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A B S T R A C T   

Engineering surfaces consist of microasperities, which result in plasticity during the run-in of the tribological 
system. A fundamental insight of the plastic flow during single asperity wear at the microscale is required to 
thoroughly understand tribology induced microstructure at the macroscale and to tailor future metal surfaces. In 
this work, we indent and wear {001}-, {101}- and {111}-grains in an austenite stainless steel. The transition from 
indentation to ploughing and the evolution of plasticity during ploughing is addressed. We find that slip-step and 
pile-up evolution during the indentation segment of the wear experiment influence the plasticity during the 
ploughing segment that follows upon the indentation. We conclude that the pile-up evolution dominates the 
development of the friction force during ploughing at the microscale.   

1. Introduction 

Tribology is the study of interacting surfaces during relative motion 
and it plays an important role in the modern world’s energy consump-
tion [1,2]. Due to the complex interaction of the tribological processes 
(e.g. stress-state, plasticity, microstructure evolution, chemistry), it is 
challenging to decipher relations between the microstructure and 
tribological properties, even though tribology has been studied for 
centuries. For instance, the properties of tribological metallic contacts 
are largely determined by the plastic deformation using millimeter as-
perities [3]. Lately, the evolution of subsurface dislocation lines was 
observed [4,5], although the dislocation mechanisms (i.e. plastic 
mechanisms) are still at large during tribology. Due to the advance in 
high-resolution characterization and micromachining, it is possible to 
separate the tribological processes. Single asperity wear, i.e. nano/micro 
scratch testing, has become a useful technique for studying the 
ploughing-induced plasticity and characterizing the tribological prop-
erties of materials at the nano/microscale [6–13]. 

Single asperity wear aims also at measuring the friction force or 
coefficient of friction depending on the material properties and the 
contact topology. Amontons and Coulomb proposed the macroscopic 
friction law Ffric ¼ μFn, where Ffric is the lateral friction force, Fn is the 
normal force and μ is the friction coefficient. Bowden and Tabor [14] put 
forward that the surface consists of many microasperities and that 
friction consists of two processes: adhesion and abrasion. Based on the 

Bowden and Tabor model, Moore [15], Lafaye et al. [16–18], Goddard 
and Wilman [19], etc. developed analytical models describing friction 
for different contact topologies and material indentation hardness. The 
authors did not account for the pile-up on the backside of the asperity. 

The microstructure and mechanical properties affect the general 
concepts of tribology. Due to anisotropy, the plasticity depends on the 
crystal orientation and wear direction during single asperity wear. The 
pile-up and dislocation evolution are the results of dislocation glide on 
½110�f111g slip systems during wear in the face-centered cubic (FCC) 
metals, in which dislocation mediated plasticity dominates [10,20]. 
Therefore, non-symmetric plasticity occurs during ploughing [10] even 
under symmetrical loading (e.g. spherical tip). The anisotropy is 
amplified by using non-symmetric asperities, e.g. Berkovich tip [11,21]. 
Simulations using different frameworks and length scales have been 
performed to unravel ploughing and develop an understanding of the 
mechanisms:  

1) Finite element simulation (FEM) at the macroscale: FEM studies [22, 
23] have used isotropic constitutive laws and provided useful in-
sights into ploughing, i.e. surface topography and pile-up evolution. 
These numerical results were compared to the experimental obser-
vation. However, the crystallographic orientation was not addressed 
with that method.  

2) Crystal plasticity based finite element simulations (CP-FEM) at the 
mesoscale: CP-FEM accounts for the anisotropy of elastic-plastic 
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crystalline materials and simulates the slip-plane based plasticity 
[24]. Wang et al. [21] investigated and quantified the plasticity on 
crystallographic orientations during ploughing with a Berkovich tip. 
The results show that the anisotropic characteristics are determined 
by the crystallographic orientation and the extrinsic discrete stress 
distribution induced by tip geometry. However, CP-FEM is a con-
tinuum approach that cannot predict discrete dislocations on the 
inherently discrete slip-steps [4,25].  

3) Discrete dislocation dynamics (DDD) at the microscale studies 
discrete dislocation motion, multiplication, interactions and dislo-
cation network evolution in response to external loading. Gagel et al. 
[25] performed a 3D-DDD simulation of a sliding spherical tip on an 
FCC crystal. The results show that the dislocations are partly trans-
ported by the tip along the sliding direction. They also identified the 
distance of dislocation motion along sliding direction depending on 
the slip system orientation. However, the pile-up and abrasion 
development were not considered in this study.  

4) Molecular dynamics (MD) at the nanoscale: DDD simulations 
generally use phenomenological laws to prescribe dislocation 
nucleation in the perfect crystal, while MD simulations intrinsically 
handle the physics of dislocations, including dislocation nucleation, 
as well as the pile-up formation. Multiple MD studies have been 
conducted for nanoscale scratching of different metals, e.g. silver 
[26], aluminum [27,28], copper [29,30], high entropy alloy [31,32], 
etc. Their results showed in details the developments of the scratch 
groove, pile-up around the groove as well as the plasticity under-
neath the groove. Despite the increase in understanding of tribology 
at the nanoscale, MD simulations are very limited by the small 
length, short time and very large strain rate scale. 

Other researchers have furthered the understanding of tribology. 
Chamani and Ayatollahi [11] showed the importance of the front pile-up 
on the coefficient of friction (COF) using edge-forward and side-forward 
directions of a Berkovich tip. Brinckmann et al. [9,10] performed a 
microasperity wear experiment on a FCC metal and observed that three 
domains occur with increasing normal force: elastic-, plastic ploughing 
and wear particle-dominated tribology. In the elastic regime, Ye et al. 
[33] found that an increase in the normal load results in a COF decrease. 
In the plastic regime, the authors observed a constant COF for different 
normal forces in a body-centered cubic (BCC) high-entropy alloy. Mul-
tiple researchers [9–11,21,34] observed the same trend of the friction 
force: the friction force increases until it reaches a steady-state value 
with increasing wear distance at constant load.1 Although frequently 
observed, the underlying mechanism of the friction force increase to-
wards the steady state value was not addressed in those studies. 

This experimental study aims at understanding the plastic flow and 
change in friction force during single asperity wear tests on an austenitic 
steel. We conduct the indentation and the scratching with varying 
lengths in three coarse grains with different orientations. For the 
different grain orientations we discuss: 1) how indentation influences 
the subsequent ploughing segment; 2) the differences in plasticity be-
tween indentation and wear; 3) the evolution of plasticity towards the 
steady-state topology and 4) the correlation of plasticity and the friction 
force during ploughing. 

2. Experimental procedure 

The as-received Fe-25Cr-20Ni austenitic stainless steel was annealed 
at 1200 �C for one week in order to obtain a coarse single phase FCC 
microstructure, which allows conducting a series of wear tests in an 
individual grain without grain boundary interference. The sample 

surface was wet ground, polished with diamond paste and then with 
colloidal silica (OPS). Afterwards, the sample was slightly etched with a 
solution of V2A (10 ml HNO3, 0.30 ml Vogels pickling inhibitor, 100 ml 
HC1 and 100 ml H2O) to remove any deformation layer produced by the 
previous preparation steps. Finally, 30 min OPS polishing was applied to 
remove the chemical reaction layer of the etching process. After sample 
preparation, Electron Backscatter Diffraction (EBSD) was conducted to 
determine the grain orientation. Three large grains with normal orien-
tations close to {001}, {110} and {111} were identified for microscale 
testing. Their precise orientations were ð5 ​ 6 ​ 25Þ, ð2 ​ 13 ​ 13Þ and 
ð18 ​ 20 ​ 19Þ, respectively. 

The indentation and wear tests were conducted in an Agilent/Key-
sight/KLA G200 nanoindenter with a spherical diamond tip (nominal 
radius ¼ 5 μm). The normal force (40 mN) and loading/unloading rate 
(0.5 mN/s) were applied for both tests (indentation and wear). Wear 
tracks of varying lengths (2, 4, 6, 8, 10 and 20 μm) and a tangential 
velocity of 1 μm/s were used to follow the plasticity evolution in the 
three grains. An additional distance (10%) with a minimal normal force 
(0.15 mN) was added to the front and end of the wear track to determine 
the sample tilt. After deformation, the sample was inspected in a ZEISS 
Merlin field emission SEM with the secondary electron (SE) detector for 
the slip-step pattern and the Backscatter electron detector (BSD) for the 
Electron Channeling Contrast Images (ECCI) of the dislocation struc-
tures. A confocal microscopy (μsurf, NanoFocus Messtechnik GmbH, 
Germany) was used to quantify the pile-up heights. 

In this study, the slip steps on the surface were identified by EBSD 
and ECCI. In order to analyze the slip steps, we distinct slip-planes and 
the plasticity on these planes based on the plane inclination: positively 
inclined and negatively inclined planes. Initially, these are the terms for 
slip-step distinction in indentation [35]: positively inclined slip plane is 
a plane on which the dislocations move from the area of highest shear 
stresses underneath the indenter to the surface; the dislocations travel 
on the negatively inclined slip planes from the outside perimeter to the 
surface and closer to the indenter during indentation (see Fig. 1). 

3. Results 

In this section, we firstly show the plasticity evolution, i.e. slip-step 
and pile-up developments, from indentation to short ploughing (2, 4, 
6, 8 and 10 μm) in the {111}, {101} and {001} grains. Afterwards, the 
morphologies of the slip-step and the pile-up in the long ploughing (20 
μm) are presented in detail. Finally, we illustrate the change in the fic-
tion force during ploughing. 

3.1. Transition from indentation to short wear distance 

3.1.1. Slip-step morphology 
The SEM images of the {111}, {101} and {001} grains after the 

indentation and after the short ploughing (2 μm length) are shown in 
Fig. 2. In these three grain orientations, the area in the front of the 

Fig. 1. Schematic sketch of positively and negatively inclined planes in 
indentation. 

1 It should be noted that these discussed friction forces are each dynamic 
friction forces and do not relate to the static friction – dynamic friction 
transition. 
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indenter during the indentation and the ploughing can be divided into 
three domains: I, II and III. Slip activity only occurs in the domains I and 
III while no slip-steps are observed in domain II, although it is in be-
tween domains I and III. The slip-step patterns in domains I and III widen 
during ploughing, compared to the width during indentation but keep 
geometric similarity. This similarity of slip-step patterns confirms that 
the indentation and ploughing induced plasticity are grain orientation 
dependence. On the one hand, the centers of the slip-step patterns in the 
domains I and III of the indentation and the ploughing locate in the 
similar direction with rotation angles, with respect to the indenter 
center. One the other hand, the slip-step patterns are asymmetric on 
both sides of the wear track. 

In the {111} grain, both slip-step patterns consist of slip-steps on 
Pð1 ​ 1 ​ 1Þ, Pð1 ​ 1 ​ 1Þ and Nð1 ​ 1 ​ 1Þ planes in the domains I after 
indentation and ploughing, as shown in Fig. 2(b) and (c). The domains I 
locates closer to the front of the indenter. During ploughing, slip on 
Pð1 1 1Þ, Nð1 ​ 1 ​ 1Þ and Pð1 ​ 1 ​ 1Þ increases more severely in domain I. 
In domains III, during indentations the negatively inclined Nð1 1 1Þ slip- 
planes are activated by pile-up formation, which is produced by slip on 
the positively inclined Pð1 ​ 1 ​ 1Þ, Pð1 ​ 1 ​ 1Þ slip-planes during the initial 
stage [35]. However, during ploughing, the Nð1 1 1Þ slip plane becomes 
more dominant; this slip system mainly grows forward in the direction of 
ploughing, see Fig. 2(b) and (c). 

In the {101} grain, it should be noted that the ð1 ​ 1 1Þ and ð1 ​ 1 ​ 1Þ
planes are almost perpendicular to the surface (neither positive nor 
negative). More slip occurs in the domains I, i.e. in the ploughing di-
rection and to the left side, during the indentation and the ploughing. 
Two main slip systems, Pð1 ​ 1 ​ 1Þ and ð1 ​ 1 1Þ, are active, which facili-
tate the plasticity flow away from the imprints. Some slip-steps on the 
ð1 ​ 1 ​ 1Þ planes are observed close to the imprint in the domain I during 
the indentation and the ploughing. In the domains III, minor slip activity 
occurs on the Nð1 ​ 1 ​ 1Þ planes during the indentation while it becomes 
a dominant slip system during ploughing, resulting in forward growth of 
the corresponding slip-steps in the ploughing direction, see Fig. 2(d) and 
(f). It is similar to the Nð1 ​ 1 ​ 1Þ planes in the domain III in the {111} 
grain. 

In the {001} grain, the same mechanisms are observed as in the 
previously discussed grains: spread of slip-steps in the domains I and III; 
the domain II remains few slip steps and separates the domains I and III. 
Specially, the slip-step lines on the ð1 ​ 1 ​ 1Þ and ð1 ​ 1 ​ 1Þ are almost 
parallel in this grain. The further details on slip step activity, in the 
Pð1 ​ 1 ​ 1Þ or Nð1 ​ 1 ​ 1Þ planes, in the domain I will be identified from 
ECCI and discussed subsequently. 

3.1.2. Dislocation morphology 
Fig. 3 shows the dislocation morphology after indentation and after 

short ploughing in the {101} grain. The dislocations on the ð1 ​ 1 ​ 1Þ
plane are perfect dislocations in the domains I and III after indentation, 
as shown in Fig. 3(a) and (b). These ECCI images show the positive 
inclination in the domain I: dislocation lines are toward the indent; and 
the negative inclination in the domain III: the dislocation trace lines are 
away from the imprint. After ploughing, the dislocations on the ð1 ​ 1 ​ 1Þ
plane are dissociated into partial dislocations in the domain III (Fig. 3 
(d)), However, the dislocations in the domain I – on the left-hand side – 
remain as perfect dislocations (Fig. 3(c)). 

Fig. 4 shows the ECCI images after indention and 2 μm ploughing in 
the {001} grain. We focus on determining on which plane the slip steps 
are in the domains I: Pð1 ​ 1 ​ 1Þ or Nð1 ​ 1 ​ 1Þ planes? During the 
indentation, it is on the Nð1 ​ 1 ​ 1Þ plane, as shown in Fig. 4(a), and this 
secondary-plasticity is the result of pile-up formation that was produced 
by the Pð1 ​ 1 ​ 1Þ and Pð1 ​ 1 ​ 1Þ planes in the domain I [35]. Similarly, 
after the ploughing the Nð1 ​ 1 ​ 1Þ slip planes are also activated in the 
domain I, rather than the Pð1 ​ 1 ​ 1Þ slip-planes (see Fig. 4(a)). 

3.1.3. Pile-up morphology 
Fig. 5 shows the topography after ploughing with varying lengths 

into the {111}, {101} and {001} grains and the corresponding 
maximum heights of the pile-ups with a function of ploughing length. 
We observe that the pile-up topographies are related closely to the 
corresponding slip-step patterns: 1) the front area also consists of three 
domains I, II and III, and the pile-up domains I and III locate two sides 
and no deformation occurs in the domain II; 2) during the transition 
from indentation to ploughing, the volume of front pile-up2 (see an 
example marked with black arrows in the dashed frame in Fig. 5(a)), and 
the pile-up shapes grow with geometric similarity; 3) the location of the 
domains I and III are also similar with respect to the wear direction and 
the indenter center; 4) the pile-up topographies are also asymmetric on 
both sides of the wear track. These observations highlight that the grain 
orientation determines the slip-step pattern and topography. For the 
{111} grain orientation, higher extension and activity of slip-step in 
domain I shows more height in domain I, compared to those in domain 
II. The pile-up I locates in the front of the wear direction while the pile- 
up II closely to the right-hand side of imprint. For the {101} grains, the 
pile-up height and extension are similar in domains I and II. The height 
and extension of pile-up I in the {001} grains are higher than those of 
pile-up II, which is similar to that in the {111} grain. Fig. 5(d) illustrates 
that the maximum heights of the pile-ups increase until the ploughing 
length reaches ~10 μm, and then remain constantly in three grains, 
except for the right pile-up in the {111} grain. 

3.2. Long ploughing 

Fig. 6 shows the SEM and confocal images of 20 μm wear tracks in the 
{111}, {101} and {001} grains, respectively. The slip-step patterns and 
pile-up topographies in the wear direction are divided into four seg-
ments: indentation, transition, steady-state as well as unloading 
segment. The indentation segment is always the contact radius of the 
two bodies. Gradual changes in the slip-step patterns occur in the 
transition segment. The transition lengths are almost identical for all 
orientations, ~10 μm. This observation implies that the transition length 
is independent of the grain and wear track orientation. When the 
ploughing length exceeds ~10 μm, the slip-step patterns are stable. The 
length of the steady-state segment depends on the total length of the 
wear track. The unloading region has a length similar to the radius of the 
contact. 

A sink-in, i.e. positive depth outside the wear track, is observed at the 
right-hand side of the wear track in the {110} grain and highlighted by a 
dashed rectangle. The data-points with a height less than zero, i.e. 
outside height, are highlighted with green in Fig. 6(e). A similar sink-in 
is observed in the {001} grain in the front of the wear track, highlighted 
by a blue circle. It should be pointed out that wear debris or scrapes are 
not observed in this study. 

We further investigate the pile-up details obtained from confocal 
microscopy, as shown in Fig. 7. The cross-section profiles show artifacts 
on the banks of the wear track: there the profile is not a smooth line. 
These artifacts occur in confocal measurements in steep slopes and the 
artifacts should be ignored. Once the ploughing starts, the depth curves 
show that the indenter penetrates further the material and then reduces 
the penetration for the three grains, as shown in Fig. 7(a). A steady state 
is achieved after ~10 μm, which matches the transition length from slip- 
step pattern. The cross-section profiles in Fig. 7(b) show that the pile-up 
cross-section at the left-hand side in the {111} grain is much larger than 
that at the right-hand side; slightly larger in the {001} grain; almost 
same in the {101} grains. Here, it should be emphasized that the cross- 
section size is not only affected by the grain orientation, but also 
influenced by the wear direction, sample tilting effect, etc. In this study, 

2 Front pile-up is the deformed domain that locates above the sample surface 
and in front of the tip centerline that is perpendicular to the scratch direction. 
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Fig. 2. SEM images after indentation and ploughing with a normal force of 40 mN and a length of 2 μm into (a)–(c) the {111} grain with the ~½110� direction, (d)–(f) 
the {101} grain with the e½011� direction and (g)–(i) the {001} grain with the e½100� direction: (a) (d) (g) Thompson tetrahedrons; (b) (e) (h) indentation and (c) (f) 
(i) ploughing: P denotes for positive inclined slip planes and N negative inclined slip planes with respect to the surface; the inclination of ð1 1 1Þ slip-plane is shown 
with the yellow frame, ð1 1 1Þ activity blue, ð1 1 1Þ activity green and ð1 1 1Þ activity red; Solid frame is above the surface and hollow frame with dashed lines is 
underneath the surface; Blue arrows indicate the wear direction; please note that the thompson tetrahedron in (a) is an inverted triangular pyramid. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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we do not focus on the comparison among these three individual cases. 

3.3. Friction force 

Fig. 8 shows the development of friction force during ploughing in 
the {111} grain for different wear track length. This friction force evo-
lution is not the conventional increase of friction force until the critical 
static friction force and the subsequent dynamic friction force. In this 
study, a relative motion occurs as evident by the previously shown wear 
tracks. Here, the friction force increases during the transition segment 
and reaches a steady state value. The length of the transition zone (~10 
μm) is similar to the measures from the slip-step patterns and the depth. 
Hence, the all measures predict the same transition length. The same 
qualitative evolution of the friction force was observed in Refs. [9–11, 
21,34]. 

It should be pointed out that the accuracy of the friction force 
measurements is limited in the nanoindenter, i.e. 2 mN. A novel 
approach has been developed to improve that accuracy [36]. That 
approach has not been used in this study, because this study focuses on 
the qualitative evolution of the friction force only. The friction force in 

the {101} and {001} grains show the same qualitative behavior and are 
not shown here for conciseness. 

4. Discussion 

4.1. ‘Genetic similarity’ from indentation to ploughing 

The slip-step pattern and the pile-up topography are results of plastic 
flow. These are also complementary: the pile-up topography quantifies 
the plastic flow and the slip step pattern shows the slip-planes and dis-
tribution. The measures show that ploughing consists of four steps: 
indentation, transition, steady-state and unloading segments in the three 
grains. The indentation segment is the first stage of ploughing. Once the 
indenter starts to move laterally, it experiences a transition process and 
then arrives at steady-state stage. The unloading segment is the dynamic 
deformation area during ploughing. 

The dominant slip planes in the indentation segment remain active in 
the subsequent ploughing segment. During ploughing the activated slip- 
planes and pile-up in the unloading segment shift parallel, i.e. same 
relative location of domains I and III, with respective to the indenter 

Fig. 3. ECCI images after (a) (b) indentation and (c) (d) 2 μm ploughing in the {101} grain: (a) (c) left side of imprints, i.e. domain I and (b) (d) right side of imprints, 
i.e. domain III: Blue frames show the corresponding precise locations of ECCI observation. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 4. ECCI images after (a) indentation and (b) 2 μm ploughing in the {001} grain.  
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Fig. 5. Topographies after indenting and ploughing with different ploughing lengths into the (a) {111} grain, (b) {101} grain and (c) {001} grain. (d) shows the 
maximum heights of pile-ups as a function of wear track length. 
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center and the wear direction, and the intensity increases. Here, we 
address the absence of additional slip systems during ploughing at the 
example of the f1 0 0g grain. During indentation, the primary Pð1 ​ 1 ​ 1Þ
and Pð1 ​ 1 ​ 1Þ slip systems produce a pile-up and result in the activation 
of the Nð1 ​ 1 ​ 1Þ slip system [35].3 Once the indenter starts the 
ploughing, the Pð1 ​ 1 ​ 1Þ plane is a favorable slip system in domain II, 
compared to the Nð1 ​ 1 ​ 1Þ plane. However, as shown by ECCI in Fig. 4 
(b), slip on the Nð1 ​ 1 ​ 1Þ slip-planes dominate, rather than on the 

Pð1 ​ 1 ​ 1Þ plane, because (i) this plane is negatively inclined allowing 
efficient plasticity once the pile-up is established and (ii) pre-existing 
dislocations exist on these Nð1 ​ 1 ​ 1Þ planes. The same observations 
are applicable to domain I of the f1 1 1g grain. Further CP-FEM or DDD 
simulations are required to investigate the stress fields during the 
transition from indentation to ploughing. 

4.2. Differences between indentation and ploughing 

Ploughing consists of two phases, indentation and lateral motion. 
Because the lateral motion phase breaks the indentation symmetry, 
differences in plasticity between indentation and ploughing are ex-
pected. Moreover, during ploughing, the depth increases initially and 

Fig. 6. (a)- (c) SEM and (d)- (f) confocal images of the wear tracks with a length of 20 μm. In the (a) (d) {111}½110� grain, (b) (e) {101}½011� grain and (c) (f) 
{001}½100� grain, which denotes the normal and wear direction. 

3 Slip on the ð1 1 1Þ slip-plane, which is parallel to the surface cannot be 
observed. Hence, this slip-plane is not discussed here. Note that the resolved 
shear stress is close to 0 on this plane. 
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then decreases towards the steady-state depth, which also inevitably 
results in the differences from the indentation to the ploughing. 

One different is that slip sequence change for some cases. During 
ploughing, the negatively inclined Nð1 ​ 1 ​ 1Þ slip-planes are dominant 
on the sides of the wear track in the domains III of the f1 1 1g and 
f1 0 1g grains (see Fig. 2). However, they are both secondary slip sys-
tems during indentation [35]. Gagel et al. [25] and Greiner et al. [4] 
demonstrated how dislocations move into initially dislocation free re-
gions during sliding and the authors discussed how sliding direction, the 
orientations of glide plane and Burgers vector affect dislocation motion. 
In this study, the pre-existing dislocations on these Nð1 ​ 1 ​ 1Þ slip-planes 
from the indentation segment also move along the wear direction and – 
moreover – these dislocations multiplied. Hence, the slip-planes with 
transportable dislocations during the indentation segment can be pri-
mary slip systems during the ploughing. The slip-step pattern on these 
Nð1 ​ 1 ​ 1Þ slip-planes becomes wider because the plasticity continuous 
to spread away, due to the lateral motion phase together with the 
increased stress components induced by indentation phase, not caused 
by dislocation transport. 

Another difference is the dislocation behavior. Only perfect dislo-

cations are observed after indentation in the {101} grain in this study 
(even using 80 mN normal force in Ref. [35]). It means that the dislo-
cations cannot be dissociated into partial dislocations in the indentation 
phase during ploughing. However, after ploughing, dissociated dislo-
cations occur on the one-side of the wear track. Hence, these dissociated 
dislocations on the negatively inclined right-hand ð1 ​ 1 ​ 1Þ planes are 
mainly caused by the lateral stress. On these negatively inclined planes, 
the most possible Burgers vector is a =2 ½1 ​ 0 ​ 1� (see the yellow arrow in 
Fig. 2(d)), which leading to the dislocation transport and more plasticity 
towards the front side on this principle slip system. Due to the effect of 
the lateral stress, the corresponding leading partial dislocation is ex-
pected to have a higher Schmid factor than the trailing partial disloca-
tion, hence the perfect dislocations with a Burgers vector of a =2 ½1 ​ 0 ​ 1�
are dissociated into the partial dislocations. Moreover, on the left-hand 
side of the wear track, the dislocations in the Pð1 ​ 1 ​ 1Þ planes are still 
perfect, because the Burgers vector on these planes most likely is 
a =2 ½0 ​ 1 ​ 1� (see the black arrow in Fig. 2(d)), which results in plasticity 
spread more easily away from the indenter, while the Schmid factor of 
the corresponding leading partial dislocation is expected to be lower 
than that of the trailing partial dislocation. 

4.3. Slip-step and pile-up evolutions 

The slip-step and pile-up evolutions are the grain orientation 
dependence. It should be noted here that the wear direction also in-
fluences the plasticity, however, this is not the focus of this work. The 
indentation is the first stage of the ploughing process, which provides 
numerous ‘pre-existing’ dislocations for the following ploughing pro-
cess. The indentation-induced plasticity has been revealed in Ref. [35, 
37]. The dislocations nucleate underneath the indenter and travel on the 
positively inclined slip-planes during the initial stage of indentation, 
resulting in the formations of pile-ups. The tilting angle of the slip-planes 
determine the plasticity flow directions in the planes. Afterwards, the 
pile-up formation is contributed to the slip on the negatively inclined 
slip-plane. In order to better discuss, the indentation imprint is also 
divided into two segments: indentation at the backside of indenter and 
unloading segment at the front side. Here, we mainly focus on the 
unloading segment, as it is a dynamic deformation domain during the 
ploughing. 

Once the indenter starts to wear, it penetrates further and then 
moves back. When it ploughs beyond a length of ~10 μm, the depth 
remains constant for all three grain orientations. This depth develop-
ment matches the evolutions of the slip-step pattern and pile-up 
topography: transition and steady-state segments, respectively. These 
critical lengths are independent of the grain orientation. 

Fig. 7. Corresponding cross-sectional profiles in 20 μm wear tracks in the {111}, {101} and {001} grains: (a) shows the depth along the central line of the wear track 
and (b) illustrates the cross-section profile in the steady-state segment. 

Fig. 8. Friction force as a function of wear track length in the {111} grain. The 
behavior of the other grain orientations is similar. 
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In the {111} grain, two pile-ups and corresponding slip-steps form at 
the unloading segments during indentation (see Figs. 2 and 5). In the 
domain I, slip on the Pð1 ​ 1 ​ 1Þ and Pð1 ​ 1 ​ 1Þ planes determine the 
initial site of the pile-up, which is closer to the front of indenter during 
indentation. During ploughing, the additional lateral stress leads to a 
larger deformation while the center location of this domain almost does 
not rotate with respect to the wear direction and the indenter center. The 
Nð1 ​ 1 ​ 1Þ slip-plane in this domain is still the secondary slip system. The 
site of the domain III during indentation is mainly determined by slip on 
the Pð1 ​ 1 ​ 1Þ and Pð1 ​ 1 ​ 1Þ planes. It locates close to the clockwise 
direction of ~80�, far away from the front of the indenter, which leads to 
a slight influence from the lateral stress. The Nð1 ​ 1 ​ 1 ​ Þ slip planes 
become a principle slip system and the dislocations on these planes are 
transported and multiplied with the indenter due to the plough 
component, which result in a forward flow of plasticity, as we can see 
from the growth of the corresponding slip-steps in Fig. 2(c). The trans-
ported dislocations are not only from the pre-existing dislocations that 
were produced in the indentation segment, but also induced by the 
following increased wear depth effect and lateral stress. 

In the {101} grain, the pile-ups at the two sides of the imprints grow 
with symmetry relationships during ploughing, because the grain 
orientation is close to the ideal {101} and the wear direction is near to 
the ½011� symmetry axis. However, due to the small deviation from the 
ideal {101} and the symmetry axis, some differences between the do-
mains I and III are inevitable. One difference is that the width and height 
of the left pile-up are slightly larger than that at the right-hand side (see 
Fig. 7), most possibly because the plasticity flows on the Pð1 ​ 1 ​ 1Þ plane 
towards the front-left side with the presence of Burgers vector 
a =2 ½0 ​ 1 ​ 1� (see Fig. 2(d)). The Nð1 ​ 1 ​ 1Þ plane at the right side becomes 
a principle slip system during ploughing, leading to more plasticity to-
wards the front side with presence of Burgers vector a =2 ½1 ​ 0 ​ 1�
(dissociated into two partials). Moreover, the neutral ð1 ​ 1 ​ 1Þ slip- 
planes are activated in the domain I close to the imprint during 
indentation. After ploughing, it plays a barrier in the plasticity flow to 
the front-left side and promotes the plasticity flowing upwards in the 
domain I and close to the imprint, which results in slight higher height in 
the domain I than in the domain III. The second difference is that only 
sink-in is found at the right side of domain III in which have numerous 
negatively inclined slip system. The sink-in is a normal phenomenon for 
some materials during indentations, which locates close to the indenter 
[38,39]. Kim et al. [40] reported that the sink-in can occur at the 
opposite side of pile-up with respect to the indenter and claimed that it is 
caused by elastic deflection during indentation. Here, it is possibly 
induced by material flow on the main slip system Nð1 ​ 1 ​ 1 ​ Þ planes in 
this domain. Further CP-FEM or other simulations are required to un-
ravel the mechanism of sink-in. 

4.4. Friction force evolution 

In this subsection, we focus on the friction force development. The 
apparent friction force Ffric is decomposed into an adhesive friction Fad 
and ploughing friction Fpl [18]. Based on it, Lafaye et al. [16–18] pro-
posed the analytical models with the consideration of elastic recovery, 
which show that the tendencies of friction and depth should be similar, i. 
e. positive relationship. However, the results in this study show that the 
friction increases significantly first and then slightly till to it stays flat 
while the depth increases and then decreases until to reach the steady 
state (see Fig. 7). Therefore, the change in wear depth is not main reason 
accounting for the development of friction force. Fig. 5 shows that the 
pile-up in the front of indenter has a similar tendency to the friction 
development. Pile-up increase results in an increase in the ploughing 
friction, Fpl and – finally – friction force increase. Therefore, pile-up is a 
dominant factor for the friction increase, rather than the depth change. 

5. Conclusion 

Based on the investigation of the evolution of plasticity and friction 
in three grains in an austenite stainless steel, the following conclusions 
can be drawn: 

1. The plastic flow during ploughing, i.e. slip-step and pile-up evolu-
tions, has four stages: indentation, transition, steady-state as well as 
unloading segments. The transition lengths are ~10 μm in these 
grains. 

2. The indentation stage affects the following stages. During the tran-
sition, the center of slip-step pattern and pile-up tend to remain in the 
same direction with respect to the wear direction. Moreover, the 
active slip systems remain constantly during the deformation.  

3. Differences exist between indentation and ploughing due to the 
lateral motion and due to the change in wear depth:  
a. The symmetry of the pile-up is broken by the wear motion  
b. The relative activity of slip systems change depending on the 

grain orientation.  
c. Dissociated dislocations occur during wear while indentation is 

dominated by full dislocations.  
4. The friction force starts from 0 N and increases until it reaches a 

steady-state value when exceeding a length of ~10 μm, independent 
of the studied grain orientations. The increase in friction force and 
the steady state force are caused by the increase of the pile-up in 
front of the asperity. 
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