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Abstract 

This� paper� covers� wear� and� energy� dissipation� of� solid� epoxy� induced� by� alternative�

rubbing� between� two� samples� of� identical� thermosetting� polymer.� Varying� normal� load,�

sliding�velocity�and�sliding�distance,�the�authors�were�able�to�define�and�discuss�wear�and�

friction� laws� and� associated� energy� dissipation.� Moreover,� traces� of� several� wear�

mechanisms� were� distinguished� on� the� worn� surfaces� and� associated� with� applied�

conditions.� Observed� under� higher� velocity,� polymer� softening� and� local� state� transition�

were�explained�by�surface� temperature�estimate�and�confirmed�by� infra�red�spectroscopy�

measurements.�To�conclude�this�study,�all�observed�phenomena�are�classified�into�two�wear�

scenarios�depending�on�sliding�velocity.�
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1. Introduction 

Since�many� years,� tribologists� have� attempted� to� predict�wear� of� different� tribological�

systems.�In�spite�of�a�large�number�of�published�experimental�and�theoretical�investigations�

of�this�problem,�a�universal�wear�law,�taking�into�account�all�parameters�affecting�wear,�has�

not� been� proposed� yet.� The�most� famous� and� one� of� the� oldest�wear� laws� is� the� law� of�

Archard� [1].� Archard� considered� the� hypothesis� of� plasticized� contact,� where� the� real�

contact� area� is� the� ratio�of� the�normal� force�over� the�material� hardness,� and�defined� the�

volume�of�wear�Vwear�as�follows:�

�

� ����� � ��	
 �� � � �(1)�

�

where�kw� is� the�wear�coefficient�varying� from�10�7� to�10�2� for�different�materials,�H� is� the�

hardness�of�the�softest�surface,�Lk� is�the�relative�sliding�distance�between�the�materials�or�

kinematic�length�and�FN�is�the�normal�force.�The�low�value�of�kw�indicates�that�wear�is�only�

caused�from�a�very�small�proportion�of�asperity�contacts.�Furthermore,�it�does�not�depend�

on�normal�load�or�sliding�velocity.�

Nevertheless,� many� investigators� observe� similar� tendencies� in� different� frictional�

systems.�For�example,�energetic�approach� seems� to�give� similar�answers� for� various�wear�

problems� [2�6].� By� this� approach,� the� dissipated� energy� (resp.� power)� is� calculated� from�

experimentally� measured� frictional� force� and� sliding� distance� (resp.� sliding� velocity).� It� is�

then�related�to�the�measured�wear�volume�in�order�to�define�the�mechanisms�of�dissipation�

and�wear.�

For� instance,� Ramalho� et� al.� [3]� measured� a� linear� wear� volume–energy� dissipation�

dependence� for� a� couple� of� metals� using� a� cross�cylinder� tribometer.� A� similar� linear�
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dependency�was�observed�for�fretting�contacts�of�metals�and�hard�coatings�by�Fouvry�et�al.�

[4,�5].�In�their�later�work�on�fretting�wear�[6],�the�same�authors�were�able�to�associate�the�

wear� mechanisms,� such� as� plastic� deformations,� formation� of� tribologically� transformed�

structure�and�stable�wear�regime,�with�the�total�amount�of�dissipated�energy.�Similar�results�

were�obtained�in�fretting�wear�during�experiments�in�humid�and�dry�atmosphere�by�Huq�et�

al.�[7].��

Aghdam�et�al.�[8,�9]�recently�proposed�a�method�to�predict�friction�power�loss,�which�is�a�

rate� of� energy� dissipation,� and� wear� rate� from� measurements� of� contact� temperature.�

Moreover,� they�were� able� to� correlate� the� average� power� dissipation� to� average� contact�

temperature�rise�in�sliding�reciprocal�friction�experiments�on�steel�alloy/brass�pin�on�plate�

couple.�As� the�other�works�above�mentioned,� these�authors�observed�a� linear� correlation�

between�average�wear�rate�and�average�power�dissipation,�too.��

The� linear� dissipated� energy�wear� rate� relationship� was� also� shown� to� be� correct� for�

polymer/metal� contacts.� In� the� work� of� Colaço� et� al.� [10],� the� worn� volume� UHMWPE�

increases�linearly�with�the�dissipated�energy,�independently�of�the�lubricant,�material�used�

as�a�counterbody�and�of�the�surface�finishing�of�both�the�polymer�and�the�counterbody.�To�

explain� their� results,� these� authors� supposed� a� negligible� contribution� of� contact�

temperature� rise� to� the� wear� process.� According� to� them,� the� major� mechanisms�

responsible� for� energy� dissipation� of� the� polymer� are� viscous� or� plastic� deformations�Edef�

and�generation�of�worn�particles�Ewear,�i.e.��

�

� �� � ���� � ������ (2)�

�
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Many�experiments�have�been�carried�out�to�study�PMMA�fretting�wear�[11�15],�in�which�

in�situ�and�after�test�observations�revealed�a�dependence�of�wear�debris�shape�and�surface�

damage� on� loading� type� and� conditions.� For� instance,� Geringer� et� al.� [11]� investigated� a�

fretting� wear� of� PMMA� against� a� metal.� These� authors� compared� cumulated� dissipated�

energy� and� C�C� bond� energy� in� order� to� verify� if� the� frictional� energy� was� dissipated� in�

breaking�these�bonds.�Because�these�values�differ�by�a�factor�of�1000,�they�concluded�that�

the�dissipated�energy�is�mainly�used�to�mix�and�transform�the�third�body�and�to�expel�worn�

particles�from�the�contact.�The�good�agreement�between�the�theoretical�value�of�the�Fuller�

Tabor�parameter� and� that� calculated� from� the�experiments� encouraged� them� to� consider�

that� only� adhesion� and� separation� load� due� to� asperities� contribute� to� the� dissipated�

energy,�ruling�out�the�energy�dissipation�contribution:�

�

� �� � ���� � ����� (3)�

�

When�frictional�loading�is�cyclic�and�prolonged,�fatigue�wear�mechanism�usually�occurs.�

The�proportion�between�fatigue�wear�contribution�due�to�elastic�deformations�and�abrasive�

wear� contribution� due� to� plastic� deformations� depends� on� elastic� modulus� and� surface�

roughness.� Dubourg� et� al.� [16]� investigated� nucleation� and� propagation� of� fatigue� cracks�

into�epoxy�under�fretting�wear�conditions.�Used�in�their�experiments,�epoxy�material�had�a�

glass� transition�above�100�oC�and�demonstrated�brittle�behaviour�under�static� fatigue�and�

wear�fretting�loading.�The�material�transparency�helped�them�to�observe�that�the�effects�of�

material� microstructure� on� crack� propagation� mechanisms� were� predominated� by�

mechanical�stress�strain�state�undergone�by�the�material��
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The� present� paper� is� aimed� to� bring� some� new� insights� on� the� wear� mechanisms�

occurring� during� the� friction� of� solid� thermosetting� polymer� against� similar� polymer.� The�

evolution� of� these� mechanisms� during� sliding� and� increase� of� surface� damage� under�

different�tribological�conditions�is�a�key�for�understanding�and�prediction�of�failure�of�these�

materials.�Plane/plane�configuration�is�chosen�as�it�is�more�representative�of�real�problems.�

In�addition,�a�wide�range�of�rather�severe�tribological�conditions�is�applied�in�order�to�let�the�

system� develop� the� maximum� of� wear� regimes� under� given� geometrical� and� loading�

configuration.�One�can�notice,�that�the�conditions�applied�in�this�study�are�at�the�same�time�

close� to� fretting,� because� the� amplitude� of� sliding� motion� is� just� a� triple� of� the� contact�

width,�and�different�from�it,�because�of�macroscopic�size�of�our�plane/plane�system.�

The�energetic�approach�is�adopted�in�order�to�link�the�dissipated�energy�to�wear.�Firstly,�

a� relationship� between� the� wear� rate� and� dissipated� energy� is� examined.� Secondly,� we�

relate�the�dissipated�energy�to�the�damaged�surface�area,�which�seems�more�appropriate�in�

this�case�of�severe�wear�and�surface�deformations.�This�approach�allows�us�to�discuss�the�

energy� necessary� to� develop� surface� damage� by� different� wear� mechanisms,� which� are�

detected�on�thoroughly�examined�worn�surfaces�after�different�number�of�sliding�cycles.�An�

additional� surface� analysis� is� performed� on� the� worn� specimens.� Polymer� softening� and�

yielding� observed� on�worn� surfaces� as�well� as� sliding�induced� crosslinking� had� suggested�

possible� polymer� state� transformations,� which� encouraged� us� to� estimate� contact�

temperatures� during� the� sliding� under� different� conditions.� Finally,� all� observed� wear�

mechanisms�are�classified�into�two�qualitatively�different�types,�and�a�wear�retrospective�is�

proposed�to�evaluate�the�scenarios�of�the�genesis�of�both�types.��
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2. Materials & methods 

2.1. Materials 

All� friction� experiments� presented� in� this� paper� are� carried� out� on� cross�linked� epoxy�

resin� HexPly®� RM10.1.� This� epoxy� resin� is� moulded� into� a� large� flat� plate� of� 4±0.5� mm�

thickness,�which�is�cut�into�rectangular�samples�with�the�approximate�dimensions�of�30±4�x�

15±2�mm2�for�the�largest�specimens�and�8±2�x�6±1�mm2�for�the�smallest�ones.�The�apparent�

sliding�area�of�each�slider�is�carefully�measured�with�image�treatment�technique�and�taken�

into�account�in�the�following�calculations.�All�sample�surfaces�are�successively�polished�with�

P600,� P1200,� P2400� and� P4000� abrasive� silicon� papers.� The� sample� surface� profiles� are�

measured�with�Surfascan�Somicronic�tactile�profilometer�with�a�stylus�of�2.5��m�radius�tip�

and�a�step�of�4��m.�The�RMS�roughness�Rq�is�0.07±0.003��m.�The�average�RMS�waviness�Wq�

is�0.05±0.001��m.��

The� glass� transition� temperature� of� this� cross�linked� epoxy� material� is� 68.8±0.2� �C� as�

measured� by� several� tests� of� Differential� Scanning� Calorimetry� with� heating� rate� of�

10oC/min.�Nanoindentation�tests�are�carried�out�on�the�CSM�Ultra�Nanoindentation�Tester�

with� Berkovitch� indenter� tip� under� ambient� environmental� conditions.� The� penetration�

velocity�of�loading�and�unloading�for�these�static�indentation�tests�is�10�mN/min.�A�pause�of�

20�seconds�is�made�after�total�loading�for�all�indentations.�These�measurements�are�treated�

by�the�Oliver�and�Pharr�method�[17]�using�the�value�of�epoxy�Poisson’s�ratio�of�0.4.�Values�

of�elastic�modulus�of�4.5±0.1�GPa�and�of�hardness�of�256.7±8�MPa�of�the�epoxy�material�are�

obtained.� The�physical� characteristics� given� by� the� supplier� as�well� as� surface�mechanical�

properties� measured� with� nanoindentation� technique� on� polished� samples� are� given� in�

Table�1.�



7�
�

2.2. Experimental setup and tribological conditions 

This�tribological�study�is�carried�out�on�a�linear�tribometer�developed�in�LTDS�and�whose�

principle� is� detailed� in� [18].� In� this� paper,� the� contact� configuration� on� the� tribometer� is�

schematized� in�Fig.�1.�A�sinusoidal�reciprocating�motion�between�two�flat�samples�fixed� in�

stationary� and�moving� parts� of� the� tribometer� is� performed.� Hereafter,� the� largest� fixed�

sample�will�be�called�‘track’,�while�the�small�sample�sliding�upon�the�track�will�be�referred�to�

as� ‘slider’.�The�normal� load,�tangential� force,�position�and�sliding�velocity�are�continuously�

measured�and�recorded�with�1�kHz�sampling�frequency�as�depicted�in�Fig.�1.��

Four�tribological�conditions,�summarized�in�Table�2,�are�applied�in�order�to�point�out�the�

effect�of�normal�load�and�sliding�speed�on�energy�dissipation�and�wear.�The�sliding�distance�

for�all�experiments� is�10�mm.�The�applied�sliding�frequencies�of�1�and�6�Hz�correspond�to�

the�mean�sliding�velocity�of�20�and�120�mm/s,�or�the�maximal�sliding�velocity�of�30�and�170�

mm/s,� respectively.�The�constant�normal� force� is�either�20�or�50�N,�which�corresponds� to�

apparent�contact�pressure�of�0.7�and�1.8�MPa,� respectively.�The� test�duration�under�each�

condition� is� varied� between� 10� and� 1000� cycles� in� order� to� study� the� wear� and� friction�

evolution�with�the�sliding�distance.�All�the�tests�are�carried�out�under�ambient�humidity�and�

room�temperature.�

2.3. Kinematic conditions 

The� contact� kinematics� is� also� schematized� in� Fig.� 1.� All� parameters� discussed� in� this�

paper�will�be�presented�as�a�function�of�the�kinematic�length�of�one�of�the�two�antagonist�

samples.� This� value� is� defined� as� the�distance� seen�by� a� surface� point.� It� depends� on� the�

contact�time�and�sliding�velocities�of�the�two�contact�bodies�as�following.�Kinematic�length�

LkM�of�a�point�M�belonging�to�the�body�A�in�contact�with�the�body�B�is�calculated�as:��
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�

� ��� � ����� � ���� �(4)�

�

where�VA� and�VB� are� the� velocities� of�A� and� B� contacting� bodies.� tM� =� b/VA� is� a� time� of�

contact�between�point�M�and�body�B,�where�b�is�a�contact�width.��

The�kinematic� length� is� similar� for�all�points�of� the�slider�and�equal� to� ,�

where�l�is�the�sliding�amplitude�and�Ncycle�is�the�number�of�cycles�that�varies�between�10�and�

1000�cycles.�However,�the�points�of�track�surface�are�under�different�kinematic�conditions�

and�could�be�divided�into�three�zones.�The�surface�points�of�the�two�extreme�zones,�where�

the�contact�time�depends�on�the�point�position�on�the�surface,�have�less�contact�time�than�

those�of�the�central�zone,�where�it�is�constant�for�all�points.�Therefore,�the�kinematic�length�

is�not�similar�for�these�three�zones�as�shown�in�Fig.�1:�

� at� the� beginning� of� the� track� (0� �� x� �� b),� Lkt� =� x,� where� b� is� the� length� of� the�

contact� and� x� is� the� position� of� the� point� of� the� track� for�which� the� kinematic�

length�is�calculated�

� in�the�centre�of�the�track�(b���x���l),�Lkt�=�b,�

� at�the�end�of�the�track�(l���x���b�+�l),�Lkt�=�(b�+�l)�–�x.�

Further,�we�will�operate�with�an�average�kinematic�length� �for�the�track�calculated�by:��

�

� � � � � � � �
�

�
�
	



�

�
��

�

�
�
	



���

�
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Thus,� �is�given�by:�

�
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�

3. Experimental results: macroscopic wear and friction characterization 

In�order� to� study� frictional�dissipation�and�wear�of�epoxy/epoxy�sliding�system,�a�multi�

scale�approach� is�developed.� Firstly,� a�macroscopic� approach� is�used.� Several�parameters,�

such�as�mass�loss�and�corresponding�wear�rate,�evolution�of�friction�during�each�cycle�and�

throughout� the� whole� test� and� dissipated� frictional� energy� are� investigated� within� this�

framework.�Secondly,�this�is�followed�by�a�detailed�wear�mechanism�expertise�based�on�the�

microscopic�observations�of�worn�surfaces�after�gradually�increased�test�durations�in�order�

to�identify�the�wear�mechanisms�and�consecutive�surface�evolution.�

3.1. Wear law 

In�order�to�measure�the�mass�loss,�all�samples�were�weighed�before�and�after�each�test.�

The�mass� losses�of� track�and�slider�are�plotted�as�a� function�of� their� respective�kinematic�

lengths�under�four�sliding�conditions�in�Fig.�2�(a,�b).�In�this�plot�and�in�other�plots�hereafter,�

each�point�represents�the�result�of�one�experiment.�The�increase�of�the�mass�loss��M�with�

the�kinematic�length�Lk�is�roughly�linear�for�all�tested�conditions.�This�linear�dependency�can�

be�defined�using�one�of�the�following�ways�

�

��  ! � "��� � #$�� � #�$	
��� (7)�

�

where�W� is�the�wear�rate,� i.e.�volume�loss�per�distance�unity;�Ws� is�the�specific�wear�rate,�

i.e.�wear�rate�per�normal�load�unity,�and���is�the�epoxy�density.��

� � � �2kt cycleL bl b l N� � �
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The�slope�value�aw,�i.e.�the�rate�of�wear,�differs�between�the�sliders�and�the�tracks�issued�

from�the�same�experiment.�While�the�slope�of�the�former�varies�from�0.2�to�1.5�mg/m�for�

the�less�and�the�most�severe�conditions�respectively,�the�similar�conditions�cause�a�variation�

of�aw�for�the�track�from�0.3�to�2.2�mg/m.�It�is�noteworthy,�that�‘HighVFN’�conditions�produce�

considerably�higher�mass�loss,�than�other�three�conditions.��

The� observed� linear� dependence� appears� to� be� in� agreement�with� Archard's� empirical�

wear� law� Eq.� (1)� postulated� for�metallic� surfaces� under� plastic� deformations.� In� order� to�

compare�measured�wear�loss�with�the�literature,�the�slope�values,�aw,�are�reduced�by�epoxy�

density.� Average�wear� coefficients,�wear� rates� and� specific�wear� rates� of� slider� and� track�

measured� under� each� of� four� sliding� conditions� are� reported� in� Table� 3.� All� wear�

characteristics�tend�to�increase�with�the�severity�of�tribological�conditions�for�both�samples�

separately� and� for� their� couple.� Nevertheless,� it� is� noteworthy� that� the� wear� coefficient�

differs�for�the�slider�and�the�track,�even�under�the�same�tribological�conditions.�This�seems�

to� indicate� that� both� parts� (slider� and� track)� undergo� different� thermo�mechanical� stress�

and�therefore�exhibit�a�distinct�wear�response.�

An�experimental�study�[19]�performed�on�several�frictional�couples�suggests�that�there�is�

no�significant�difference�between�wear�coefficients�and�rates�of�a�couple�of�identical�metals�

and� the�epoxy/epoxy�couple�presented�here.�However,� it� is� important� to�emphasize,� that�

although�the� increase�of�the�mass� loss�with�the�kinematic� length� is� linear,�as�predicted�by�

the�Archard�model,�the�wear�coefficient�reported�in�this�study�depends�on�the�normal�load�

and�the�velocity�arguing�against�the�above�model.�This�may�be�due�to�viscoelastic�nature�of�

the�polymer�and�contact�deformations�that�are�not�purely�plastic�as�specified�by�Archard’s�

hypothesis.��



11�
�

In�order� to�verify�this,� the�plasticity� index���was�calculated�for�unworn�epoxy�surfaces�

using�the�values�of�hardness,�elastic�modulus�and�root�mean�square�roughness�parameter�

presented�in�Section�2.1.�This�analysis�showed�that�contact�deformations�are�plastic�when�

the�asperity�radius� is� less� than�21�μm.�Mean�radius�of�surface�asperities�of�unworn�epoxy�

surface�determined� from�measured�roughness�profiles� is�equal� to�10±4�μm.� It� is�expected�

that�local�asperity�radii�would�grow�due�to�material�transfer�from�one�surface�to�another.�In�

that�case,�the�deformations�would�become�elastic,�dominating�wear�mechanism�would�be�

fatigue�and�the�wear�rate�would�be�correlated�with�the�rate�of�fatigue�crack�growth,�instead�

of�material�hardness�as�by�Archard’s�law.���

3.2. Friction maps 

Friction�and�normal�forces�are�continuously�measured�during�the�experiment.�Since�the�

normal�force�remains�roughly�constant�at�either�20�or�50�N,�as�illustrated�in�Fig.�1,�Coulomb�

friction�coefficient�can�be�calculated�for�each�point�of� the�track.�The�relative�symmetry�of�

the� friction� values� between� back� and� forth� passes,� which� can� also� be� seen� from� Fig.� 1,�

makes� possible� to� calculate� an� average� value� for� each� position.� An� example� of� Coulomb�

friction�coefficients�for�a�range�of�tribological�conditions�during�an�experiment�of�500�cycles�

is�presented�in�the�form�of�friction�maps�in�Fig.�3�(a�d),�where�sliding�position�and�number�of�

cycle�are�defined�on�x��and�y�axes,�respectively,�and�the�friction�coefficient�is�represented�by�

colour.�

As�shown�in�Fig.�3�(a),�friction�remains�absolutely�stable�during�the�experiment�under�low�

speed�and�normal�force.�An�increase�of�the�normal�force�to�50�N�(see�Fig.�3�(b))�leads�to�a�

rather�low�friction�coefficient�during�the�first�50�cycles�while�it�subsequently�increases�to�0.7�

and� then� remains� stable� until� the� end� of� experiment.� Unfortunately,� an� increase� of� the�
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sliding�velocity�provoked�the�oscillations�of�the�friction,�as�illustrated�in�Fig.�3�(c,�d).�This�is�

due�to�a�coupling�between�stick�slip�motions�at�the�interface�and�the�mechanical�response�

of�the�tribometer�under�high�testing�frequency.�The�frequency�of�these�oscillations�is�about�

156�Hz,�which�is�close�to�the�first�natural�frequency�of�the�rig�173.3�Hz.�The�authors�believe�

that� these� instabilities� do� not� significantly� affect� the� wear� mechanisms� produced� by� the�

sliding,�because�they�concern�both�solids� in�a�similar�manner.�An�average�value�of� friction�

coefficient�calculated�from�the�friction�maps�represents�well�these�experiments�because�of�

its�low�variation�with�the�experiment�duration.�For�instance,�its�value�stabilizes�near�0.6�0.7�

for� ‘HighV’� conditions,� as� seen� from� Fig.� 3� (c).� However,� under� the� highest� sliding� and�

loading� conditions,� the� mean� value� of� the� friction� coefficient� falls� after� 300� cycles� from�

approximately�0.7�to�0.6.�The�drop�of�the�friction�at�the�top�of�all�four�maps�(corresponding�

to�the�maximum�amplitude�of�displacement�of�the�slider�over�the�track),�shown�by�the�blue�

colour,� is� probably� due� to� parallelism� imperfections� between� two� planes,� but� can� also�

illustrate�formation�and�evacuation�of�the�3rd�body.�

The� important� conclusion� from� these� friction� measurements� is� that� in� spite� of� small�

variations�during�each�pass,� the�average� friction� coefficient� is� roughly� independent�of� the�

applied�normal�force�and�the�velocity�in�the�considered�range�of�experimental�conditions.��

An� explanation� of� this� observation� lies� on� the� hypothesis� of� friction� governed� by�

interfacial�shear���and�local�contact�pressure�P�i.e.�the�polymer�hardness�H,�following�[20]:�

�

� % � %& � '( � %& � ')'�� � (8)�

�
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if�the�polymer�hardness�is�high.�The�friction�value�is�then�constant�and�corresponds�to�the�

shear�of�the�interfacial�layer.�Unfortunately,�this�hypothesis�cannot�be�verified�because�the�

interfacial�shear�stress�of�the�tested�material�is�unknown.���

3.3. Dissipated energy 

Friction� and�wear�processes�generate� frictional� energy�Ed,�which�dissipates� in� cracking,�

deformation,�heating�or�tribochemical�reactions.�It�is�usually�defined�as�

�

� �� � * 	�������+�,-./
& � (9)�

�

where�F(t)�is�the�frictional�force�as�a�function�of�time,�V(t)�is�the�sliding�speed�and�texp�is�

the�total�duration�of�the�frictional�experiment.�Taking�into�account�that�the�friction�is�rather�

stable�during�the�experiment,�as�seen�from�the�friction�maps�Fig.�3,�the�frictional�force�can�

be�considered�as�F(t)av�=��av�FN.�According,�to�Eq.�(9),� the�dissipated�energy� is�found�to�be�

proportional�to�the�kinematic�length�as�follows�

�

���� �� � 0 * 	�������+�12�
&


3435-
671 � 8�9	
����� (10)�

�
�The�experimental� results�are� shown� in� Fig.�4�as�a� function�of� the� slider�kinematic� length.�

They�clearly�show�the�linear�dependence�of�the�dissipated�energy�on�the�kinematic�length�in�

agreement� with� Eq.� (10).� Pearson’s� linear� correlation� coefficients� for� these� fittings� are�

between�0.96�and�0.995.�Their�linear�fitting�is�plotted�in�Fig.�4�by�dashed�lines�with�slopes�of�

11�N�and�24�N�approximately.� These�experimental� values�are� close� to� those�given�by� the�

relation��av�FN,�as�predicted�by�Eq.�(10).�
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The�energetic�approach�presented�in�the�introduction�is�adopted�here�to�characterize�the�

present� epoxy/epoxy� system.� Combining� Eq.� (10)� and� Eq.� (7)� allows� us� to� associate�wear�

with�frictional�dissipation�using�the�following�relation:�

�

� �� �
:;<=>
�?

 !�� (11)�

�

The� energy�mass� diagram� in� Fig.� 5� confirms� this� linear� dependence� between� frictional�

dissipated�energy�and�mass� loss.�Pearson’s� linear�correlation�coefficients� for� these� fittings�

are�0.55,�0.93,�0.97�and�0.93�for�four�tribological�conditions,�respectively.��

Eq.�(11)�can�be�written�as:�

�

� @�� � �&A !� (12)�

�

where��& � �@8�9	
 "�� �12A.�

This�equation�provides�an�explanation�of�the�apparent�evolution�of�the�wear�coefficients�

with�the�normal�load�and�sliding�velocity�as�seen�in�Table�2.�Thus,�the�dissipated�energy�can�

then� be� interpreted� as� a� kinetic� energy.� According� to� our� experimental� results,� V0� varies�

between�1.6�km/s�and�12�km/s.�These�values,�which�are�in�good�agreement�with�the�slopes�

of�the�curves�in�Fig.�5�can�be�compared�to�that�of�sound�propagation�velocity�in�epoxy,�Vc,�

which�is�in�the�range�of�3�km/s�[21].�As�Vc�corresponds�to�crack�propagation�speed�in�fragile�

rupture�mode,�these�high�values�of�V0�suggests�that�the�mass�loss� is�due�to�different�wear�

mechanisms�according�to�tribological�conditions,�whether�V0�is�greater�than�Vc�or�not.��
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Apart� from�providing�a� relevant�wear� law,� this� approach� revealed�a� linear�dependency�

between� two� independently�measured�macroscopic� parameters,�mass� loss� and�dissipated�

energy.���

4. Experimental results: Surface observations 

The� macroscopic� approach� links� the� initial� and� final� polymer� state� by� a� quantitative�

characterization,� without� shedding� light� on� evolution� of� surface� state� during� the� sliding�

process.� The� processes� occurring�within� the� plane/plane� sliding� contact� are� very� complex�

and� require�very� careful�observations� to�be�made.� In� this� section,� the�authors�attempt� to�

retrace�the�history�of�the�sliding�contact,�based�on�the�micro�and�macro�observations�of�the�

surfaces.�For�this�purpose,�the�surfaces�of�both�contact�samples�after�rubbing�10,�100,�500�

and�1000�cycles�are�observed�through�an�optical�microscope�and�analysed.�First,�the�various�

types� of� wear� mechanisms� observed� at� microscale� are� listed� in� Section� 4.1,� followed� by�

further�remarks�about�the�overall�shape�of�worn�traces�in�Section�4.2.��

4.1. Wear mechanisms  

Only� few� grooves� are� observed�on� the� surfaces� of� both� epoxy� samples� after� 10� cycles�

under�all�applied�conditions.�Fig.�6�(a)�illustrates�an�example�of�such�grooves�observed�on�a�

track�surface�after�a� test�under� ‘HighFN’� conditions.�As�explained�by�previous�studies� [22],�

the� shape� of� worn� zone� borders� can� be� associated� to� the� ductility� or� brittleness� of� the�

deformed�material.�Therefore,�the�notched�borders�guide�the�assignation�of�the�groove�to�

the�one�or�the�other�type.�The�transition�between�ductile�and�brittle�grooves�is�function�of�

normal� and� tangential� forces,� shape�and� size�of� the� indenter,� visco�elasto�plastic� polymer�

properties� and� environmental� conditions� [23].� The� differences� in� groove� profile� and� top�

view�of�ductile�and�brittle�types�are�schematized�in�the�insets�of�Figs.�6�(a,�b).�The�grooves�
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shown� in� Fig.� 6� (a)� exhibit� side� ridges,�which� indicates� the�ductility� of� these� grooves.� The�

grooves� do� not� contain� any� trapped� wear� particles.� Thus,� we� suppose� that� they� are�

produced�either�by�hard� inclusions�or�by�hard�asperities�of�the�counter�body,� i.�e.�by�two�

body�abrasion.�The�detection�of�two�body�abrasion�between�two�bodies�of�similar�material�

is�surprising�at�first�sight.�This�can�be�explained�by�a�difference�of�kinematic�length�between�

the�track�and�the�slider:� the�asperities�of�both�solids�do�not�possess�similar� instantaneous�

hardness� due� to� thermo�mechanical� softening.� The� larger� and� deeper� grooves,� as� those�

produced�after�100�cycles�under�‘HighFN’�conditions�and�shown�in�Fig.�6�(b),�are�brittle.��

When� local� asperity� radii� grow� due� to� plastic� deformations,� the� two�body� abrasion�

mechanism� is� gradually� changing� to� fatigue� wear� due� to� elastic� deformations.� Initially,�

subsurface�cracks�are�formed�due�to�multiple�passage�of�conterface�asperities.�When�these�

cracks� reach� the� surface,� they� induce� third�body� formation�by�detaching� large�bulk� areas.�

These�particle�then�produce�three�body�abrasion�in�both�contacting�bodies.��

Figs.�6�(c)�and�(d)�present�third�body�particles,�i.e.�worn�material�debris,�trapped�onto�the�

track� surface.� These� particles� were� created� and� grew� during� the� sliding� of� the� counter�

surface.�They�can�enlarge�and�deepen�the�groove,�as�in�Fig.�6�(c),�or�create�a�new�worn�zone,�

as�in�Fig.�6�(d).�A�smooth�bottom�and�borders�are�observed�in�the�groove�indicating�that�the�

polymer�has�probably�yielded.��

A� qualitatively�different� set� of� worn� surface� phenomena� that� are� observed� on� a� track�

surface�after�the�tests�under�‘HighV’�conditions�is�shown�in�Figs.�7�(a�d).�The�location�of�each�

observed�area�on�the�track�surface�is�schematized�in�top�left�corner�of�each�image.�Adhesive�

forces� grow� under� higher� normal� loads� and� produce� higher� damage� to� both� surfaces.� A�

material�pull�out,�which� is�believed�to�be�a�consequence�of�high�adhesion,� is�presented� in�

Fig.�7�(a).�The�tears,�observed�in�Fig.�7�(b)�are�typical�for�wear�of�elastomers�under�repeated�
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sliding� friction� [24].� The� presence� of� these� tears� suggests� that� high� dynamic� loading� has�

transformed�the�cross�linked�epoxy�into�the�rubber�state.��

Moreover,� the� similar� nature� of� both� contact� samples� and� the� severe� tribological�

conditions�favour�polymer�transfer�between�the�surfaces.�This�process� is� illustrated�by�the�

adherence�of� compacted�wear�debris� trapped� into� the� track� surface�as� in�Fig.�7� (c)�or� the�

general�raise�of�deformed�worn�zone�borders,�as�it�is�emphasized�on�Fig.�7�(d).�

4.2. Two groups of worn surfaces 

After�the�tests�of�100,�500�and�1000�cycles,�all�worn�surfaces�are�clearly�distinguishable�

and�can�be�classified�into�two�types�of�wear.�The�examples�of�slider�and�track�couples,�worn�

accordingly�to�these�two�types�are�given�in�Figs.�8�and�9.�In�both�examples,�the�width�of�the�

track� and� slider�worn� surfaces� are� similar� showing� that�damage�occurs� simultaneously�on�

both�surfaces.�The�slider�surface�is�not�entirely�worn�probably�due�to�initial�non�parallelism�

between� the� two�planes.�The� length�of� the� track�worn�zone� is�consistent�with� the�central�

zone�of�maximal�kinematic�length,�see�Fig.�1.�The�track�surface�profile�along�the�blue�arrow�

is�shown�over�the�worn�zone�picture�in�Figs.�8,�9.�

Type� 1.� Fig.� 8� illustrates� a� couple� of� slider� and� track� surfaces� after� 500� cycles� under�

‘LowVFN’� conditions.�The� track�worn�zone�contains�several� individual�macroscopic�grooves�

forming�a�bigger�one� in�the�middle�zone.�The�small�quantity�of�matter�piles�up�on�several�

worn�zone�borders�of�both�slider�and�track,�but�the�borders�are�distinct.�The�worn�surface�

midline� is�deeper� than�the� initial�surface.�The�worn�zones�of�both�solids�are�covered�with�

the� third� body� formed� into� rolls� perpendicular� to� the� sliding� direction.� These� wear�

morphological�characteristics�are�observed�at�low�velocity�(here�20�mm/s),�independently�of�

the�normal�load�and�of�the�number�of�cycles�(above�100�cycles).�
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Type�2.�Worn�surfaces�after�the�500�cycles�test�under�‘HighV’�conditions�are�shown�in�Fig.�

9.� The� worn� zones� look� fundamentally� different� compared� to� those� in� Fig.� 8.� A� surface�

profile�taken�along�the�track�worn�zone�reveals�that�its�surface�level�is�raised�with�respect�to�

the� initial� surface�as� illustrated�by� the�worn� zone�border� in� Fig.� 7� (d).�A�part�of�matter� is�

collected�and�trapped�on�the�left�side�of�the�worn�zone�as�in�Fig.�7�(c),�while�the�dark�black�

areas� correspond� to�deep�hollows.� Small� tears�perpendicular� to� the� sliding�direction�as� in�

Fig.�7� (b)�are�observed�close� to� the�middle�of� the� track�worn�zone.�A�closer� look� to� some�

track� sample� surfaces� worn� by� this� type� reveals� local� colour� changes� to� more� or� less�

yellowish� or� brownish� colours.� The� slider� worn� surface� is� similar� to� that� of� the� track�

presenting� the� black� hollows,� perpendicular� tears� and� smooth� lower� border.� Similarly� to�

previous� type� 1,� this� wear� morphology� obtained� at� high� velocity� (here� 120� mm/s)� is�

independent�of�the�normal�load�and�of�the�number�of�cycles�(above�100).��

Due�to�the�experimental�difficulties�to�create�absolutely�parallel�sliding�motion�between�

two�plane� samples�under�a� constant�normal� load,� the�contact�area�may�vary�dramatically�

between�the�tests.�Therefore,�it� is�difficult�to�identify�the�conditions�of�transition�between�

the� several� grooves� wear� morphology� and� one� of� the� discussed� wear� zone� types.�

Nevertheless,� these� experiments� reveal� that� this� transition� occurs� between� 10� and� 100�

cycles�in�all�cases.�

5. Discussions 

It� seems� logical� to� suppose� that� the� range�of�polymer� transformations�observed�under�

different� tribological� conditions� is� related�with� the�dissipated� frictional� energy.� Therefore,�

this� section� starts� by� linking� the� amount� of� dissipated� energy� with� the� surface� area� of�

damaged� polymer.� The� most� important� mechanism� of� energy� dissipation� responsible� for�
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polymer� state� change� is� contact� heating.� The� authors� estimate� and� discuss� contact�

temperature� increase,� which� is� directly� related� to� applied� load� and� sliding� speed.�

Furthermore,� a� possible� change� in� mechanical� properties� or� chemical� structure� in� the�

polymer�undergoing�severe�deformations�and�transformations�is�analysed�and�discussed.�

5.1. Energy dissipation in increase of worn zone 

Firstly,� the� macroscopic� photos� of� all� worn� track� samples� are� treated� with� ImageJ�

software�in�order�to�measure�their�worn�areas.�The�damaged�surface�area�Aw� is�estimated�

after� this� image� treatment,�as� it� is� shown� in�Fig.�10.�All� visually�detected� types�of� surface�

damage�and�plastic�deformation�are�considered�to�be�inside�the�worn�area.�

The� results� of� this� analysis� are� plotted� for� all� experiments� under� four� tribological�

conditions� in�Fig.�11.�Two�regions�are�clearly�distinguished�on�this�diagram:�the� initial� fast�

growth�of�the�worn�area�with�slow�increase�of�the�frictional�energy�until�approximately�Aw�=�

100� mm2,� followed� by� a� faster� growth� of� the� track� worn� area� associated� with� a� severe�

increase� in�dissipated�energy.�With� little�difference� in� the�slope,� the� initial� linear�region� is�

relevant� to�all� tested� tribological�conditions.�The�approximate�rate�of�dissipated�energy� in�

this� zone� is� 0.5� J/mm2.� As� it� was� concluded� from� the� surface� observations,� this� region� is�

characterized� by� the� appearance� and� increase� of� the� number� of� individual� grooves.� This�

region�corresponds�essentially�to�abrasion�producing�the�grooves�as�presented�in�Fig.�6�(a,�

b).��

From�the�second�region�of�this�diagram�and�our�surface�observations,�we�can�conclude�

that� when� the� worn� area� becomes� larger,� other� wear� mechanisms� interfere.� When� the�

maximal�damaged�area� is� reached,� the� frictional�process� continues� to�dissipate�energy�by�

surface� heating� and� possible� two� or� three�body� abrasion,� adhesive� or� fatigue� wear� and�
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thermal� transformation.� If� the� first� region� is� rather� independent� of� the� tribological�

conditions,�the�second�region�seems�to�indicate�a�strong�dependence�of�dissipated�energy�

rate�and�associated�wear�mechanisms�on�applied�load�and�sliding�speed.��

5.2. Energy dissipation in heating 

Relative�motion�between�two�bodies�produces�a�work�against�frictional�forces,�which�is�

mostly� dissipated� in� heating� of� contact� zone.� Arising� from� real� contact� regions,� the� heat�

propagates� into�subsurface�regions�and�creates�temperature�gradients.�Unfortunately,� the�

temperatures�within�the�contact�are�very�difficult� to�measure.�However,� they�are�of�great�

importance� because� they� can� initiate� chemical� reactions� or� induce� polymer� state�

transformation�or�even�degradation�[25].��

In�order� to� estimate� temperature�gradients,� contact� temperatures�and�partition�of� the�

generated�heat�between�two�bodies,� the�Archard� [26],�Blok� [27]�and�Jaeger�[28]� theory� is�

used.�A�contact�of�a�moving�and�a�stationary�body�is�considered.�The�average�value�of�the�

quantity�of�generated�frictional�heat�q�per�surface�unity�and�time�unity�is�given�by�

�

� �� (13)�

where� Ar� is� the� real� contact� area.� The� real� contact� temperature� is� the� sum� of� bulk�

temperature��b,�which�is�ambient�in�this�case,�and�flash�temperature�rise���:�

�
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This�quantity�of�heat�is�distributed�between�two�bodies�differently.�Indeed,�the�problem�

is�not�symmetrical;� the�heat�source� is�stationary� for� the�moving�slider�and�moving� for� the�

stationary�track.�Thus,�the�coefficient�of�heat�partition���is�introduced.��

The� heat� source� is� stationary� for� the� slider.� Therefore,� its� temperature� gradient� is�

calculated�simply�by�the�following�equation�

�

� � (15)�

�

where�b�is�the�characteristic�length�of�the�contact�and�ksl�is�the�thermal�conductivity.��

For�the�track,�the�heat�source�is�moving,�and�the�temperature�gradient�depends�on�the�

ratio� between� the� contact� time� for� the� heat� source� tc� =� b/Vsl� and� the� time� of� the�

temperature� propagation� in� the� track� volume� td� =� b2/4	tr.� In� these� relations,� Vsl� is� the�

velocity� of� the� slider,� 	tr� is� the� thermal� diffusivity� of� the� track� material.� This� ratio� is�

introduced�by�the�Peclet�number�LP�as�following�

�

� � (16)�

�
The� value� of� this� non�dimensional� speed� criterion� gives� an� estimate� of� the� heat�

propagation�profile.�The�temperature�rise�for�the�stationary�track�is�given�by�

�
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Due�to�the�equality�of�the�track�and�slider�surface�temperature�in�the�contact�and�as�the�

two�material�are�the�same,�the�coefficient�of�partition�is�calculated�as�following�

�

� B � 1
ACDAE/

�� (18)�

�

Considering�the�average�sliding�velocity�Vm1�=�20�mm/s�and�Vm2�=�120�mm/s,�half�contact�

width�b/2�=�3.10�3�m�and�thermal�properties�of�epoxy�given�in�Table�1,�we�obtain�the�Peclet�

numbers�of�LP1�=�177�and�LP2�=�1059.�Both�these�numbers�are�very�high,�indicating�a�shallow�

heat�propagation�profile�and�high�contact�temperatures.�

�Coefficient�of�heat�distribution�between�two�solids�is�equal�to��1�=�0.05�for�‘LowVFN’�and�

‘HighV’�conditions�and��2�=�0.02�for�‘HighFN’�and�‘HighVFN’�conditions.�This�means�that�only�

5� and� 2� %� of� heat� is� conducted� through� the� slider� under� sliding� velocities� V1� and� V2,�

respectively.�Therefore,�the�temperature�gradient�propagated�into�the�track�is�much�higher.�

On�the�contrary,�the�temperature�gradient�of�the�slider�is�very�low,�and�the�temperature�is�

ambient�
b�in�the�subsurface�layers�of�the�slider.��

In� order� to� calculate� the� contact� temperature,� the� knowledge� of� real� contact� area� is�

mandatory� as� specified�by� Eq.� (13).� Its� value� is� not� only�unknown,� but� varies� significantly�

during� the� sliding� process.� At� the� beginning,� it� can� be� considered� as� a� multiple� asperity�

contact,�whose�area�quickly�grows�as�wear�occurs.�Further�real�area�estimate�is�difficult�due�

to�the�continuous�repetitive�third�body�formation�and�evacuation�from�the�contact.�For�the�

temperature�estimate,�two�limit�values�for�the�real�contact�area�are�considered.�The�upper�

limit� is� given� by� the� apparent� surface� area� of� the� slider,� while� for� the� lower� limit,� the�

Bowden� and� Tabor� [29]� formula� Ar� =� FN/H� based� on� the� hypothesis� of� fully� plasticized�
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contact�is�used.�The�real�plasticized�contact�area�under�given�experimental�conditions�is�Ar�=�

8.8�×10�8�m2�for�FN�=�20�N,�and�Ar�=�19.5×10�8�m2�for�FN�=�50�N.��

The� summary�of� relative�average� temperature� rises� for� all� tests� under� four� tribological�

conditions�as�a�function�of�the�slider�kinematic�length�is�presented�in�Fig.�12.�For�both�real�

area� limits,� this� graph� indicates� two� phases� of� temperature� rise.� The� first� cycles� of� fast�

temperature�increase�represent�a�run�in�period�and�correspond�to�the�sliding�area�increase�

and�a�third�body�formation.�This� is�coherent�with�the� initial� increase�of� friction�coefficient�

observed�on�the�friction�maps�Fig.�3.�The�second�region�is�presented�by�the�stabilized�value�

of� the� temperature� rise� observed� under� all� conditions.� It� is� noteworthy,� that� the�

temperature� rise� is� generally� higher� for� the� faster� sliding� velocities� by� both� estimate�

processes.��

Although�the�real�flash�temperature�rises�are�unknown�due�to�the�lack�of�knowledge�of�

real� contact� areas,� they� should� be� somewhere� between� the� values� calculated� with� two�

limiting�real�area�assumptions.�The�values�of�temperature�rise�calculated�with�Ar2�are�very�

high�for�all�conditions.�Taking�into�account�that�the�glass�transition�temperature�of�epoxy�is�

below�100�oC,�such�temperature�rises�along�with�the�dynamical�loading�certainly�change�the�

polymer�state�to�rubber�like�at�least�locally.��

In�order�to�study�epoxy�thermal�degradation,�small�epoxy�chunks�cut�from�the�edge�of�a�

tested� sample� were� heated� at� various� temperatures.� While� a� colour� change� from�

transparent�to�yellow�was�observed�in�the�sample�heated�up�to�250�oC,�the�heating�of�the�

epoxy�up� to�300� oC� transformed� it� into�dark�brown.�Finally,�350� oC�severely�degraded� the�

epoxy�sample.�As� it�was�mentioned�above,�slight�colour�changes�were�observed� locally�on�

the�surfaces�worn�under�high�sliding�speed�conditions.�These�observations�confirm�that�local�
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heating�could�probably�reach�at�least�250�oC,�which�is�considerably�higher�than�epoxy�glass�

transition,�and�transform�the�polymer�to�rubber�like�state.�

5.3. Change of chemical or mechanical properties in the worn zone? 

The� presented� analysis� suggests� local� polymer� state� transformation� under� high� sliding�

speed.� To� verify� if� applied� loading� has� changed� the� chemical� organization� or� mechanical�

properties�of�the�epoxy�in�the�worn�zone,�several�experimental�techniques�were�applied�by�

the�authors.��

A.�Chateauminois�and�B.J.�Briscoe�[15]�used�the�nanoindentation�technique�to�evaluate�

the�mechanical�properties�of�PMMA�wear�debris�formed�during�fretting�wear�against�steel�

ball.� These� authors� found� almost� no�difference�between�hardness� and� Young�modulus� of�

the�PMMA�debris�and� those�of�undeformed�PMMA.�We�believe� that�unlike� thermoplastic�

PMMA,�thermosetting�epoxy�probably�modified�its�mechanical�characteristic�because�of�the�

state�transformations�observed�above.�However,�the�curved�surface�of�the�deformed�worn�

zone� and� highly� adhesive� debris� did� not� permit� any� trustworthy� nanoindentation�

measurements�of�local�surface�mechanical�properties.�

An�X�ray�Photoelectron�Spectroscopy� (XPS)�analysis�was�performed�at� several� locations�

inside�and�outside�the�worn�zone�of�the�track�sample�presented�in�Fig.�9.�This�spectrometry�

technique�gives�information�about�the�chemical�environment�of�atoms�at�the�surface.�In�our�

case,�C1s,�O1s�and�N1s�were�investigated.�This�analysis�performed�on�worn�and�virgin�epoxy�

reveals�that�there�is�no�significant�difference�between�the�two.��

An� ATR�InfraRed� spectroscopic� analysis� was� also� carried� out� on� the� sample� surfaces�

before�and�after�sliding�for�various�experimental�conditions.�The�most�relevant�parts�of�the�

spectra�of�virgin�epoxy�sample�and�worn�zones�of�track�and�slider�samples�are�shown�in�Fig.�
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13.�The�first�observation�that�can�be�made�is�that�peak�intensity� is�smaller�for�worn�epoxy�

than�that�detected�for�virgin�epoxy.�This�might�be�interpreted�as�a�loss�of�motion�ability�of�

the�chemical�bonds�due�to�sliding.�Compared�to�virgin�epoxy,�the�spectrum�obtained�for�the�

slider�surface�under�‘lowVFN‘�conditions�after�1000�cycles�displays�no�vibration�wavelength�

at� 784,� 740� and� 699� cm�1.� The� spectrum� obtained� for� the� slider� surface� under� ‘HighFN’�

condition�after�500�cycles�is�similar.�In�addition,�a�low�intensity�peak�appears�at�1647�cm�1.�

The�antagonist� track�surface�only�differs� from�the�slider�one�by�exhibiting�a�more�marked�

peak�at�1647�cm�1.�The�loss�of�the�vibration�wavelength�at�740�cm�1�(symmetric�out�of�plane�

bending� of� the� ring� hydrogen),� at� 699� cm�1� (out�of�plane� ring� bend),� and� at� 784� cm�1�

(aromatic�out�of�plane�vibration�of�C�H�bend),�might� reflect�an� increase� in�stiffness�of� the�

molecular�network.�This�effect,�accompanied�by�the�appearance�of�a�new�peak�at�1647�cm�1,�

probably�corresponding�to�the�stretch�mode�of�a�double�C�bond,�under�50�N,�demonstrates�

the� influence�of� the�experimental�conditions�on�the�wear�modes.�Finally,� this�new�peak� is�

more�marked�for�the�track�surface�than�for�the�slider�surface,�confirming�the�fact�that�local�

heating�is�more�intense�and�that�the�temperature�gradient�is�much�higher�in�the�fixed�track.�

Nevertheless,�this�analysis�would�require�further�dedicated�investigation.�

6. Conclusions 

An�analysis�of�wear�mechanisms�and�associated�energy�dissipation�in�mass�loss,� friction�

and�surface�damage�by�viscoelastic,�plastic�deformations�and�state�transition�and�chemical�

transformation� due� to� heating,� relevant� for� the� sliding� contact� between� two� solid� epoxy�

plane� samples� is�proposed� in� this�work.� To� conclude� this�work,�a�wear� retrospective�with�

two�scenarios�of�surface�damage�evaluation�and�wear�history�is�summarized�in�Fig.�14.�Both�

scenarios� start� with� two�body� abrasion� and� then� develop� into� one� of� two� branches� as� a�
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number� of� sliding� cycles� increases.� The� following� deformations� are� associated� with� the�

second�region�of�diagram�in�Fig.�11,�where�various�wear�mechanisms�interfere.�

Scenario�1.�The�Three�body�abrasion�scenario�is�characterized�by�the�presence�of�micro�

or�macro�grooves�on�the�worn�surfaces,�see�Fig.�6�(a�d)�and�the�absence�of�material�transfer.�

The�majority�of�wear�debris�is�evacuated�from�the�contact,�while�the�remaining�part�slides�

or� rolls� inside� the� moving� contact� and� entails� the� deepening� of� wear� grooves� by� the�

detachment�of�new�wear�debris� from�their�bottom�and�borders.�A�secondary�effect� is� the�

polishing�of�the�surfaces�outside�the�grooves�by�the�third�body�rolls.�A�typical�worn�surface�

of�track�that�underwent�the�deformations�by�this�scenario�is�described�as�Type�1�and�shown�

in�Fig.�8.�This�scenario�occurs�under�low�sliding�velocity�for�both�normal�loads.�

Scenario� 2.� The� Adhesion/Thermal� scenario� is� characterized� by� two� associated�

mechanisms:� thermal� deformation� and� adhesion.� Thermal� deformation� is� expressed� in� a�

adhesion�of�the�compacted�material�to�the�track�surface,�see�Fig.�7�(c),�and�its�transfer�from�

the�slider�to�the�track�as�illustrated�in�Fig.�9.�High�adhesion�results� in�the�material�pull�out�

and� in� small� tears� perpendicular� to� the� sliding� direction,� see� Fig.� 7� (a,� b).� Under� higher�

sliding�velocity,�wear�debris�detached�from�the�slider�are�not�evacuated�from�the�contact,�

but�softened�and�adhere�to�the�track�surface,�elevating�the�track�surface�midline.�In�parallel�

with�this�transfer�process,�the�contact�temperature�increases�as�illustrated�in�Fig.�12.�Some�

part�of�material�is�pulled�out�from�the�track�surface,�pushed�by�the�slider�to�the�track�worn�

area� borders� and� remains� there� as� compacted� wear� debris.� A� typical� example� of� track�

surface�damaged�according�to�this�scenario�is�described�as�Type�2�and�given� in�Fig.�9.�This�

scenario� is� generally� observed� for� the� track� and� slider� samples� under� high� velocity,�

independently�of�normal�load�value.�



27�
�

The� authors� believe� that� the� key� difference� distinguishing� two� scenarios� is� the� heat�

involved�deformation�in�the�surface�and�sub�surface�layers�of�the�polymer.�This�hypothesis�

is� in� agreement�with� the� contact� temperature� rise� and� its� gradient� in� the� track� samples.�

These�calculations� reveal� that�higher� velocity� causes�higher� contact� temperature,� and� the�

largest� part� of� this� frictional� heat� (95�98� %)� is� dissipated� into� the� track� sample.� Higher�

temperatures�exceed�the�polymer�glass�temperature.�This,�along�with�the�dynamic�loading,�

causes�softening�of�the�thermosetting�polymer�and�shifts�it�into�rubber�like�state.�

Acknowledgements 

The� authors� are� very� grateful� to� Dr� Anne� Rubin� from� ICS� Strasbourg� for� the�

nanoindentation�measurements,�to�Mr�Thierry�Le�Mogne�from�LTDS�for�XPS�measurements,�

to�Mr�Bernard�Beaugiraud�from�LTDS�for�IR�measurements,�to�Dr�Alain�Le�Bot�from�LTDS�and�

Prof.�Boris�Sarbaev�from�Bauman�Moscow�State�Technical�University�for�their�participation�

to�the�project.�

�

References 

FGH� IJKLMJN� OPQ� RSTUMKU� MTN� JVWWXTY� SZ� Z[MU� \VJZMK]\Q� OSVJTM[� SZ� I^^[X]N� _L`\XK\Q�

Ga�bc@deafGgfQ�

F@H�hLMiLjSJS\USj�kl�_mL[nMTT�ol�hKL]JY]�pQ�IT�]T]JY]UXK�M^^JSMKL�US� ZJXKUXSTl�q]MJ�

MTN�U]n^]JMUVJ]Q�r]MJQ�@ssdc@�teG@dgbsQ�

FbH� uMnM[LS� Il�pXJMTNM� ORQ� vL]� J][MUXST\LX^� W]Uq]]T�q]MJ� MTN� NX\\X^MU]N� ]T]JY`� XT�

\[XNXTY�\`\U]n\Q�r]MJQ�@ss�c@�seb�GgtQ�

FdH�PSVjJ`�hl�oM^\M�_Q�IT�]T]JY`�N]\KJX^UXST�SZ�LMJN�KSMUXTY�q]MJ�n]KLMTX\n\Q�hVJZMK]�

MTN�RSMUXTY\�v]KLTS[SY`Q�@ssGcGbfeGdGgfQ�



28�
�

F�H�PSVjJ`�hl�oM^\M�_l�wMLSVMTX�xl�yXTK]TU�zQ�r]MJ�MTM[`\X\�XT�ZJ]UUXTY�SZ�LMJN�KSMUXTY\�

ULJSVYL�M�NX\\X^MU]N�]T]JY`�KSTK]^UQ�r]MJQ�Gaatc@sbg@sdebabgdsbQ�

F�H�PSVjJ`�hl�zX\iX]qXK{�vl�oM^\M�_l�xMTT][�hl�hMVY]J�|Q�IT�]T]JY`�N]\KJX^UXST�SZ�q]MJ�

n]KLMTX\n\�MTN�XU\�M^^[XKMUXST\�US�S\KX[[MUXTY�\[XNXTY�KSTUMKU\Q�r]MJQ�@ssbc@��e@ftgafQ�

FtH� xV}� pwl� R][X\� O_Q� |~^J]\\XTY� q]MJ� JMU]� XT� \[XNXTY� KSTUMKU\� WM\]N� ST� NX\\X^MU]N�

]T]JY`Q�r]MJQ�@ss@c@�@ebt�gfbQ�

FfH� IYLNMn� I�l� oLST\MJX� ppQ� �T� UL]� KSJJ][MUXST� W]Uq]]T� q]MJ� MTN� ]TUJS^`� XT� NJ`�

\[XNXTY�KSTUMKUQ�r]MJQ�@sGGc@tsetfGgasQ�

FaH� IYLNMn� I�l� oLST\MJX� ppQ� _J]NXKUXST� SZ� r]MJ� XT� u]KX^JSKMUXTY� kJ`� h[XNXTY� jXM�

kX\\X^MU]N�|T]JY`�MTN�v]n^]JMUVJ]�uX\]Q�vJXWS[SY`�z]UU]J\Q�@sGbc�seb��gtfQ�

FGsH�RS[M�S�ul��X\^]JU�p_l�h]JJS�I_l�hMJMnMYS��Q�IT�]T]JY`gWM\]N�nSN][�ZSJ�UL]�q]MJ�SZ�

�xpr_|Q�vJXWS[SY`�z]UU]J\Q�@sstc@�eGGag@dQ�

FGGH� �]JXTY]J� Ol� PSJ]\U� �l� RSnWJMN]� _Q�r]MJ� SZ� ^S[`� �n]UL`[�n]ULMKJ`[MU]�� MYMXT\U� M�

n]UM[[XK�\VJZMK]�XT�NJ`�KSTNXUXST\Q�_S[`n]J�|TYXT]]JXTY�MTN�hKX]TK]Q�@sstcdte�bbgdfQ�

FG@H��JX\KS]��Ol�RLMU]MVnXTSX\�Il�zXTN[]`�vRl�_MJ\STMY]�kQ�PJ]UUXTY�q]MJ�W]LMjXSVJ�SZ�

^S[`n]UL`[n]ULMKJ`[MU]� VTN]J� [XT]MJ� nSUXST\� MTN� USJ\XSTM[� KSTUMKU� KSTNXUXST\Q�

vJXWS[SY`��TU]JTMUXSTM[Q�GaafcbGetsGgGGQ�

FGbH� oJXKL]T� Il� �JMNMX� Rl� RLMU]MVnXTSX\� Il� oLMJJMU� pQ� hVJZMK]� NMnMY]� SZ�

^S[`�n]UL`[n]ULMKJ`[MU]��VTN]J�ZJ]UUXTY�[SMNXTYQ�r]MJQ�Gaaac@bseGd�g��Q�

FGdH�v]TY�Ol�hMUS�oQ��T�\XUV�SW\]JjMUXST\�SZ�ZJ]UUXTY�q]MJ�W]LMjXSJ�XT�_ppI2\U]][�nSN][Q�

pMU]JXM[\�MTN�k]\XYTQ�@ssdc@�edtGgfQ�

FG�H�RLMU]MVnXTSX\�Il��JX\KS]��OQ��MTSgJL]S[SYXKM[�^JS^]JUX]\�SZ�^S[`n]JXK�ULXJN�WSNX]\�

Y]T]JMU]N� qXULXT� ZJ]UUXTY� KSTUMKU\Q� hVJZMK]� MTN� RSMUXTY\� v]KLTS[SY`Q� @ssbcG�bg

G�dedb�gdbQ�



29�
�

FG�H�kVWSVJY�pRl�RLMU]MVnXTSX\�Il�yX[[]KLMX\]��Q��T�\XUV�MTM[`\X\�MTN�nSN][XTY�SZ�KJMKi�

XTXUXMUXST� MTN� ^JS^MYMUXST� qXULXT� nSN][� ZJ]UUXTY� KSTUMKU\� V\XTY� ^S[`n]J� nMU]JXM[\Q�

vJXWS[SY`��TU]JTMUXSTM[Q�@ssbcb�eGsagGaQ�

FGtH� �[Xj]J�rRl� _LMJJ� �pQ� �n^JSj]N� U]KLTX}V]� ZSJ� N]U]JnXTXTY� LMJNT]\\� MTN� ][M\UXK�

nSNV[V\� V\XTY� [SMN� MTN� NX\^[MK]n]TU� \]T\XTY� XTN]TUMUXST� ]~^]JXn]TU\Q� OSVJTM[� SZ�

pMU]JXM[\�u]\]MJKLQ�Gaa@cteG��dgfsQ�

FGfH� �VXW]JU� pl� �MV[]MV� �� ]U� M[Q� RSTK]^UXST� ]U� J�M[X\MUXST� N�VT� UJXWSn]UJ]� M[U]JTMUXZ�

[XT�MXJ]Q�vJXWS[SYX]�]U�KSV^[MY]�nV[UX^L`\X}V]\�g�O�Pv�@ss�l�zX[[]l�PJMTK]Q��

FGaH� IJKLMJN� OPl� xXJ\U� rQ� vL]� r]MJ� SZ� p]UM[\� VTN]J� �T[VWJXKMU]N� RSTNXUXST\Q�

_JSK]]NXTY\� SZ� UL]� uS`M[� hSKX]U`� SZ� zSTNST� h]JX]\� I� pMUL]nMUXKM[� MTN� _L`\XKM[�

hKX]TK]\Q�Ga��c@b�ebatgdGsQ�

�F@sH� �JX\KS]� �Ol� vMWSJ� kQ� PJXKUXST� MTN� q]MJ� SZ� ^S[`n]J\e� UL]� JS[]� SZ� n]KLMTXKM[�

^JS^]JUX]\Q��JXUX\L�_S[`n]J�OSVJTM[Q�GatfcGsetdgfQ�

F@GH� �MJJ]UU� orl� uS\]TW]JY� xpQ� vL]� UL]JnM[� KSTNVKUXjXU`� SZ� ]^S~`gJ]\XT2^SqN]J�

KSn^S\XU]�nMU]JXM[\Q�OSVJTM[�SZ�_L`\XK\�k�e�I^^[X]N�_L`\XK\Q�GatdcteG@dtg�fQ�

F@@H� rX[[XMn\� OIQ� ITM[`UXKM[� nSN][\� SZ� \KJMUKL� LMJNT]\\Q� vJXWS[SY`� �TU]JTMUXSTM[Q�

Gaa�c@ae�t�gadQ�

F@bH��VXW]JUl�pQl��MV[]MVl��Q�]U�M[Qe�RSTK]^UXST�]U�J�M[X\MUXST�N�VT�UJXWSn]UJ]�M[U]JTMUXZ�

[XT�MXJ]Q�vJXWS[SYX]�]U�KSV^[MY]�nV[UX^L`\X}V]\�g�O�Pvl�zX[[]l�PJMTK]�@ss�Q�

F@dH� �JX\KS]� �Q� r]MJ� SZ� ^S[`n]J\e� MT� ]\\M`� ST� ZVTNMn]TUM[� M\^]KU\Q� vJXWS[SY`�

�TU]JTMUXSTM[Q�GafGcGde@bGgdbQ�

F@�H�o]TT]N`�P|l�vXMT��Q�vL]�|ZZ]KU�SZ��TU]JZMKXM[�v]n^]JMUVJ]�ST�PJXKUXST�MTN�r]MJ�SZ�

vL]JnS^[M\UXK\�XT�UL]�vL]JnM[�RSTUJS[�u]YXn]Q�GaadQ�^Q�@b�gddQ�

F@�H�IJKLMJN�OPQ�vL]�U]n^]JMUVJ]�SZ�JVWWXTY�\VJZMK]\Q�r]MJQ�Ga�ac@edbfg��Q�



30�
�

F@tH��[Sil�xQ��]T]JM[�NX\KV\\XST�ST�[VWJXKMUXST�MTN�[VWJXKMTU\Q��T\UQ�p]KLQ�|TYQ�zSTNST�

Gabtc@e@@@gb��

F@fH�OM]Y]J�ORQ��pSjXTY�\SVJK]\�SZ�L]MU�MTN�UL]�U]n^]JMUVJ]�MU�\[XNXTY�KSTUMKU\Q�_JSKQSZ�

UL]�uS`M[�hSKQ��hr�Gad@ct�e@sbg@d�

F@aH��SqN]T�P_l�vMWSJ�kQ�vL]�PJXKUXST�MTN�zVWJXKMUXST�SZ�hS[XN\e�R[MJ]TNST�_J]\\c�@ssGQ�

�

� �



31�
�

Table�1.�Physical�and�mechanical�properties�of�the�epoxy�resin�

Density��,�

kg/m3�

Thermal�

conductivity�

k,�W/m�K�

Specific�

heat�

capacity�

cp,�J/kg�K

Thermal�

diffusivity�

�,�m2/s�

Glass�

temperature,�

�C�

Elastic�

modulus,�

GPa�

Hardness,�

MPa�

1.1×103� 0.19� 1×103 0.17×10�6 68.8�±�0.2 4.5�±�0.1� 256.7�±�8

�

�

�

Table�2.�Applied�tribological�conditions�

Conditions� ‘LowVFN’ ‘HighV’ ‘HighFN’ ‘HighVFN’�

Normal�load�(FN),�N� 20� 20� 50� 50�

Average�apparent�contact�pressure�

(p),�MPa�

0.7� 0.7� 1.8� 1.8�

Sliding�distance�(l),�mm� 10 10 10 10�

Frequency�(f),�Hz� 1 6 1 6�

Average�sliding�velocity�(Vm),�mm/s� 20� 120� 20� 120�

Max�sliding�velocity�(Vmax),�mm/s� 30� 170� 30� 170�

�

�

�

�

�

�

�
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Table�3.�Wear�volume�loss�characteristics�

Conditions� ‘LowVFN’ ‘HighV’ ‘HighFN’ ‘HighVFN’�

Slider/Track� mass� loss� aw�

(mg/m)�

0.2/0.3� 0.2/0.7� 0.3/0.6� 1.5/2.2�

Slider/Track�Archard’s�wear�

coefficient,�kw�(×10�3)�

1.2/4.4� 0.9/2.7� 2.9/9.5� 6.1/8.8�

Slider/Track�wear�rate,�

W�(×10�10�m3/m)�

0.9/3.5 1.8/5.3 2.3/7.4 11.8/17.1

Slider/Track�specific�wear�

rate,�Ws
�(×10�11�m3/Nm)�

0.5/1.8� 0.4/1.1� 1.2/3.7� 2.4/3.4�

�

�

Highlights��
�

� An�experimental�study�on�polymer/polymer�asymmetric�contact�wear�is�reported;�
� A�range�of�wear�mechanisms�was�identified�for�several�tribological�conditions;�
� An�energy�dissipation�was�calculated�based�on�friction�measurements;�
� The�wear�is�related�to�the�energy�dissipation�for�each�of�applied�conditions;�
� Higher�sliding�speed�cause�local�polymer�state�transition�and�post�cross�linking.�
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