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Abstract: Discrete dislocation plasticity (DDP) calculations are carried out to investigate the response of a 

single crystal contacted by a rigid sinusoidal asperity under sliding loading conditions to look for causes of 

microstructure change in the dislocation structure. The mechanistic driver is identified as the development of 

lattice rotations and stored energy in the subsurface, which can be quantitatively correlated to recent 

tribological experimental observations. Maps of surface slip initiation and substrate permanent deformation 

obtained from DDP calculations for varying contact size and normal load suggest ways of optimally tailoring 

the interface and microstructural material properties for various frictional loads. 
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1  Introduction 

The resistance of a material surface to the interaction 

with another contacting surface as they slide reflects 

the performance of the material to the application of 

loads resulting in complex stress fields whose extent, 

magnitude, and effects on the development of 

permanent microstructural changes vary depending 

on many factors. The presence of roughness due to 

asperities of practical engineering surfaces means 

that the actual contact area usually takes only a small 

fraction of the nominal contact area [1]. Hence, the 

contact size governs the material response to tribological 

loads when it comes to the length scale of single 

asperity and grain size [2]. 

Frictional sliding is a complicated phenomenon 

generally involving plastic deformation [3] under 

asperities covering a wide range of scales. The large 

plastic strains and strain gradients caused by the stress 

concentration in the specimen during sliding drive a 

highly localized dislocation activity and the formation 

of complicated dislocation patterns [4] near the surface. 

There have been attempts to adopt computational 

techniques involved with the characteristic length 

scale to quantitatively analyse the dependence of the 

frictional force on the contact size. Bhushan and 

Nosonovsky [5] adopted a strain gradient plasticity 

(SGP) model and demonstrated there are three zones 

of frictional stress dependence on the contact area. 

For small contact areas, frictional stress is found to 

be close to the shear strength of the specimen while 

for sufficiently large contact areas, frictional stresses 

are determined by the Peierls stress. Between the two 

zones, frictional stresses are governed by the contact 

size and the plastic flow extending along the interface. 

On the other hand, with the feature of explicitly 

modelling the activities of individual dislocations, 

discrete dislocation plasticity (DDP) has been adopted 

to investigate the complex micro-sliding process. It 

was firstly used to study the micron-sliding size effect 
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when contact size is too small to apply conventional 

plasticity [6]. Hurado and Kim [7] employed DDP 

analysis on the micro-sliding problem with the 

assumption that dislocations are only nucleated from 

the contact surface, and a three-regime variation of 

the shear stress based on the contact size similar to the 

one suggested in Ref. [5] was predicted. Deshpande 

et al. [8] applied two cohesive shear traction formulas 

on the contact in 2D-DDP simulations, and results 

show that both softening and non-softening cohesive 

constitutive equations generate similar frictional forces 

dependence trends, and the shear stress along a 

large contact size is in line with the dislocation source 

nucleation strength. The shear stress surge predicted at 

small contacts is validated in atomic force microscopic 

(AFM) tips [9]. The square root dependence of shear 

stress upon contact size has also been observed in 

recent experimental measurements [10]. 

Turning now to more complex and computationally 

demanding descriptions of material deformation, 

3D-DDP [11] has also been used to describe the 

underlying mechanisms for both screw and edge 

types of dislocations generated by virtue of indenter 

tip sliding. In the last decade there has been much 

activity related to the use of non-equilibrium molecular 

dynamics (MD) simulations, see e.g. Ref. [12], to 

address the origin of friction at the nano-scale and 

its links to what is perceived at larger time and 

length scales. Recent MD studies have revealed the 

deformation mechanisms responsible for surface and 

subsurface permanent deformation and microstructural 

changes in binary alloys, also exploring the temperature 

effect under dry sliding [13‒16] at the atomic scale. 

Though the MD simulation results would be able  

to provide the meso-scale simulation with more 

fundamental information (e.g. stacking fault energy 

that affects dislocation motion), the practical complexity 

of contact problems, such as the need to capture 

shear rate, details of the microstructure, and surface 

roughness severely impede MD simulations from 

accurately predicting the macroscopic performance 

of materials. 

At the opposite end of the spectrum, crystal plasticity 

(CP) simulations address the deformation of crystalline 

materials under contact at the grain scale using    

a continuum approach and numerical (most often 

finite element) implementations. The time-efficient 

constitutive laws used in CP simulations enable to 

address the crystallographic deformation and damage 

mechanisms at the practical engineering scale, e.g. for 

a rolling contact fatigue [17] and galling [18] scenarios. 

However, the lack of length scale and slip plane 

resolution restricts the CP modelling from further 

investigation into the mechanisms underpinning 

microstructure change under the contact. We believe that 

a comprehensive examination of the microstructural 

changes by using discrete dislocation plasticity can 

help to further bridge the gap between the atomistic 

and macroscopic scales. 

This work is further motivated by the evidence that 

ductile crystalline materials often exhibit deformed 

layers (termed as “tribo-layers” or “third body” [19]) 

arising from localized plasticity when subjecting to 

contact and tribological loads [20‒24]. Simulations 

have been performed to understand the interaction 

between the contact and microstructural changes  

[13, 25‒27]. However, no satisfactory interpretation  

of some of the emerging experimental evidence has 

been achieved so far; this is mainly linked to the 

complexity of the mechanisms regulating contact 

interactions and their intrinsically localised nature, 

which means multiple scales are involved and a single 

simulation technique cannot capture the materials 

behaviour. Recent experiments on face-canter-cubic 

(FCC) samples have observed an abrupt and highly 

localized microstructure change (termed as “dislocation 

traceline” (DTL)) [28, 29] at ~100 nm depth from the 

contact during one-stroke sliding. This microstructural 

change eventually leads to recrystallization of the 

single crystal in subsequent cyclic loadings when  

the material is more heavily loaded [30]. Approaches 

based on continuum assumptions [31] to identify 

microstructural changes, albeit providing good 

qualitative insight as to where such activity may take 

place, are hardly able to fully explain the mechanistic 

drivers for the formation of the dislocation traceline 

and the evolution of the discrete features associated 

with microstructural evolution. Obtaining mechanistic 

understanding at the dislocation length scale to 

capture the mechanisms responsible for surface and 

subsurface material evolution under micro-sliding  

is key to enable the prediction of the perceived 
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macroscopic response of the material in terms of 

friction and wear evolution. Providing insight and 

tools to be incorporated in the design of new alloys 

will help tailoring material properties combining 

excellent friction and wear-resistance. 

Although our previous integrated experimental 

and numerical investigations [30, 32] have unravelled 

the mechanisms driving the formation of the observed 

dislocation tracelines and microstructural changes, 

no comprehensive results and understanding have yet 

been provided to map the microstructural evolution 

of materials both at the surface and subsurface at the 

dislocation scale under dry sliding contact. In this 

paper, we examine the detailed plastic deformation 

at various depths to produce maps describing the 

likelihood and extent of permanent deformation and 

microstructural changes to occur at sliding interfaces 

using DDP simulation results. First, a comprehensive 

set of DDP simulations is conducted to understand 

the contact size effect on slip initiation with preceding 

indentation. The dislocation traceline and other 

microstructural changes in the subsurface under sliding 

are then shown to be associated to dislocations piling 

up and lattice rotation near the contact interface, 

which reflects recent experimental observations. In 

addition, the recrystallization observed in the sliding 

test under cyclic loading is shown to be driven by the 

development of geometrically necessary dislocation 

density and the resulting plastic strain energy density. 

Maps are provided to describe both the general 

behaviour of dislocation activities and the onset of 

development of discontinuities induced by contact to 

include a size effect. 

2 Methodology  

2.1 Discrete dislocation plasticity formulations 

A planar, isotropic, isothermal discrete dislocation 

plasticity formulation firstly proposed by Van der 

Giessen and Needleman [33] is adapted here. The 

DDP formulations are fully addressed in earlier articles, 

e.g. Refs. [34, 35], hence only key points are concisely 

summarised here.  

An FCC crystal structure is applied to specimens, 

with the plane of simulation taken perpendicular to  

crystal direction [1
＿

01
＿

] to satisfy the plane strain 

constraint. The material is assumed to be initially 

dislocation-free, and edge dislocations nucleate from 

Frank-Read sources, which are randomly distributed 

on the slip planes with a predefined density in the 

specimen. Dislocation activities within crystals are 

governed by constitutive laws, including mobility, 

pinning, and escape from obstacles, which can be 

referred to Ref. [36]. Boundary conditions are satisfied 

using the superposition scheme first established in 

Ref. [37]. The fields of displacement, stress, and strain 

are decomposed into a dislocation filed in an infinite 

elastic medium and a correction field that ensures 

the boundary conditions are satisfied; the former is 

obtained via summing up of analytical fields contributed 

from individual dislocations and the latter is obtained 

via a finite element solution of a boundary value 

problem where singularities are absent and thus 

dislocations’ effect is mediated by the corrected 

boundary conditions. In this research, there are 

two types of numerical simulations using discrete 

dislocation plasticity, namely: sinusoidal indentation 

calculations and sliding calculations.  

2.2 Sinusoidal indentation setup 

Micro-indentation calculations are conducted on a 

film with thickness H = 10 μm (see Fig. 1(a)) under a 

single sinusoidal shaped asperity. The asperity shape 

is characterized with the wavelength λ = 10 μm  

and the amplitude Δ = 0.5 μm. Dislocation activity is 

confined to a process window of dimension l × H =  

50 μm × 10 μm. The process window is bounded at 

both left and right sides to an elastic region. The total 

width of the film is chosen sufficiently large as L = 

1,000 μm to avoid a boundary effect (i.e., trace surface 

condition at x = ±L/2). Inspired by Ref. [38], three slip 

systems with Φ(α) = 0, ±45° with respect to x-axis, 

respectively, are assigned within the DDP process 

window. Aluminium-like material properties are 

assigned to the specimen, whose parameters are 

identical as and referred to Ref. [34]. The dislocation 

source density that indicates the different initial 

status of materials (e.g. pre-strain [39], heat treatment, 

and pre-cracked, etc.) is fixed as ρnuc = 48.5 μm-2   

(the sensitivity study can be seen in Appendix) to 

minimize the dislocation source starvation effect [40].  
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Fig. 1 Schematic diagrams of (a) sinusoidal indentation and (b) 
sliding boundary value problems analyzed using discrete dislocation 
plasticity. The origin of the coordinate system employed is 
marked as a filled-in circle (•) in (a) and (b). The softening and 
non-softening cohesive relation between shear traction and jump 
displacement on contact partition is illustrated in (b). The non- 
softening relation is utilized in sliding calculations. 

The process window is discretised by a highly 

focused finite element towards the indenter lowest 

point. The finite element mesh is usually made up 

of 180 × 100 elements with a typical mesh size of 

0.01 μm in a sensitive zone of dimension 1 μm × 1 μm. 

A time increment ∆t = 0.5 ns is adopted to capture the 

dislocation activities.  

In sinusoidal indentation calculations, effects of 

geometry changes on the momentum balance and 

lattice rotations are neglected. However, the contact 

between indenter lower surface and film top surface 

is established on the deformed film surface. At an 

instant of indentation process, the instantaneous applied 

indentation depth δ is imposed on the rigid-body 

indenter. The corresponding actual contact length A 

is defined as the range between the most left and right 

values of x coordinates where the indenter contacts 

the deformed top surface. In general, the actual contact 

length A differs from the nominal contact length 
1

N
2 cos (1 / )A      due to sink-in or pile-up (see 

Ref. [41]), but it does not account for surface roughness 

(as analysed and discussed in Ref. [42]), which could 

lead to a significantly smaller contact area and 

hence spikes in indentation pressure due to random 

fluctuations along the contact, especially when sharp 

indenters are involved. The maximum indentation 

depth in this research is limited as δmax = 0.2 μm which 

is sufficiently small compared to the film thickness 

(relative indentation depth 0.02) to preventing the 

rigid substrate from taking its effect to disturb the film 

response [43] during the micro-indentation process. 

The boundary conditions of sinusoidal dentation 

problem analysed using DDP formulations are detailed 

as Eq. (1): 

 

   

   

1 2 contact

1 2

1 2 contact

0, on

0 on 0 and 0 on 0

0 on

u u S

u y u x

T T y H S

 

           (1) 

where ui is the displacement component, Scontact the 

contacted fraction of the top surface, and 
i ij j

T n  

the surface traction on a surface with normal vector 

j
n . The displacement rate of the indenter is set as 

1

2
0.4 m su     . 

The total reaction force of film response to the 

indenter penetration is computed as 

/2

2/2
( , )d

A

A
F T x H x


               (2) 

The actual indentation pressure 
A

p  is defined by 

A
/p F A                  (3) 

2.3 Sliding simulation setup 

The specimen dimension and the material properties 

used in the following sliding calculations are 

identical as those in the indentation (see Fig. 1(b)). 

The contact between the sinusoidal asperity and 

specimen is modelled via a resistant adhesion zone 

on the contacting surface of actual length A with a 

relation between shear traction versus displacement, 

which is given by 

   
   

max t

tt

max t

,

sign( ),

t
t

T

t t

 


 
         (4) 

where 
1
( , )t u x H   is the tangential displacement 

jump across the cohesive surface, 
t

  the critical 

jump, 
max
  the cohesive strength, and 

t
T  represents 

the shear traction response.  
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The maximum cohesive strength 
max
  is as τmax = 

300 MPa and the threshold displacement jump is δt = 

0.5 nm. Those values are identical as in previous work 

in Ref. [34] to understand the dependence of shear 

stress upon contact size at different regimes. Regarding 

the cohesive relation between the shear traction and 

the displacement jump, Deshpande et al. [8] applied 

another form of cohesive equation to represent a 

softening cohesive relation: 

2

t max 2
t t

exp
2

t t
T e

 
  

    
 

          (5) 

The softening and non-softening cohesive shear 

displacement relations are compared in Fig. 1(b). They 

concluded that the onset of sliding along contact does 

not strongly depend on the form of the cohesive relation. 

Therefore, we employ the non-softening form in this 

research to help convergence. Also the temperature 

change due to friction and its influence on dislocation 

activities [39, 44] is neglected in the research. 

The sliding rates, 

 , 0x yU U U                  (6) 

are imposed on the specimen boundaries x = ±L⁄2 and 

y = 0 to simulate the relative displacement of contact 

surface with the rate 4 1/ 10 sU A  , which substantially 

rules out the sliding rate sensitivity [45] that is shown 

in Appendix (see Fig. A1).  

The averaged shear stress   along the contact is 

given by 

/2

/2

1
( , )d

A

xA
T x H x

A



              (7) 

In one set of sliding calculations, the film subjects to a 

pure shear slide condition with an initially indentation 

depth free (and hence dislocation and stress free) 

status. Shear stress along with predefined contact can 

be studied without normal stress as the work in Refs. 

[8, 34, 45]. However, this set of calculations can only 

approximate the sliding scenario as the local material 

deformation near the contact surface and subsurface 

by virtue of normal load that has not yet been taken 

into consideration. Issues including surface elevated 

[34] during sliding given rise to the absence of normal 

stress also limit the application of pure shear sliding. 

In the other set of sliding calculations, a sinusoidal 

indentation simulation is firstly carried out to establish 

contact, dislocation structure, and initial fields with a 

certain indentation depth for forthcoming sliding 

calculations. The latter set of simulations aims to  

capture more realistic features of material deformation 

 

Fig. 2 Normal stress σ22 and the corresponding dislocation structure at indentation depths (a) δ = 0.01 μm, (b) δ = 0.05 μm, (c) δ = 0.10 μm, 
and (d) δ = 0.20 μm, respectively, for a sinusoidal asperity with λ = 10 μm and ∆ = 0.5 μm. For each indentation depth, the upper subfigure
shows a full view and the lower subfigure shows the subsurface region denoted by a white frame in the full view subfigure. 
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under sliding with a certain normal load and initial 

dislocation structures, the latter of which has been 

studied in the micro-indentation problem [43]. Results 

obtained from two sets of sliding simulations are 

compared to reveal the effect of preceding indentation 

load. 

3 Sinusoidal indentation 

We start by exploring features associated with the 

indentation pressure and contact size variation of the 

indentation response originally reported in Ref. [32]. 

The normal stress field with corresponding dislocation 

structure for four indentation depths during the 

sinusoidal indentation process described in Section 2 

is detailed in Fig. 2. 

For each indentation depth, a full view of the stress 

distribution within the film and a magnified view of 

the region near the indenter are reported in the 

upper and lower subfigures, respectively. Plastic 

flow expands from the surface into the bulk with 

an increase in applied indentation depth. The 

normal stress generally exhibits a more homogenous 

distribution underneath the contact, which differs from 

that obtained in typical wedge-shaped indentation [46]. 

Hence, the indentation size effect, observed as an 

increase in the indentation pressure at sufficiently 

small indentation depths, is diminished in sinusoidal 

indentation by virtue of the relative absence of a 

strain (stress) gradient under the contact compared 

to indentation by a wedge. The initial stress fields, 

dislocation structure, and contact sizes (A = 1.11, 3.55, 

5.52, 8.42 μm) caused by the indentations shown in 

Fig. 2 provide the starting points for the following 

sliding simulations. 

4 Contact size effect on slip initiation and 

full slip 

The average shear stress τavg developed during the 

sliding along the contact surface is shown in Fig. 3 

for the four contact sizes achieved by the sinusoidal 

indentation depths described in Section 3. The sliding 

simulations were performed sufficiently slowly to 

eliminate the sliding rate sensitivity that was discussed 

in Ref. [45]. 

The average shear stress increases elastically with 

sliding distance U, which is followed by a temporary 

oscillation (denoted by the red dashed circle in Fig. 3) 

that is produced by dislocation nucleation bursts and 

associated stress drops [47]. The shear stress continues 

to increase thereafter, but at a reduced rate (e.g. see 

location denoted by II on Fig. 3) due to plasticity 

arising from dislocation activity, except for the smallest 

contact size case where an insufficient number of 

dislocations are nucleated (see Fig. 2(a)). The shear 

stress eventually plateaus at the defined cohesive 

stress of the contact (i.e., 300 MPa for the set of 

simulations presented here). The slope of the curve in 

the hardening region (II) is found to be inversely 

proportional to the square of the contact size, with 

larger contact sizes requiring a longer sliding distance 

to achieve slip at the contact surface (i.e., when the 

shear stress reaches the cohesive strength). The shear 

stress distribution caused by dislocation activity 

underneath the contact is detailed for representative 

indentation depths and the different sliding regimes 

(denoted by the points I, II, and III) in the following 

sections.  

The shear stress distribution with instantaneous 

dislocation structure for contact size A = 3.55 μm is 

shown in Fig. 4 for three different sliding distances. 

The shear stress is highly localized at the contact edges 

only when the sliding process starts at U = 0 (point I 

in Fig. 3) in Fig. 4(a). The shear stress develops from 

the edges towards the centre of the contact while 

dislocations are nucleated and glide into the bulk   

 

Fig. 3 Shear stress averaged along the contact, τavg, versus sliding 
displacement U for different contact sizes introduced by preceding 
sinusoidal indentation. The normal stress p is denoted by a black 
dashed line. 
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Fig. 4 Normalized (by the maximum cohesive strength) shear 
stress distribution with the corresponding dislocation structure 
for contact size A = 3.55 μm, introduced by preceding sinusoidal 
indentation to δ = 0.05 μm, at instants when the sliding distance 
equals: (a) U = 0 μm, i.e., immediately after the indentation,   
(b) U = 0.18 μm, and (c) U = 0.54 μm. These three instants are 
representative states for different stages of sliding initiation at the 
surface (i.e., corresponding to regions I, II, and III in Fig. 3). 

of the specimen at U = 0.18 μm in Fig. 4(b), which 

corresponds to the secondary ramp (point II in Fig. 3) 

in the average shear stress evolution; slip occurs on 

the corresponding part of the contact surface. 

With further sliding, the shear stress fully saturates 

at the maximum cohesive strength over the entire 

contact region when U = 0.54 μm (point III in Fig. 3), 

as shown in Fig. 4(c); hence, the average shear stress 

does not evolve with the sliding distance beyond the 

final transition to full sliding. The whole contact 

surface initiates slip at this point in the sliding, as  

the cohesive strength can no longer sustain the shear 

stress. 

The average shear stress is shown (Fig. A2) to be 

independent of the dislocation source strength, even 

for the larger contact size, which was first revealed 

in other contact size studies of a pure sliding 

configuration (i.e., without preceding indentation), 

see e.g. Refs. [8, 34]. The dislocation structures at the 

same sliding distance and similar contact size are  

compared in Fig. 5 for the pure sliding and sliding 

with preceding indentation cases. For the pure sliding 

case (Fig. 5(a)), dislocations accumulate only near to 

the contact surface; the region far away from the 

contact is free of dislocations. However, dislocation 

activity occurs everywhere when indentation precedes 

sliding (Fig. 5(b)). The dislocation density in the 

specimen that experiences indentation before sliding 

is ρdis = 21.2 μm-2, which is 20 times higher than that 

without indentation, ρdis = 1.40 μm-2. The widespread 

plasticity introduced by the preceding indentation 

significantly changes the material response, hence its 

resistance to sliding. Therefore, the dependence of 

the shear stress upon contact size not only arises 

from the plasticity due to the contact itself, but also 

from the contribution of the prior indentation; the 

latter provides the initial dislocation structure, which 

in turn may significantly affect the sliding process. 

The total and geometrically necessary dislocation 

(GND) density (calculated via the open Burger’s 

circuit method [48, 49]) evolution during sliding is 

shown in Figs. 6(a) and 6(b) for the four contact 

sizes established by the prior indentation. The total 

dislocation density (Fig. 6(a)) for all contact sizes  

 

Fig. 5 Instantaneous dislocation structure at the instant of sliding 
distance U  0.10 μm: (a) sliding without prior indentation and (b) 
sliding with prior sinusoidal indentation. Contact sizes are selected 
to be identical as U = 9.8 μm for both cases. Dislocation symbols 
denoted by different colours stand for dislocations gliding along 
three different slip systems.  
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Fig. 6 Evolution of density of (a) total dislocations ρdis and (b) 
geometrically necessary dislocations ρGND with sliding displacement 
U under different contact sizes.  

increases linearly with sliding distance initially. The 

rate of increase then reduces, and eventually reaches 

a steady value (except for the largest contact size A = 

8.42 μm) at a critical sliding distance (indicated on 

the figure by dashed vertical lines) that corresponds 

to the subsurface plastic flow relative to the contact. 

The critical sliding distance shows a strong positive 

dependence on the contact size, which is rationalized 

by the size effect of the plasticity underneath the 

contact [10]. To exclude the effect of the dislocation 

density introduced by the indentation [46, 50], the 

fraction of the dislocation density that is attributable 

to GNDs is examined in Fig. 6(b), which again shows 

a strong positive dependence on contact size and 

achieves a steady rate of increase at the critical sliding 

distance. 

The dependence of the average shear stress and the 

dislocation density on the contact size suggests that  

a map identifying the conditions under which slip 

initiates and full sliding is achieved can be determined 

using the simulation results, which can then be 

qualitatively applied to a number of crystalline systems. 

The material response is governed by both the 

preceding indentation (in terms of indentation depth δ) 

and the sliding (in terms of sliding distance U). The 

four representative indentation depths (i.e., various 

contact sizes) that are discussed above are labelled 

as black dashed arrows in Fig. 7. Different zones are 

categorized by the onset of surface slip (followed by 

partial slip), full surface slip, and subsurface plastic  

 

Fig. 7 Sliding distance against indentation depth map demarcated 
into: white regions (Zone A, no slip), green region (Zone B, contact 
surface partial slip), orange region (Zone C, contact surface full 
slip), and red region (Zone D, subsurface plastic flow, loss of 
contact constraint). 

flow, which are obtained by the system response in 

terms of average shear stress and dislocation density. 

For a given indentation depth (i.e., a fixed contact size), 

slip initiates at the contact edges (Zone A), gradually 

spreads to the whole contact (Zone B), completely 

occupies the entire contact surface (Zone C) and 

spreads into the specimen bulk (Zone D). These zones 

could also be linked to contact adhesion, and its 

interplay with tangential stresses in the presence of 

material non-linearities [51‒53], and the evolution 

of contact partial slip and slip zones, which play a 

significant role in controlling the wear behaviour of 

alloy surface. Although a direct link between wear and 

material deformation cannot be easily established, the 

proposed maps can also be used to assess the likelihood 

of occurrence and severity of wear [13, 15, 54]. 

For a given sliding distance, a larger contact size 

substantially delays the onset and fulfilment of slip 

between the indenter and the specimen, which is in 

line with other experimental observation [55] and 

numerical predictions [56]. This should in turn increase 

the lifetime of materials under fretting fatigue [57]. 

5 Contact size effect on microstructural 

changes 

The shear stress field at the instant when full slip is 

achieved for the specimen, or the maximum sliding 

distance is achieved (for the largest contact size A = 
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8.42 μm only), is shown with the deformed material 

configuration in Fig. 8 for the four contact sizes. The 

surface is significantly deformed at the leading edge 

of the contact, where the height of material pile-up 

that originates from dislocation activity in the 

subsurface is estimated to be around 0.2 μm in the 

case of A = 5.52 μm and 8.42 μm. Negative shear 

stress that comes from the material’s resistance to 

the pile-up is also observed, which may potentially 

serve as a crack initiation precursor, along with the 

homogenous deformation that occurs during excessive 

contact sliding or cyclic sliding. 

The “plough effect” [3] that occurs when the contact 

moves along the surface introduces additional 

roughness to the contact [58] and eventually leads to 

local damage initiation and short crack nucleation (at 

the scale of individual crystals) or even macroscopic 

failure. In addition, a large contact size also introduces 

a deep and wide plastic deformation zone underneath 

the contact and into the bulk of the material,  

which may lead to subsurface material damage and 

microstructure transformations during sliding.  

 

Fig. 8 Shear stress field in the film and the deformed surface 
profile (with no displacement magnification) for contact sizes (a) 
A = 1.11 μm, (b) A = 3.55 μm, (c) A = 5.52 μm, and (d) A = 8.42 μm. 
Results are shown at the instant when full slip or maximum sliding 
distance has been achieved. 

The surface and subsurface damage can also be 

evaluated by closely looking at the amount of slip 

generated by dislocation motion that is driven by the 

sliding load. Independent experimental observations 

have shown that slip is the key mechanistic precursor 

for fatigue crack nucleation in FCC crystalline 

materials [59, 60]. The total slip is calculated as  
3 ( ) ( )

1 i ij j
s n 





   , where ε is the strain tensor and  

s(α) and n(α) are respectively the unit vectors in the 

directions of slip and the slip plane normal for the αth 

slip system [36]. The total slip at the instants when 

full slip or maximum sliding distance is achieved is 

shown in Fig. 9 for the four contact sizes: total slip is 

highly localized near the contact (especially at the 

leading edge) and a large contact size results in a 

large amount of plastic slip, both at the surface and in 

the bulk of the specimen, which may be an indicator  

 
Fig. 9 Total slip field in the undeformed film for contact sizes 
(a) A = 1.11 μm, (b) A = 3.55 μm, (c) A = 5.52 μm, and (d) A = 
8.42 μm. Results are shown at the instant when full slip or 
maximum sliding distance has been achieved. 
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for material failure under sliding conditions. The 

intense horizontal bands of slip evident in Fig. 9 are 

consistent with recent high-resolution digital image 

correlation (HR-DIC) experimental observations 

(e.g. Ref. [61]); discrete features such as this are not 

predicted by crystal plasticity (e.g. Ref. [62]). 

Lattice rotation has been linked to the observed 

dislocation traceline [32] and subsequent microstructure 

change under dry sliding; lattice rotation bands were 

correlated with zones of incipient microstructure 

change. Three depths (all bands are approximately 

parallel to the sliding direction) are proposed to 

characterize the dimension of the zone of microstructure 

change, as shown in Fig. 10(a) for contact size A = 

3.55 μm. The first, h0, denotes a zone of low lattice 

rotation extending from the contact surface into  

the bulk, which has been shown to be independent of 

contact size and consistent with experimental 

measurements [28]. The others, h1 and h2, bound a    

 

Fig. 10 Lattice rotation indicators for microstructure change.  
(a) Dimensions that characterize bands of relatively uniform 
lattice rotation, shown for A = 3.55 μm. (b) Microstructure change 
map based on lattice rotation distribution. Zone A (green): surface 
region constrained by the contact with low lattice rotation and 
limited microstructure change predicted; Zone B (red): subsurface 
region with high lattice rotation, microstructure change predicted; 
Zone C (blue), bulk material with low lattice rotation, no 
microstructure change predicted. 

zone of high lattice rotation, underneath the low 

lattice rotation zone above it; the location and size  

of the high lattice rotation zone depends strongly  

on the contact size, which is created by the prior 

indentation. 

A map, which provides an indication of the regions 

where microstructural changes are likely for a given 

contact size, can be constructed using these three 

characteristic depths and the four contact sizes  

used in the simulations (Fig. 10(b)). The three zones 

categorize the emergence of material layers under 

sliding contact in terms of the lattice rotations that 

they would be subjected to, with Zone B the most 

severely-rotated layer. It must be noted here that 

things may differ for scenarios in which relatively 

large loads are applied. In such circumstances, as 

reported in Ref. [63], multiple DTLs may form near 

the contact surface and larger rotations and formation 

of subgrains may take place. This is due to the 

increase of the energy made available to the material 

to trigger various microstructural transformations, 

also linked to the formation of twin boundaries [13]. 

This means that, in such scenarios dealing with larger 

loads, Zone A in Fig. 10(b) may reduce or disappear 

as the deformation mechanisms describe in Zone B 

delocalise to reach much larger regions of the material 

and also migrate towards the surface. This map 

indicates the onset of microstructural change driven 

by plastic deformation at the dislocation scale of a 

crystalline material, as a function of the external 

tribological loading conditions. A map such as this 

could be used to optimise surface performance (e.g. 

wear resistance) by tailoring surface properties and 

initial microstructure in order to compensate for the 

effects of in-service microstructure change. 

In addition to the lattice rotation shown above, 

geometrically necessary dislocation (GND) density 

can be used to identify the regions of potential 

microstructure change [64‒66], as GNDs compensate 

for the lattice curvature during plastic deformation 

[67, 68]. The GND density distribution is calculated 

based on the net Burger’s vector algorithm [69] for 

the four contact sizes. Larger contact sizes introduce  

a GND density concentration that extends deeper 

under the contact (Fig. A3 in the Appendix). The  
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band of high GND density is characterized by the 

depths h0 and hmax, as shown in Fig. 11(a) for contact 

size A = 3.55 μm. The depth h0 at which the band of 

high GND density begins is independent of the contact 

size, whereas the maximum depth hmax shows a strong 

positive dependence on the contact size (i.e., normal 

load). A microstructure change map can also be 

constructed from the bounds on the high GND density 

band for the four contact sizes, which is depicted   

in Fig. 11(b); it is consistent with the map shown in 

Fig. 10(b). 

Recrystallization, rather than crack nucleation,  

was observed in the specimen under sliding when a 

relatively large normal load was applied [30]. The 

stored energy associated with the dislocation structure, 

called plastic strain energy density (PSED) here,  

 

Fig. 11 GND density indicators for microstructure change. (a) 
Dimensions that characterize the band of high GND density, 
shown for A = 3.55 μm. (b) Microstructure change map based  
on GND density distribution. Zone A (green): surface region 
constrained by the contact with low GND density, limited 
microstructure change predicted; Zone B (red): subsurface region 
with high plastic curvature hence GND density, microstructure 
change predicted; Zone C (blue), bulk material with low GND 
density, no microstructure change predicted. 

( :U  σ  , where σ and   are the stress and plastic 

strain tensor, respectively) is calculated within the 

material under the four contact sizes investigated in 

this paper; the case with contact size A = 3.55 μm   

is shown in Fig. 12(a) as an example. The layer 

immediately beneath the surface (indicated by the 

white arrows in Fig. 12(a)) shows strong PSED 

concentration, which is produced by dislocation 

pile-ups in that region. In addition, the highest PSED 

is found to be in the subsurface rather than at    

the surface, which is a result of the locking and 

constraining effect of the contact [32]. 

The averaged PSED (the width used to compute 

the volumetric average is chosen as twice the contact 

size) plotted against the distance away from the 

contact (i.e., perpendicular to the sliding direction)  

is reported in Fig. 12(b) for the four contact sizes 

(symbols). A Gaussian fit (solid lines) is used to  

 

Fig. 12 (a) Plastic strain energy density (PSDE) localization zone 
under the contact size A = 3.55 μm, where full slip is achieved.  
(b) Profile of average PSDE through the depth of material under 
the four contact sizes (normal load). 
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represent the distribution of PSED as a function of 

depth under the contact. The PSDE increases to a 

peak value in the subsurface and then decreases to a 

plateau value in the material bulk for all contact sizes; 

as expected, small contact sizes show a much sharper 

peak, indicating greater localisation. The peak depth 

is found to be 100–200 nm from the contact for all  

four contact sizes, which correlates well with the 

experimental observation on the microstructural 

changes reported in Ref. [28]; it should be noted that 

this is far away from the location of the maximum 

shear stress depth (~20 μm) predicted using Hertzian 

theory [31]. With the increase of contact size, the 

PSED tends to develop to a greater extent in the 

subsurface, which corresponds to more energy available 

for e.g. microstructure change. A larger contact size 

also results in a smoother distribution with depth. 

Therefore, it is postulated here that an even larger 

contact size e.g. closer to the one applied in the 

experimental test (A ≈ 90 μm) reported in Ref. [28], 

would lead to a larger (in depth) high PSED zone.   

It may follow that the application of cyclic sliding, 

which periodically supplies energy and incrementally 

promotes plastic deformation, would eventually result 

in recrystallization, hence permanent microstructural 

change in the regions of the material under the contact 

corresponding to high PSED. Hence, the underpinning 

mechanism for the recrystallization observed in the 

experiments appears to be linked to the PSED 

resulting from the dislocation activity and structure 

in the material in the immediate proximity of the 

contacting surface. This implies that a larger load 

would lead to a larger region of microstructure change, 

down into the bulk of the material, as recently 

observed by molecular dynamics [13, 16]. Hence the 

PSED profile indicates the potential recrystallization 

zone for various contact sizes, although detailed 

quantification of the extent of re-crystallisation cannot 

be captured by the DDP analysis in isolation. 

6 Conclusions 

Nano- and micro-sliding analyses were carried out at 

a single asperity scale, where discrete dislocation 

plasticity is used to extensively investigate the 

emergence of permanent deformation and associated 

plastic strain energy stored in the dislocation structure 

within a single crystal subjected to contact and 

frictional sliding. This investigation explores surface 

slip as well as subsurface plastic flow, crystallographic 

slip, dislocation activities, and their interplay. The 

following conclusive points have been drawn:  

1) The surface slip and subsurface plastic flow are 

found to be strongly dependent on the contact size 

and the sliding distance, and a map that depicts   

the correlation between surface slip and contact 

size/indentation depth has been established (Fig. 7). 

 The mechanisms for subsurface microstructural 

evolution that was observed in independent experiments 

has been associated to microstructural changes 

induced by localized lattice rotation and plastic 

strain energy, which results from dislocation piling 

up. The extension and localisation of the plastic strain 

energy density is strongly affected by the contact 

conditions and applied load. 

 Two maps that describe the contact-size dependent 

microstructural evolution (Figs. 10 and 11), which  

is governed by the dislocation density, have been 

proposed. They facilitate the optimization of material 

response and surface performance under sliding. 
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Appendix 

 

Fig. A1 (a) Shear stress and (b) dislocation density against 
sliding distance under various sliding rates. The sensitivity 
study was conducted with the contact size 0.6 μm and without 
preceding indentation. 
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Fig. A2 (a) Shear stress   versus sliding displacement U curves 
for selected values of dislocation source density nuc  with contact 
size A = 4.0 μm. (b) Relation between average stress stress avg  
amd average source spacing. Results are obtained from sliding 
simualtions with no prior indentation. 

 

Fig. A3 Geometrical necessary dislocation (GND) density field 
in the undeformed film under contact size (a) A = 1.11 μm, (b) A = 
3.55 μm, (c) A = 5.52 μm, (d) A = 8.42 μm. Results are shown 
when full slip or maximum sliding distance has been achieved. 

 

Fig. A4 Comparison between (a) the plastic strain energy 
density and (b) the dislocation configuration energy density under 
the contact A = 5.52 μm, where full sliding is achieved.  
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