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This study investigates the thermal response of titanium alloy fretting sliding through a numerical approach with 

the consideration of the friction dissipation, plastic dissipation, surface roughness and wear. The fretting sliding 

of a cylindrical pad on a specimen with surface roughness is modeled to predict the temperature distribution, the 

evolution of the wear profile, and the fields of surface and subsurface stresses. Specifically, a thermo-elasto-plastic 

constitutive model considering the thermal-induced softening of material properties is developed to evaluate the 

contact pressure and the tangential stress on the surfaces as well as the subsurface stresses in the contacting com- 

ponents. The friction and plastic energy dissipations function together as the heat source to cause the temperature 

rise in the contact zone. A modified Archard model is used to predict the wear profile of the contact surface and 

change the contact geometry. The models are then incorporated in the finite element analysis of the fretting 

sliding to evaluate the thermal response. The influences of the plastic dissipation and the surface roughness on 

the temperature rise in the fretting sliding are discussed. 
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. Introduction 

Fretting is the oscillatory motion of two contacting bodies under

mall relative displacements. The friction behavior on the contact sur-

aces causes material damage including wear and fatigue [1–3] . The

ormation of wear debris is mainly attributed to the plastic deforma-

ion, oxidation, and subsequent detachment of surface and near-surface

aterials [4–6] . The cyclic subsurface stresses induced by the oscilla-

ory motion could give rise to the initiation and propagation of fatigue

racks in the contacting components. Besides the material damage, the

nergies from the friction and the plastic deformations are dissipated in

he contact zone and thus cause the temperature rise during the fretting

liding process [7,8] . 

Temperature affects mechanical and thermal properties of materi-

ls including the Young’s modulus, yield limit, density, specific heat

nd thermal conductivity. The thermal-induced softening leads to the

eduction of the surface and subsurface stresses. The coefficient of fric-

ion is also influenced by the temperature in the contact zone [9] . High

emperature encourages the formation of oxide debris serving as the

hird body between the contacting components [8] . The wear rates of

he carbon steel and titanium alloy were observed to increase firstly

ith the increasing temperature and then decrease rapidly when it ex-

eeded the transition temperature [10,11] . The material wear alters

he contact geometry progressively and results in the variation of the

urface and subsurface stresses [12–15] . Therefore, the friction and
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lastic energy dissipations are thus affected by the wear of surface

aterials. 

Previous researches have focused on the investigation of the ther-

al response resulting from the energy dissipation in fretting sliding

16–19] . A number of factors were reported to influence the temper-

ture rise in the contact zone, which can be classified into three cate-

ories. They are the loading conditions (the contact force, the relative

lip displacement or friction force, and the loading frequency), the inter-

acial properties (the contact geometry, the surface roughness, and the

oefficient of friction) and the mechanical and thermal properties of ma-

erials. The factors determine the distributions of the plastic strain, the

urface stresses (contact pressure and tangential stress) and the subsur-

ace stresses in the components, thus influencing the energy dissipation

nd the temperature rise. Conversely, some factors including the con-

act geometry, the coefficient of friction and the material properties are

lso changed gradually due to the temperature increase and the material

ear. Therefore, there are strong interactions among the temperature,

he wear behavior and the factors in fretting sliding [9,20] . 

Since it is difficult to measure the temperature rise in the contact

one, numerical methods have been widely used to model the fret-

ing friction behavior and predict the temperature distribution. Jaeger

21] firstly proposed a moving heat source model to predict the temper-

ture rise in a semi-infinite body. Based on the pioneer work, numbers of

nalytical methods were developed to investigate the effects of the types

nd shapes of the heat source models on the temperature rise [19,22] .

he analytical methods have the advantage of low computational cost
 2018 
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ut are only applicable to the simple fretting conditions. Furthermore,

he change of the contact surface geometry caused by the wear cannot

e considered. In order to overcome the limitations, the finite element-

ased methods have been applied to provide more realistic modeling

f the friction-induced temperature rise [18] . Jin et al. [8] developed

 finite element model considering the wear to study the role of wear

n the temperature field in the fretting contact of 304 stainless steel.

ecently, the effect of the surface roughness on the temperature distri-

ution in a steel-on-steel fretting contact was investigated by a similar

ethod without the consideration of wear [23] . The surface roughness

as influences on the distributions of the surface and subsurface stresses,

he wear behavior and the temperature rise [23–26] . 

The aforementioned approaches considered the friction energy dis-

ipation as the unique heat source. The plastic dissipation was ignored

n the simulations. It is reasonable under some conditions that small

r even no plastic deformation occurs. However, the plastic dissipation

hould be included in the heat source as the plastic deformation is sig-

ificant. The self-heating behavior induced by the plastic dissipation has

een investigated under cyclic loading for polymeric and metallic ma-

erials [27–29] . In the study, the plastic dissipation is considered as a

olumetric heat source generated in the loading process associated with

he plastic deformation. In the simulation of fretting sliding with the

onsideration of the surface roughness, the contact between the compo-

ents occurs on small area around several peaks of the surfaces, lead-

ng to high surface stresses and large plastic strain at the peaks [23] .

herefore, the plastic dissipation should be considered together with

he friction energy dissipation in the modeling of the thermal response

n fretting sliding. 

This study develops a numerical approach to predict the tempera-

ure rise in the titanium alloy fretting sliding with a cylinder-on-flat

ontact configuration. The friction dissipation, plastic dissipation, sur-

ace roughness and wear are considered in the approach. A thermo-

lasto-plastic constitutive model is developed to evaluate the contact

ressure and the tangential stress on the surfaces as well as the sub-

urface stresses. The thermal-induced softening of the material prop-

rties including the Young’s modulus and the yield limit is taken into

ccount. Both the plastic and friction dissipations are considered as the

eat source. A modified Archard law is used to model the wear-induced

ariation of the contact geometry. The temperature-dependent wear co-

fficient is included to consider the effect of the temperature on the

ear rate. The models are incorporated in the coupled temperature-

isplacement finite element analysis of the fretting sliding, in which the

urface roughness of the contact surface is considered. The tempera-

ure rise, the wear profile, and the surface and subsurface stresses are

btained using the developed approach. The influences of the plastic

issipation and the surface roughness on the temperature rise are also

nvestigated. 

. Theoretic models 

.1. Thermo-elasto-plastic constitutive model 

A thermo-elasto-plastic constitutive model is developed to predict

he distributions of the surface and subsurface stresses in fretting sliding.

ue to the contact between the components, the stress concentration

sually causes the plastic deformation in the contact zone. Furthermore,

he friction- and plastic-induced heating over the contact surfaces soft-

ns the material properties. Therefore, the elasto-plastic behavior and

he thermal-induced softening of metallic materials are considered in

he model. 

The constitutive model is developed on the basis of the Chaboche

lasticity model [30–33] which takes the isotropic hardening and the

onlinear kinematic hardening rules into account. The total strain under

mall strain assumption is decomposed to three strain tensors: 

 = 𝜺 
e + 𝜺 

p + 𝜺 
th , (1) 
95 
here the tensors 𝜺 , 𝜺 e , 𝜺 p and 𝜺 th are the total strain, elastic strain,

lastic strain and thermal strain, respectively. The elastic law including

he effect of the temperature on the material properties is given as 

= 𝐂 

e ( 𝑇 ) ∶ 𝜺 e , (2) 

here C 

e ( T ) is the elastic modulus tensor that can be described by the

emperature-dependent Young’s modulus E ( T ) and Poisson’s ratio v . The

nfluence of the temperature on the Poisson’s ratio is not considered

n this study. For metallic materials, the Young’s modulus commonly

xhibits a linear relationship with the temperature: 

( 𝑇 ) = 𝐸 s ( 𝑇 − 𝑇 0 ) + 𝐸 0 , (3)

here E 0 is the modulus at the temperature T 0 . The material parameter

 s is the slop of the linear relationship, which is a negative value due to

he thermal-induced softening of the Young’s modulus. 

The von Mises yield function is given as 

 = ‖𝐬 − 𝐗 ‖ − 𝜎y ( 𝑇 ) = 

√ 

3 
2 
( 𝐬 − 𝐗 ) ∶ ( 𝐬 − 𝐗 ) − 𝜎y ( 𝑇 ) , (4)

here s and X are the deviatoric Cauchy stress and the back stress, re-

pectively. The back stress represents the motion of the yield surface

nd its evolution is considered in the kinematic hardening rule. The

ield limit 𝜎y ( T ) is the size of the yield surface. The isotropic hardening

ule controlling the evolution of the yield limit associated with the plas-

ic strain is not considered in the study. Thus the yield limit is regarded

s a function of only the temperature, which is expressed as 

y ( 𝑇 ) = 𝜎ys ( 𝑇 − 𝑇 0 ) + 𝜎y0 , (5)

here 𝜎y0 is the yield limit at the temperature T 0 and 𝜎ys is a material

arameter with a negative value. Based on the yield function, the plastic

ow can be derived as 

̇  p = �̇�
𝜕𝐹 

𝜕 𝝈
= 

3 
2 
�̇�

𝐬 − 𝐗 

∥ 𝐬 − 𝐗 ∥
, (6) 

here the term 𝜆 is the plastic multiplier. The nonlinear kinematic hard-

ning rule is expressed as 

 = 

𝐾 ∑
𝑖 =1 

𝐗 𝑖 , (7)

̇
 𝑖 = 

2 
3 
𝐶 𝑖 ( 𝑇 ) 

⋅
𝜺 

p 
− 𝛾𝑖 ( 𝑇 ) 𝐗 𝑖 �̇�, (8) 

here K is the number of the back stress, C i ( T ) and 𝛾 i ( T ) are hardening-

elated material parameters. 

The thermal stain in Eq. (1) is determined by the increment of the

emperature and the thermal expansion coefficient 𝜃: 

 

th = 𝜃
(
𝑇 − 𝑇 0 

)
. (9) 

.2. Heat transfer model 

The heat source in the fretting sliding includes the dissipations from

he friction energy and the plastic energy. It is noted that the friction

nergy dissipated on the contact surfaces is regarded as a surface heat

ux and the plastic dissipation is treated as a volumetric heat source. The

eat transfer equation for a material with isotropic thermal properties

s given as 

𝑐 
𝜕𝑇 

𝜕𝑡 
= ∇ ⋅ ( 𝑘 ∇ 𝑇 ) + 𝝈 ∶ 

⋅
𝜺 

p 
, (10) 

here 𝜌, c and k are the density, heat capacity and conductivity, respec-

ively. The term 𝝈∶ 
⋅
𝜺 

𝐩 
is the rate of the dissipated energy density due

o the plastic deformation. The energy stored in the material due to the

inematic hardening is negligible [34] . On the contact surfaces, the ther-

al boundary condition considering the heat flux due to the frictional

nergy dissipation is given as 

 𝑛𝑘 ∇ 𝑇 = 𝛽𝜏�̇� − ℎ ( 𝑇 − 𝑇 ) , (11)
0 
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Fig. 1. Schematic diagram of the fretting contact configuration. 
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here n is the surface normal direction, h is the natural convection co-

fficient, 𝜏 is the frictional stress, �̇� is the slip rate, and 𝜏�̇� is the total

riction work. The coefficient 𝛽 is the weighting factor for the distribu-

ion of the friction work between the interacting surfaces. The common

alue of 𝛽 = 0.5 is used, indicating that the generated heat is partitioned

qually into the pad and the specimen. 

.3. Modified Archard model 

A modified Archard model is used to consider the change of contact

urface geometries caused by the material wear. In the original model,

he wear volume is related to the contact pressure and the relative slip

istance [35–38] . In order to consider the effect of the temperature on

he wear behavior, the temperature-dependent wear coefficient Φ( T ) is

sed in this study. Furthermore, the contact pressure is varied in fretting

liding and thus the integral form of the model is used. For a given point

t the position x on the two-dimensional contact surface, the wear depth

t time t is expressed as 

 ( 𝑥, 𝑡, 𝑇 ) = 𝜙( 𝑇 ) 

𝑡 

∫
𝑡 =0 

𝑝 ( 𝑥, 𝑡 ) d 𝛿( 𝑥, 𝑡 ) , (12)

here p ( x, t ) is the contact pressure at the point and d 𝛿( x, t ) is the

ncrement of the relative slip displacement. 

. Computational methodology 

The cylinder-on-flat contact configuration in the fretting fatigue ex-

eriments [39,40] is used in this study. Two cylindrical pads with the

adius of 50.8 mm contact with a flat specimen under the normal force

f 1334 N, as shown in Fig. 1 . The cyclic slip displacement is also ap-

lied on the two pads. One edge of the specimen is fixed and the cyclic

tress with the same frequency as that of the slip displacement is applied

n the other edge. The pads and the specimen are made of Ti-6Al-4 V. 

.1. Surface roughness modeling 

The top surface of the specimen is modeled as a sinusoidal function

o represent the rough morphology of the surface. The wave length and

he height amplitude are two parameters governing the surface shape.

he width of the contact area is around 0.9 mm as the surface roughness
96 
s not considered [12] . In the study, the wave length is set to be 0.2 mm

ased on the experimental observation in the fretting sliding experiment

23] . Two height amplitudes ( R a = 6 and 12.5 𝜇m) and the smooth sur-

ace condition are considered to study the effect of surface roughness

n the temperature rise. The width of the rough contact surface is lim-

ted to 3 mm which is much larger than the slip displacement applied

n the pad. The roughness of the cylindrical surface on the pad is not

onsidered because the friction and the wear on the specimen surface

re dominant as reported in fretting wear experiments [40] . 

.2. Coupled temperature-displacement finite element analysis of fretting 

liding 

Half of the fretting contact configuration is modeled using the non-

inear finite element package ABAQUS according to the symmetric fea-

ure. The 4-node, coupled displacement-temperature plane strain ele-

ent (CPE4T) is used to calculate the displacement and temperature

istributions. In order to capture the severe stress concentration, the

ne mesh (around 10 𝜇m in dimension) is generated in the contact zone,

specially on the rough surface of the specimen and the cylindrical sur-

ace of the pad as shown in Fig. 2 . The mesh far away from the contact

one is coarse to save the computation cost. The origin of the coordi-

ate system is set at the center of the top surface of the specimen. The

ontact between the pad and the specimen is defined using the master-

lave algorithm. The rough surface of the specimen is defined as the

lave surface and part of the circular surface of the pad is defined as

he master surface. The initial adjustment of the nodes on the slave sur-

ace is conducted to clear the gap between the pad and the specimen.

oulomb friction model is used to calculate the frictional stress. It is

oted that the surface roughness and the temperature affects the coef-

cient of friction. Usually, rougher surface and lower temperature lead

o higher coefficient of friction. According to the fretting wear experi-

ents of Ti-6Al-4 V [9,41] , the friction coefficient is determined to be a

inear relationship with the temperature in a range from 25 to 300 °C: 

( 𝑇 ) = 0 . 8 − 8 . 84 × 10 −4 ( 𝑇 − 25) . (13)

he surface roughnesses of the contact surfaces were changed from

round 7 to 18.7 𝜇m in the testing due to different coatings, which

re similar with the roughness conditions considered in the simulation.

herefore, the coefficient of friction in Eq. (13) is used to model the

riction behavior of Ti-6Al-4 V fretting sliding. The initial temperature
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Fig. 2. Finite element model of the fretting sliding between the pad and specimen with the consideration of the surface roughness. 

Table 1 

Temperature-dependent physical properties of Ti-6Al-4 V [42] . 

Temperature ( °C) Thermal conductivity (W/(m °C)) Specific heat (J/(kg °C)) Density (kg/m 

3 ) 

25 7 546 4420 

100 7.45 562 4406 

200 8.75 584 4395 

300 10.15 606 4381 

400 11.35 629 4366 

500 12.6 651 4350 

600 14.2 673 4336 

700 15.5 694 4324 

o  

a  

t  

c  

c  

h

 

s  

p  

(  

s  

a  

t  

i

3

 

t  

t  

a  

o  

m  

t  

t

o  

o  

fi  

m  

T

Fig. 3. Experimental stress–strain data of Ti–6Al–4 V and fitting curves under 

different temperatures. 

 

e  

[  

a  

(  

p  
f the pad and the specimen is set as 25 °C. The heat convection bound-

ry condition with the coefficient of 100 W/(m 

2 °C) is applied on the

wo contact surfaces of the pad and specimen. The thermal expansion

oefficient is set as 𝜃 = 8.7 ×10 − 6 . The temperature-dependent physi-

al properties of Ti-6Al-4 V including the thermal conductivity, specific

eat and density are listed in Table 1 [42] . 

The loads are applied on the finite element model through three

teps. In the first step, a small normal contact load is applied on the

ad to establish the contact. Then it increases to the experimental value

208 N/mm) in the second step, and remains unchanged in the third

tep. The cyclic slip displacement and the in-phase cyclic stress are both

pplied in the third step. The frequency and the slip displacement of

he fretting sliding are f = 200 Hz and 𝛿 = 40 𝜇m, respectively. The max-

mum stress value is 550 MPa and the stress ratio is 0.03. 

.3. Determination of the material parameters and the wear coefficient 

The uniaxial tensile stress-strain data of Ti-6Al-4 V under different

emperatures [43] are used to determine the material parameters in

he thermo-elasto-plastic constitutive model. The parameters E 0 , E s , 𝜎y0 ,

nd 𝜎ys are determined through the Young’s moduli and the yield limits

btained at various temperatures. The method of the parameter deter-

ination for the nonlinear kinematic hardening rule was presented in

he previous study [12] . For the material Ti-6Al-4 V, two components of

he back stress are adopted ( K = 2). The parameters C 1 , C 2 , 𝛾1 , and 𝛾2 

btained at T 0 = 25 °C can be used to reproduce the stress-strain data at

ther four temperatures. Fig. 3 shows the experimental points and the

tting curves under different temperatures. The material properties and

odel parameters in the constitutive model for Ti–6Al–4 V are listed in

able 2 . 
97 
The temperature-dependent wear coefficient is obtained using the

xperimental results of Ti-6Al-4 V wear testing conducted by Wang et al.

11] . It was found that a severe-to-mild wear transition occurred with

n increase in temperature. Below the critical transition temperature

around 350 °C), the wear coefficient increased linearly with the tem-

erature. Therefore, the linear relationship between the wear coefficient
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Fig. 4. Simplified flowchart of the numerical implementation. 

Table 2 

Parameters of the thermo-elasto-plastic constitutive model for Ti–6Al–4 V. 

E 0 (MPa) E s (MPa/°C) 𝜎y0 (MPa) 𝜎ys (MPa/°C) v 

114,582 − 97.6 927.3 − 0.908 0.34 

C 1 (MPa) C 2 (MPa) 𝛾1 𝛾2 T 0 

136,500 8100 1050 45 25 
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nd the temperature is used in the simulation: 

( 𝑇 ) = 3 . 06 × 10 −7 + 5 × 10 −10 ( 𝑇 − 25) . (14)

t is noted that the surface roughness condition of the wear testing spec-

men influences the measured wear coefficient. Generally, the wear co-

fficient increases with the increase of the surface roughness. However,

he information of the surface roughness in the wear testing is unavail-

ble. For the simplicity, the roughness-independent wear coefficient is

sed to model the material wear on the contact surface. 

.4. Numerical implementation 

The aforementioned theoretic models are incorporated into the cou-

led temperature-displacement finite element analysis of the fretting

liding. As shown in Fig. 4 , the numerical implementation includes the

alculation of the stress and stain distributions, the evaluation of the
98 
emperature rise, and the prediction of the wear profile evolution on

he contact surfaces. 

The thermo-elasto-plastic constitutive model is implemented using

he user subroutine UMAT in the software package ABAQUS to ob-

ain the elastic and plastic strains, surface and subsurface stresses un-

er certain temperature. The implicit return mapping algorithm is ap-

lied to calculate the increments of the variables based on the results at

he previous time steps. The stress and other solution-dependent vari-

bles are updated at the end of the current time step. In the coupled

emperature-displacement analysis, the variable RPL representing the

olumetric heat generation per unit time caused by the plastic dissipa-

ion is needed to be updated in the subroutine. Based on Eq. (10) , the

ncrement of RPL is described as Δ( RPL ) = 𝝈: Δ𝜺 p , where the Δ𝜺 p is the

ncrement of the plastic strain. After the calculation of the stress and

train fields, the increment of RPL can be provided at the end of the

ime step. It is noted that the heat generation due to the friction energy

issipation is handled by the setting of the contact property in the soft-

are. According to the plastic work and the friction work, the increment

f the temperature is calculated using the heat transfer model. 

In the subroutine UMAT, the consistent tangent modulus d 𝝈/d 𝜺

eeds to be updated at the end of the time step. In the coupled

emperature-displacement analysis, other three variables related to the

emperature also should be provided in the simulation, which are the

ariation of the stress increment with respect to the temperature d 𝝈/d T ,

he variation of the plastic work with respect to the strain increments

( RPL )/d 𝜺 , and the variation of the plastic work with respect to the tem-
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Fig. 5. (a) Temperature field in the contact zone after 200 cycles for the simu- 

lation case with R a = 12.5 𝜇m. (b) Distributions of the temperature on the rough 

surface of the specimen after 1, 100 and 200 cycles. 

Fig. 6. Distributions of the wear depth on the rough surface of the specimen for 

the simulation case with R a = 12.5 𝜇m after 30 and 200 cycles. 
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The modified wear model is implemented using the user subroutine

MESHMOTION. Based on the temperature distribution on the contact

urfaces, the wear coefficient is obtained using Eq. (14) . According to

he contact pressure and the relative slip displacement, the increment

f the wear depth for a given node on the contact surface during the i th

ime step is calculated by 

𝑑 𝑖 = 𝜙( 𝑇 ) 𝑝 𝑖 Δ𝛿𝑖 , (17)

here p i and Δ𝛿i are the contact pressure at the end of the time step and

he increment of the relative slip during the time step, respectively. Then

he contact geometry is changed through moving the contact node a dis-

ance of Δd i in the direction opposite to the normal direction at the end

f the time step. After that, the result variables are re-mapped to the new

osition. Through repeating the aforementioned steps, the distributions

f the temperature and stresses are calculated with the consideration

f the evolution of the contact surface geometry caused by wear. The

aximum number of cycles is set as 200 in the study. 

. Results and discussion 

.1. Distributions of the temperature, wear profile, and stresses 

The distributions of the temperature, the wear profile, and the sur-

ace and subsurface stresses are obtained using the developed numerical

pproach. The simulation case with the surface roughness of 12.5 𝜇m is

aken as the example to illustrate the results. Fig. 5 (a) shows the temper-

ture filed in the contact zone after 200 cycles under the loading condi-

ion of f = 200 Hz and 𝛿 = 40 𝜇m. The temperature rise mainly concen-

rates in a small region around the contact surface, especially at three

urface peaks. The difference between the maximum temperatures at

he pad and the specimen is insignificant due to the equally partition of

he friction energy into both components. The maximum temperature

f around 53 °C locates at the surface peak with the position of x = 0.38

m. Fig. 5 (b) depicts the distributions of the temperature rise on the

ough surface of the specimen after three numbers of loading cycles.

he contact between the pad and the specimen occurs at several peaks

nd thus the friction and plastic energies dissipate over the area near

he peaks. Therefore, the temperature at the surface peaks is larger than

hat at the valley. The maximum temperature rise after the first cycle

s around 50 °C, which is the combined contribution of the friction and

lastic dissipations during the cycle. As the number of the cycles in-

reases up to 200, the maximum temperature only increases by around

 °C. 

The contact geometry changes due to the material wear on the rough

urface. Fig. 6 shows the distributions of the wear depth on the rough

urface of the specimen after 30 and 200 cycles. With the consideration

f the surface roughness, the wear occurs in several discrete zones. It

s quite different from the results obtained under the condition of the

mooth surface [12,13] . If the surface roughness is not considered, the

ear profile exhibits a Hertzian shape due to the similar distribution of

he contact pressure on the surface. As shown in Fig. 6 , the total width

f the worn scars remains unchanged as the number of loading cycles

ncreases from 30 to 200. The maximum wear depth after 200 cycles is

round 0.7 𝜇m which is much smaller than the element height. However,

he surface and subsurface stresses are influenced by the change of the

ontact geometry as the materials at the surface peaks are worn away. 
99 
Fig. 7 shows the distributions of the accumulated plastic strain, the

ontact pressure and the Mises stress on the rough surface of the speci-

en. The plastic deformation also occurs at the surface peaks. It is worth

oted that the maximum accumulated plastic strain at the surface peak is

bout 0.45 in the first cycle, indicating that the plastic dissipation should

e considered in the simulation. The significant plastic dissipation leads

o the rapid increase of the temperature as shown in Fig. 5 (b). However,

he increment of the accumulated plastic strain reduces significantly to
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Fig. 7. Distributions of (a) the accumulated plastic strain, (b) the contact pres- 

sure, and (c) the Mises stress on the rough surface of the specimen for the sim- 

ulation case with R a = 12.5 𝜇m. 
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round 0.05 in the subsequent cycles due to the material hardening. The

nitial distribution of the contact pressure no longer exhibits a Hertzian

hape, as shown in Fig. 7 (b). The contact force is carried by the materi-

ls at six peaks on the rough surface and the total contact area is much

maller than that in the condition of the smooth surface. Therefore, the

ontact pressure is high at the contacting peaks in the first cycle. Be-

ause of the worn of materials at the peaks and the temperature rise,

he contact pressure drops significantly from around 2000 to 1000 MPa.

ore peaks begin to contact with the pad and carry the contact force.

he similar trend is also observed in the distributions of the Mises stress

s shown in Fig. 7 (c). High Mises stress occurs at the peaks located at the

osition of − 0.5 < x < 0.5 mm and its value decreases with the increase

f the number of loading cycles. 

.2. Effects of the plastic and friction dissipations on the temperature rise 

The results in the previous subsection are obtained using the ap-

roach considering both the friction dissipation and the plastic dissipa-

ion. The effects of both energies on the temperature rise are combined

ogether in the simulation. In order to unveil their separate effects, two

imulations with R a = 12.5 𝜇m are conducted in which the plastic dissi-

ation and the friction dissipation are individually considered, respec-

ively. 

Fig. 8 (a) shows the evolutions of the temperature on the rough sur-

ace of the specimen obtained by two approaches. As only the plastic

nergy is treated as the heat source, a rapid increase of the temperature

p to about 40 °C is observed in the first loading cycle. After that the

emperature gradually reduces to a stable value of around 26 °C. Even

hough the plastic deformation still exists in the subsequent cycles, the

lastic energy is much smaller than that in the first cycle. In the simula-

ion, the increment of the accumulated plastic strain in the first cycle is

bout 0.4 which is one order of magnitude larger than that in the subse-

uent cycle. The heat convection on the surface is dominant compared

ith the heat input from the plastic dissipation, causing the reduction of

he temperature. If the plastic dissipation is not considered, the friction

nergy causes the maximum temperature to increase with the increase

f the number of loading cycles. In the first cycle, the maximum tem-

erature is around 36 °C less that the result in the case of considering

lastic dissipation only. Another phenomenon is that there are obvious

uctuations of the temperature. During the fretting sliding, the temper-

ture at the point increases as the pad begins to contacts with it, and

ecreases as the pad moves past the point. 

Fig. 8 (b) and (c) show the distributions of the temperature on the

ough surface of the specimen after 1 cycle and 40 cycles, which are ob-

ained with the consideration of the plastic dissipation and the friction

issipation, respectively. The influence of the plastic dissipation on the

emperature rise is very different from that of the friction dissipation.

he friction energy in each cycle nearly remains unchanged because the

ontact force and the slip displacement are constant. The continuous

eat input from the friction dissipation causes the increase of the tem-

erature, as shown in Fig. 8 (a) and (c). However, the variation of the

lastic dissipation between the first cycle and the subsequent cycles is

ignificant. The temperature firstly exhibits a rapid increase and then

ecreases gradually. Through the comparison between Figs. 5 and 8 , it

s found that the plastic dissipation is needed to be considered in the

imulation because the plastic energy has an important contribution for

he increase of the temperature in the first cycle. However, the effect

f the plastic dissipation on the temperature rise is insignificant in the

ubsequent cycles where the friction dissipation becomes the dominant

eat input. 

.3. Effect of the surface roughness on the temperature rise 

The temperature fields obtained under three conditions including

wo surface roughnesses ( R a = 6 and 12.5 𝜇m) and the smooth surface

re compared to study the effect of the surface roughness. The other
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Fig. 8. (a) Evolutions of the temperature on the rough surface of the specimen 

obtained by two approaches considering the plastic dissipation and the friction 

dissipation respectively. Distributions of the temperature on the rough surface 

under the condition of considering only (b) the plastic dissipation and (c) the 

friction dissipation. 

Fig. 9. (a) Distributions of the temperature on the contact surfaces after 200 

cycles under the three conditions of surface roughnesses. (b) Evolutions of the 

accumulated plastic strain at the maximum temperature points on two rough 

surfaces. 
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101 
onditions including the contact force, the slip displacement and the

requency remain unchanged. The friction dissipation, the plastic dissi-

ation and the wear are all considered in the simulations. 

Fig. 9 (a) shows the distributions of the temperature on the contact

urfaces after 200 cycles under the three conditions of surface rough-

esses. The temperature distribution under the smooth surface condi-

ion shows a near-Hertzian shape. It is observed that the discrepancies

n the values and the positions of three maximum temperature points

re small. As mentioned in the previous subsection, the temperature rise

fter 200 cycles is mainly determined by the dissipation of the friction

nergy. The total friction energies generated on the contact surfaces are

early identical because the contact force, the slip displacement, the co-

fficient of friction and the cyclic stress on the specimen are the same

nder the three surface roughness conditions. Fig. 9 (b) depicts the evo-

utions of the accumulated plastic strain at the maximum temperature

oints on two rough surfaces. The plastic deformation on the smooth

ontact surface is much smaller than the results in the figure. Larger

lastic deformation occurs on the rougher surface. The linear increase

f the plastic strain with the time follows a rapid increase in the first
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everal cycles. Even though the effect of the surface roughness on the

lastic deformation is obvious, the variation of the plastic dissipation

as insignificant influence on the temperature distribution after 200 cy-

les. 

. Conclusions 

A numerical approach is developed to investigate the thermal re-

ponse and the friction behavior in the Ti-6Al-4 V fretting sliding. The

liding of a cylindrical pad on a specimen with surface roughness is

odeled in the coupled temperature-displacement finite element analy-

is to predict the distributions of the temperature rise, the wear profile,

he surface stresses and the subsurface stresses in the contacting compo-

ents. The thermo-elasto-plastic constitutive model, heat transfer model

nd modified Archard model are developed and incorporated in the

odeling. The thermal-softening of the material properties and the plas-

ic deformation are considered in the constitutive model. Both the fric-

ion and plastic dissipations function together as the heat source in the

eat transfer model. The modified wear model takes the temperature-

ependent wear coefficient into account. 

The effect of the plastic dissipation on the temperature is reflected in

he first several loading cycles, causing a rapid increase of the tempera-

ure. As the materials at the contacting peaks harden, the increment of

he accumulated plastic in the subsequent cycle is about one order of

agnitude less than that in the first cycle. Therefore, the effect of the

lastic dissipation is insignificant and the friction dissipation becomes

he dominant heat source in the subsequent cycles. The surface rough-

ess affects the distributions of the contact pressure and the plastic strain

n the contact surface. However, its effect on the temperature is not ob-

ious after a number of loading cycles because the total friction energy

s mainly determined by the loading conditions including the contact

orce and the slip displacement. 
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