.8 illustrates the curve of the axial force 

and differential speed with exemplary values. 

6.4.4 Mesh and Time-Step Sensitivity Analysis 

To ensure the quality and independence of the results from mesh parameters and time-step 

width, a sensitivity analysis for mesh and time-step is conducted. The convergence criterion is 

based on the maximum 

temperature (Tmax) at the location 

of the temperature sensor used in 

the experiment (see Figure 4.17). 

This criterion allows for a direct 

comparison of temperature values 

at the same location across all simulations. Table 6.4 lists the load parameters used in the 

mesh and time-step sensitivity analysis simulations. Additionally, Figure 6.9 provides an 

example of the meshing of the steel plate, carrier plate, and friction lining. The simulated 

maximum temperature (Tmax) as a function of different node numbers and inverse time-step 

sizes is presented in Figure 6.10. 

 
Figure 6.8: Exemplary load para-

meters for the three-
dimensional simulation 
model. 

 Unit Value 

Pressure p N / mm2 8.0 

Max. differential speed Δnmax  min−1 80 

Table 6.4: Load parameters for mesh and time-step analysis. 
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The mesh analysis reveals a range of node numbers, from 30 175 to 145 828. The influence of 

node number on the temperature calculation is minimal, with the calculation converging as the 

number of nodes increases. A node number exceeding 100 000 is considered sufficient for 

subsequent analyses. For the time-step sizes, variations are applied between 0.00175 s and 

0.015 s. As shown in Figure 6.10, the temperature calculation exhibits negligible differences 

with respect to the time-step size. The influence of the time-step size on the temperature 

calculation is minimal. Based on these findings, a fixed time-step size is not defined for the 

three-dimensional simulation model; instead, the Auto Time Stepper provided by ANSYS is 

utilized. 

6.4.5 Validation with Experimental Data 

The three-dimensional simulation model is validated in a manner similar to the two-dimensional 

model, using experimental tests to ensure the accuracy and real-world representation of the 

calculations. This involves comparing the temperature measurements with the simulation 

results. To start, a single test is conducted in which the coefficient of friction from the 

experimental test is accurately replicated in the simulation using multiple reference nodes. The 

axial force and differential velocity are assumed to have a linear relationship, and their absolute 

values are derived from the experiment. The corresponding data can be found in Table 6.5. 

 
Figure 6.9: Models of the steel plate, friction lining and carrier plate with exemplary meshing. 

 
Figure 6.10: Calculated increase in temperature for different numbers of nodes (left) and time-step 

sizes (right) to evaluate the convergence behavior of the numerical solution of the three-
dimensional model.  
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Figure 6.11 presents the 

approximated data from 

the experimental test 

used as input 

parameters for the 

simulation, along with 

the simulated 

temperature curve and 

the measured data from 

the experiment. The 

comparison between the 

measured and 

simulated temperatures 

is conducted at the 

same location on the 

steel plate. The 

simulated and 

measured temperature 

curves agree very well 

over the slip phase. The 

deviations between the 

measurement and 

simulation fall within the range of ± 10 K. Notably, the simulated temperatures tend to be 

slightly higher than the measured temperatures, while the measured temperature gradients 

appear to be less steep compared to the simulated values. 

In addition to comparing the temperature curves individually, the maximum temperatures from 

both the simulation and the experiment are compared in multiple tests to validate the simulation 

model. In each comparison, the average value of the measured coefficient of friction during 

the entire slip phase in the experiment is calculated and used in the simulation model. The 

tests are conducted with the following parameters: 

 Unit Value 

Pressure p N / mm2 8.0 

Max. differential speed Δnmax  min−1 80 

Approximated coefficient of 

friction using reference nodes 
− 0.097, 0.097, 0.058, 0.043,  

Average Coefficient of friction − 0.079 

Table 6.5: Load parameters, coefficient of friction as reference nodes and averaged coefficient of 

friction for the comparison of the simulated temperature with the measured temperature  

 

Figure 6.11: Measurement recording of a slip phase and comparison of 
the simulated temperature with the measured 
temperature. 
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•  p = 4.0 … 8.0 N / mm2  

• Δnmax = 60 … 140 min−1  

• Number of slip phases N = 1 … 3 

Figure 6.12 ilustrates the comparison 

between the simulated and experimental 

temperature increases, demonstrating a 

correlation between the simulation results 

and the experimentally measured values for 

all load cycles. It is observed that the 

differences between the simulated and 

experimental results are more pronounced 

at high temperatures. However, overall, 

these differences remain small and do not 

exceed 10 % at any point. The maximum 

absolute difference is 12 K. 

 

6.5 Simulation Process 

In the previous sections, the mechanical and thermal principles, material parameters, 

geometries, simulation settings (element selection, Neumann boundary conditions, Dirichlet 

boundary conditions), and operating conditions for the two-dimensional and three-dimensional 

simulation models are presented. To enhance understanding, Figure 6.13 illustrates the 

simulation process for the two-dimensional model. Once all the necessary parameters are 

defined, the mechanical calculation begins. The calculated pressures are then used for the 

heat flow density calculation. In the thermal simulation, the heat flow is applied, and the 

temperature distribution of the clutch is determined. Once the sub-steps are completed, a 

comparison is made (i = n) with the number of time-steps. The results of the thermal analysis 

serve as input files for the subsequent mechanical calculations. 

 

Figure 6.12: Comparison between simulated and 
measured temperature increase for 
different loads. 
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Figure 6.13: Flow chart for the simulation process [Sch22c]. 
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7 Simulation of the Thermomechanical Behavior of Multi-Plate 

Clutches 

In this section, the simulation results of the two-dimensional as well as the three-dimensional 

model are presented. On the one hand, the temperature and pressure behavior are evaluated. 

On the other hand, different geometrical and material parameters are varied, and their effect 

on the thermal behavior of the clutch is investigated. In addition, the simulation data are used 

to develop a temperature prediction model for different load parameters and lining thicknesses. 

7.1 Two-Dimensional Analysis of the Thermomechanical Behavior  

In the following subsections, the simulation results of the two-dimensional model are 

presented. First, the temperature and pressure distribution during the slip cycle are explained. 

Subsequently, a sensitivity analysis is performed with respect to the material as well as 

geometric parameters regarding the temperature behavior. Finally, a metamodel of the thermal 

behavior of the clutch is developed using machine learning algorithms. The results presented 

below are published by Schneider et al. [Sch22c]. 

7.1.1 Temperature and Pressure Distribution 

After validating the simulation model with respect to numerical parameters (number of nodes, 

time-step size) and comparison with experimental data (see Section 6.3), the temperature and 

pressure distribution during a slip cycle are examined in more detail below. The temperature 

distribution of the clutch at different times during the slip cycle is shown in Figure 7.1. The load 

parameters correspond to the slip cycle shown in Figure 6.6 and are listed in Table 6.3. The 

clutch assembly is 

heated by the 

individual slip 

phases, with the 

most intense 

heating occurring 

within the steel 

plates. The heat 

dissipation at the 

inner and outer 

carriers and the 

lack of frictional 

contact at the 

inner and outer 

diameters of the 

plates create a 

temperature gra-

dient in the radial 

direction across 

the individual 

plates. This radial 

gradient is more 

noticeable at the maximum speed difference than at the end of a slip phase. The outer regions 

of the multi-plate clutch in the axial direction experience less heating due to the heat dissipation 

 
Figure 7.1:
  

Temperature distribution in the clutch at selected times during a slip 
cycle [Sch22c]. 
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at the reaction and pressure plates, along with their thermal masses. The temperature 

maximum is at the two steel plates in the clutch center. [Sch22c] 

Figure 7.2 shows the 

temperature and pressure 

distribution of friction interfaces 

1 – 5 (see Figure 6.4) as a 

function of time. The results for 

friction interfaces 6 – 10 (see 

Figure 6.4), which are 

equivalent to those of friction 

interfaces 1 – 5 due to the 

symmetrical structure of the 

model, can be found in 

Figure A.22 in the Appendix. 

Figure 7.2 shows that the 

friction interfaces in the center 

of the clutch (friction interfaces 4 

and 5) heat up more than the 

outer friction interfaces. The 

temperature distribution over 

time shows that the heating 

occurs with the individual slip 

phases. The temperature 

maximum for each slip phase is 

reached after the corresponding 

speed maximum. The 

temperature at the friction 

interfaces decreases between 

the individual slip phases. In the 

radial direction, the highest 

temperatures are observed at 

approximately 46 mm, 

indicating that the highest 

temperatures occur near the 

outer diameter (mean friction 

radius rm = 43.5 mm). The inner 

diameter heats up due to 

delayed heat transfer as soon 

as frictional contact is 

established (see Figure 6.4). 

These areas are exclusively 

heated by heat conduction. The 

absolute temperature increase 

declines from slip phase to slip 

phase, which can also be seen 

in Figure 6.6. The pressure distribution is very homogeneous after the axial force is built up. A 

 

Figure 7.2: Temperature and pressure distribution of friction 

interfaces 1 – 5 as a function of time [Sch22c]. 
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slight increase in pressure can be observed on the inner diameter of the friction interfaces at 

the contact edge. In radial direction < 35 mm, no contact takes place, so that no pressure is 

present. No differences in pressure level can be seen over the entire slip cycle. There are also 

no differences in the pressure distribution in radial direction except for the contact edge on the 

inner diameter. There is also no significant difference in pressure across the respective friction 

interfaces. [Sch22c]  

7.1.2 Influence of the Material Parameters and the Geometric Parameters 

For the parameter study on the influence of material and geometry parameters on the 

thermomechanical behavior of a clutch, a one-at-a-time (OAT) experimental design is 

employed. In the OAT method, each parameter is varied individually while keeping the values 

of other parameters constant. This approach allows a clear tracking of the individual 

contributions of each parameter and isolates their effects on the maximum temperature in the 

clutch. The OAT approach is chosen for its ability to conveniently examine the impacts of each 

parameter and its straightforward implementation. 

Table 7.1 presents all thirteen parameters examined in this study, along with their respective 

upper and lower bounds. Both geometric parameters and material properties are varied. The 

upper and lower bounds are chosen to fall within acceptable and practical ranges. The variation 

range is defined for each parameter to ensure that a useful range of data is captured without 

rendering the simulation infeasible. The variation of the parameters is performed under a 

mechanical load at a pressure of 2 N / mm2 and a rotational speed of 80 min−1. To examine the 

effects of individual parameters on the maximum temperature in the clutch, a total of 1 000 

simulations are conducted. The maximum temperature Tmax in the clutch is used to compare 

the different parameter variations. 

Additionally, simulations are conducted to investigate the influence of the number of friction 

interfaces. Various simulation models are created with 6, 10, and 14 friction interfaces. For 

Component Parameter Symbol Unit 
Lower 

bound 

Upper 

bound 

Step 

size 

Steel plate 

Thickness dsp mm 0.4  2  0.032 

Density ρsp kg / m3 7 200  7 800  80 

Heat conductivity λsp W / mK 10 80 0.875 

Specific heat capacity csp J / kgK 340 700 18 

Carrier plate 

Thickness dcp mm 0.4  2  0.032 

Density ρcp = ρsp kg / m3 7 200  7 800  80 

Heat conductivity λcp   λsp W / mK 10 80 0.875 

Specific heat capacity ccp = csp J / kgK 340 700 18 

Friction lining 

Thickness dfl mm 0.2  0.8  0.015 

Density ρfl kg / m3 400 1300 0.03 

Heat conductivity λfl W / mK 0.1 0.4 0.0075 

Specific heat capacity cfl J / kgK 1 000 4 000 75 

Young’s modulus Efl N / m2 40 220 3 

Table 7.1: Upper and lower bounds of varied parameters. 
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each simulation model, four different loads are simulated. The inner and outer diameters are 

adjusted to ensure that the same pressure and specified friction work are applied in all three 

variants, enabling appropriate comparisons between them. The maximum temperature 

reached during the simulation is used for the analysis below.  

Thickness of the Steel Plate and the Friction Lining: 

In Figure 7.3, the simulated maximum temperature in the clutch is shown as a function of the 

steel and carrier plate thickness (left-hand plot) and the friction lining thickness (right-hand 

plot). The simulated maximum temperature decreases in each case as the thickness of the 

steel and carrier plates increases. This influence is stronger for the steel plate compared to the 

carrier plate. Doubling the thickness of the steel plate from 0.8 mm to 1.6 mm results in a 

temperature decrease of over 100 K. At the same time, the temperature decrease gradient 

diminishes as the thickness of the steel plate and carrier plate increases. Regarding the 

thickness of the friction lining, only a weak dependence on the maximum temperature in the 

clutch is observed. Increasing the thickness to 0.4 mm results in a slight increase in the peak 

temperature. However, from 0.4 mm to 0.8 mm, no further increase in the maximum 

temperature is observed with further thickening of the friction lining. 

Heat Conductivity of the Steel and the Friction Lining: 

Figure 7.4 shows the relationship between the simulated maximum temperature in the clutch 

and the thermal conductivity of the materials. The maximum temperature decreases with 

increasing thermal conductivity, both for steel (left-hand plot) and friction lining material (right-

hand plot). For the friction lining, there is partial evidence indicating that the maximum 

temperature approaches asymptotic behavior. This implies that subsequent enhancements in 

thermal conductivity do not lead to additional reductions in the maximum temperature. 

 
Figure 7.3:  Dependence of the maximum temperature in the clutch on the thickness of the steel plate 

and carrier plate (left) and on the friction lining (right). 

 
Figure 7.4:  Dependence of the maximum temperature in the clutch on the heat conductivity of the steel 

(left) and on the friction lining (right) material. 
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Heat Capacity of the Steel Plate and the Friction Lining: 

Figure 7.5 illustrates the variation in the simulated maximum temperature in the clutch as the 

specific heat capacities of the steel and friction lining are changed. For both materials, the 

maximum temperature in the clutch system decreases as the specific heat capacity increases. 

This decrease is more dominant for steel compared to the lining material. For instance, 

doubling the specific heat capacity of the steel from 350 J / kg to 700 J / kg results in a 

temperature reduction from approximately 625 °C to approximately 475 °C. In contrast, 

doubling the specific heat capacity of the friction lining from 2000 J / kg to 4 000 J / kg only leads 

to a reduction from 560 °C to 520 °C. 

Steel and Friction Lining Density: 

As shown in Figure 7.6, the relationship between the simulated maximum temperature of the 

clutch and the density follows a similar pattern as the dependence on specific heat capacity. 

Increasing the density of the materials leads to a decrease in the maximum temperature 

attained during the shifting process. This behavior is observed for both the density of the steel 

and the density of the lining. When increasing the density of the steel from 7 200 kg / mm3 to 

8 000 kg / mm3, the maximum temperature decreases by approximately 25 K. Similarly, 

increasing the density of the lining material by 800 kg / mm3, from 400 kg / mm3 to 

1 200 kg / mm3, results in a reduction in the maximum temperature by about 55 K. 

 

 
Figure 7.5:  Dependence of the maximum temperature in the clutch on the heat capacity of the steel 

(left) and on the friction lining (right) material. 

 
Figure 7.6:  Dependence of the maximum temperature in the clutch on the density of the steel (left) and 

on the friction lining (right) material. 
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Young’s modulus of the friction lining: 

The relationship between the simulated 

maximum temperature in the clutch and 

the Young's modulus of the lining is 

shown in Figure 7.7. It is observed that 

the temperature exhibits minimal 

changes as the Young's modulus 

increases. When the value increases 

by more than five times, from 

 . ∙  8 N / mm2 to  . ∙  8 N / mm2, there 

is only a slight increase in the maximum 

temperature in the clutch, from 537 °C 

to 543 °C. 

 

Number of friction interfaces: 

Figure 7.8 shows the maximum 

temperature of the clutch system as a 

function of the friction work for different 

numbers of friction interfaces. All three 

variants exhibit a linear trend. The 

variant with 6 friction interfaces yields 

the lowest maximum temperatures for 

all loads investigated. This is followed 

by the variant with 10 friction interfaces. 

The variant with 14 friction interfaces 

consistently exhibits the highest 

maximum temperature among the three 

variants investigated. Thus, it becomes 

evident that as the number of friction interfaces decreases, the maximum temperature reached 

is lower for the same friction work. Additionally, the temperature difference between the 

individual variants increases with higher friction work. 

 

 

 

 
Figure 7.7:  Dependence of the maximum temperature in 

the clutch on the Young's modulus of the 
friction lining. 

 
Figure 7.8:  Dependence of maximum temperature on 

friction work with different number of friction 
interfaces. 
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7.1.3 Formulation of Surrogate Models 

In addition to 

calculating tempe-

rature and pressure 

behavior with 

variations in material 

and geometry 

parameters, a 

surrogate model is 

being developed to 

predict the maximum 

temperature within a 

clutch system during 

operation. This model 

is based on two-

dimensional thermo-

mechanical finite 

element simulations 

of the clutch and the 

simulation process 

corresponds to the 

descriptions in 

Section 6. The results 

presented below are 

published by 

Schneider et al. 

[Sch22a]. Figure 7.9 

illustrates the 

procedure for building 

surrogate models. 

The procedure can be 

roughly divided into 

four steps. The first 

two steps involve generating the required data from the finite element model. The parameters 

to be taken into account are defined, and then a large number of simulations are performed. 

These data are then processed to facilitate the creation of surrogate models and are tested 

using different algorithms. In the last step, the generated models undergo a parameter study 

to investigate the influence of the sample size on model performance and to evaluate the 

prediction. 

The data used to generate 

surrogate models comes from 

the finite element model 

described in Section 6.3. For 

each combination of input 

parameters, the simulation 

outputs the temperature 

 
Figure 7.9:  Graphical representation of the procedure for creating a 

surrogate model [Sch22a]. 

Parameter 
Unit Lower 

bound 

Upper 

bound 

Axial force Fa  N 9 292 37 168 

Max. differential speed Δnmax min−1 80 140 

Friction lining thickness df  mm 0.2 0.8 

Table 7.2: Boundaries of the varied input parameters [Sch22a]. 
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distribution of the clutch at each time step. Since the maximum temperature is of interest in 

relation to damage mechanisms, the maximum value from the temperature distribution at each 

time step is selected. To generate the data sets, 200 simulations with 29 time steps each are 

run per use case. Latin Hypercube sampling is employed to sample parameter combinations. 

The lower and upper bounds of individual parameters are shown in Table 7.2. Each simulation 

yields a tuple (pi, Ti), where pi represents a vector representing the varied parameters, and Ti 

is a vector with the maximum temperature Tmax at each of the 29 time steps (see Table 7.3). 

Due to the deterministic nature of FE 

simulation, no outliers are expected within 

the data. The entire dataset, consisting of 

200 simulations (5 900 data points), is 

divided into a training set and a test set. The 

test set includes data from 25 simulations, 

while the remaining data points are 

assigned to the training set. The goal of this 

split is to evaluate the quality of predictions 

made by trained models on unseen cases. Different subsets of the training set with varying 

sizes are created to investigate the influence of dataset size and the required number of 

simulations for adequate surrogate model generation. Training sets comprising 25, 50, 75, 

100, 125, 150, and 175 simulations are examined. The dataset with 100 simulations serves as 

a baseline for this research. Five different machine learning methods, namely Polynomial 

Regression (PR), Decision Tree (DT), Support Vector Regression (SVR), Gaussian Process 

(GP), and Backpropagation Neural Networks (BPNN), are examined to construct surrogate 

models. These algorithms are explained in more detail in Schneider et al. [Sch22a] and by 

Murphy [Mur12]. Each algorithm undergoes hyperparameter optimization, and all the 

considered hyperparameters are listed in Table 7.4. All the models are implemented in Python. 

For the PR, DT, SVR, and GP algorithms, the implementations available in the scikit-learn 

package [Ped12] are used. The Tensorflow package [Aba16] with the Keras API is employed 

for the BPNN. 

Input variables 

Axial force Fa 

Max. differential speed Δnmax 

Fricition lining thickness df 

Time t 

Output variables Maximal temperature Tmax 

Table 7.3: Input and output variables for the models 

[Sch22a]. 

Model Hyperparameter Values 

Polynomial Regression Degree [1, 10] 

Decision Tree 
Depth 

Criterion 

{inf, 5, 10, 15, 20} 

{‘squared_error’, ‘friedman’, ‘poisson’} 

Support Vector  

Regression 

Kernel 

C 

Epsilon 

Linear, poly, RBF 

1, 10, 100, 1000 

1 × 10− , 1 × 10− , 1 × 10−  

Gaussian Process 
Kernel 

Alpha 

DotProduct, RationalQuadratic, RBF 

[1 × 10− , 1 × 10− ] 

Backpropagation Neural 

Networks 

Number of hidden layers  

Number of neurons per layers 

Learning rate 

[1, 10] 

[1, 50] 

[1 × 10− , 1 × 10− ] 

Table 7.4: Parameters of hyperparameters optimization of the individual algorithms [Sch22a]. 
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To investigate the 

generalizability of 

models and ensure 

independence of 

results from the 

randomly selected 

dataset, a nested 

cross-validation (CV) 

procedure is 

performed (see 

Figure 7.10). The 

process involves two 

nested loops. In the inner loop, optimal hyperparameters for a specific folding of data are 

determined. A grid search (PR, DT, SVR, GP) and a randomized search (BPNN) with 3-fold 

cross-validation are conducted for this purpose. The generalizability of the best model 

determined in the inner loop is examined in the outer loop. To further evaluate the performance 

of models, they are assessed using the test set. The Mean Squared Error (MSE), Root Mean 

Squared Error (RMSE), and Mean Absolute Percentage Error (MAPE) are used as metrics to 

measure the quality of models. More detailed descriptions of these error characteristics can 

be found in the study by Schneider et al. [Sch22a]. 

The results of the 10-

fold cross-validation 

are shown in 

Figure 7.11. The 

Polynomial Re-

gression (PR) and 

Support Vector 

Regression (SVR) 

models exhibit 

similar behavior and 

performance. The 

Root Mean Squared 

Error (RMSE) values 

of the individual folds 

for both models are 

similar, with average 

values of 26.7 K and 

27.6 K, respectively. 

The Decision Tree 

(DT) model performs 

better, with an average RMSE score of 20.2 K. However, there is a significant variance among 

the values of the individual folds, ranging from 13.0 K to 27.0 K. This higher variance in RMSE 

values is also evident in the case of the Gaussian Process (GP), with values ranging from 

11.1 K to 26.2 K. Among these four models, the GP achieves the best performance during 

cross-validation, with an average RMSE value of 18.0 K. 

 

Figure 7.10: Graphical representation of the nested cross-validation (CV) 
procedure [Sch22a]. 

 

Figure 7.11: Root Mean Squared Error for 10-fold cross-validation of the 
Polynomial Regression, Decision Tree, Support Vector 
Regression, and Gaussian Process models [Sch22a]. 
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Figure 7.12 displays the 

training history for the BPNN. 

The training is conducted for 

10 000 epochs, and early 

stopping is implemented 

when the validation loss does 

not improve for 100 epochs. 

The learning rate is adjusted 

during training by halving it 

when the validation loss 

reaches a plateau and does 

not improve for 50 epochs. The plotted curves demonstrate that the training process converges 

to an RMSE of 6.9 K after approximately 850 epochs. The RMSE for the validation set is 6.3 K, 

indicating the absence of overfitting. 

To further verify the models' ability to generate accurate predictions using unseen data, 

predictions on the test dataset are performed. Table 7.5 presents the RMSE and MAPE values 

for each model on the test dataset. Additionally, the computation time required for inference 

and the computation time for the FE calculation are provided. Both the Polynomial Regression 

(PR) and Support Vector Regression (SVR) models yield the worst results, with RMSE values 

of approximately 24 K. The Decision Tree (DT) model performs slightly better, with an RMSE 

score of 19.71 K. The Gaussian Process (GP) and Backpropagation Neural Network (BPNN) 

exhibit the best performance, with RMSE values of 14.43 K and 6.31 K, respectively. Although 

SVR has the worst RMSE value, it achieves a better MAPE value compared to PR. While GP 

outperforms DT in terms of RMSE, both models have similar MAPE values of about 2.2 %. In 

terms of both RMSE and MAPE, BPNN achieves the best performance. 

To illustrate the results and explore the application of the models, predictions for a selected 

slip cycle are presented in Figure 7.13. The Polynomial Regression (PR) and Support Vector 

Regression (SVR) models demonstrate the general temperature increase but fail to capture 

the temperature fluctuations. As a result, these models exhibit the poorest performance. The 

Gaussian Process (GP) model partially captures the temperature fluctuations but to a lesser 

extent. The Decision Tree (DT) model accurately models the fluctuating temperature increases 

but deviates in the range between 5 s and 10 s. The Backpropagation Neural Network (BPNN) 

model achieves the closest match between the predicted and actual temperatures, indicating 

the highest level of accuracy. 

 

Figure 7.12: Training and validation loss of the BPNN during 
training [Sch22a]. 

 PR DT SVR GP BPNN FE Model 

RMSE in K 24.6 19.7 24.8 14.4 6.3 − 

MAPE in % 4.02 2.18 3.65 2.20 0.99 − 

Training time in s <1 <1 ~15 ~120 ~400 − 

Inference time in s 0.026 0.001 0.260 0.306 0.311 ~ 1 100 

Table 7.5: Results of the models on the test set [Sch22a]. 
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Figure 7.14 depicts the relationship between the model's performance using the RMSE and 

the amount of data. For the Polynomial Regression (PR) model, it becomes evident that there 

is almost zero correlation, with 

only small fluctuations in the 

range of RMSE scores 

between 25 K and 30 K. The 

Support Vector Regression 

(SVR) model initially performs 

worse than the PR model for 

up to 50 K simulations. 

However, beyond 50 K 

simulations, the performance 

of the two models becomes 

very similar. The Decision 

Tree (DT) model exhibits the 

poorest performance with a low number of simulations but improves continuously as the 

amount of data increases. With approximately 100 simulations, an RMSE score of about 20 K 

is achieved. Further increase in the amount of data does not lead to significant improvements. 

The Gaussian Process (GP) model demonstrates a high dependence on the amount of data, 

consistently showing improved results as the data volume increases. The Backpropagation 

Neural Network (BPNN) models consistently achieve the best performance across all data 

volumes. Even with only 10 simulations, they outperform the PR and SVR models. Notably, 

significant performance improvements occur from around 60 simulations onwards. Beyond 100 

simulations, further improvements are marginal for all models. 

 

Figure 7.13:  Exemplary predictions by the individual models for a slip cycle [Sch22a]. 

 

Figure 7.14: Root Mean Squared Error for the test sets as a 
function of the data volume [Sch22a]. 
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7.2 Three-Dimensional Analysis of the Thermomechanical Behavior  

In the following subsections, the simulation results of the three-dimensional model are 

presented. First, the temperature and pressure distribution during shifting are explained. 

Subsequently, geometry variations of the steel and friction plate are performed and compared 

with respect to their temperature behavior.  

7.2.1 Temperature and Pressure Distribution 

After validating the simulation model with regard to numerical parameters such as the number 

of nodes and time-step size, as well as comparing it to experimental data (see Section 6.4), 

the temperature and pressure distribution during a slip phase are investigated in more detail. 

Figure 7.15 presents the pressure distribution (nominal pressure 8.0 N / mm2), while 

Figure 7.16 illustrates the temperature distribution of the steel and friction plates at various 

time points during the slip phase. The triangular differential speed curve in the slip phase lasts 

for 4 seconds, with a 2-second rise and a 2-second fall. 

The representation of the pressure distribution during the slip phase (see Figure 7.15) does 

not show any significant differences over time. Once the pressure is applied, no changes can 

be observed at the indicated times. However, at the individual friction lining pads, there is a 

slight increase in pressure at the edges in the circumferential direction and at the inner 

diameter. In the circumferential direction across the individual lining pads, no discernible 

differences in pressure behavior are observed. 

In addition to analyzing the pressure distribution during the slip phase, the temperature 

distribution at selected time steps is also examined (see Figure 7.16). The steel plate 

temperature increases by approximately 200 K during the slip phase, with the maximum 

temperature being observed in the second third of the slip phase. In the radial direction, the 

lowest temperature is found at the toothing. Heat conduction to the outer carrier occurs on the 

adjacent flank, resulting in a temperature gradient in the circumferential direction within the 

toothing area. The inner diameter of the steel plate experiences less heating compared to the 

outer diameter. The highest temperatures in the radial direction are located in the outer third 

of the friction interface. Temperature variations can be observed not only in the radial direction 

 
Figure 7.15:  Pressure distribution at selected times during a slip phase 
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but also in the circumferential direction of the steel plate surface. While temperature reductions 

are evident in the toothing area, temperatures between the double teeth increase. The friction 

plates also exhibit a temperature gradient in the circumferential direction, with lower 

temperatures being observed in the area of the steel plate's toothing. Heat dissipation through 

the toothing to the inner carrier creates a temperature gradient in the radial direction, noticeable 

at the end of the slip phase on the carrier plate. The direction of rotation of the friction plate 

also influences the temperature distribution, with the temperature peak occurring at the friction 

interface and being located ahead of the toothing in the direction of rotation. 

 
Figure 7.16:  Temperature distribution of steel plate (left half of the friction surface) and friction plate 

(right half of the friction surface) at selected times during a slip phase. 
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7.2.2 Influence of the Geometry Parameters 

In the following analysis, the influence of geometric variations in the circumferential direction 

of the steel and friction plate on the thermal behavior of the clutch is investigated. Therefore, 

two steel plate variants and two friction plate variants are compared to the reference model. 

Care is taken to maintain the same thermal mass for the steel plates, friction lining, and carrier 

plate in each variation. One variation involves steel plates with four teeth in a group, similar to 

the reference model commonly used in applications. Another variant features teeth evenly 

distributed around the circumference of the steel plate. For the friction plates, a plate with nine 

friction lining pads is used instead of the original 18. In this case, the grooves are widened to 

maintain the same friction interface area without altering its absolute value. 

Figure 7.17 shows the thermal analyses at t = 3.5 s of a slip cycle, since the highest 

temperatures and temperature gradients occur at this time (see Figure 7.16). The variant with 

9 friction lining pads instead of 18 demonstrates a temperature distribution very similar to the 

reference model. The maximum temperature on the friction interface differs by less than 1 °C. 

No significant differences are observed in the temperature distributions in the radial and 

circumferential directions between these two variants. The most notable changes are observed 

in the variant where the teeth of the steel plate are evenly distributed around the circumference. 

On one hand, the calculated maximum temperature on the friction interface is almost 9 °C 

lower compared to the reference model. On the other hand, the temperature distribution in the 

circumferential direction is more uniform in contrast to the reference model. In the radial 

direction, the temperature reaches its maximum at approximately the mean friction surface 

diameter, while the temperature decreases at both the inner and outer diameters of the friction 

interface. Lastly, the variant with 4 teeth in a group displays temperature distribution behavior 

very similar to the reference model. The maximum temperature differs by less than 1 °C. In the 

circumferential direction, th ere is a slightly more noticeable temperature decrease in the area 

of the external toothing compared to the reference model. In the radial direction, the 

temperature distribution remains the same as that of the reference model. 

 

 

  

 
Figure 7.17:  Temperature distribution at time t = 3.5 s of a slip phase for different geometry variations 

for steel plate (left half of the friction interface) and friction plate (right half of the friction 
interface).  
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8 Evaluation and Discussion 

In the following, the experimental results from Section 5 and the simulation results from Section 

7 are evaluated, discussed, and classified within the state of the art. 

8.1 Derivation of a Limit of Damage and Damage Prevention 

Critical damage limits are necessary to 

prevent spontaneous damage to wet multi-

plate clutches during operation and can be 

determined using online calculations, data-

based predictions, or condition monitoring 

systems. The current state of the art indicates 

that existing test methods often assess the 

susceptibility of wet clutches to spontaneous 

damage only at specific operating points and 

based on mechanical load variables [Str17]. 

However, several investigations for load 

shifting mode [And90, Sch20a, Sni06, Su06b, 

Yu19a] also demonstrate that the thermal 

behavior of multi-plate clutches significantly 

influences their susceptibility to spontaneous 

damage. 

The experimental studies conducted in this 

thesis with the friction systems FS1 – FS5 

also reveal the occurrence of spontaneous 

damage under high thermal loads. In addition 

to the temperature measurements of the steel 

plate, the presence of high thermal loads 

upon damage is confirmed by microstructure 

measurements. These measurements 

indicate changes in the microstructure (see 

Figure 5.18), as well as changes in the 

Vickers hardness (see Figure 5.19) of the 

steel plates. Figure 8.1 presents the 

measured steel plate temperatures at the 

penultimate load level, i.e., the load level 

preceding the failure load level, for the friction 

systems FS1 – FS3. The data correspond to 

those in Figure 5.20 – Figure 5.22 and 

Figure A.19 – Figure A.21. It can be 

observed that the temperatures of the 

individual step tests at the penultimate load 

level before failure are consistently high for 

each friction system, despite variations in 

factors such as pressure, maximum 

differential speed, and number of slip phases. 

While the temperature levels for friction 

 

Figure 8.1: Measured steel plate temperatures at 
the load level before failure for friction 
systems FS1, FS2, and FS3. 
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systems FS1 and FS2 are similar, the temperatures for friction system FS3 are lower. Based 

on the experimental data, it can be concluded that critical temperature ranges for spontaneous 

damage can be determined for each individual friction system, even with different damage 

patterns such as buckling and lining detachment. These results enable the specification of a 

critical temperature range for each friction system, which should not be exceeded in order to 

prevent spontaneous damage: 

• FS1: 348 °C – 386 °C 

• FS2: 330 °C – 398 °C 

• FS3: 294 °C – 340 °C 

With the understanding that thermal damage limits can be identified despite different damage 

mechanisms, the next step is to explore methods for preventing such damage. One possible 

approach is to employ monitoring systems in the application to avoid entering the critical 

thermal range of the clutch. This involves continuous control of the clutch's temperature level. 

However, a challenge remains in not knowing, prior to a required shifting, whether the critical 

temperature range will be exceeded during the process. Surrogate models, as presented in 

Section 7.1.3, can be utilized to predict the expected maximum temperature. It is demonstrated 

that these models provide highly accurate temperature predictions. Particularly, the surrogate 

model based on Backpropagation Neural Network yields excellent results in terms of Mean 

Squared Error (MSE), Root Mean Squared Error (RMSE), and Mean Absolute Percentage 

Error (MAPE) during validation. Even with limited data sets or FEM simulations in this case, 

the models achieve precise temperature predictions. Models utilizing Polynomial Regression, 

Decision Tree, Support Vector Regression, and Gaussian Process approaches also 

demonstrate good predictive performance, but they are outperformed by the Backpropagation 

Neural Network Model in terms of accuracy and the number of data sets required for training. 

Including the time required for inferring the prediction of a temperature based on given load 

parameters, the model that uses a decision tree is highly recommended. With an inference 

time of just 0.001 s, this model predicts extraordinarily quickly compared to those using other 

investigated algorithms, which typically take longer than 0.2 s for a prediction. In addition to its 

efficiency, the decision tree-based model also boasts very high accuracy. 

Furthermore, apart from preventing critical temperature occurrences, it is also possible to 

enhance the system fundamentally and reduce the temperature level under the same load in 

the clutch. Conversely, it is feasible to increase the critical temperature threshold at the onset 

of damage. These possibilities are discussed in detail in Section 8.2. 

8.2 Parameters Influencing the Thermal Behavior  

Both the state of the art and the experimental and simulative work of this thesis show that the 

thermal behavior of a clutch has a significant influence on the spontaneous damage behavior 

as well as on the long-term damage and friction behavior. In the following, the results of the 

investigations in this work on the influencing parameters of the thermal behavior of wet clutches 

will be discussed. 

The thermal behavior of a clutch is strongly influenced by the load's friction work, friction power, 

and shift frequency. The results from Section 5.1.4 show that at very high friction work and 

friction power (p = 6.0 N / mm2, n = 100 min−1), a failure of the clutch system can be observed 

directly after two slip phases. At the same time, at low loads (p = 3.0 N / mm2, n = 100 min−1), no 

damage is observed even after 15 slip phases, and the measured steel plate temperature 

converges towards an approximate temperature of 300 °C. These results indicate that heat 



Evaluation and Discussion 111 

 

dissipation via conduction, thermal convection, and thermal radiation corresponds to the 

amount of heat supplied by the shifting process. The findings from this work for transient slip 

are consistent with the research of Duminy [Dum79] and Strebel [Str17], who propose a friction 

work limit as a function of maximum friction power for load shifting mode. 

Heat dissipation can be improved by increasing the contact area between the steel plates and 

friction plates with the carriers, as shown by the three-dimensional simulation results in Section 

7.2.2. By the same token, both the experimental results from Section 5.1.3 and the simulative 

results from the parameter study in Section 7.1.2 indicate that robust axial heat conduction to 

the mating and pressure plates − e.g., through a short axial design and high thermal 

conductivity of the friction lining – lowers the temperature in the clutch. These findings are 

supported by simulative studies on the number of friction interfaces, which show that for the 

same specific load, fewer friction plates (6 interfaces) lead to lower maximum temperatures 

than with 14 friction interfaces. In the existing design, the role of the pressure and reaction 

plate as a heat sink becomes more pronounced with fewer friction interfaces and, thus, less 

friction material with low axial thermal conductivity. 

Furthermore, the experimental results from Section 5.1.2 show that, especially at high 

temperatures, the cooling oil flow rate has a significant influence on the thermal behavior of 

the clutch. The higher the oil flow rate through the clutch, the lower the steel plate temperatures 

are measured at the same load. For load shifting, Schneider et al. [Sch21b] also demonstrate 

a statistically significant influence of the oil flow on the development of damage in paper-based 

friction systems. However, it must be considered that the design of the groove should allow for 

adequate cooling oil volume flow. Groetsch et al. [Gro21a] and Wimmer et al. [Wim05], in 

particular, highlight the limited absorption capacity of different groove shapes and clarify that 

the level of oil volume flow and groove design need to be coordinated. 

In addition to passive cooling via heat conduction and heat convection through the mounting 

parts and a cooling oil volume flow, the investigations also reveal individual geometric and 

material-specific parameters that have a significant influence on the thermal behavior of the 

clutch. For example, a uniform and regular distribution of the teeth can significantly reduce the 

temperature gradients and the temperature level of the steel plate, as shown by the three-

dimensional finite element model. The simulative results of the parameter study with the two-

dimensional model demonstrate that the specific thermal conductivity of the steel plates and 

liner significantly affects the maximum 

temperature reached during operation. As 

indicated in Equation (6.5) for the frictional 

contact, the rate at which the generated heat 

flows into the steel plate or lining depends on 

the corresponding thermal conductivities of the 

materials. Since the thermal conductivity of the 

steel plate (52 W / mK) is more than 200 times 

greater compared to the lining (0.25 W / mK), 

the majority of the heat flow is conducted into 

the steel plates. Based on this physical law, 

Barber [Bar69] recommends a ratio of the 

thermal conductivities of the steel plates and the 

lining of 1, ensuring that the heat flow is evenly distributed between the friction lining and the 

steel plate. To investigate this influence further, additional simulations are performed in which 

 

Figure 8.2: Maximum simulated temperature in 
the clutch as a function of the ratio 
of the thermal conductivities of the 
friction lining and the steel plate. 
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the maximum temperature reached is studied as a function of the ratio between the thermal 

conductivity of the friction lining and the one of the steel plate. This is done for three different 

values of the thermal conductivity of the steel plate. The results are shown in Figure 8.2. For 

all three values of the thermal conductivity of the steel plate, the dependence on the ratio of 

the thermal conductivities shows the same behavior. For ratios less than 1, i.e., when the 

thermal conductivity of the steel is greater than that of the friction lining, a sharp decrease in 

the maximum temperature in the clutch is seen with increasing ratios. For ratios greater than 

1, i.e., when the thermal conductivity of the friction lining is greater than that of the steel, only 

very small reductions in the maximum temperature in the clutch are observed. For ratios 

greater than 1, i.e., when the thermal conductivity of the friction lining is greater than that of 

the steel, only very small reductions in the maximum temperature in the clutch are observed. 

These results confirm Barber's findings [Bar69], suggesting that materials should be selected 

to achieve a ratio of thermal conductivities close to 1. 

The simulative results in Section 5 also show that the specific heat capacity and the density of 

the steel plates and the lining influence the maximum temperature reached during operation. 

An increase in the specific heat capacity of the materials leads to a decrease in the maximum 

temperature because more energy is required to raise the temperature of the materials. 

Similarly, an increase in the density of the materials leads to a decrease in the maximum 

temperature, as a higher density implies more mass available to absorb thermal energy. These 

results are consistent with previous studies on the thermal behavior of steel plates and their 

role as heat sinks [Bar93]. The experimental results with the FS4 friction systems also 

demonstrate that an increase in steel plate thickness from 0.8 mm (FS1) to 1.2 mm makes the 

temperatures at the load level before failure more tolerable by about 50 °C (see Figure 8.1 and 

Figure 8.3), and the same failure mode, namely buckling of the steel plate, occurs. 

Simultaneously, higher loads are required to reach this temperature level due to the greater 

thermal mass compared to the reference system FS1. Thus, it can be observed that increasing 

the steel plate thickness on one hand enhances the load-bearing capacity at the same 

temperature level and on the other 

hand, elevates the limit temperature 

for the damage case. The 

experimental results are confirmed 

by the FE simulations and 

demonstrate that the thickness of the 

steel plate has a significant influence 

on the maximum temperature in the 

clutch system. This affirms the role of 

the steel plates as heat sinks during 

the shifting process. As the thickness 

of the steel plate increases, the 

thermal mass acting as a heat sink 

also increases, allowing more heat to 

be absorbed and consequently 

reducing temperature maxima. The 

investigations with the friction system 

FS5, in which steel plates with a thickness of 1.6 mm are used, demonstrate that there are 

limits to the benefits of increasing the thickness of the steel plate. In the studied friction system, 

 

Figure 8.3: Measured steel plate temperatures at the load 
level before failure for friction systems FS4 and 
FS5. 
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the friction plate fails due to buckling. The temperature level at the load level before failure 

could not be further increased by augmenting the steel plate thickness compared to the FS4 

friction system. The temperatures at the load level before failure are shown in Figure 8.3. 

Obviously, individual components (steel plate, friction lining, and carrier plate) must be very 

well matched to each other to optimize load-carrying capacity with respect to spontaneous 

damage. 

The thickness of the carrier plate also influences the thermal behavior of the clutch (see 

Figure 7.3). However, since the carrier plate has no direct contact with the applied heat flux at 

the contact surface, it can only absorb heat transported by the lining. Due to the low thermal 

conductivity of the friction lining, it acts as a kind of insulation layer with respect to the carrier 

plate. An increase in the lining thickness (see Figure 7.3) thus also leads to an increase in the 

maximum temperature in the clutch since less heat from the frictional contact can be 

dissipated, and the steel plate consequently heats up. To investigate this insulating effect of 

the lining in more detail, the influence of the thickness of the steel plate and the carrier plate is 

considered for different thermal conductivities of the lining (see Figure 8.4). The higher the 

thermal conductivity, the weaker the insulating effect of the lining, and the more heat is 

transferred to the carrier plate. The thermal conductivity of the friction lining affects the steel 

plate and the carrier plate differently. The greater the thermal conductivity of the friction lining, 

the lower the temperature drop when the plate thickness is increased. However, for both higher 

and lower thermal conductivities, there is a decrease in temperature when the carrier plate 

thickness is increased. For the carrier plate, it can be observed that varying the thickness with 

the aim of lowering the maximum temperature is only beneficial when the thermal conductivity 

of the lining is high. Alternatively, the thickness of the friction lining can be reduced so that the 

carrier plate can also be used as an additional heat sink. 

Finally, as shown in Section 7.1.2, the Young's modulus of the lining has slight effect on the 

maximum temperature reached by the clutch system. While these results do not directly 

contradict previous findings, the effect and the recommendation of Sciezka and Zolnierz 

[Sci07a, Sci07b], Fieldhouse [Fie11], and Barber [Bar69] to use low Young's moduli are very 

weak. One possible reason for this difference is the area studied. In this study, Young's 

modulus varied between 40 and 220 MPa, while Fieldhouse [Fie11], for example, used 

Young's moduli in the range of about 86 000 MPa. 

 
 (a) Variation of steel plate thickness with 

carrier plate thickness 0.8 mm and lining 
thickness 0.39 mm. 

 (b) Variation of the carrier plate thickness with 
steel plate thickness 0.8 mm and lining 
thickness 0.39 mm. 

Figure 8.4:  Maximum simulated temperature in the clutch as a function of (a) steel and (b) carrier plate 
thickness.  
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8.3 Parameters Influencing the Damage Patterns 

In the state of the art, various forms of damage are reported, including sinter carryover with 

metallic friction material, as well as hot spots and hot bands with organic friction material. 

These forms of damage are mainly linked to the load shifting mode and have been extensively 

studied. However, there is a lack of comprehensive investigations of the damage patterns 

associated with spontaneous damage in the transient slip operating mode. 

The experimental investigations conducted in this thesis on the transient slip mode of operation 

reveal that buckling of the steel plates is the failure mode for friction systems FS1, FS2, and 

FS4. In the case of friction system FS3, clutch failure occurs due to the detachment of the 

lining from the carrier plate. For friction system FS5, failure is caused by buckling of the friction 

plates. The initial form of damage observed in all friction systems is discoloration of the steel 

plates, which is a well-known phenomenon in the literature [And90, Hen14, Sch19] associated 

with load shifting. This discoloration occurs in both sintered and organic friction systems and 

is caused by deposits of oil cracking products. 

During load shift mode with organic friction systems, failure damage such as hot spots or hot 

bands has been reported. The origin of these types of damages has been extensively 

discussed in the literature [Aff04, Bar67, Yu19a, Zha15], and can be attributed to thermoelastic 

instabilities. However, it should be noted that these types of damage are not observed in 

transient operation. The reason for this is that the frictional power during transient operation is 

significantly lower compared to load shifting. Consequently, the likelihood of thermoelastic 

instabilities occurring is much lower in transient operation. Moreover, the cooling-off periods 

between individual slip phases in transient operation contribute to reducing thermoelastic 

instabilities and high temperature gradients at specific points, thereby preventing the formation 

of hot spots. This reduction in high temperature gradients between slip phases is also evident 

in the thermal simulations (see Figure 7.1 and Figure 7.2). 

Based on the findings from Sections 8.1 and 8.2, it becomes evident that all friction systems 

(FS1 – FS5) demonstrate a narrow temperature range in the load levels preceding failure, 

despite having different failure modes. This observation suggests that the thermal load plays 

a substantial role in the spontaneous damage behavior of wet multi-plate clutches during 

transient slip operation. In essence, the experimental investigations lead to the conclusion that 

a specific thermal level must be attained for spontaneous damage to take place. 

Cenbo et al. [Cen15] provide an explanation in their experimental and theoretical investigations 

regarding the buckling of plates. According to their findings, plates buckle at a significant radial 

temperature difference and at an in-plane bending moment surpassing a critical threshold. The 

experimental investigations conducted in this thesis (see Figure 5.23) demonstrate that as the 

thickness of the steel plates increases, a higher temperature level is required for buckling to 

occur. Notably, in friction system FS4, where the steel plate has a thickness of 1.2 mm and the 

carrier plate of the friction plate is 0.8 mm thick, buckling of the steel plates is observed. 

However, results from friction system FS5 reveal that increasing the steel plate thickness to 

enhance the clutch's tolerance to temperature has limited effectiveness. Despite doubling the 

thickness of the steel plates from 0.8 mm to 1.6 mm compared to friction system FS1, the 

clutch fails at higher temperatures, but with a different type of damage – buckling of the friction 

plates with a carrier plate thickness of 0.8 mm. This indicates that not only the steel plates but 

also the friction plates can buckle if the bending moment exceeds a critical value. Therefore, 

when considering design improvements for the overall system, the interaction between the 

bending moments of the lining and the steel plates must be taken into account. As Cenbo et 
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al. [Cen15] suggest, the buckling is caused by radial temperature differences and the related 

thermal stresses. This implies that in the joint design of steel and lining thickness, the thermal 

properties of the lining must be considered to account for the thermal stresses on the carrier 

plate. 

In addition to increasing the bending moment of the plates to prevent buckling, another factor 

to consider is the reduction of thermal stresses. One possibility is to lower the thermal level in 

the clutch system, which would result in reduced thermal stresses. Detailed discussion on 

various approaches to reduce the thermal level in the clutch system can be found in 

Section 8.2. Another approach involves implementing design solutions aimed at minimizing 

temperature differences and, consequently, mitigating thermal stresses. Specifically, 

simulation results from the three-dimensional model have shown that when using the same 

material input, a uniform and regular distribution of teeth around the circumference can 

significantly minimize the temperature level and temperature gradients within the clutch. At the 

same time, a uniform and regular distribution of the outer teeth on the steel plate can enhance 

its resistance to buckling [Yu19a]. Similarly, a symmetrical and uniform design in both the radial 

and circumferential directions is recommended for the friction plate to ensure a uniform 

temperature distribution. The more evenly the temperature is distributed among the individual 

components within the clutch, the lower the occurrence of thermal stresses. Additionally, as 

demonstrated by the two-dimensional simulation model, a high thermal conductivity of the 

friction lining helps to reduce temperature gradients in the axial direction [Sch22c]. 

Furthermore, the thermal mass of the carrier plates can be fully utilized in this manner. 

The investigated friction system FS3 experiences failure due to the detachment of the friction 

lining. As shown in Section 8.1, a temperature limit can be established for the load level before 

system failure. This suggests that the adhesion and cohesion forces of the bond are highly 

temperature-dependent and decrease as the temperature rises. Furthermore, it can be inferred 

that the woven friction lining, which contains a high proportion of carbon fiber and a low 

proportion of matrix material, exhibits higher thermal conductivity compared to the paper-based 

friction lining of friction plate FP1 and the composite carbon friction lining of friction plate FP2 

[Acu16a, Kea97, Ran04]. This offers the advantage of better utilizing the thermal heat capacity 

of the carrier plate to maintain a lower clutch temperature. Yang and Lam [Yan98] describe in 

their investigations that in traditional clutches, more than 90 % of the heat is absorbed by the 

steel plate, leading to a significant temperature gradient across the lining thickness during 

engagement. The temperature at the bonding interface between the carrier plate and friction 

material is much lower than the interface temperature, indicating the potential for 

improvements to enhance the overall thermal performance of the clutch. However, it is 

essential to design the bond layer to withstand the necessary shear forces even under high 

thermal loads. 

8.4 Parameters Influencing the Friction Behavior 

Torque transmission is one of the main tasks of a clutch. Accordingly, it is of major interest 

how the torque transmission capacity and, thus, the frictional behavior change under high to 

damaging loads. In Sections 5.2.5 and 5.2.6, the characteristic value µtop for the friction 

systems FS1 – FS5 in the step tests and for the friction systems FS1 – FS3 in the endurance 

tests for non-pre-damaged reference clutches and pre-damaged clutches are presented.  

The evaluations of the step tests in Section 5.2.5 (Figure 5.20 – Figure 5.22 and 

Figure A.19 – Figure A.21) clearly show that the characteristic value µtop within the step tests 
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decreases with increasing mechanical load, and thus, also with increasing thermal load. 

Figure 8.5 presents the relationship between the friction behavior, represented by the 

characteristic value µtop, and the measured steel plate temperature during the step tests for 

friction systems FS1, FS2, and FS3. The mean values of the measured steel plate temperature 

and the mean values of the characteristic value µtop of the ten slip cycles of each load level are 

used. For friction systems FS1 and FS2, the measured steel plate temperatures are in the 

range of 200 °C – 400 °C, and for friction system FS3, in the range of 150 °C – 350 °C. For all 

three friction systems, it can be seen that the characteristic value µtop decreases with an 

increasing thermal load. The values of coefficient of friction at measured steel plate 

temperatures below 250 °C are between 0.11 and 0.08. At higher temperatures, the values of 

coefficient of friction for all three friction systems drop sharply and, in some cases, fall below 

0.06. There are no significant differences in the behavior of the coefficient of friction with an 

increase in the measured steel plate temperature between the three friction systems, which 

differ in the friction lining variant. The similar behavior of the three friction systems indicates 

an influence of temperature on the properties of the lubricant. The results are in agreement 

with the investigations of Marklund et al. [Mar07], who describe a significant influence of 

thermal effects on the transmissible torque of differentials under conditions with limited slip. 

Similarly, Voelkel et al. [Voe21] show the temperature dependence of the measured coefficient 

of friction at low sliding speeds.  

Figure 8.5 is used to analyze the friction behavior during shiftings with high mechanical and 

thermal loads. In addition to these results, the influence of shifts with high mechanical and 

thermal loads on subsequent shiftings with low loads will be considered in the following. 

Figure 8.6 compares the characteristic value µtop in the reference engagements with the 

measured steel plate temperatures during the load engagements in a load level for the friction 

systems FS1, FS2, and FS3. The measured mean values of the steel plate temperature and 

mean values of the characteristic value µtop of the ten slip cycles of each load level are used. 

The measured steel plate temperatures for friction systems FS1 and FS2 are in the range of 

200 °C – 400 °C and for friction system FS3 in the range of 150 °C – 350 °C. A slight decrease 

of the characteristic value µtop of approximately 0.01 in the reference engagements can be 

measured for friction system FS1 with increased thermal loads in the preceding shifts. For 

friction system FS2, the characteristic value µtop drops significantly by approximately 0.06 with 

higher thermal loads in the previous engagements. In contrast, for friction system FS3, no 

correlation between changes in the characteristic value µtop in the reference engagements and 

the thermal preload is evident. 

 
Figure 8.5:  Characteristic value µtop versus the measured temperatures of steel plates for friction 

systems FS1, FS2, and FS3 during step tests. 
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The differences between the three friction systems indicate that the friction lining type strongly 

influences future friction behavior in the case of thermal preloads. It is known from the literature 

[Acu16a, Acu14, Acu16b, Dev04, Iwa15, Mae03, Mat97b, Mor10, Neu01, Osa90, Sak93, 

Sto23] that the coefficient of friction of organic friction linings decreases at high loads due to 

clogging of the lining pores. The degree of wear and the intensity of clogging of the friction 

lining have an influence on the friction behavior and the level of the coefficient of friction. In 

this process, oil cracking products, which arise due to high friction surface temperatures, are 

deposited in the friction lining pores and reduce the core roughness depth of the lining. Due to 

the significantly lower thermal conductivity of organic friction linings (0.09 … 1.2 W / mK) 

[Awa05, Neu08] compared to metallic friction linings (5 … 138 W / mK) [Hae15, Kin99, Neu08], 

significantly higher peak friction interface temperatures occur with organic friction linings, which 

cause damage to the lubricant and friction lining [Sto23]. The SEM analyses of the friction 

linings for the systems FS1, FS2, and FS3 (Figure 5.12 – Figure 5.17, 

Figure A.1 – Figure A.18) clearly illustrate that the friction lining porosity changes strongly 

during the step test. The friction lining of friction system FS1 shows a highly porous structure 

when new, which changes only slightly during run-in. After failure, clear smoothing becomes 

evident, resulting from oil cracking products and mechanical flattening. In the new state, the 

friction lining of FS2 has a less porous structure than the friction lining of FS1. The run-in 

causes deposits in the friction lining of FS2, which are very pronounced after failure. This 

results in large smooth surface areas on the friction lining. Due to the woven carbon structure, 

FS3 shows only minor changes in the surface structure between the states new condition, after 

run-in and after failure. Smoothing takes place only on the plateaus of the woven structure. As 

a result of the woven structure, the possibilities of displacing the lubricant are largely given. 

Recommendations for removing excess lubricant and, thus, hydrodynamic effects that would 

cause the friction linings to float on the oil film are also made by Merkel and Koehler [Mer01] 

in a patent specification. In addition to a first group of grooves that effectively circulates the 

lubricant, they recommend a second group of grooves that are preferably arranged in the form 

of a network or grid. The grooves should be very close-meshed so that hydrodynamic effects 

can be prevented. Skubacz and Poll [Sku11] also observed different intensities of lining 

clogging with oil degradation products depending on the friction lining. At a minimum oil 

throughput, they observed less pronounced clogging of the pores in carbon friction linings than 

in sintered metal friction linings and concluded that the chemical effect of the additives depends 

on the lining. The results of the SEM measurements can be compared very well with the results 

presented in Section 5.2.5, Figure 8.5 and Figure 8.6, and extend the state of the art. A drop 

in the coefficient of friction level can be observed due to clogging the friction lining pores. The 

 
Figure 8.6:  Characteristic value µtop in the reference engagements versus the measured steel plate 

temperatures during the load engagements in a load level for FS1, FS2 and FS3 friction 
systems during step tests. 
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intensity of the clogging of the friction lining depends strongly on the friction lining. It is evident 

that as the friction lining becomes increasingly clogged and loses porosity, the characteristic 

value µtop correspondingly decreases.The research results regarding the influence of the lining 

porosity and the friction behavior, as well as the SEM investigations also help to explain the 

influence of pre-damage on friction behavior in the endurance test (Figure 5.26, Figure 5.28, 

and Figure 5.30). The friction system FS1 shows differences in the frictional behavior in the 

endurance test with the non-pre-damaged reference clutches and the pre-damaged clutches. 

While the non-pre-damaged reference system shows higher values for the characteristic 

coefficient of friction µtop than the pre-damaged system at low pressure (p = 0.75 N / mm2) and 

differential speeds of n = 25 min−1 and n = 50 min−1, slight differences prevail at higher 

pressure (p = 1.5 N/mm2), which consecutively diminish at very high pressure 

(p = 3.0 N / mm2). For friction system FS2, the differences between the non-pre-damaged 

reference and pre-damaged systems are clearly visible. The characteristic value µtop of the 

reference system is many times higher than that of the pre-damaged system. With increasing 

pressure, the differences decrease but are still clearly recognizable. An influence of the sliding 

speed on the coefficient of friction level can be seen, especially for friction systems FS1 and 

FS2 at pressures of p = 0.75 N / mm2 and p = 1.5 N / mm2. For the same pressure, the 

differences between non-pre-damaged reference clutches and the pre-damaged clutches are 

higher at increasing differential speeds. A decrease in the coefficient of friction, especially at 

high sliding speeds, due to clogged friction linings is also described in the literature for paper-

based friction linings [Dev04, Mae03, Mat97b, Osa90, Sak93].  

The results of the investigations regarding the influence of high mechanical and thermal loads 

as well as pre-damage on the friction behavior can be integrated very well into the state of the 

science and extend it. On the one hand, the influence of the friction lining type on the wear 

behavior and the clogging of the lining with oil cracking products in transient slip operation can 

be seen. On the other hand, the influence of the friction lining, the degree of wear, and the 

intensity of the lining contamination on the friction behavior are shown. The friction behavior in 

transient operation is directly influenced after high loads. The endurance tests show that a one-

time pre-damage still influences the friction behavior at a high number of shiftings. 

Furthermore, the step tests show a load and temperature dependence of the friction behavior. 

The influence of the temperature level on friction behavior, as well as changes in the friction 

lining (wear, clogging), can be improved, especially in the FS2 friction system, by an optimized 

design. Numerous options are available for lowering the temperature level, which are 

explained in more detail in Section 8.2. In addition to lowering the clutch's temperature level, 

clogging of the friction lining should be prevented or at least limited. One way of reducing 

clogging of the friction lining is to improve its porosity in the new condition, as observed in 

friction system FS1. In addition to improving the friction lining porosity, the use of additives to 

increase the thermal stability of the lubricant has been proposed in the literature [Sto23]. 

Acuner [Acu16a] demonstrates that the detergent additive (overbased calcium sulfonate) is 

largely responsible for the formation of deposits in the carbon friction lining during 

synchronization, using experiments with model fluids in a component test rig and subsequent 

SEM/EDX analyses. In contrast, the dispersant additive (sucinimide) tends to inhibit deposits. 

In addition, Maeda et al. [Mae03] confirm that high temperature resistance of the detergent-

dispersant additives used can prevent clogging of the friction linings up to a limiting 

temperature. With lifetime tests on organic friction linings of a wet multi-plate clutch, Iwai et al. 

[Iwa15] also show that over-based calcium detergent lowers the dynamic coefficient of friction 

due to an intense smoothing of the friction lining in the lifetime test.  
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9 Design Recommendations to Prevent Spontaneous Damage 

In this section, the results of the literature research, the experimental investigations, and the 

theoretical studies are translated into design recommendations. If possible, these should be 

implemented to avoid spontaneous damage in transient slip applications. However, it should 

be noted that these recommendations are in conflict with other development goals, such as 

package space optimization, cost, and sustainability, among others. 

9.1 Steel Plate  

The steel plate is utilized in the clutch to absorb the converted mechanical energy into thermal 

energy and to simultaneously endure the mechanical and thermal loads encountered during 

operation. The following design recommendations are made to prevent spontaneous damage: 

▪ Achieving a high absolute heat capacity of the steel plate can be done through: 

o Using a material with high density 

o Selecting a material with a high specific heat capacity 

o Employing a thick steel plate 

▪ Achieving a high resistance moment against deformations can be accomplished 

through: 

o Using a thick steel plate 

o Ensuring a uniform and regular distribution of teeth along the circumference 

o Maintaining a symmetrical structure for the steel plate 

▪ Using a steel plate material with high thermal conductivity  

9.2 Friction Lining  

Besides lubrication, the friction lining in the clutch exerts a significant influence on the clutch's 

friction behavior. The following recommendations are proposed to prevent spontaneous 

damage and also to ensure functional operation after very high thermal and mechanical loads 

have occurred: 

▪ Achieving a high absolute heat capacity of the friction lining can be done through: 

o Using a material with high density 

o Selecting a material with high specific heat capacity 

▪ Ensuring the friction lining material has high thermal conductivity  

▪ Using a friction lining material with thermal conductivity similar to that of the steel plate 

material 

▪ Having a uniform and regular distribution of the grooves. For this: 

o The first group of grooves should be designed to effectively circulate the 

lubricant 

o The second group of grooves should preferably take the form of a closely-

meshed net or grid to prevent hydrodynamic effects 

▪ Ensuring high lining porosity 

▪ Designing the groove to be adapted to the oil flow rate 

9.3 Carrier Plate  

The carrier plate serves as a support for the friction lining, while also enduring the mechanical 

and thermal loads during operation. The following design recommendations can be made for 

the carrier plate: 
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▪ Achieving a high resistance moment against deformations can be accomplished 

through: 

o Ensuring a uniform and regular distribution of teeth along the circumference 

o Designing a symmetrical structure for the carrier plate 

o Choosing a carrier plate of greater thickness  

▪ Achieving a high absolute heat capacity of the steel plate can be done through: 

o Using a material with high density 

o Selecting a material with high specific heat capacity 

o Using a thick carrier plate 

9.4 Cooling  

The clutch can be cooled by the cooling oil and through heat conduction to the mounting parts:  

▪ Maintaining a high oil flow rate 

▪ Providing a large contact surface with the pressure and counter plate 

▪ Ensuring a large contact surface with the carriers 

9.5 Clutch Assembly 

Due to the mutual dependencies in the design of the individual clutch components, 

recommendations for assembly are also necessary: 

▪ Aim for a ratio of the thermal conductivities of the steel material and the lining material 

of 1 

▪ Match the thickness of the steel plate and the thickness of the carrier plate to the 

thermal conductivity of the friction lining 
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10 Conclusion and Outlook 

The primary objective of this work is the investigation of the spontaneous damage behavior of 

wet multi-plate clutches under transient slip conditions, as they are used today in modern 

automotive powertrains in differential locks, transfer cases, and torque vectoring systems. 

10.1 Summary of Achievements 

In the first step, the damage mechanisms of wet multi-plate clutches in transient slip operation 

are investigated. Three different friction linings (paper-based friction lining, carbon composite 

friction lining, and woven carbon friction lining) and three different steel plate thicknesses 

(0.8 mm, 1.2 mm, and 1.6 mm) are used. Based on the state of the art, a test and evaluation 

methodology using step tests is proposed. Preliminary tests are carried out to validate the 

methodology and determine the test conditions, examining the number of friction interfaces, 

the oil flow rate, and load parameters (pressure, max. differential speed). 

Different failure mechanisms are revealed. The friction systems with paper-based and carbon 

composite friction linings show buckling of the steel plate as the cause of failure, while the 

friction system with woven carbon friction lining fails due to detachment of the friction lining. In 

tests with a very thick steel plate (1.6 mm) and paper-based friction lining, buckling leads to 

failure in the carrier plate instead of the steel plate. Non-contact topography measurements 

quantify the buckling of the steel plates, showing an axial deformation of up to 2.4 mm. 

Microstructural investigations confirm temperature measurements of the steel plates during 

experimental tests, indicating that very high temperatures (> 400 °C) can occur when the clutch 

fails. EDX measurements reveal that the carbon composite friction lining, in particular, is 

clogged with oil cracking products after high loads, explaining the deterioration of friction 

behavior. 

After demonstrating the damage mechanisms, the focus turns to identifying when or at which 

loads the damage occurs. A multitude of tests under a wide variety of load parameters are 

carried out. Despite differing failure mechanisms and friction linings, a critical temperature 

range for the failure causes (buckling and lining detachment) is identified at the load level 

before failure in the step test. 

Based on these findings, the study seeks ways to prevent damage in the application. Initially, 

the knowledge of a critical temperature range can be used to minimize the temperature level 

at the same mechanical load in a clutch by design adjustments, for which experimental tests 

are carried out with thicker steel plates (1.2 mm, 1.6 mm). Furthermore, to complement this 

approach, a two-dimensional and a three-dimensional finite element model are built to 

calculate the thermomechanical behavior of the clutch during actuation and are validated with 

experimental data. The results of the experiments and the simulative parameter studies show 

that especially the thickness of the steel plate and the carrier plate, the thermal conductivity as 

well as the heat capacity of the steel plate and the friction lining have a great influence on the 

thermal behavior of the clutch. From a geometrical perspective, evenly distributed teeth and 

grooves should be ensured. In general, a symmetrical design of the steel plates, friction lining, 

and carrier plate should be aimed at to increase resistance against deformations, such as 

buckling, and minimize thermal stresses. 

Predictive models can also avoid damage. Simulation data (5 900 data points) are used to train 

machine learning algorithms (Polynomial Regression, Decision Tree, Support Vector 

Regression, Gaussian Process, and Backpropagation Neural Networks). The models predict 
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the expected temperature stroke in the clutch for given load parameters. In particular, the 

model based on the Backpropagation Neural Network provides very accurate prediction values 

and critical temperature ranges. Considering the time required to derive a temperature 

prediction based on given load parameters, the decision tree-based model is highly 

recommended for its speed, requiring only 0.001 s for a prediction, compared to more than 

0.2 s for other studied algorithms. The accuracy of the decision tree-based model further 

distinguishes it. 

Figure 10.1 visualizes the development process and the major achievements of this work. The 

damage mechanisms and failure causes are demonstrated. It is shown that critical temperature 

ranges can be identified despite different failure causes. With the help of experimental 

investigations and FE simulation, design recommendations are derived to prevent damage as 

far as possible during the design process. Finally, prediction models are presented to avoid 

damaging conditions in the application. 

10.2 Future Work 

When it comes to advancing the simulation-based calculation of the thermomechanical 

behavior of wet multi-plate clutches, it is crucial to prioritize the study of oil distribution and its 

cooling effects. The fundamental requirement for this development is to demonstrate the 

feasibility of determining heat transfer coefficients using Computational Fluid Dynamics (CFD) 

simulations. By establishing this foundation, a comprehensive model can be developed to 

encompass the domains of fluid dynamics, contact mechanics, and thermodynamics. 

Consequently, a wide range of groove geometries and oil supply configurations can be 

analyzed by considering the design of the clutch system. Based on the findings, 

recommendations for optimal designs can be proposed. However, a significant challenge lies 

in the current limitations of computational power necessary for executing such a complex 

multiphysics model. 
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Exciting advancements in the field of friction lining materials are observed with the increasing 

adoption of carbon fiber reinforced carbon (CFRC) friction linings. Although currently limited to 

niche applications, CFRC linings show great promise. The utilization of carbon as a matrix 

material, as opposed to plastic, offers significant improvements in both friction lining 

temperature and thermal conductivity. By incorporating carbon into the matrix, the friction lining 

can withstand higher temperatures without compromising its structural integrity. This enhanced 

thermal stability is crucial in applications that involve high heat generation, such as wet multi-

plate clutches. Additionally, the improved thermal conductivity of CFRC linings allows for more 

efficient heat dissipation, resulting in better overall performance and reduced wear. However, 

the development of CFRC friction linings also presents certain challenges. One of the primary 

concerns is the need to establish a thermally stable adhesive layer that can effectively bond 

the CFRC material to the carrier plate. This layer must possess comparable thermal properties 

to ensure the integrity and durability of the overall system. While addressing this challenge is 

not without its difficulties, it is considered a viable objective within the realm of current 

possibilities. 
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A Appendix 

A.1 Oil Composition 

 

Chemical name Substance identity Concentration 

Hydrocarbons, low-viscosity EC: 500-183-1 10.00 - < 20.00 Wt. % 

Organic polysulfide EINECS: 273-103-3 1.00 - < 5.00 Wt. % 

Alcohol ethoxylate phosphate ester Polymer 1.00 - < 5.00 Wt. % 

Hydrocarbons, low-viscosity EC: 500-228-5 1.00 - < 5.00 Wt. % 

Amine salt of a phosphoric acid ester EC: 942-466-6 1.00 - < 3.00 Wt. % 

Alkylamine EINECS: 263-189-0 1.00 - < 2.50 Wt. % 

Imidazole derivative EINECS: 244-501-4 0.10 - < 0.25 Wt. % 

Table A.1: Composition of the test lubricant according to the manufacturer's specifications. All 

concentrations are given in percent by weight. 

A.2 Statistical Analyses 

 

Statistical 

test 
Null hypothesis p-Value Conclusion 

t-Test Temperature difference between variants 

originate from a normal distribution with mean 

0. 

2.19e-16 
Null hypothesis can 

be rejected. 

ANOVA Temperature difference between variants does 

not depend on temperature level (𝛽1 =  ). 
3.81e-34 

Null hypothesis can 

be rejected. 

Table A.2: Statistical tests for the influence of the oil flow rate (v̇oil = 0.50 mm3/mm2/s, 

v̇oil = 1.00 mm3/mm2/s) on the temperature difference of the measured steel plate 

temperatures. 

 

 

Statistical 

test 
Null hypothesis p-Value Conclusion 

t-Test Temperature difference between variants 

originate from a normal distribution with mean 

0. 

1.29e-16 
Null hypothesis can 

be rejected. 

ANOVA Temperature difference between variants does 

not depend on temperature level (𝛽1 =  ). 
4.92e-39 

Null hypothesis can 

be rejected. 

Table A.3: Statistical tests for the influence of the oil flow rate (v̇oil = 0.25 mm3/mm2/s, 

v̇oil = 0.50 mm3/mm2/s) on the temperature difference of the measured steel plate 

temperatures. 
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Statistical 

test 
Null hypothesis p-Value Conclusion 

t-Test Temperature difference between variants 

originate from a normal distribution with mean 

0. 

1.15e-26 
Null hypothesis can 

be rejected. 

ANOVA Temperature difference between variants does 

not depend on temperature level (𝛽1 =  ). 
3.26e-13 

Null hypothesis can 

be rejected. 

Table A.4: Statistical tests for the influence of the number of friction interfaces (6 and 10) on the 

temperature difference of the measured steel plate temperatures. 

 

 

Statistical 

test 
Null hypothesis p-Value Conclusion 

t-Test Temperature difference between variants 

originate from a normal distribution with mean 

0. 

0.2839 
Null hypothesis 

cannot be rejected. 

Table A.5: Statistical tests for the influence of the number of friction interfaces (10 and 14) on the 

temperature difference of the measured steel plate temperatures. 
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A.3 Elemental Analyses 

 

 

 

 
Figure A.1: 

 

SE images, BSE images, EDX mappings and X-ray spectra of friction linings for the 
friction system FS1 in the state new condition. 
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Figure A.2: SE images, BSE images, EDX mappings and X-ray spectra of friction linings for the 

friction system FS1 in the state after run-in. 
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Figure A.3: SE images, BSE images, EDX mappings and X-ray spectra of friction linings for the 

friction system FS1 in the state after failure. 
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Figure A.4: 

 

SE images, BSE images, EDX mappings and X-ray spectra of steel plates for the friction 
system FS1 in the state new condition. 
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Figure A.5: SE images, BSE images, EDX mappings and X-ray spectra of steel plates for the friction 

system FS1 in the state after run-in. 
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Figure A.6: SE images, BSE images, EDX mappings and X-ray spectra of steel plates for the friction 

system FS1 in the state after failure. 
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Figure A.7: SE images, BSE images, EDX mappings and X-ray spectra of friction linings for the 

friction system FS2 in the state new condition. 
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Figure A.8: SE images, BSE images, EDX mappings and X-ray spectra of friction linings for the 

friction system FS2 in the state after run-in. 
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Figure A.9: SE images, BSE images, EDX mappings and X-ray spectra of friction linings for the 

friction system FS2 in the state after failure. 
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Figure A.10: 

 

SE images, BSE images, EDX mappings and X-ray spectra of steel plates for the friction 
system FS2 in the state new condition. 
 

1 000x SE

0.1 mm

150x BSE

0.6 mm

150x SE

0.6 mm

25x BSE

3 mm

25x SE

3 mm

1 000x – P

0.1 mm

1 000x – Si

0.1 mm

1000x – O

0.1 mm

1 000x – C

0.1 mm

1 000x BSE

0.1 mm

1 000x – Zn

0.1 mm

1 000x – Fe

0.1 mm

1 000x – Cr

0.1 mm

1 000x – Ca

0.1 mm

1 000x - S0.x 

0.1 mm



Appendix 165 

 

 

 
Figure A.11: SE images, BSE images, EDX mappings and X-ray spectra of steel plates for the friction 

system FS2 in the state after run-in. 
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Figure A.12: SE images, BSE images, EDX mappings and X-ray spectra of steel plates for the friction 

system FS2 in the state after failure. 
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Figure A.13: SE images, BSE images, EDX mappings and X-ray spectra of the friction linings for the 

friction system FS3 in the state new condition. 
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Figure A.14: SE images, BSE images, EDX mappings and X-ray spectra of friction linings for the 

friction system FS3 in the state after run-in. 
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Figure A.15: SE images, BSE images, EDX mappings and X-ray spectra of friction linings for the 

friction system FS3 in the state after failure. 
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Figure A.16: SE images, BSE images, EDX mappings and X-ray spectra of steel plates for the friction 

system FS3 in the state new condition. 
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Figure A.17: SE images, BSE images, EDX mappings and X-ray spectra of steel plates for the friction 

system FS3 in the state after run-in. 
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Figure A.18: SE images, BSE images, EDX mappings and X-ray spectra of steel plates for the friction 

system FS3 in the state after failure. 
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A.4 Modification of Friction and Temperature Behavior 

 
Figure A.19: Characteristic coefficient of friction µtop and measured maximum temperature in the 

steel plate for step tests with friction system FS1. 
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Figure A.20: Characteristic coefficient of friction µtop and measured maximum temperature in the 

steel plate for step tests with friction system FS2. 
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Figure A.21: Characteristic coefficient of friction µtop and measured maximum temperature in the 

steel plate for step tests with friction system FS3. 
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A.5 Two-Dimensional Analysis of the Thermomechanical Behavior 

  

 
Figure A.22: Temperature and pressure distribution of friction interfaces 6 – 10 as a function of time 

[Sch22c]. 
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