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Abstract 

A crystal plasticity computational framework is developed and validated to investigate the 

microstructure sensitivity of crack initiation in fretting. Randomly distributed microstructure 

geometries are incorporated into a partial-slip finite element fretting model. The number of 

cycles to fretting crack initiation is shown to be sensitive to average grain size and 

microstructure morphology. Scatter in the number of cycles to crack initiation is shown to 

increase as the number of grains across the contact width decreases due to statistical size 

effects. Average number of cycles to crack initiation is shown to increase with decreasing 

number of grains in the contact. Microstructure morphology is shown to have a negligible 

influence on the effect of stroke for the partial slip cases considered here.  

1. Introduction 

Fretting-induced relative slip is typically in the range 5 to 100 μm, for macroscale applications 

such as splined couplings [1], bolted connections [2] and biomedical hip implants [3]. This 

length-scale is directly comparable to key microstructural dimensions (e.g average grain size) 

of commonly-used metallic alloys, as shown schematically in Fig. 1. Relative slip is well 

known to play a key role in determining fretting fatigue life and can be divided into three 

regimes; partial slip, mixed slip, and gross slip [4]. The sliding regime is, generally-speaking, 

determined by tangential displacement, coefficient of friction and normal load. Gross slip 

occurs when the tangential force is large enough to overcome the resisting frictional force. 

Partial slip occurs when the tangential load is not large enough to cause gross slip but large 

enough to cause slip at the edge of the contact region. Mixed slip combines both conditions.  

Contact width, another key parameter in fretting fatigue, is also typically of the same order of 

magnitude as metallic grain size. A number of authors  [5-8] have observed a contact size effect 

in fretting fatigue and shown that a critical contact size exists below which fatigue life increases 

dramatically. This effect has been attributed to the presence of a key microstructure feature (e.g 

a grain boundary) in the critically stressed region, which is arguably less likely to arise as 

contact size is reduced due to smaller stress fields. Nominally, classical macro-scale elastic-

plastic finite element fretting models are unable to predict this effect. However some authors 

[6],[7] have introduced length- or volume-averaging procedures in fretting fatigue calculations 

to account for such size effects. The averaging dimension of the same order of metallic grains 

has been shown to give good results. In the current work a microstructure-sensitive crystal 

plasticity (CP) methodology is explored, which is potentially capable of capturing size effects 

without the need for such averaging procedures. 
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Figure 1. A schematic diagram of a fretting situation showing a small number of metallic 

grains in the contact zone.  

CP is now commonly used to model engineering materials. By explicitly modelling metallic 

grains, the crystal plasticity finite element (CPFE) method can be implemented to assess 

specific microstructure features to develop a physical understanding of failure mechanisms. 

For example, Dunne et al. [8] have developed a CPFE methodology to describe the 

phenomenon of facet fatigue in Ti-alloys. CPFE modelling has also been used to assess size 

effects in metals. A number of size effects occur in metals namely, strain gradient effects, 

statistical size effects, intrinsic size effects and surface constraint effects. Sweeney et al. [9] 

successfully predicted a grain size effect in a cobalt chromium alloy due to the presence of 

strain gradients, where a reduction in average grain size leads to larger stabilized hysteresis 

loops and increased fatigue resistance. Grogan et al. [10] performed a systematic study on the 

statistical size effects in coronary stent struts under bending and tension. Statistical size effects 

arise when component dimensions are similar to those of the metallic grains. In Grogan’s study, 

strain to failure was predicted to increase as the number of grains across the strut thickness 

increased. This work highlights the need to investigate statistical size effects in fretting contacts 

due to the typically small number of grains across the contact width. Similarly, Cuddihy et al. 

[11] studied size effects in a titanium alloy using a polycrystal model under uniaxial loading. 

As the ratio of grain size to ligament width (width of polycrystal) decreased, peak grain 

boundary stresses were predicted to become increasingly sensitive to material microstructure. 

Such effects may arise in a fretting situation as the ratio of contact semi-width to average grain 

size increases. 

There has been limited work regarding CPFE modelling of fretting [12-22]. Mayeur and 

McDowell [13] and Zhang et al. [14] predicted the importance of crystallographic texture in 

fretting fatigue resistance of a titanium alloy. Similarly, McCarthy et al. [15] showed a 

significant effect of grain orientation on fretting fatigue life in stainless steel.  Zhang et al. [14] 

also investigated the effect of average grain size, where fretting resistance was observed to 

increase as average grain  size was reduced due to the inclusion of a Hall-Petch term in the 

material model. However, only a small number of microstructures were considered in this 

work. No work has yet been published regarding the statistical variation (scatter) in fatigue 

crack initiation lives across a range of average grain sizes in fretting, which is analysed here. 

In this paper, a microstructure-sensitive CPFE study is performed for a cobalt chromium alloy 

in fretting. Attention is focused on a potentially key parameter for fretting crack initiation 
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namely, contact semi-width to grain size a/d. A 3-D finite element fretting model is developed 

to incorporate realistic microstructure morphologies and a crystal plasticity material model at 

contact zones. The aim of this work is to improve the design of materials against fretting 

through a better understanding of microstructure dependence on crack initiation. Cobalt 

chromium is commonly used to manufacture many components which are prone to fretting, 

including artificial hip joints [3] and cardiovascular stents [16]. 

 

2. Crystal Plasticity Material Model 

Crystal plasticity describes the behaviour of individual metallic grains. Plastic deformation is 

described by crystallographic slip due to the flow of lattice dislocations along crystal slip 

systems. CoCr has a face centred cubic (FCC) lattice structure with 12 possible slip systems. 

The (111) slip plane is shown in Fig. 2, which contains 3 potential slip directions. 3 additional 

equivalent planes exist, each with 3 potential slip directions, which make up the 12 possible 

slip systems. Crystallographic slip occurs when the resolved shear stress on a slip system 

reaches a critical value. 

(a)  (b)  

Figure 2. (a) An FCC unit cell with atoms at each corner and the centre of each face.(b) The 

(111) slip plane with red arrows indicating slip direction.  

The following formulation describes the computational implementation of the crystal plasticity 

material model [17]. Deformation of a crystal lattice can be described by the deformation 

gradient tensor F 

 𝑑𝒙 = 𝑭𝑑𝑿 (1) 

where 𝑑𝒙 is the reference configuration vector and 𝑑𝑿 is the current configuration vector. The 

deformation gradient can be decomposed into elastic and plastic parts 

 𝑭 = 𝑭e ∙ 𝑭p (2) 

where 𝑭e represents rigid body rotation and stretch and 𝑭p represents plastic slip. The spatial 

velocity gradient is the rate form of the deformation gradient and is calculated as follows:  

 
𝑳 =

𝑑𝒗

𝑑𝒙
=  �̇� ∙ 𝑭−𝟏 

(3) 

The plastic component of this is therefore calculated by  

 𝑳p =  𝑭ṗ ∙ 𝑭p−1 (4) 

L can be written in terms of the rate of stretching tensor D and the rate of spin tensor Ω 

 𝑳 = 𝑫 + 𝛀  (5) 

(111)
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and can be decomposed into parts due to plastic (slip) and elastic (lattice deformation): 

 𝑫 = 𝑫e + 𝑫p (6) 

 𝛀 = 𝛀e + 𝛀p (7) 

In this material model, plastic deformation is assumed to be caused only by crystallographic 

slip. We can then write 

 𝑫p + 𝛀p = 𝑭ṗ ∙ 𝑭p−1 = ∑ �̇�α𝒔α

α

𝒎α 
(8) 

or: 

 𝑳p = ∑ �̇�α𝒔α

α

𝒎α  (9) 

where 𝒔𝜶 represents slip direction and 𝒎𝛼represents slip plane normal for a slip system α. A 

power law flow rule [18] is implemented to relate rate of crystallographic slip to shear stress 

on a slip system, obeying Schmidt’s law. The rate of plastic slip �̇� on a slip system α is related 

to resolved shear stress 𝜏𝛼 by: 

 
�̇�𝛼 = �̇�𝑠𝑔𝑛(𝜏𝛼 − 𝑥𝛼) {

|𝜏𝛼 − 𝑥𝛼|

|𝘨𝛼|
}

𝑛

 
(10) 

where �̇� is the reference strain rate component, 𝑛 is the rate sensitivity exponent, 𝘨𝛼 is the slip 

system strain hardness, and 𝑥𝛼 is the back-stress on the slip system implemented by Sweeney 

et al. [19] to simulate kinematic hardening following the Armstrong-Frederick rule. In order to 

capture the complex non-linear hardening behaviour of the material over large strain ranges, a 

linear combination of two back-stresses is used: 

 𝑥𝛼 =  𝑥1
𝛼 +  𝑥2

𝛼 (111) 

 

 �̇�𝑖
𝛼 = 𝐶𝑖�̇�

𝛼 − 𝐷𝑖𝑥𝑖
𝛼|�̇�𝛼| (12) 

 

where 𝐶𝑖 is the initial hardening modulus, 𝐷𝑖 is the rate of decay and i = 1,2. The slip system 

strain hardening function is based on that of Asaro and co-workers [20] : 

 
𝘨(𝛾𝛼) =  𝘨0 + (𝘨∞ − 𝘨0)tanh |

ℎ0𝛾α

𝘨∞ − 𝘨0
| 

(12) 

where 𝘨0 is the critical resolved shear stress for a slip system, 𝘨∞ is the saturated stress value, 

and ℎ0 is the initial hardening modulus. The evolution of hardening moduli is calculated by: 

 
ℎαα = ℎαβ = ℎ(𝛾α) = ℎ0𝑠𝑒𝑐ℎ2 |

ℎ0𝛾α

𝘨∞ − 𝘨0
|  

(13) 

Where ℎαα and ℎαβ represent self- and latent-hardening moduli respectively, which are 

considered to be equal in this work. The formulation discussed above is implemented in finite 

element simulations via a user material subroutine (UMAT) in ABAQUS. Material constants 

for crystal plasticity modelling of CoCr have been identified by Sweeney et al. [21], which are 

given in Table 1. 

In addition to CP modelling, a continuum J2 plasticity model is implemented. This material 

model also includes both kinematic and isotropic hardening. The yield function is expressed 

as: 
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𝑓 =  (
3

2
(𝝈′ − 𝒙′): (𝝈′ − 𝒙′))

1
2

−  𝑘 −  𝑟(𝑝) 

 

(15) 

where 𝝈′ is the deviatoric stress tensor, 𝒙′ is the deviatoric back-stress tensor, 𝑘 is the yield 

strength, and 𝑟(𝑝) is the isotropic hardening function. The Armstrong-Frederick rule is again 

adopted to describe non-linear kinematic hardening. A linear combination of three back stresses 

is used here to capture the non-linear hardening behaviour of the material: 

 𝒙 = 𝒙1 +  𝒙2 +  𝒙3 (16) 

 
𝑑𝒙𝑖 =

2

3
 𝑐𝑖𝑑𝜺𝑝 − 𝛾𝑖𝒙𝑖𝑑𝑝 

 

(17) 

where 𝑐𝑖 and 𝛾𝑖 represent initial hardening modulus and rate of decay,  respectively, and i = 

1,3. 𝑑𝜺𝑝 is the plastic strain increment and 𝑑𝑝 is the effective plastic strain increment. The 

isotropic hardening function is defined as: 

 𝑑𝑟(𝑝) = 𝑏(𝑟∞ − 𝑟)𝑑𝑝 (18) 

where 𝑏 is the rate of stabilization and 𝑟∞ is the asymptotic value of stress. Properties for this 

continuum plasticity material model were also calibrated previously by Sweeney et al. [21], 

and are listed in Table 2.  

Table 1. Material parameters used in crystal plasticity material model. Values of �̇� and  𝑛 are 

chosen to reflect the rate insensitivity of CoCr at room temperature. 

Parameter Value 

�̇� 0.002 s-1 

𝑛 50 

𝘨0 100 MPa 

𝘨∞ 130 MPa 

ℎ0 100 MPa 

𝐶1 80 GPa 

𝐷1 750 

𝐶2 1.25 GPa 

𝐷2 0.001 

  

Table 2. Material parameters used in J2 material model. 

Parameter Value 

𝑘 230 MPa 

𝑟∞ 60 MPa 

𝑏 9 

𝑐1 240 GPa 

𝛾1 1846 

𝑐2 50 GPa 

𝛾2 250 

𝑐3 2.7 GPa 

𝛾3 0.55 
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3. Microstructure Modelling 

The microstructure of the L605 cobalt chromium alloy analysed in this work has been 

characterised by Sweeney et al. [21]. Electron backscatter diffraction (EBSD) orientation maps 

is given in Figs. 3a. This EBSD map shows the lack of crystallographic texture in the material, 

which indicates that the metallic grains do not have a preferred crystallographic orientation. 

Measured grain area distributions were employed to calculate grain volumes and average grain 

size by idealising grains as rhombic dodecahedrons, as shown in Figs. 3b and c. The identified 

average grain size of the material is 32 m. The material was also observed to contain a 0.52% 

area fraction of tungsten carbide precipitates. 

 (a)  

(b) (c)  

Figure 3. (a) EBSD orientation map showing no preferred crystallographic texture [9]. (b) 

Grain area distributions for a longitudinal and transverse view of the as-received rod 

specimens [21]. (c) Idealised geometry used to calculate average grain size and grain 

volumes based on measure grain area data [21]. 

A unit cell microstructure model is developed here using the CPFE constants identified by 

Sweeney et al. [21] and compared to experimental results to ensure the current computational 

framework provides results which are representative of the real material. A controlled Voronoi 

tessellation methodology is developed to generate a periodic 3D microstructure geometry. The 

tessellation is then superimposed onto a finite element voxel mesh to generate an FE 

microstructure geometry, where each mesh element is assigned to a particular grain. A unit cell 

model is shown in Figure 4a, where each colour represents a metallic grain. Grain volume 

distributions of the real material are compared to a corresponding finite element microstructure 

model, as shown in Fig 4b.  Grains are assigned random crystallographic orientations as the 

real material was observed to have no texture in EBSD maps. 

200 m

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Grain Area (m2  103)

P
ro

b
a
b
ili

ty average

longitudinal view

transverse view



8 
 

(a)  (b)  

Figure 4. (a) 3D unit cell microstructure model, where each colour represents a metallic 

grain. (b) Comparison of grain volume distributions. 

Periodic boundary conditions are assigned to each free face and a cyclic strain is then applied 

to the model to simulate the microscopic deformation of a repeating volume cell in the material, 

as shown in Fig 5a. Experimentally measured and CPFE predicted stabilised hysteresis loops 

are shown in Fig. 5b for strain ranges of ±1% and ±0.5%. It can be seen from Figs. 4b and 5b 

that the generated grain volume distributions and predicted cyclic stress-strain behaviour is 

representative of the material. This methodology is therefore employed for the subsequent 

microstructure-sensitive fretting analysis.  

(a)   (b)   

Figure 5.  (a) Microscopic deformation of the unit cell model and (b) Comparison of 

computational predicted and experimentally measured stabilised cyclic stress/strain 

behaviour for two strain ranges.  

4. Fatigue Crack Initiation 

A key challenge in the modelling of fretting fatigue is the establishment of a scale consistent 

fatigue indicator parameter (FIP) to predict number of cycles to crack initiation. One FIP 

implemented here is an accumulated crystallographic slip parameter 𝑝. This parameter has been 

applied by Manonukul and Dunne [22], where a maximum stabilized accumulated value of p 

per fatigue cycle was identified using a polcrystal plasticity model. An experimentally 

determined critical value of p was then divided by this stabilized cyclic value to predict number 

of cycles to failure. This methodology, which is adopted here, yielded good agreement with 
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experimentally determined lives in both the high and low cycle fatigue behaviour of a nickel 

alloy.  This parameter was also implemented by Sweeney et al. [23] to successfully predict the 

experimentally observed locations of crack nucleation in notched bar specimens. In the context 

of fretting, McCarthy et al. [15] found reasonable agreement between experimentally measured 

fretting fatigue lives and computationally predicted lives using 𝑝. McCarthy et al. [24] also 

highlighted the capability of accumulated plastic slip for prediction of wear  in CP fretting 

models without the need for a user-defined wear rate.  Accumulated plastic slip 𝑝 is calculated 

using the velocity gradient 𝑳p:  

 
�̇� = (

2

3
𝑳p: 𝑳p)

1
2 

(19) 

   

 𝑝 = ∫ �̇�𝑑𝑡
𝑡

0
. (20) 

Another scale-consistent FIP explored here is accumulated crystallographic energy dissipation 

𝑊. Korsunsky et al. [25] observed good correlation between experimentally measured fatigue 

lives and CP predicted lives using this FIP. Li et al. [26] showed the capability of this parameter 

to predict crack initiation sites in austenitic steel. 𝑊 sums the crystallographic work done on 

each crystal slip system: 

 
𝑊 = ∑ ∫ 𝜏𝛼�̇�𝛼𝑑𝑡

𝑡

0𝛼

 
 

(21) 

The number of cycles to crack initiation 𝑁𝑖 is calculated by dividing an identified critical FIP 

value by a stabilized cyclic value, as follows: 

 𝑁𝑖,𝑤 =
𝑝crit

𝑝cyc
 

(22) 

  

  
    𝑁𝑖,𝑤 =

𝑊crit

𝑊cyc
 

 

(23) 

where 

 𝑝cyc =  𝑝(𝑡) − 𝑝(𝑡 − 𝛥𝑡𝑐𝑦𝑐) (24) 

and 

 𝑊cyc =  𝑊(𝑡) − 𝑊(𝑡 −

𝛥𝑡𝑐𝑦𝑐). 

(25) 

 

𝛥𝑡𝑐𝑦𝑐 is the time taken to complete one fretting cycle. Critical values for each FIP have also 

been identified previously by Sweeney et al. [21] for this CoCr alloy by calibrating a unit cell 

polycrystal model against low cycle fatigue crack initiation data. Again, to ensure the models 

developed here represent the real material, Ni predictions for a unit cell model using 𝑝cyc and 

𝑊cyc are compared to experimentally determined Ni values, as shown in Fig. 6. The CPFE 

model gives good predictions of Ni using both FIPs, particularly at low strain ranges, which 

are most relevant for this work. However, 𝑊cyc shows better correlation overall, where the 

predicted Ni for each strain range lies within a ±30% margin of error. 
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Figure 6.  Comparison of computational predicted and experimentally determined numbers 

of cycles to crack initiation for four strain ranges. 

5. Microstructure Sensitive Fretting Model 

A 3-D cylinder-on-flat fretting model is developed to incorporate material microstructure in 

contact zones, as shown in Fig. 7. Precipitates are excluded in the fretting modelling as the aim 

here is to assess the effect of average grain size. The model is meshed with 20-noded reduced 

integration brick elements. Tied surface constraints are implemented to allow for highly 

localised mesh refinement towards the contact zone, as in ref [14], whilst maintaining a coarse 

mesh away from the contact regions. An element size of 6 µm is chosen for the refined 

microstructure region. This results in an average of 120 elements per grain (for the smallest 

average grain size considered), which is in agreement with mesh refinement studies for CP 

simulations performed by Harewood and McHugh [27] and Sweeney et al. [28]. All other 

regions of the model are assigned a J2 plasticity material model to reduce computational 

expense. 
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Figure 7. 3D cylinder-on-flat fretting model with the inclusion of microstructure in the 

contact region of the substrate. 2 realisations are shown here for each average grain size. 5 

realisations are considered for each grain size. 

The simulations are restricted to be in the partial slip regime, which is considered to be the 

most detrimental sliding regime in fretting fatigue, due to the absence of significant wear. The 

normal load P applied to the model is half the normal load necessary to cause macroscopic 

yielding in this material. This value 𝑃𝑦 is calculated as follows: 

 
𝑃𝑦 =

𝜋𝑅

𝐸∗
(𝑝𝑜)𝑦

2  
(26) 

where 

 (𝑝𝑜)𝑦 = 1.8𝑘. (27) 

with 𝑅 as the radius of the cylinder and 𝐸∗ as the composite modulus [29]. The calculated 

normal load for a chosen 6 mm radius cylinder is 22.6 N/mm, which is kept constant for all 

simulations. This value of 𝑃 corresponds to a Hertzian contact semi-width a of 47 m. A 

coefficient of friction (COF) has not yet been identified for the current set-up of CoCr-on-

CoCr. However, Zhang et al. [3] measured a stabilized COF of approximately 0.5 in 

tribological tests of titanium fretted against CoCr, which is used here. This value of COF is 

assigned to be constant throughout the contact of the model. The authors are aware of previous 

work which suggests that the COF varies locally within the contact [30]. However, such precise 

data is currently unavailable for implementation in fretting simulations. To ensure that the 

model is in the partial slip regime, applied tangential loads 𝑄 are chosen to be less than the 

limiting frictional force: 

 𝑄 < 𝜇𝑃 (28) 

𝑃 and 𝑄 are applied to a master node on the top face of the semi-cylinder, according to the 

loading history illustrated in Fig 8a. Linear constraint equations are then employed to ensure 

all remaining nodes on this surface displace with respect to this master node. The bottom of 

Q

P

6 mm
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the substrate is fixed in all three translational degrees of freedom. All faces perpendicular to 

the cylinder axis are constrained in the z direction to reduce edge effects.  

(a)   (b)  

Figure 8. (a) Loading history showing constant normal load and cyclic tangential load and 

(b) Methodology flowchart for fretting model generation. 

A key aim of this work is to analyse multiple microstructure realizations across a range grain 

sizes. The need for efficient generation of FE models is therefore essential. An automated 

PythonTM scripting methodology has been developed to build models based on user-defined 

microstructure statistics, as shown in Fig 8b.  

A key non-dimensional parameter investigated is the ratio between contact semi width a and 

average grain size d. Three average grain sizes are investigated in this work; 32 m, 64 m and 

96m, corresponding to a/d ratios of 1.38, 0.69 and 0.46 respectively. Five random 

microstructure realizations are analysed for each average grain size, where each realization 

contains random grain orientations and random geometry, whilst maintaining the same 

microstructure statistics. This allows for the assessment of the statistical variation in predicted 

fatigue life for each grain size. Microstructure geometries for two sample realizations of each 

average grain size are shown in Fig 7. The effect of stroke is also analysed here in the partial 

slip regime. Stroke is defined as the tangential displacement of the cylinder, which corresponds 

to the tangential load applied. Three Q/P ratios of 0.375, 0.25 and 0.125 are investigated, which 

correspond to strokes Δ of 0.33 m, 0.22 m and 0.11m, respectively.  

An initial study has been performed to establish the loading cycle where 𝑝𝑐𝑦𝑐 and 𝑊𝑐𝑦𝑐 have 

reached stabilized values. This is an essential step to reduce computational cost. Figure 9 shows 

the evolution of maximum FIPs for a microstructure with an average grain size of 32 m, which 

are seen to reach effectively stabilised values after three cycles. In addition, Fig. 10 shows that 

the locations of maximum values of both FIPs have also stabilized by cycle 3. In both cases, 

the maximum stabilized FIP is predicted to occur in the slip zone, consistent with experimental 

observations of crack locations in the partial slip regime [31]. Simulations for each 

microstructure realization are therefore run for three fretting cycles. These results are consistent 

with the CPFE predictions of Goh et al. [32], who observed stabilized cyclic ratchetting by the 

third cycle in simulations of a titanium alloy in fretting. 

±Q (±D)

t
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Figure 9. The evolution of maximum local 𝑝𝑐𝑦𝑐 and  𝑊𝑐𝑦𝑐, which are both seen to stabilize 

after 3 fretting cycles.  

   

   

   

Figure 10. The location of maximum 𝑝  and  𝑊 for cycle 1, 3 and 5. Locations of maximum 

FIP values have effectively stabilized by the 3rd fretting cycle. 
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6. Results and Discussion 

6.1 Spatial Distributions 

Initially, spatial distributions of stress and FIPs are examined to assess the sensitivity of these 

important variables to microstructure. The geometric path shown in Fig. 11, which lies 3 m 

below the substrate surface, is chosen for plotting these spatial distributions. In Figs.12a and b, 

the predicted tangential and shear stress distributions are plotted for each realization of d = 32 

m and for a J2 model with a Δ of 0.22 m. These values are taken after 3 fretting cycles at the 

time point where Δ is at the maximum value. It is useful to compare the CP response with the 

J2 response as a way of validating the crystal plasticity method without the use of experiments. 

J2 plasticity is commonly used in fretting modelling and has been shown to be in good 

agreement with experimental observations [33], [34]. It can be seen that the crystal plasticity 

and J2 material model give almost identical spatial distributions of σxx and σxy for each path 

considered, showing the validity of the crystal plasticity method. Figures 12a and b also shows 

little variation in stress distributions between each microstructure realization. This is due to the 

chosen loading conditions, which result in nominally elastic behaviour. For a greater applied Δ 
of 0.33 m, more plasticity is induced, owing to marginally more scattered stress distributions, 

as shown in Figs.12c and d. The same trends are seen in these distributions for the larger 

average grain sizes of 64 m and 96 m, which are not presented here. In addition, stress 
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distributions do not alter significantly as the position of the path is varied with respect to the z 

direction. 

 

Figure 11. The geometric path chosen to plot spatial distributions of field variables. 

(a)  (b)  

(c)   (d)   

Figure 12. Spatial distributions of (a) tangential stress for Δ = 0.22 m, (b) shear stress for Δ 

= 0.22 m (c), tangential stress for Δ = 0.33 m and (d) shear stress for Δ = 0.33 m for 5 

microstructure realisations of d = 32 m and a J2 model 

A significant effect of microstructure can be seen when spatial distribution of the FIPs are 

plotted, as shown in Fig. 13, again for each realisation of d = 32 m. For example, the maximum 

predicted p varies between 1.0×10-5 and 8.0×10-5 for an applied Δ of 0.22 m. This result 
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highlights the ability of the CP model to capture highly localised regions of plastic strain within 

the microstructure of the material, which are known to be favourable locations for crack 

initiation [23]. p and W show general agreement with regard to location of maximum values 

and general distributions. In addition, for the majority of realisations, the maximum values of 

each FIP are predicted to occur in the region of peak shear stress (Figs. 12 b and d), which is 

known to be the critical location for fretting crack nucleation [35]. 

(a) (b)    

(c) (d)  

Figure 13. Spatial distributions of (a) p for Δ = 0.22 m, (b) W for Δ = 0.22 m (c), p for Δ 

= 0.33 m and (d) W for Δ = 0.33 m for 5 microstructure realisations of d = 32 m. 

6.2 Ni Predictions 

In Fig.14 the numbers of cycles to crack initiation Ni are plotted against a/d for both FIPs. In 

this case, the applied stroke is kept constant at 0.22 m (Q/P = 0.25) and a is kept constant at 

47 m. Each data point represents a different random realization for a given average grain size. 

Both FIPs predict a significant increase in scatter with decreasing a/d.  Maximum Ni is 

predicted to increase by up to a factor of 10 as a/d is reduced from 1.38 to 0.46. The average 

predicted life also increases with reducing a/d. The average predicted Ni for an a/d ratio of 0.46 

is 3 times higher than for an a/d ratio of 1.38. This result clearly shows a size effect. However, 

the minimum predicted Ni is effectively unchanged as a/d is reduced. It should be noted that 
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classical macro-scale techniques for fretting fatigue life prediction, e.g. J2 plasticity and Smith 

Watson Topper fatigue parameter [36] would not show this effect.   

 (a)  (b)  

Figure 14. Predicted effect of contact semi-width to average grain size ratio on crack 

initiation life. The hollow symbols represent different microstructure realisations.  

Figure 15 compares the location of maximum 𝑝 for the two extreme cases of Ni for the lowest 

a/d ratio, where Realisation 1 corresponds to the lowest predicted Ni and Realisation 2 

corresponds to the highest predicted Ni. It can be seen that in Realisation 1, there is a significant 

concentration of 𝑝 at a grain boundary near the edge of the contact zone, whereas, in Realisation 

2, 𝑝 is more evenly distributed across the thickness of the model. The concentration of 𝑝 in 

Realisation 1 is attributed to the presence of a particularly unfavourable combination of 

adjacent grains. In Realisation 2, such a grain combination does not exist, leading to a higher 

predicted Ni. The importance of an unfavourable grain combination in fretting has been 

highlighted in previous work by McCarthy et al. [37] and Mayeur and McDowell [13]. 

However, the results presented here show the statistical variation in Ni due to the possible 

presence of such a microstructure feature, which lead to a size effect. The probability of the 

presence of an unfavourable grain combination in the contact zone is reduced as a/d is reduced, 

resulting in a higher predicted average Ni, as shown in Fig. 14. It is proposed that a critical a/d 

ratio exists, above which, negligible statistical variation in Ni occurs. This result is consistent 

with the measured contact size effect of Nowell [38] where smaller contact sizes lead to fewer 

critically stressed grains or grain boundaries due to a smaller stress field, and thus, increased 
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fatigue resistance. The present work however shows an explicit way to predict this for 

measured microstructures in the contact zone. 

 

Figure 15. Analysis of maximum 𝑝 for the two extreme Ni  values seen in Fig. 14a where a/d 

= 0.46. A significant concentration of 𝑝 exists at a grain boundary near the edge of contact in 

Realisation 1, resulting in the lowest resistance to crack nucleation. 

6.3 Effect of Δ 

The effect of stroke Δ is shown in Fig. 16. The average grain size is kept constant at 32 m (a/d 

= 1.38) in this series of analysis, again with five realizations. A lower Δ results in a higher 

predicted Ni, as expected, due to the less severe loading conditions. A similarly small amount 

of scatter is predicted for each value of Δ. This result shows that for the partial slip regime, the 

microstructure considered does not have a significant influence on the effect of Δ on Ni, due to 

the relatively small ratio of Δ to d.  Figure 17 shows contour plots of 𝑝 for the lowest and the 

highest Δ. It can be seen that a high Δ results in an accumulation of 𝑝 at the surface of the 

substrate due to a relatively large surface traction. A low Δ results in an accumulation of 𝑝 

below the substrate surface due to the dominance of the normal load.  An intermediate Δ of 

0.22 m shows both surface and subsurface concentrations of 𝑝, depending on the grain 

combinations in the contact zone, resulting in marginally more scatter than the other two cases. 

For this value of Δ, one data point (highlighted in red) represents a microstructure realisation 

p
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with maximum 𝑝 at the surface and the remaining four represent realisations with subsurface 

maximum 𝑝. 

(a)  (b)  

Figure 16. Influence of microstructure on predicted effect of stroke on Ni using (a) 𝑝 and (b) 

𝑊.The red markers represent simulations where the maximum FIP value occurs at the 

surface of the substrate. 

 

Figure 17. Contour plots showing concentrations of  𝑝 for strokes of (a) 0.11 m and (b) 

0.32m. 

 

7. Conclusions 

A 3-D microstructure-sensitive CPFE fretting study of a CoCr alloy has predicted a statistical 

grain size effect in fretting crack initiation. Both fatigue indicator parameters employed here, 

i.e. accumulated crystallographic slip 𝑝 and crystallographic energy dissipation 𝑊, predict an 

increased statistical variation (scatter) in number of cycles to crack initiation Ni as the number 

of grains in the fretting contact is reduced. In addition, the average Ni is predicted to increase 

significantly with a reducing ratio of contact width to grain size, a/d, but the minimum 

predicted Ni is essentially unaffected. It is shown that the critical a/d ratio is approximately 1, 

where negligible scatter is predicted when the contact semi-width is greater than the average 

grain size.  In contrast, microstructure morphology is shown to have little influence on the 

effect of stroke in the partial slip regime due to the small ratios of stroke to grain size considered 

here.  Overall it is shown that the relative length-scales of slip, grain size and contact width 

need to be considered for reliable design against fretting crack initiation. It is important to note 

that this work does not include the effects of wear, although these may not be significant in the 

partial slip regime. The results presented here suggest that fretting contact-material 
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configurations need to be designed to include a large number of grains in the contact region to 

minimise fatigue uncertainty. 
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