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  2 / 4jA dMean area of a Junction : 

Volume of a broken a Junction:     3 /12jV d

Real contact area (plastic accommodation)   = Normal force P / Material Hardness H:    
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3 H
S : Total sliding distance  

The wear volume is proportional of the product of the normal force (P) by the  
Sliding distance (S) and inversely proportional to the Hardness ! 

K is called the wear coefficient and allows to compare various materials with 
each other for their resistance to wear. The higher the value of K, the greater 
the wear. 

J. F. Archard, Contact and rubbing of flat surfaces, Journal of Applied Physics, p 981-988 (1953). 
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 
  
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tan P S
V  P S

H
S : Total sliding distance  17 
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Context and challenges  

micro 

displacements 

[<  100 µm] 

contact 

pressure 

blade / disk contacts in turbine engine 

 

electrical connectors 

bridge cables 

[Bosh] 

[M. Park et al.] 31 
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cracking 

Q (N) 

d (µm) 

Partial Slip (PS) 

stick 
zone 

sliding zone 
(unexposed) 

ta
n

ge
n

ti
al

 f
o

rc
e 

 
am

p
lit

u
d

e
, Q

*
 

Fretting 
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wear 
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Gross Slip (GS) 
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Fretting Wear  

Swirl

W Monoblock

CuCrZr tube

Cu 

interlayer

Divertor

Actively-cooled pipe

Fretting wear

x

y

Plasma

Divertor

Fusion Reactors 

Fission Reactors 

Spring

Dimples

assemblage  
combustible 

Fretting Wear 
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Friction energy wear approach 

Accumulated  

Friction work) S 

transformations 

& degradations S 

Wear Volume 

EdS

EdS

Wear volume 

Q (N)

d* (m)

fretting
cycles

Q (N)

d* (m)

fretting
cycles

Q (N)

d* (m)

fretting
cycles

Q (N)

d* (m)

fretting
cycles

Q (N)

d* (m)

fretting
cycles

Q (N)

d* (m)

fretting
cycles

V = Vplan+Ppion 

Sum the area of the fretting loop 

V Ed   S

: energy wear coefficient  
S. Fouvry, Ph. Kapsa, H. Zahouani, L. Vincent, "Wear analysis in fretting of  
Hard coatings through a dissipated energy concept", Wear 203-204 (1997), p. 393-403 
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Infinite plastic dissipation 

(Ratchetting or Plastic Shakedown)  









p



Wear Rate  

µe < 0.3 
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Archard Work: ΣW =  4 × 𝛿𝑆
𝑁
𝑖=1 𝑖 × 𝑃 𝑖

  
friction coefficient, µ 

Edth = 57 J 

 = 56500 µm3. J-1 

R²=0.92 

Accumulated  friction energy: Σ𝐸 =   𝐸𝑑(𝑖)𝑁
𝑖=1   

w
e

a
r 

v
o

lu
m

e
, 
V

 (
µ

m
3
) Using friction energy the  

Wear volume correlation  

Is more stable (i.e. linear) 

 Take into account the 

coefficient of friction ! 

 If CoF constant  

Archard = Energy wear approach 
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Variable sliding amplitude conditions : Abrasive Wear Process 
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accumulated dissipated energy :  S Ed (J) 

TiC / alumina 

 
V  =830  m 3 /J 

R 2  = 0,90 
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  (50/100)  m x2 

l  (50/100)  m x4 

CDA 

VDA 

Q  [N] 

Stability of the energy wear approach under  

variable sliding amplitude conditions ? 

if a similar Fretting Wear process is activated 

an additive approach can be considered. 
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Energy as an activating factor of wear phenomena (Energy balance) 

Dissipated energy  ( S  cycle area ) 

Tribochemical 

transformations 

Oxidation , 

Hydratation, 

etc ... 

Transformation of  the 

microstructure 

Plastic  deformation ,   

TTS transformation, 

Fracturation .... 

Third body 

Aggregation, 

Transformation, 

Debris flow,... 

Transformations 

and  degradations S 
Material  loss , 

Debris flow : WEAR 

Wear 

Q 

d 

Cycles 

Heating 

Caloric transfers, 

Flash temperatures 

Major dissipating 

processes 

Less than 10% 
Less than 1% 
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Time duration of surface coating : A local approach  

Coating 

(low friction) 

Wear 

Volume 

Wear 

Volume Substrate 

interactions 

Coating 

(low friction) 

Similar Wear 

Volume 

Still working Out of application 

fretting cycles Nc 
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- Introduction of a coating 

  endurance concept. 

 

-Request a local analysis of 

 wear : Replace the wear 

 volume description by a 

 wear depth extension. 
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maximum 

wear 

depth (h) 

accumulated 

friction energy density 

Modification of the contact 

geometry 

(extension of the contact 

area)  

Modification of  

the contact 

pressure 

Modification of the 

energy density 

distribution 

Coupled 

problem 

Prediction of the coating endurance : Local energy approach 

maximum 

accumulated 

dissipated 

energy density 

dhES

wear profile 



Fretting Wear Box 

Coupled Abaqus - Mathlab code 

Fn (N) 

- Computation of the energy density on the top surface 

- Integration of the local wear  h =  . Edh 

- Modification of the contact geometry (Wear Remeshing) 

Wear 
Contact 

geometry 2D cylinder/plane configuration 

TA6V/TA6V 

Development of a couple FEM modelling (Wear Remeshing) 

C. Mary, S. Fouvry, “Numerical prediction of fretting contact durability using energy wear approach:  
Optimisation of finite-element model”, Wear (2007); 263(1-6): 444-450 
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Surface 
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- After less than 100 cycles an homogenous pressure 

  field can be approximated !! 

Development of a couple FEM modelling 

2D cylinder / plane configuration 

TA6V/TA6V (R=10 mm, P=133 N.m-1, d = +/- 75 µm) 
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plane cylinder 

Under estimation of the maxiumum wear depth ! 
=> Debris layer ! 

Comparison with experiments (Ti-6AL-4V) 
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step III

step I

step II

cylinder (n)

sliding
interface

sliding
interface

plane (n)

c/tb,n
c,n c A,nΔh α

2


  

c/tb,n

plane (n)

p/tb,n 

third body 
(n)cylinder (n)

third body 
increment from

cylinder

third 
body (n)

tb/c, n tb c,nΔh γ Δh 

cylinder (n+1)

plane (n)

cylinder
wear 

increment

plane wear 
increment plane (n+1)

cylinder (n)

tb/p, n tb p,nΔh γ Δh 

third body 
increment from

plane

third body layer updating

+  tb/c,n tb/p,nΔh + Δh
tb,nh

tb,n+1h

=

NEW GEOMETRIES

plane (n+1)

cylinder (n+1)

c,n+1 c,n c,nh h +Δh

p,n+1 p,n p,nh h +Δh

p/tb,n
p,n p A,nΔh α

2


  

tb (n+1)

n+1

Upgrading of the numerical Wear Modeling  to consider  the third body layer 

P. Arnaud, S. Fouvry, A dynamical FEA fretting wear modeling taking into account the evolution of debris layer, Wear, Volumes 412–413 (2018) 92-108  44 



wear simulation with third body 
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experiments 

Z 
(m

m
) 

cylinder 
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P. Arnaud, S. Fouvry, A dynamical FEA fretting wear modeling taking into account the evolution of debris layer, Wear, Volumes 412–413 (2018) 92-108  
45 



blade / disk contacts in turbine engine 

[M. Park et al.] 
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Fretting Cracking  
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Fretting 

competition 

wear 

unexposed 

Gross Slip (GS) 
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Ed(J) 

Ed(J) 
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Industrial application : Pressed fitted Wheels-Axles contact 

Fretting-Fatigue Loading (Partial Slip) 

Question : Are can be predicted the cracking risk ? 

Fatigue 

(R=-1) 

Pressure 

Fretting 

(R=-1) 

Axle 
AISI 1034 Fretting-Fatigue Loading 

Ultra severe 

technological test 

Cracking on 

the axle 

FRETTING 
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Ferrite - Perlite structure 

Material : Low carbon steel (AISI 1034)  

Matériau Low carbon steel 

Young modulus, E (GPa) 200 

Poisson coefficient,  

(ratio) 
0.3 

Yield stress, Re 0.2 (MPa) 350 

Maximum stress, Rm 

(MPa) 
600 

Mechanical properties 

7 

117 

C coefficient (Paris law) 2∙10-12 

m exponant (Paris law) 3.5 

Fatigue limite (R=1) 270 MPa 

Crack propagation (long crack) & fatigue 

SIF range threshold, ΔK0  

maximum SIF, Kc   mMPa 

 mMPa 

Gros V. , Ph.D Thesis, Ecole Centrale de Paris, France,1996.  
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Fretting Fatigue Test 
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d 

Q* 

Plain Fretting Test 

(fretting wear test)  

Fretting Experiments : Coupling Between Plain Fretting & Fretting Fatigue tests  

AISI 1034  

P= 230 N/mm 

R= 40 mm 

p0H= 450 MPa , aH = 320 µm  

52100  

FRETING CYCLE 

(Partial Slip) 

Q (N) 

δ (µm) 
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P 
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contact 

Bulk 

fatigue 

Zone of contact  

Stress influence 

Crack propgation 

only controlled  

by the fatigue stressing 

ac 

Q* 

Short crack regime 

long crack regime 

Crack nucleation 

Fretting 

Fatigue 



Number of fretting cycles (N) 
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n
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µ
m

) 
No nucleation 

Nucleation but 

crack arrest 

Failure 
pressure 

cyclic tangential 

force 

+ 

Heterogeneous 

stress field  

Fatigue Loading 

)MPa( 

Homogeneous  

stress field  

Fretting Loading 

Fretting Fatigue : Stress & Damage evolutions 

)MPa( 
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Fatigue loading 

Failure 

domain plain 

Fretting test 

Plain fatigue 

test 
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P 
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Safe crack 
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propagation 
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Fretting Fatigue : Fretting – Fatigue Map Concept (Partial Slip) 

GROSS 

SLIP CONTACT 
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

P.µ

*Q
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Analytical description of Plain Fretting and Fretting Fatigue contacts 

P 

Q 

X=x/a 

Y=y/a 

+1 -1 

)X(p

surface 

pressure field 

)X(q

Loading 

shear stress 

 field (+Q*) 

p0 

sliding 

zones 

-c/a c/a sticking 

zone 

Unloading 

shear stress 

 field (-Q*) 

)X(q

Plain Fretting Contact  

Maximum loading located 

symetrically at the contact 

borders 

Mindlin et al, 1949 

-1 +1 

a

e

-1 +1 0 

+Q* 

)(Xq

sliding 

zones 

)(Xp

Trailing edge 

Loading 

Tangential 

force 

a

e
0 

-Q* 

)(Xq

)(Xp

Unloading 

Tangential 

force 

Compression 

ac /2

ac /2

a


a


Tension 

X=x/a 

X=x/a 

Fretting-Fatigue Contact  

Maximum loading located 

at the trailling edges (at the 

Loading state) 

Nowell et al, 1989 

55 



Contact modeling: Stress field analysis 

FEM ANALYSIS 

Can include plasticity 

Long and fastidious (inappropriate to develop 

A mapping investigation !!) 

X 

p(X) 

Analytical formulation: Green’s functions 

Superposition of piecewise-line 

Overlapping triangular elements 

(K.L. Johnson, 1985) 

[Elastic Half Space Hypothesis]  

SS t)(M,

Very fast !! 

Poster, R. Amargier (Airbus) 
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Plain Fretting Wear Test  Friction Identification of the crack nucleation 

2c 2a

A

A

2c 2a

A

A

Surface observation 

stick zone sliding zone 

b 

Cross section observation: measure of the 

crack length 

Fretting Test : Q*= 200 N/mm, 106 cycles 
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nucleation 

threshold 

*

CN
Q

P=227N/mm, µ=0.85 

(106 cycles, p0= 450 MPa) 

mm/N100Q*
CN 

106 cycles 
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      Application of the Dang Van’s (multiaxial criteria) 

determination of the loading path 

computation of the 

cracking risk (Dang Van) 

S(M, t)
0 - c - a c a 

Z 
X 

P
Q (t)

stick domain sliding 
domain 

M 

C
d

Plain Fretting 

Cracking at the contact borders 

3

3

d

dd
C






d

d
: alternating bending fatigue limit 

: alternating shear fatigue limit. 














(t)p̂. 

t),n( ˆ
 max=d

dnt,
DV





if dDV>1      cracking 

 ( ) * ( ) t t S

point M fixed 

shakedown 

       d d d2 3/

( , )

n t

shear 

 ( )p tH

tension 
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DVd

      Application of the Dang Van (Quantitative Prediction) 
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threshold
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P=227N/mm, µ=0.85 

(106 cycles, p0= 450 MPa) 

mm/N100Q*
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Overestimation of the cracking risk !! 

1dDV 
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 “Non local approach” to capture stress gradient effects 

General 3D 

stress 

state condition 

nucleation process 

volume approach   

D3

Critical distance 

method 

D1

)MPa(S

a

y

2D plane strain 

condition 

(cylinder/plane) 

contact steep  

stress gradient 
 y,xD3RS

D3

Averaging 

over a square  

surface 

 xD1RS

D1

Stress analysis 

At a critical distance 

of the stress 

discontinuity 
60 



Identification of representative length scales (Dang Van) 

length scale parameter,  
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µm 60 D3  µm 28 D1 
  1D

3D 2D 
2

Consistent with notch 

description (Taylor and al) 

3.44 

61 

mm/N100Q*
CN 

Threshold  Crack Nucleation 



Fretting – Fatigue Experiments : Identification of the crack 
nucleation Fretting Fatigue map 

Fatigue 

stress 

amplitude : 

a [MPa] 

(R=-1) 

Tangential 

force 

amplitude 

Q* [N/mm] 

(R=-1) 

Cross section  

Examination 

50 92 CRACK 

50 82 NO CRACK 

100 115 CRACK 

100 110 CRACK 

100 100 CRACK 

100 80 NO CRACK 

100 62 NO CRACK 

120 91 CRACK 
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) 

normalized fatigue loading: a/d, (R=-1) 

safe crack 

nucleation 

failure 

crack 

no crack 

PF threshold 

106 cycles 

Low influence of fatigue stress amplitude in the low fatigue stress range ! 

(Conventional idea : crack nucleation is controlled by fretting)  62 
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normalized fatigue loading: a/d, (R=-1) 

1dDV 

Theoretical prediction of the 

Fretting Fatigue crack 

nucleation boundary  

µm 60 D3 

Similar tendencies !! 

µm 28 D1 

Pessimistic (i.e. secure) prediction of the safe  

crack nucleation domain from Plain Fretting identification ! 

Correlation Experiments // Modelling 
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How to prediction the Crack Arrest ? 

P 

x/a 

z/a 

+1 -1 

ext

contact 

Bulk 

fatigue 

Zone of contact  

Stress influence 

Crack propgation 

only controlled  

by the fatigue stressing 

? 
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FEM modelling 

• CPE4 

• mesh = 20 µm 

• refine meshing at the 

crack tip 

FEM code (ABAQUS): 

Identification des zones de glissement  

Insertion of the crack (Crack Box) 

J integral  (Eshelby, Rice) 
22 2

31 2

' ' 2

KK K
G J

E E 
   

Computation of 

SIF  KI, KII  & KIII 

Z-Crack  



0 

2 

4 

6 

8 

0 40 80 120 160 200 

K
Im

a
x
, 
M

P
a

√
m

 

crack length, b(µm) 

the crack length increase 

but the contact stress field 

is decreasing very fast 

Q*= 125 N/mm  

P= 230 N/mm 

Plain Fretting 

condition 

Evolution of the SIF below the contact: Non monotonic evolution ! 
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Determination of the effective SIF (combining mode I and II) 

2
IIeff

2
Ieffeff KKK General formulation  

I_effK eff _ mixed (µc  0)K < 

Mode I Mode II 

Mixed Mode B (Crack edge friction free) 

2
inImIaxImI

2
axIm)0µc(mixed_eff )KK(KK  

inImIK

0c 

Pure mode I (Usual hypothesis) 

axImI_eff KK  Because R=-1 (closure effect) 
0K inIm 
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Paris Erdogan diagram  

db
  (mm/cy.)
dN

Crack  
Growth 

rate 

 efflog( K )

   
m

eff
db

 C K
dN

Crack Arrest at    thK



Crack arrest approach 

based on the El Haddad et al 

approach 

Specific behavior of the crack arrest condition for the small crack !!! 
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Continuous evolution of the crack arrest boundary  

(more conservative)  

Alternative crack arrest approach : El Haddad et al. formulation 
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Long crack threshold, ΔK0  = 7 MPa√m 

 

Fatigue limit :    f 270 MPa
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Fretting – Fatigue Experiments : Identification of the 
crack arrest Fretting Fatigue map 

failure 

non failure 

Low influence of fretting stressing on the crack arrest boundary ! 

(Conventional idea : crack propagation is controlled by fatigue)  70 
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CAFFM: Comparison between experiments & Modelling  
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Conclusions 

- A Fretting-Fatigue Mapping is introduced to formalize the cracking damages 

  (Relative impacts of contact fretting & fatigue loadings are quantified)   

- The crack nucleation boundary can be predicted combining a Multiaxial  

   fatigue approach (Crossland) but taking into account stress gradient effects 

   (Length scale identification from plain fretting test is validated : safe prediction 

   of the crack nucleation boundary) 

- The crack arrest boundary can be predicted combining mixed mode 

  crack edge friction free estimation of the effective SIF range and a El Haddad 

  description of the short crack arrest description. 
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