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Abstract

In this study, we describe an experimental setup and a new approach for
operando investigation of structural evolution of materials during wear and
friction. The setup is particularly suited for testing various friction pairs,
including those in which both rubbing bodies are made of metals. The
developed device allows circumventing the problems related to significant
scattering of X-rays produced by metals and makes it possible using “real
samples” in synchrotron beamlines operating in reflection mode. To demon-
strate the capabilities of the device and the proposed new approach, an iron-
based massive sample was subjected to thousands of friction cycles using a
cemented carbide pin. The material was probed with synchrotron X-ray radi-
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ation within a few milliseconds after leaving the friction zone. The results of
the microstructural and structural analysis, as well as results obtained from
diverse mathematical models, allowed us to evaluate several features, includ-
ing gradual accumulation of defects, microstructural refinement, dislocation
density changes, surface layer oxidation, as well as several other phenom-
ena caused by the dry sliding friction process. Mainly, it was possible to
conclude that the process of wear occurred due to the cooperative action of
oxidation and plastic deformation, which began during the first cycle of fric-
tional interaction and was manifested in increasing the dislocation density,
whose type was changed gradually during testing. The number of defects
quickly reached a threshold value and subsequently fluctuated around it due
to periodically repeated processes of defect accumulation and stress relax-
ation resulting from material wear. It was also observed that friction led to
the quick formation of a mechanically mixed layer, consisting of the sample
material and a mixture of two types of iron oxide – hematite and magnetite.
The delamination of this layer was probably the primary wear mechanism.

Keywords: wear, subsurface layer, structural evolution, synchrotron,
in-situ, operando
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1. Introduction

The phenomenon of friction and the accompanying wear have always been
of particular interest to science and engineering. The total costs of energy
required to overcome friction by different machines and mechanisms, make
up from 2 to 6 % of the GDP of economically developed countries [1, 2].
Equipment operating under friction conditions in most cases fails due to
wear [3]. Such observation is especially true when operating conditions are
associated with dry sliding friction, but this problem may also happen in cases
of rolling friction. The problem is worth mentioning if one takes into account
that dry sliding friction is an inevitable and even desirable phenomenon in
some products, for example, in braking systems.

In terms of wear rate, dry sliding friction is one of the most “severe”
processes. It is associated with several wear mechanisms, including but not
limited to, adhesive, fatigue, abrasive, and corrosion wear [4, 5, 6]. The
prevalence of a specific wear mechanism depends primarily on the parameters
of the friction process, as well as on its stage.

However, in real situations, multiple friction mechanisms usually act si-
multaneously [7, 8]. Numerous metallographic studies of materials subjected
to dry sliding friction reveal severe plastic deformation occurring in the sub-
surface layers of rubbing bodies [9, 10, 11, 12, 13]. Besides, one may observe
the occurrence of chemical reactions between the environment and materials
of the friction pair, the mechanical mixing of these materials, and the forma-
tion of thin near-surface layers, the properties of which differ sharply from
that of internal volumes of the samples. These layers are termed differently
in the literature [14, 15, 16], for instance, mechanically mixed layers (MML),
transfer layers, tribological layers, fragmented layers, highly deformed lay-
ers, glaze layers, white-etching layers, nanocrystalline layers, third body, etc.
The material under these layers also undergoes significant changes, leading
to the formation of the so-called subsurface layer [17]. The structure and
properties of such subsurface layers gradually or abruptly approach to those
of the base metal as the distance from the surface increases.

Most studies indicate that, regardless of friction process conditions, the
structure of subsurface layers changes very fast and transforms into a new
state, which, as a rule, differs significantly from the initial state in its me-
chanical and chemical properties [8, 18]. The structural evolution of surface
layers during friction is extraordinarily complex. Its thorough understand-
ing allows conscious decision taking on selection of tribological materials as
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well as on technologies for their bulk and surface processing, providing high
reliability and durability of the friction pair.

A significant number of studies have been devoted to the processes of
structural evolution during friction. It is challenging to cover all of them
within the scope of a single paper. With the advent of the first methods
of X-ray and electron diffraction analysis in the early twentieth century, it
was found that, under friction, the structure of the surface layers undergoes
substantial refinement and, in some cases, amorphization. The layer formed
in such cases is sometimes called the Beilby layer [19].

Long-term frictional impact on carbon steels also leads to the formation
of nanocrystalline layers, which, under certain conditions, have white color
(so-called white etching layers or WEL) [20, 21, 22, 23]. The formation of a
nanocrystalline structure during friction occurs due to the deformation and
accompanying heating of the material in the contact area, as well as due to
subsequent rapid heat transfer into the inner layers of the metal.

The principle mechanisms of structural evolution and surface nanostruc-
turing during friction were studied in detail using experimental and theoret-
ical approaches (e.g., Panin et al. [9]). Here it was suggested that structural
changes during friction arise in a similar way as during other types of plastic
deformation. Thus, the friction is accompanied by the following phenomena:
generation of dislocations, formation of small-angle boundaries due to rear-
rangement of dislocations into dislocation walls, appearance of disclination
dipoles, and formation of fragments. Subsequent plastic deformation occurs
due to the movement of the entire fragmented layer along the friction surface.
The plastic deformation of subsurface layers leads to their strong texturing.
As a rule, the planes of easy slip are oriented parallel to the friction surface
[24, 25, 26, 27].

Although the transition of the structure to some steady state under con-
ditions of dry sliding friction is extraordinarily rapid, this process is not
instantaneous. It comprises several stages of accumulation of defects in the
crystal structure [17]. During each cycle of frictional loading, the strain ac-
cumulated in the material increases by a small amount. Upon reaching a
certain limit, the surface layer fails, forming wear debris [14].

Most of the studies devoted to the analysis of materials’ structure formed
during friction are based on results of ex-situ studies performed using light or
electron microscopy. One of the main disadvantages of these methods is the
necessity to interrupt an experiment after a particular time and prepare the
specimen for analysis. Firstly, such an approach allows obtaining only data
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on structural changes occurring in a specific moment of the frictional process.
Secondly, the sample preparation procedure, which often involves various me-
chanical operations, may lead to structural changes other than those caused
by the friction, indirectly affecting subsequent conclusions. Thirdly, sample
preparation is destructive, hence not allowing for tracking further structural
evolution of the same sample during ongoing testing.

Significant progress in understanding the structural evolution during fric-
tion was achieved due to the application of various in situ methods, which
allowed evaluating structural changes occurring directly in the friction zone.
In recent decades, new highly sensitive in-situ tribometers have been devel-
oped providing a high-frequency estimation of the friction coefficient and
images of the contact zone [28, 29, 30], and, in some cases, information on
chemical bonds using Raman spectroscopy [31, 32]. Transparent pins and
infrared cameras provide information about the temperature of the contact
zone directly in the process of friction [33, 34]. In recent years, a better under-
standing of microcutting mechanisms (formation of tribolayers, wear debris,
the evolution of the dislocation structure) during friction was achieved due
to in situ tribometers installed in scanning electron microscopes (SEM) and
transmission electron microscopes (TEM) [35, 36, 37, 38, 39, 40].

Particularly noteworthy are methods based on in situ and operando X-ray
diffraction (XRD) analysis [41, 42]. The modern high-intensity synchrotron
radiation sources enable to study phenomena occurring directly in the area
of frictional interaction or close to it. Kajita et al. [43] and Yagi et al.
[44] used an apparatus with a single-crystal sapphire disk rubbing against a
pin-shaped sample made of steel. The use of a sapphire disk (crystallograph-
ically oriented to be transparent to the light in the range from the visible
to the near-infrared wavelengths, and having low interaction with X-rays)
allowed them to record the processes of the wear debris generation, plastic
deformation, heating, and phase transformations occurring under conditions
of severe wear of steel.

The application of in-situ technique described by Kajita et al. and Yagi
et al. [43, 44] to real friction pairs, in which both rubbing bodies are made
of metal alloys, is limited since the metals significantly scatter X-rays and
can be transmitted only when the samples are relatively thin. Due to these
reasons, microscopic and diffraction analyses of the material located in the
contact zone of bulky metallic samples, frequently used in real friction pairs,
are non-trivial tasks. To address these issues, a new experimental device was
developed, allowing to investigate the structural evolution of materials in-
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operando. A bulk material subjected to friction was probed within a few mil-
liseconds after leaving the friction zone. Using a “cemented carbide – steel”
friction pair, we demonstrate the capabilities of this novel approach, which
allowed us to observe several stages of defects accumulation, microstructural
refinement, dislocation density changes, surface layer oxidation, as well as
several other phenomena caused by the dry sliding friction process.

2. Description of experiment and characterization techniques

2.1. Friction tester for simultaneous synchrotron analysis of the samples’

surface

A simplified schematic of the experimental geometry used in this study
is shown in Fig. 1. The test sample – a disk with a diameter of 66 mm –
was loaded with a pin-shaped counter-body pressing against the cylindrical
surface. A monochromatic and X-ray micro-beam probes the cylindrical
surface of the sample at a small distance from the pin. Thus, the material
that recently left the friction contact zone is analyzed. This scheme allows
observing the structural changes that occurred in a given region of the sample
during each cycle of frictional loading in operando. The two-dimensional
diffraction patterns are then recorded using a 2D-pixel detector mounted
downstream of the sample.

The friction tester designed to implement this experimental approach is
shown in Fig. 2. The sample is centered on a spindle by means of an expand-
ing collet and fixed with bolts. A servo motor drives the spindle through a
gear belt drive that provides high torque and an adjustable sample rotation
speed in the range from 0.6 to 300 rpm. All these parts are rigidly fixed on
an aluminum frame, which could move vertically along two linear guide rails
within the device housing. Using a lever mechanism connected to a loaded
basket, the fixed test sample is pressed against the rigidly fixed pin. The load
was controlled by adjusting the weight in the basket. The pin is made of a
hard material, the wear of which during the experiment being insignificant.
Before starting the experiment, the device was positioned in such a way that
the probing point of the focused X-ray beam was in the middle of the cylin-
drical surface of the sample at a predetermined distance from the pin. Due
to the wear, the sample diameter was continuously decreased. The design
decision to mount the pin statically while the sample constantly exerts the
force against it via the lever mechanisms was chosen to allow the system to
account for the wear induced decrease of the sample diameter. Thus, the
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Figure 1: Schematic diagram of the setup used in the experiments (not to scale)

focal spot of the X-ray beam stays on the center of the cylindrical surface,
and the sample-to-detector distance remains virtually constant during the
experiment. The device provides a load of up to 500 N. Thus, considering
the geometry of the sample and the pin, the maximum pressure in the friction
zone can reach up to 500 MPa. Although the device was used to analyze the
process of dry sliding friction in this study, its design allows using a variety
of lubricants.

The shape of the pin is shown in Fig. 2. The width of the contact surface
is 1 mm. In the described experiment, the pin is made of a WC-Co cemented
carbide alloy (80 % WC and 20 % Co).

The friction tester was installed at the beamline ID13 (Microfocus beam-
line) of the European synchrotron radiation facility (ESRF) (Fig. 3.). The
optical system of the beamline provides a high-intensity X-ray beam focused
to a spot of a few micrometers in size. In the current study, the cross-section
of the beam in terms of the full width at half maximum (FWHM) was 2.8 (H)
× 1.3 (V) µm2. The grazing angle of the beam with respect to the rotation
axis was chosen to be equal to α = 3.6◦. Thus, the footprint of the beam
onto the cylindrical sample surface was 2.8 × 21 µm2 (H×V, where H and V
stand for horizontal and vertical dimensions, respectively). The photon en-
ergy of the X-ray beam was set to 13.9 keV, corresponding to the wavelength
of 0.8919726 Å. The whole experimental device was mounted on a precision
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Figure 2: 3D-model of the friction tester providing simultaneous control of surface struc-
ture using synchrotron X-ray diffraction

XYZ gantry to position the sample with respect to the synchrotron beam.
The X-ray diffraction (XRD) patterns were recorded using the 2D detector
(Dectris Eiger 4M), which has a spatial resolution of 2070 × 2167 pixels and
the highest possible recording rate of 750 frames per second with a dead time
of 10 µs. The physical size of the active detector area is 155.2 × 162.5 mm2

with a pixel size of 75 × 75 µm2. The sample-to-detector distance was set
to 95 mm.

The thickness of the layer analyzed in the experiments can be estimated
using the law of X-ray intensity attenuation due to its interaction with the
material. According to this law, the attenuation occurs mainly due to the var-
ious quantum effects (e.g., photoabsorption, Compton scattering) and obeys
the expression [45, 46]:

I(x) = I0e
−µx (1)

where I0 is the initial intensity of the incident beam, and µ is the linear
absorption coefficient. Knowing that the value of µ for iron at an X-ray
energy of 13.9 keV is 553.5 cm−1 [47], it can be estimated that the effective
penetration depth of the beam (i.e., the depth at which the initial intensity
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Figure 3: The friction tester installed at the ID13 beamline of ESRF

decreases by e times) is xeff = 18 µm. Also, the depth at which the beam
weakens by 95 % regarding the initial intensity is x0.95 = 54 µm. Considering
the grazing angle α, one can roughly estimate the thickness t of the analyzed
layer by substituting x to the equation t = 0.5xsinα, which results in teff =
0.57 µm and t0.95 = 1.7 µm. In other words, in the current study, the
thickness of the analyzed material did not exceed a few micrometers.

2.2. Experimental materials, testing regimes, and materials characterization

techniques

A medium carbon steel of the following composition was used to prepare
experimental samples: 0.45 wt. % C, 0.8 wt. % Mn, 0.25 wt. % Si, other
impurities less than 0.5 wt. %. This alloy is frequently used as the basis for
many engineering alloys and is widely used in friction devices, making it a
convenient choice for testing a new methodology. The samples were prepared
from a round bar by lathing and subsequent grinding of the surface. The final
polishing was done using a diamond paste with a grain size of 1 µm. After the
final polishing, the sample was annealed in a vacuum furnace at 850 ◦C and
below 1.3 mPa for 1 hour to reduce defects introduced during the machining
process. It is noteworthy that, despite the use of a vacuum furnace, a thin
light-yellow film was visible on the sample surface after the heat treatment.
Due to the high chemical affinity between iron and oxygen, one may infer that
this film was an iron oxide. This assumption was subsequently confirmed by
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diffraction analysis. According to [48], the approximate thickness of the iron
oxide film having such a color was about 45 nm.

The selection of the friction conditions was based on two main criteria.
The first one was to provide a load at which the accumulation of deforma-
tion occurred gradually without instant damage of the surface during the
first friction cycles. The final experimental regimes were selected so that the
significant damage could be observed only after several hundreds of sample’s
revolutions. The second criterion was to avoid excessive heating of the ma-
terial, which could affect the structural state of the wearing sample. Due to
these reasons, for the in-operando experiment, a load of 100 N and a rotation
speed of 60 rpm (providing at the cylindrical surface a linear velocity of 0.22
m/s) were selected. Considering the small size of the pin tip and the compa-
rably large diameter of the sample, the contact area between the sample and
the pin can be estimated under the assumption that the interacting surfaces
were flat. For all the samples used in the described experiments, the contact
area is estimated to ∼ 1.5 mm2, which corresponds to a pressure of 67 MPa,
considering a load of 100 N.

The point, which was probed by the synchrotron beam, was at a distance
of 3 mm from the pin. Thus, the material was analyzed 15 ms after it left the
friction zone. The exposure time of one frame during the measurements was
5 ms. During this time, the linear displacement of the point located on the
sample surface was 1 mm. Thus, the diffraction pattern, recorded during one
measurement contained information from a 1 mm long track on the sample’s
surface. Ten diffraction patterns were recorded during one revolution of the
sample to increase the statistical significance of the experiment. This mode
of the investigation is referred to in this study as in-operando.

An alternative investigation approach applied in this study takes an ad-
vantage of the high throughput continuous scanning capability of the beam-
line, referred to as the ex-situ approach in this manuscript from here on
out. At chosen rotation intervals (after the 1st, 6th, 26th, and 126th revolu-
tion), the friction experiment was interrupted, and two-dimensional diffrac-
tion scans were performed on the non-rotating sample as schematically il-
lustrated in Fig. 4. The scanning area was 2 (H) × 0.1 (V) mm2, which
corresponded to 410 (H) × 77 (V) = 31570 diffraction patterns. Scanning
of the surface was also carried out before the start of testing (0 cycles of
friction) and at the end of the test (1126 cycles of friction).

After 1126 revolutions, the total loss in the diameter of the sample was
165 µm, which corresponded to the mass loss of 198 mg. The wear debris
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Figure 4: Scheme of measurements in the ex-situ scanning mode (not to scale)

generation started after approximately 30 revolutions. Subsequently, debris
was continuously generated and collected on a paper placed under the sample.

Metallographic studies of the samples were carried out using a Carl Zeiss
EVO 50 XVP scanning electron microscope coupled with an Oxford Instru-
ments X-Act spectrometer for X-ray energy-dispersive spectroscopy (EDX).

Phase analysis of the wear debris was performed using an ARL X’TRA
diffractometer in Cukα1,2 radiation, 2θ from 30 to 110 degrees, step angle of
0.02 degrees, and a dwell time of 10 seconds per point.

The microhardness distribution in depth from the friction surface was
evaluated using a Wolpert Group 402 MVD microhardness tester using a
diamond indenter with a load of 0.098 N and dwell time of 10 s per point. The
measurements were carried out using nonetched polished cross-sections of the
samples. The distance from the friction surface to each imprint was carefully
measured using an optical microscope. Each value of the microhardness in
this manuscript represents the average of 10 measurements. The confidence
intervals were calculated for the significance level of 0.05.

The surface topography of the samples was investigated using a Zygo
NewView 7300 optical interferometer.
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2.3. Diffraction pattern analysis

Two-dimensional diffraction patterns were azimuthally integrated using
the PyFAI package developed for the Python programming language [49].
The one-dimensional diffraction patterns obtained by integration were ana-
lyzed using the same approaches that are used for XRD patterns acquired
with conventional diffractometers with Bragg-Brentano geometry equipped
with a point detector.

The FWHM value of the peaks was used in this study as one of the main
parameters to evaluate the structural transformations of the material that
occur during friction. Due to this reason, the diffraction peak profiles were
fitted using the pseudo-Voigt function, which contains FWHM as one of its
arguments.

According to the classical study of Williamson and Hall [50], the FWHM
of diffracted peaks increases due to two main reasons, namely, due to in-
homogeneous microstrains and the size of particles (hereinafter referred to
as the size of coherent scattering region (CSR)). The procedure for the de-
convolution of the effects of strain and CSR was described in [50] for elasti-
cally isotropic materials. The case of elastic-anisotropic materials like α-iron
was considered in detail in the studies of Ungar et al. [51, 52]. They pro-
posed methods for analyzing the dislocation structure influence on FWHM of
diffraction peaks, which are typically referred to as the modified Williamson-
Hall (MWH) method and the modified Warren-Averbach (MWA) method.
These methods have been successfully tested for different materials, includ-
ing iron-based alloys like cold-rolled iron [53], high-alloy cold-rolled steel [54],
cold drawn pearlitic steel [55] and cold rolled medium carbon steel S45C [56].
The latter one is the Japanese analog of the steel used in this study. Thus,
the approaches proposed by Ungar et al. [51, 52] were used in this study to
evaluate such microstructural features as the size of CSR, dislocation density,
dislocation type (edge or screw), etc.

Since the total number of diffraction patterns obtained during the ex-
periments was about 200000, their analysis was carried out using custom
noninteractive batch processing algorithms developed in Python.
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3. Results of experiments

3.1. Analysis of peak broadening and defect accumulation analysis in operando

mode

In this section, the results of the operando mode of investigation are
described. I.e., each of the XRD patterns or points in Figs. 5,6,7,8,9,10
represent a result of a single measurement obtained on a rotating sample.

A set of typical diffraction patterns obtained from the same sample region
at various stages of the friction tests is shown in Fig. 5. Since the experiments
were carried out in “reflection” geometry, the patterns contain only the upper
part of the diffraction pattern, while the lower part of the diffraction cones
is absorbed by the sample.

Due to the small beam size, at the initial instant of time, the reflections
show only small azimuthal spread indicating a coarse-grained structure of
the as-annealed sample (Fig. 5a). However, after the first revolution of the
sample, the surface layer of the steel underwent significant changes. In other
words, even a small frictional impact led to considerable grain refinement
in the surface layer, which was manifested in the formation of an almost
continuous powder-like diffraction pattern (Fig. 5b). Also, the weakening of
oxide rings was observed. Subsequent frictional impacts led to the broadening
of the diffraction rings (Fig. 5c-f). Interestingly, oxide rings vanished after
the sixth revolution (Fig. 5c) and reappeared after 126 revolutions (Fig.
5e-f). At this time, oxide rings had higher intensity, meaning a strong re-
oxidation of the sample surface.

The reduced one-dimensional XRD patterns are shown in Fig. 6 as a
function of the diffraction angle 2θ. The dominant phase throughout the
experiment was α-Fe (Fig. 6a). It can be seen that, with an increase in
the number of friction cycles, the intensity of the diffraction peaks decreases,
while their width increases. Such behavior is a clear indication of the gradual
accumulation of defects by the material and microstructural refinement. The
peaks’ broadening is undoubtedly observed in Figs. 6b to 6c. The shift of the
peaks, which can also be observed in Figure 6c, will be discussed in Section
3.3.

The increase of the peak width can be described using the FWHM. The
variation of FWHM of the α-Fe peaks with the number of revolutions mea-
sured on a rotating sample is shown in Fig. 7. The rapid broadening of the
peaks due to the intensive accumulation of defects and the microstructural
refinement was observed during the first 40 cycles. After that, the FWHM
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Figure 5: Two-dimensional XRD patterns recorded after a different number of friction
cycles, as indicated in the Figure. The lower part of the diffraction rings was absorbed by
the sample. The unmarked diffraction rings belong to iron oxides
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Figure 6: (a) integrated XRD patterns in coordinates “intensity - 2θ” recorded from
rotating sample, (b) same as (a) but enlarged, (c) normalized peak (110), which broadened
and shifted to lower angles with the number of friction cycles
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Figure 7: Relation between the FWHM for peaks of α-Fe and number of friction cycles
(a). The scatter chart in (b) is an enlarged region, shaded in the scatter chart (a)

reaches a plateau, and the subsequent growth of this parameter practically
ceased. From approximately the 200th cycle until the end of the experiment,
the data show an oscillation behavior of the FWHM.

The evolution of the CSR size, determined using the MWH method,
is presented in Fig. 8. As in the case of FWHM, the CSR size changed
sharply during the first 40 cycles, during which this parameter decreased
from ∼ 300 nm to ∼ 65 nm. Further refinement was much slower. The
minimum size of the CSR achieved after 1126 cycles of friction was 59 nm.
Some fluctuations in the CSR parameter overtime near the achieved value
are observed on the chart.

The MWH model of peak broadening contains several essential argu-
ments, which may characterize the structure, including the so-called q pa-
rameter (see equations 7, 9, and 12 in the study of Ungar et. al [51]). This
parameter depends on the elastic constants of the crystal, and it differs for
edge and screw dislocations. Following the procedure described in [51], one
may find that the q parameter for screw dislocations in α-Fe is 2.5, while
for edge dislocations, it is 1.35. At the same time, q may be found by fit-
ting the MWH model to experimental data. Thus, the value of q obtained
from the experiment allows calculating the edge to screw dislocations ratio.
These data are presented in Fig. 9. It can be noted that in the as-annealed
sample, the fractions of screw and edge dislocations were approximately the
same. During the first tens of friction cycles, there was a slight increase in
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Figure 8: The relation between CSR size and the friction cycle

the fraction of edge dislocations, and then there was a gradual increase in
the fraction of screw dislocations. At the end of the experiment, more than
90 % of the dislocations in the surface layer were of a screw type.

The MWA model allows estimating the change in the dislocation density
depending on the friction cycle. From the chart shown in Fig. 10 it follows
that the dislocation density, as well as FWHM and the CSR size, significantly
changed during the first tens of friction cycles, finally reaching a plateau. The
large scatter of the values is probably due to the insufficiently high quality
of the diffraction profiles, which, in turn, was associated with the extremely
short exposure time in the in-operando mode as well as with the mechanical
stability of the setup.

3.2. Analysis of ex-situ scanning data

Diffraction patterns obtained from a few points of the sample do not
provide a complete understanding of structural changes caused by friction,
especially if one assumes that the structure formed as a result of friction
can be very inhomogeneous. Due to a relatively small size of the focused X-
ray beam, the scanning across the sample’s surface becomes possible, which
allows obtaining information about the spatial distribution of microstructural
parameters
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Figure 9: Variation of a q parameter used in the MWH model to estimate the fractions of
screw and edge dislocations in highly deformed materials

Figure 10: Variation of the dislocation density with the number of friction cycles
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As an example, Fig. 11 shows the distributions of intensity (Fig. 11a-
f) and FWHM (Fig. 11g-l) of (112) reflections after a different number of
friction cycles. For the as-annealed state, the intensity of such reflections
was distributed unevenly. The areas of high intensity correspond to regions
having favorable Bragg’s orientation, which was related to the coarse-grained
structure of the sample. The friction “track” left by the pin was observed
on the sample’s surface even after the first revolution (Fig. 11b). Within
this track, the distribution of the (112) line intensity became more uniform.
However, areas with increased intensity were still discernible. These regions
could also be distinguished after six cycles of friction loading (Fig. 11c).
However, they were significantly less contrasting, which is demonstrated by
the difference between the maximum and minimum intensities within the
friction track that was noticeably reduced. This is probably explained by the
fact, that during the first revolutions, only a thin layer is subjected to the
deformation, while the probing depth is still larger. After 26 friction cycles,
there was a significant equalization of the (112) intensity over the entire
friction track. However, after a significant number of friction cycles, a pattern
that resembles the grooves left by the pin appeared on the sample’s surface. It
can also be noted that the width of the friction track substantially increased
up to the 26th cycle. Thus, this stage was considered as the running-in stage.
Subsequent friction cycles did not lead to a significant increase in the width of
the friction track since almost the entire surface of the sample was deformed
after such amount of cycles.

The deformation and the corresponding accumulation of defects led to
the expected broadening of the XRD peaks. For the as-annealed state, the
FWHM of the (112) line was almost the same (about 0.05◦, Fig. 11g) at
different points of the sample. Due to the impact of the pin, XRD peaks
gradually broadened. A particularly noticeable broadening was observed
after the first tens of test cycles (Fig. 11h-j), at the same time, there was no
significant difference between measurements after 126 (Fig. 11k) and 1126
(Fig. 11l) friction cycles.

It is noteworthy that, after a considerable number of revolutions (126 or
more), a specific line-broadening pattern was formed on the sample’s surface.
In other words, the formation of alternating bands of high and low intensity
along the friction track and periodic variations of broadening along with each
band (Fig. 11k,l).
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Figure 11: Intensity (a-f) and FWHM (g-l) distributions of (112) reflection across the
sample’s surface after several revolutions. The arrows show the direction of sliding. During
scanning, the X-ray beam was oriented perpendicularly to images
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3.3. Synchrotron analyses of tribo-oxidation process

A careful analysis of XRD patterns presented in Fig. 6b revealed the
presence of iron oxide peaks. In the initial condition, the oxide peak at an
angle of 20.4◦ was relatively sharp and intense. It corresponded to a thin film
of iron oxide formed during the heat treatment. After the few initial revo-
lutions, this peak gradually disappeared after 26 revolutions of the sample.
During the first tens of cycles, the oxide film separates from the surface along
with wear debris. The iron oxide peaks appeared again after 126 and 1126
cycles; however, they were significantly broader than those formed during
the annealing. Probably, the intensive friction led to accelerated oxidation
of the sample and the formation of fine-crystalline iron oxides. This process
was associated with one of the varieties of tribochemical reactions, namely,
tribooxidation [57, 58]. XRD analysis revealed that two types of iron oxide –
hematite and magnetite – were formed (Figs. 6c and 12). It is known that at
low temperatures, hematite is a stable modification of iron oxide, however,
the formation of magnetite may be due to the mechanochemical reaction
that occurred under friction conditions. For instance [59], the relatively
short-term ball milling of hematite led to its complete transformation to
magnetite. Considering the fact that mechanochemical processes inevitably
accompany the friction process, it can be assumed that the hematite formed
in the process of friction could transform into the magnetite.

Analyzing the intensity variation of the peak at 20.5 degrees correspond-
ing to (110) planes of hematite and (311) planes of magnetite depending on
the number of revolutions (Fig. 13), one could distinguish 3 stages of the
friction process. At the first stage, the material and the initial oxide film
were rapidly worn out. With the friction regimes used in this work, this
stage ended during the first 5–10 cycles. At the second stage, relatively slow
growth of the oxide-enriched layer occurred, which almost completely covered
the sample surface. The progressive growth of this layer was accompanied
by a gradual increase in the intensity of oxide peaks. This stage ended be-
tween 200 and 300 cycles of friction. The third stage was associated with the
dynamic processes of formation and failure of the oxide layer, which was ac-
companied by corresponding oscillations in the relative intensity of the oxide
peaks.

These conclusions can be confirmed by analysis of the distribution of the
oxides’ peak intensities over the sample surface (Fig. 14). The nonuniform
distribution of the iron oxide peaks intensity before the start of the test
(Fig. 14a) was probably associated with the crystallographic misorientation
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Figure 12: XRD pattern of the samples’ surface after 1126 friction cycles, demonstrating
the formation of two types of iron oxide in the process of friction – hematite and magnetite.
The arrow shows the positions of the peaks (110) of hematite and (311) of magnetite, the
total intensity of which was used later to plot Figs. 13 and 14.

Figure 13: Variation of the total intensity of the peaks (110) of hematite and (311) of
magnetite depending on the number of revolutions. The arrows indicate the measurements
obtained from an oxide film that initially presented on the sample surface
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of individual areas of an oxide film. Most of the original film was damaged
after the first revolution (Fig. 14b). However, the traces of it were still
observable after six revolutions (Fig. 14c). After 26 cycles of friction, a
continuous layer containing the newly formed oxide particles started to cover
the sample surface (Fig. 14d). By the 126th cycle, the area occupied by
oxides increased significantly and the intensity of the corresponding peaks
increased (Fig. 14e). Subsequent frictional loading significantly increased
the thickness of the oxide-containing layer, but leading to its failure (Fig.
14f, the spalling areas are shown by black arrows).

Besides the peak broadening mentioned above for α-Fe (Fig. 5), which
was related to a gradual accumulation of defects and microstructural refine-
ment, Fig. 6c also shows that peaks of the α-Fe slightly shifted to lower
Bragg’s angles, indicating an increase of Fe lattice parameter. It is interest-
ing to notice that the peak shift ceases at 26 turns and re-starts after 126
revolutions. In other words, the peak shift correlates with the reduction and
rise of oxidation, respectively observed in Fig. 6c. This behavior indicates
that the oxygen already available in the Fe oxide interstitially diffuses into
α-Fe, suggesting its consumption and competition between diffusion and ox-
idation, which finally reaches equilibrium when oxidation and peak shifting
re-start. Despite being a good explanation, one could argue that, instead of
oxygen, carbon, or even other alloying elements already present in the alloy,
could diffuse into α-Fe. Also, as the tests were at room temperature, possi-
bly activation would be absent for the diffusion. However, it must be borne
in mind that oxygen possesses the highest diffusion coefficient compared to
any other element in the composition [60]. Regarding temperature for dif-
fusion activation, it became clear from the discussion of Fig. 5 that, since
the initial instants, there is an enormous increase in stored energy by the in-
creased number of defects. Of course, stored energy accumulated by defects
is recovered by the microstructural refinement, which, in fact, creates more
defects by the increase of boundaries. Nonetheless, as it usually happens in
any mechanical working, defects are continually increased with further de-
formation even with the presence of recrystallization, hence furnishing more
than enough energy for activating the diffusion process, which is also favored
by the augmented surface area dictated by reduced grains sizes.
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Figure 14: Distribution of the total intensities of (110) hematite and (311) magnetite peaks
over the surface of the samples after a different number of friction cycles. Arrows show
the direction of sliding. During scanning, the X-ray beam was oriented perpendicularly to
images
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Figure 15: An optical interferometer image of the samples’ topography after the friction
tests

3.4. Ex-situ characterization of the structure and properties using comple-

mentary approaches

Five additional samples subjected to 1, 6, 26, 126, and 1126 cycles of
friction, were prepared outside the ESRF, keeping the same test conditions,
and analyzed by standard metallographic ex-situ destructive methods. The
cross-sections of the samples along the friction direction were ground and
polished using conventional techniques. The microstructure was revealed
using the nital etching solution.

The classical ex-situ characterization techniques can significantly comple-
ment the understanding of dry friction and associated phenomena.

Fig. 15 shows the surface topography of the samples. A significant effect
caused by friction was observed after the 26th cycle (Fig. 15b). The result-
ing deep grooves probably indicate the beginning of the process of adhesive
wear, which will later be more clearly confirmed using SEM analysis of the
wear surface and the wear debris. After the lengthy sliding, the surface of
the sample was entirely covered by wear grooves and zones of spallation of
the surface layer (Fig. 15c), which correlates well with the results of the
synchrotron analysis presented in Fig. 14f.

The results of the SEM study of the friction surface (Fig. 16) are in good
agreement with this conclusion. After the first revolution of the sample (Fig.
16a), weak grooves left by the pin were formed on the surface, through which
the boundaries of the initial grains were still weakly visible. After six rev-
olutions, the number of tracks and their depth increased (Fig. 16b). After
26 revolutions, one could distinguish the areas of local adhesion, tearing of
the material (Fig. 16c), which is consistent with the image in Fig. 15b. At
the end of 126 cycles of friction, the traces of significant plastic deformation,
elongation, spreading, and cracking of the material were observed (Fig. 16d),
which was probably caused by the adhesive interaction between the sample
and the indenter. After 1126 friction cycles, the surface of the sample be-
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Figure 16: SEM images of the friction surface after a different number of revolutions

came smoother. However, the traces of the surface layer separation were still
observed on it (Fig. 16e).

A closer look at the sample’s cross-section revealed that the slight elon-
gation of ferrite grains in the friction direction became noticeable after six
revolutions of the sample (Fig. 17b). After 26 revolutions of the sample,
plastic deformation became noticeably distinguishable (Fig. 17c). Ferrite
grains were significantly elongated in the friction direction and narrowed
in the transverse direction. A similar situation is observed for colonies of
lamellar perlite. After 1126 revolutions in addition to the apparent plastic
deformation, the formation of the so-called mechanically mixed layer is ob-
served above the layer of elongated grains (Fig. 17d). This layer is composed
of elements of both the sample and the pin, as well as of significant amount
of oxygen. This layer is not continuous, which is probably due to its spalling
or local delamination during the test. This observation is in good agreement
with the images in Fig. 16e. It is interesting to note that the mechanically
mixed layer merges smoothly with the deformed ferrite-pearlite steel struc-
ture (Fig.17d), and it is not possible to distinguish precisely the interface
between the steel and this layer based on SEM studies.

After 26 or more friction cycles, specific rotation of the material can be
observed in some regions of the sample’s surface (Fig. 18). It is accompanied
by the propagation of cracks into the depths of the samples, which is probably
one of the mechanisms of the surface layers’ failure. This phenomenon is of
great interest and will be considered in more detail in later studies.
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Figure 17: The cross-section of mild steel after a different number of dry sliding friction
cycles

Figure 18: Vortex-like plastic flow in the subsurface layers of mild carbon steel subjected
to dry friction

The effect of the plastic strain accumulation in the subsurface layers is
well observed when analyzing the distribution of the microhardness (Fig. 19).
The deformed layer cannot be observed by micro-indentation when the num-
ber of revolutions was below six, even though the structural transformations
after a similar impact are undoubtedly observed using the synchrotron XRD
method. At the same time, the deformed layer is clearly distinguishable on
samples subjected to friction for 26, 126, and 1126 cycles. For these sam-
ples, the thickness of the deformed layer is in the range 100-150 µm (i.e., it
is almost the same for all three samples). Thus, it seems that a significant
deformation begins simultaneously with the initiation of the adhesive wear
mechanism.

After completion of the tests with 1126 revolutions, a shiny black film
can be observed covering the surface of the sample and having the same
color as the wear debris. SEM analysis of the debris (Fig. 20a) indicates
that wear occurs due to peeling off relatively large flake-like particles (so-
called delamination wear mechanism). Smaller particles probably appear as
a result of grinding the large particles between the pin and the sample. It
should be noted that, despite the significant amount of oxygen detected in
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Figure 19: Microhardness distribution through the thickness of the samples after a different
number of dry sliding friction cycles

the wear debris by the EDX method (Fig. 20b) and its black color, which
is typical for some modifications of iron oxide, that the debris is mainly
composed of α-Fe (Fig. 20c). The absence of distinct peaks of iron oxides in
the XRD pattern is probably due to their low volume fraction. This result is
in agreement with the study of Lim and Ashby [57], who showed that with
friction speeds of up to 1 m/s, the wear particles are predominantly metallic,
and, above this speed, they are composed of oxides.

Figure 20: (a) SEM image of wear debris collected after 1126 sample revolutions, (b) EDX
spectrum confirming the presence of oxygen in wear debris, (c) the XRD pattern of wear
debris obtained using a convenient laboratory diffractometer with Cu kα1,2-radiation
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4. Discussion

From the results presented in the previous sections, one can conclude that
the processes of wear and formation of the subsurface structure during dry
sliding friction are associated with the action of two essential mechanisms:
subsurface deformation and oxidation. These mechanisms, acting synergisti-
cally, lead to the formation of the so-called mechanically mixed layer on the
sample surface. The stationary stage of wear is associated with the cyclic
formation and failure of this layer. Analyzing the process of the subsurface
deformation, we can distinguish the following main stages.

1. The stage of rapid accumulation of defects: under the selected friction
condition, this stage ends in about 40 cycles. This stage is accompanied
by the accumulation of dislocations and the refinement of CSR. The
beginning of intense adhesive interaction and the local tearing of mate-
rial coincides with the completion of this stage and the achievement of
a specific threshold concentration of microstructural defects. It should
be noticed that refinement of the grain size may promote the adhe-
sion between the sample and the counter-body. According to the study
of Peng et al. [61], adhesion increases when the grain size decreases.
They explained this observation purely due to the different mechanical
responses of coarse-grained and fine-grained samples to the external
load. In a review paper [62] Bhushan claimed, that the polycrystalline
form of metal exhibits higher adhesion than single crystal form, which
he explained by the effect of grain boundary energies. The adhesion
also depends on the surface energy [62]. The surface energy of severely
deformed materials is known to be higher than that of coarse-grained
counterparts [63]. Besides, by reducing the grain size and introduc-
ing more dislocations, vacancies, and other defects to the surface layer,
the energy stored by lattice defects greatly increases, making the ma-
terial more prone to chemical interaction with counter-body. Finally,
with the reduction of the grain size, the surface of the grain, interact-
ing with the counter-body becomes comparable with the total grain
surface. This should increase the adhesive/cohesive ratio per grain,
making fine-grained materials more susceptible to adhesion.

2. The stage when the maximum concentration of defects is reached and
the fluctuations around a certain average value of defects starts. Sev-
eral factors limit the threshold concentration of defects. First, at the
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later stages of plastic deformation, a specific equilibrium state is es-
tablished between the processes of nucleation and annihilation of dislo-
cations when further dissipation of the deformation energy due to the
accumulation of new defects becomes virtually impossible. Secondly,
a defective surface layer can dissipate energy due to its failure, i.e.,
due to the formation of wear debris. Thus, even if a more defective
state of the material is potentially possible, it is not achieved, since the
material is separated before it is reached. The oscillation behavior of
FWHM observed in Fig. 7a is related to a combination of the flowing
mechanisms. First, each point of the sample’s surface is at its own
stage of the microstructural evolution, and this stage may be different
for different parts of the sample. Second, the oscillation may be asso-
ciated with the formation of a defect-rich surface layer and its gradual
separation. In this case, deeper and not yet as much deformed layers
of the material lay open, and the damaging process resumes.

3. The gradual evolution of the subsurface layer structure is associated
with an increase in the fraction of screw dislocations: when the thresh-
old concentration of defects is reached, further plastic deformation oc-
curs not due to the slip of dislocations, but due to the collective, possi-
bly rotational, movement of many separate mesovolumes of the material
as it was postulated by Panin et al. [9]. This process probably requires
a change in the type of dislocation substructure. It can be assumed
that at this stage, the formation of twist boundaries in the iron-based
alloy is more desirable than the formation of tilt boundaries. Thus,
screw dislocations begin to dominate the edge ones.

4. The stationary stage of the wear process: at a particular stage of the
sliding, further energy dissipation due to the accumulation of defects
or collective motion of mesovolumes becomes impossible, and the only
mechanism of energy dissipation is the failure.

In a sense, the evolution of the structure and the observed staging during
friction coincide with the evolution of the structure for other types of plastic
deformation. A similar conclusion was previously done in the study of Panin
et al. [9]. It is interesting to note that Panin et al. considered the motion
of a nanostructured layer during sliding friction as the motion of a viscous
paste in which a fluid-like binder bonds solid particles.

Nevertheless, it should be noted that the direct analogy between the
staged evolution of the structure during macroscopic plastic deformation and
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friction is not entirely correct since the friction process is more complicated
because of tribochemical reactions: interaction with the counter body, oxi-
dation, the formation of wear debris and the involvement of the entire set of
these phenomena in the formation of the mechanically mixed layer.

It makes sense to consider in more detail the issue of changing the dislo-
cations type during the friction process (Fig. 9) as this was poorly covered in
the previous studies devoted to friction. Zehetbauer and Seumer [64] showed
that with the implementation of many different schemes of materials plas-
tic deformation, the evolution of their dislocation structure is the same. At
the initial stages of deformation, the active accumulation of both screw and
edge dislocations begins. However, at the final stages preceding the failure,
various mechanisms of dislocations annihilation are activated because with
an increase in the dislocation density, the probability of meeting and annihi-
lation of dislocations of opposite signs increases. The annihilation of screw
dislocations is associated with the cross-slip phenomena and annihilation of
edge ones with the climb phenomena. The dominance of one or another type
of dislocations in the final structure depends on which process – the climb or
the cross-slip – occurs easier. It should also be added that the predominance
of the screw or edge dislocations at the final stages of the deformation process
is probably associated not only with the issue of the dominating annihilation
mechanism but also with the issue of the simplicity of nucleation of one or
another dislocation type in a fine-crystalline structure saturated with defects

Combining the data of Fig. 9 and 10, it can be noted that at the initial
stages of friction (up to 50 cycles), the density of both edge and screw dis-
locations increases, but the rates of these processes differ significantly. Up
to 50 revolutions, the rate of edge dislocations nucleation increases, while
the rate of screw dislocations nucleation decreases. Probably, due to signifi-
cant differences in the energy of the Peierls barrier, the edge dislocations in
bcc metals are more mobile than screw dislocations. As a result, the initial
stages of deformation in such materials occur through the movement of edge
dislocations.

At the subsequent stages of cyclical frictional loading (50 – 600 revolu-
tions), a gradual increase in the fraction of screw dislocations and a corre-
sponding decrease of the fraction of the edge ones occurs. This fact deserves
attention since, in the case of severe plastic deformation of many fcc metals,
the opposite situation is observed - the prevalence of the edge dislocations in
the final material [65, 66]. This phenomenon can be explained if one takes
into account the peculiarities of the core structure of screw dislocations in bcc
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metal. Most of the simulation-based studies predict that splitting of screw
dislocations in bcc alloys leads to the formation of a non-planar configura-
tion of the core [67]. At the same time, the core of edge dislocation in bcc
metals is planar. Such a planar core explains much higher mobility of edge
dislocations in comparison to that of screw dislocations in bcc iron. Due to
the low mobility of screw dislocations, their annihilation at the later stages
of plastic deformation occurs much harder, probably explaining the observed
domination of screw dislocations in the current experiment.

Along with the increase in the density of screw dislocations, the active
annihilation of the edge dislocations occurs, indicating that at these stages
of deformation, not only slip but also climb processes are activated. Several
factors may be responsible for this. Firstly, active plastic deformation leads
to the formation of a significant number of vacancies which facilitate the
climb of edge dislocations. Secondly, the presence of stress concentrators can
lead to the formation of edge dislocation loops located in parallel slip systems.
The convergence of parts of such loops to several interatomic distances can
lead to their annihilation due to their climb. All these mechanisms are well
studied and described in detail in the literature [68].

It should be noted that an increase in the fraction of screw dislocations
in severely deformed bcc iron was previously reported by Forouzanmehr et
al. [53] , Bargujer et al. [69], Nasab et al. [70].

By considering chemical reactions, three main stages of friction can be
distinguished:

1. The destruction of the initial oxide film: under the friction regimes
used in this study, this stage is completed during the first few cycles of
the interaction of the pin and the sample.

2. The beginning of the adhesive interaction, leading to a gradual for-
mation of the mechanically mixed layer. After the initial oxide film
is destroyed, nothing prevents the pin and the sample from the adhe-
sive interaction, which leads to the rapid degradation of the surface
layers and the development of the wear process. The adhesion is prob-
ably facilitated by mechanical activation of the sample surface due to
its severe plastic deformation and the corresponding accumulation of
defects. The mechanical activation of the surface, as well as the temper-
ature increase caused by friction, facilitates oxidation. In the process
of severe plastic deformation, a relatively brittle oxide film is cyclically
destroyed and mechanically mixes with the defective layers of steel lo-
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cated beneath it. In this process, a so-called mechanically mixed layer
was formed. In this case, the process of mechanical mixing is enhanced
due to the specific rotation of the microvolumes of the subsurface layer
(see Fig. 18). It should be noted that, in this case, the material of
the pin is practically absent in the mechanically mixed layer and the
wear debris. Such an absence is because the WC-Co pin had signif-
icantly higher hardness than the material of the sample. Besides, it
also weakly interacts with steel due to the high chemical stability of
tungsten carbide. Thus, almost the entire mechanically mixed layer
consists of the material of the steel, as well as of iron oxides. The sim-
ilarity of the processes of mechanochemical reactions occurring during
dry sliding friction and mechanical alloying in ball mills has already
been noted in several studies, for example, in Rigney et al. [16]. From
the metallographic study, it follows that the thickness of the layer of
mechanical mixing reached 2-4 µm

3. The destruction of the mechanically mixed layer. Upon reaching the
critical thickness and defectiveness, the mechanically mixed layer exfo-
liates and exposes the relatively low-defect and non-oxidized layers of
steel. The exfoliated particles are either removed from the surface of
the sample or fall into the contact zone between the sample and the
pin, mechanically mixing with the existing surface layer, or contribut-
ing to its plastic deformation due to abrasion. At the stationary stage
of friction, this process is periodically repeated.

5. Conclusions

The approach used in this study, which is based on operando and ex-
situ diffraction analysis of the friction surface using synchrotron radiation, is
in good agreement with the results obtained using classical metallographic
methods. By applying this approach to different types of friction pairs and
friction regimes, it is possible to significantly supplement the existing ideas
about the processes that occur during wear. In comparison with classical ex-
situ methods to study the microstructural evolution caused by friction, this
approach allows one to reduce the number of experiments (only one experi-
mental sample is needed per each friction regime), reduce the experimental
time, increase the number of data points (in this study 10 data points were
used for each cycle of friction with the duration of 1 s; besides, modern 2d
detectors have a much higher acquisition rate) and retrieve a large number of
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structural parameters from a single experiment. Thus, the total cost of ex-
periments can be reduced. Currently, the application of the designed device
is possible only with highly brilliant X-ray sources. This can be considered as
the limitation of the approach. Some studies on the wear processes of other
materials will be presented in the following up publications.

Based on the results of this study, the following conclusions can be drawn.

1. The process of wear during the friction of carbon steel against the WC-
Co pin occurred due to the cooperative action of plastic deformation
and oxidation.

2. The process of plastic deformation in subsurface layers began to de-
velop during the first cycle of frictional interaction. This process was
manifested in increasing the dislocation density, refinement of CSR,
and gradual change of the dislocation type. The number of defects
quickly reached a threshold value and subsequently fluctuated near it
due to periodically repeated processes of defect accumulation and stress
relaxation due to material wear.

3. The friction conditions used in this study led to the quick formation
of a mechanically mixed layer, consisting of the sample material and
a mixture of two types of iron oxide – hematite and magnetite. The
delamination of this layer was probably the primary wear mechanism.

References

[1] H. P. Jost, The economic importance of tribology in the conservation of
energy, in: Tribologie Reibung· Verschleiß· Schmierung, Springer, 1981,
pp. 9–38.

[2] B. Bhushan, Tribology: Friction, Wear, and Lubrication, CRC Press,
Florida, 2004.

[3] K. Kato, K. Adachi, Wear Mechanisms, CRC press, 2000, pp. 273–300.

[4] G. W. Stachowiak, Wear: materials, mechanisms and practice, John
Wiley & Sons, 2006.

[5] D. A. Rigney, Transfer, mixing and associated chemical and mechanical
processes during the sliding of ductile materials, Wear 245 (2000)
1–9. URL: https://www.scopus.com/inward/record.uri?eid=

35



2-s2.0-0034305139&doi=10.1016%2fS0043-1648%2800%2900460-9&

partnerID=40&md5=0143a55b6c12ab4a5030ed698999796f.
doi:10.1016/S0043-1648(00)00460-9, citations:323 Export Date:
27 March 2020.

[6] D. Tabor, Friction - the present state of our understanding, Jour-
nal of lubrication technology 103 (1981) 169–179. URL: https:

//www.scopus.com/inward/record.uri?eid=2-s2.0-0019551736&

partnerID=40&md5=f67f9b50dd35580fa7b51e6ca6bc0012, cita-
tions:256 Export Date: 27 March 2020.

[7] P. Heilmann, D. A. Rigney, An energy-based model of friction
and its application to coated systems, Wear 72 (1981) 195–
217. URL: https://www.scopus.com/inward/record.uri?eid=

2-s2.0-0019625069&doi=10.1016%2f0043-1648%2881%2990367-7&

partnerID=40&md5=277bd021f7f2488a5ac3ea673a4c8e6d.
doi:10.1016/0043-1648(81)90367-7, citations:97 Export Date:
27 March 2020.

[8] D. Rigney, Sliding wear of metals, Annual Review of Materials Science
18 (1988) 141–163. doi:10.1146/annurev.ms.18.080188.001041.

[9] V. Panin, A. Kolubaev, S. Tarasov, V. Popov, Subsurface layer
formation during sliding friction, Wear 249 (2001) 860–867.
URL: https://www.scopus.com/inward/record.uri?eid=2-s2.

0-0035504259&doi=10.1016%2fS0043-1648%2801%2900819-5&

partnerID=40&md5=754075cfe5d823500f10424e11e6daa5.
doi:10.1016/S0043-1648(01)00819-5, citations:54 Export Date:
27 March 2020.

[10] C. Greiner, J. Gagel, P. Gumbsch, Solids under extreme shear:
Friction-mediated subsurface structural transformations, Advanced
Materials 31 (2019). URL: https://www.scopus.com/inward/record.
uri?eid=2-s2.0-85062543349&doi=10.1002%2fadma.201806705&

partnerID=40&md5=3bd7136b61f71f8ac10a389446cc08d0.
doi:10.1002/adma.201806705, citations:5 Export Date: 27 March
2020.

[11] X. Wang, X. Wei, X. Hong, J. Yang, W. Wang, Formation of sliding
friction-induced deformation layer with nanocrystalline structure

36



in t10 steel against 20crmnti steel, Applied Surface Science 280
(2013) 381–387. URL: https://www.scopus.com/inward/record.

uri?eid=2-s2.0-84879687390&doi=10.1016%2fj.apsusc.2013.

04.165&partnerID=40&md5=b39e52c7aedbca7e3c22f1a0cab09801.
doi:10.1016/j.apsusc.2013.04.165, citations:23 Export Date: 27
March 2020.

[12] A. Mahato, Y. Guo, H. Yeung, S. Chandrasekar, Surface flow
in severe plastic deformation of metals by sliding, in: IOP Con-
ference Series: Materials Science and Engineering, volume 63,
???? URL: https://www.scopus.com/inward/record.uri?

eid=2-s2.0-84906347141&doi=10.1088%2f1757-899X%2f63%2f1%

2f012016&partnerID=40&md5=0bd084b465510523b05084a1c69a0ab3.
doi:10.1088/1757-899X/63/1/012016, citations:1 Export Date: 27
March 2020.
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