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ARTICLE INFO ABSTRACT
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This work analyses the effect of annealing conditions on tribolayer formation in copper under dry sliding con-
ditions. Cold rolled material and samples annealed during 15, 30 and 45 min at 600 °C show an increase in grain
size, decrease in hardness and increase in toughness and ductility with time. Electron backscattered diffraction
maps describe the severe plastic deformation of a nanostructured tribolayer. Friction coefficients decrease with

annealing times, while surface damage diminishes. Wear is lower in the softer material. This is explained by the
energy required to produce surface damage, in combination with the energy transmitted to the substrate by

friction.

1. Introduction

Heat treatments of metals and alloys are known to impart significant
modifications of the microstructure, which are reflected in the me-
chanical properties of the material. Annealing of cold-worked materials
will induce recrystallisation and grain growth [1-3]. During recrystal-
lisation, the cold-rolled microstructure is substituted by fine equiaxed
grains. This causes a drastic drop in hardness and a large increase in
ductility. Generally, toughness (the area under the tensile curve) in-
creases as well. With increasing annealing times, grain growth occurs,
accompanied by a further softening of the material. In earlier work, a
significant increase in sliding wear resistance has been observed during
the annealing of aluminium, an Al-Sn alloy and copper [4-7]. This effect
is investigated into detail here.

Under sliding contact conditions, wear occurs either by oxidative
processes or by mechanical modification of the surface [8,9]. Light
contact conditions tend to reduce the amplitude of the roughness profile,
in a process known as run-in. At higher contact stresses, ploughing may
occur [10], resulting in surface plastic deformation. Under critical
conditions, small chips of material may be removed in a transition from
ploughing to abrasive wear [11]. Adhesion may occur during any of
these processes and induces surface damage due to stick-slip conditions
or, less commonly, the shearing-off of wear particles. Wear debris often

becomes embedded again in the mating surfaces, leading to the forma-
tion of so-called tribolayers and transfer layers [12-14]. Often, a steady
state of friction and wear is reached, leading to a considerable increment
in roughness [15,16]. Severe plastic deformation (SPD) is observed at
the contact surface in a broad set of tribological systems [17].

SPD processes produce nanostructured materials through the in-
crease of dislocation density, with dislocations arranging into subgrain
boundaries which become better defined and increase their misorien-
tation as the strain levels increase. The evolution of subgrain boundaries
into high angle grain boundaries marks the transition between a highly
deformed material and ultrafine or nanostructured materials [18-20].
Ultrafine grained (UFG) and nanostructured materials obtained by
classical SPD techniques such as equal channel angular pressing (ECAP)
or high-pressure torsion (HPT), often possess high strength but poor
ductility [21]. To improve the strength-ductility balance, a grain size
gradient can be induced by means of surface severe plastic deformation
which improves the tribological behaviour due to the combination of
high strength/hardness at the surface and a coarse-grained ductile
substrate [22].

Experimental observations [4,23-25] in ductile materials show that
sliding wear induces gradients in material, with ultrafine or nano-sized
microstructures in the uppermost layers. These have important effects in
the tribological behaviour of ductile metals [22]. Rigney described
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tribolayer formation as the combination of plastic deformation, material
transfer and mechanical mixing [12,13,26]. The deformation process
was explained by Kapoor [27-29] as plastic ratchetting during cyclic
loading under local intermittent contact. The role of accumulated plastic
deformation is illustrated by the observation by Rapoport and
co-workers [25,30], who found that a higher stacking fault energy (SFE)
lowers the wear rate in FCC-metals, presumably through increased
annihilation of dislocations.

Archard’s law establishes that wear resistance is proportional to
hardness [15], even though the same author expressed doubts about this
assumption in a follow-up paper [31]. According to the Hall-Petch
relation, a decrease of the wear rate is expected with the reduction of
grain size. Although this behaviour has been confirmed for several
metallic materials [32-34], it has been observed that the combination of
ductility and hardness provides a superior performance under sliding
wear conditions [35-38].

Highly ductile materials are not commonly used in wear-sensitive
applications, but several exceptions exist, such as journal bearings
[23] and electrical contacts in moving components (e.g., heavy equip-
ment in public transportation and electricity generation), where copper
alloys are subject to unlubricated wear [39-41]. In previous research,
the authors described the microstructural gradient induced by severe
surface plastic deformation in pure copper [4], whereas the tribological
behaviour and microstructural modifications of ductile materials under
sliding contact conditions are described in [5,6].

Here, the effect of annealing time is analysed. Friction and wear are
studied using a coaxial tribometer [7]. In addition to the friction coef-
ficient, mass loss and wear track diameter, a description is provided of
microstructures, tensile tests, microhardness, crystallographic texture,
and surface topography. The discussion focuses on the analysis of the
relationship between these data and leads to the conclusion that
annealed pure copper presents superior tribological characteristics as
compared to the cold worked material; prolonged annealing further
reduces the wear rate. The analysis and discussion of the results will
focus on the fundamental relationships between tribological behaviour,
microstructure and properties obtained using different annealing times.

2. Materials and methods
2.1. Materials

A single commercial slab of electrolytic tough pitch copper was cold
rolled to a final reduction of 88% (CR). The central zone of the sheet was
cut into four parts, three of which were isothermally annealed at 600 °C
during 15 min (15RX), 30 min (30RX) and 45 min (45RX). Prior to the
tribological tests, the Cu surfaces were prepared by conventional me-
chanical polishing to a surface root mean square roughness (Rgus) of
0.65 + 0.03 pum. Processing conditions and initial mean roughness
values are summarised in Table 1.
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interval (two-sided) is used for all values. Tensile results are presented in
Table 2.

Four tribometer tests were performed for each condition using a
coaxial tribometer described in [7], without lubrication at room tem-
perature and ambient atmosphere. The test consists in applying a 100 N
constant normal load by means of a cylindrical pin with spherical cap of
200 mm radius produced from non-quenched AISI9840 steel (hardness
of 2900 MPa) on Cu-coupons of 20 mm x 20 mm. The pin rotates around
its own axis at a constant angular speed of 60 rpm for 300 s. Normal load
and rotating speed are measured and controlled by means of a dynamic
feedback system and torque is measured synchronously. Pins are cleaned
and repolished after each test and substituted if surface damage is
observed.

2.2. Friction coefficients

A scheme of the coaxial tribometer is presented in Fig. 1. Normal
load (N), torque (T), and velocity are measured synchronously. Although
no friction coefficients were provided in earlier work using this equip-
ment [4-7,44,45], approximate values can be obtained by measuring
the wear track diameter.

While Amontons’ second law states that the friction force is inde-
pendent from the apparent contact area, this is not the case for the
torque T in the present configuration. For a contact radius a and an a-
priori unknown pressure distribution p(r), the normal load N and torque
T are given by:

N = /wp(r)Zn'rdr (€)]
0

T:/wup(r)anzdr (2)
0

For a perfectly plastic material, one may assume that the material
flows to achieve a uniform pressure distribution in the contact zone.
Integration of (1) provides the value of p, which can be substituted in (2)
to obtain an estimated value of the friction coefficient ypp:

3T

ot = 50N 3)

On the other hand, for a perfectly elastic material, the pressure dis-
tribution is Hertzian [11]:

3N |/ 2
p(r) = 2na? - :? @

Substituting in (2) allows to calculate the friction coefficient y,;:

Table 2
Tensile properties.

Four tensile tests were performed on each material on subsize Specimen designation 0.2 (MPa) oarax (MPa) entax (%) T (MI/m®)
specimens as prescribed in ASTM E8 [42]. In addition to the 0.2% proof
stress (6g.2), ultimate tensile stress (. ) and maximum elongation CR 471 £38 609 =24 3£03 131
00.2); \OMax ‘ & 15RX 115 +7 415 + 22 28+ 1 9% +7
(¢Max), the toughness (T) of the material was determined by numerically 30RX 103+ 7 417 + 26 32+ 4 112+ 9
integrating the area below the tensile curve until fracture. Confidence 45RX 111+6 432 £ 21 31+4 112 + 16
intervals were calculated using t-statistics [43]. A 90% confidence
Table 1
Processing conditions and roughness prior to the tribological test.
Specimen Specimen conditions Tribological test parameters
designation
Reduction Annealing temperature Annealing time Initial Rrms Angular speed. Normal load Testing time Pin
(%) [°cl [s] um [RPM] [N] [s]
CR 88 N/A N/A 0.62 60 100 300 AISI9840
15RX 88 600 900 0.68
30RX 88 600 1800 0.66
45RX 88 600 2700 0.64
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Fig. 1. a) Coaxial tribometer assembly, b) Schematic representation of pin and sample geometry, with a cut-out to show the measuring zone for EBSD (c). Notice that
the vertical profile in (c) is strongly exaggerated. T: torque, N: normal load, RD: sample rolling direction, TD: sample transverse direction, ND: sample normal

direction, r: pin radius, R: contact surface radius, a: wear track radius.

16T T
~ 1.7

=——=x 17— 5
He 3zaN aN O

It follows that g is only 13% higher than p,. Evidently, Hertzian
contact does not occur in the tests on ductile materials. Eq. (5) provides
an upper bound for the friction coefficient. The fact that it is close to the
ideally plastic case shows that a friction coefficient can be reasonably
estimated in the experiments. An average value (1.6 T/aN) will be re-
ported here, accepting an uncertainty of + 6.5% due to the unknown
pressure distribution. An additional assumption in these calculations is
that a is a constant. From tests on a wide range of ductile materials and
in absence of severe abrasive or adhesive wear, this is approximately
true after the first 5-15 s of the test. The friction coefficients reported
here should be interpreted as qualitative data which can be compared
between tests performed under identical conditions on similar materials.

2.3. Specific wear rate and wear coefficients

The specific wear rate is defined as:

_Am

= N 6)

Wy

where Am is the mass loss, p the density of the worn material (8960 kg/
m3) and s the sliding distance [46]. With the angular velocity @ (in RPM)
and test time t (s), an equivalent sliding distance can be defined as:

a

2wt Tt
5—60 a/rdr——éo a 7)
0
Hence:
60 Am
= — 8
" nwt pNa ®
Archard’s equation [15] can be written in terms of mass loss:
3pNs
Am=K——
m i 9

Where H represents the hardness of the material. This equation is the
basis of the assumption that hardness is directly related to wear
resistance.

The product uNs, with u the friction coefficient, is the work trans-
ferred from the pin to the worn material [47]. Reye, long before Archard
[48], postulated that wear would depend on the amount of energy
required to remove material (See also Scherge et al. [49] and

Shakhvorostov [50] et al.). Archard considered the approximate rela-
tionship between the flow strength of a material and the hardness [51]
to introduce 3H in Eq. (9). Similarly, one can use the toughness T as a
first approximation for the energy required to produce failure in a
ductile material. This allows to define two distinct, non-dimensional
wear coefficients, Ky based on hardness and K7 based on energy:

AmH H

Ky = =, 10
"= 3Ns 3" aon
L AmT W an

HpNs JZ

The values of both coefficients will be discussed briefly in Section
3.2

2.4. Characterisation

The surface roughness was characterised before and after the test by
means of a Nanovea optical profilometer using Chromatic Confocal
Technology. To determine roughness values, the built-in software fits a
6th degree polynomial to the measured surface; deviations from this
fitted surface are then characterised as roughness. Worn surfaces were
observed using a Philips XL20 scanning electron microscope (SEM).

To characterize microstructural changes induced during the tribo-
logical process, sections were prepared trough the centre of the wear
track by conventional metallographic techniques. Images are presented
with the rolling direction along the horizontal line and the normal di-
rection vertical.

Friction coefficients, wear track diameters and mass loss were
determined for all 4 samples tested. Roughness maps, SEM-observation
and microstructure/microtexture determination were performed on a
single specimen for each material.

The worn microstructures were analysed by electron backscatter
diffraction (EBSD) using a FEI Quanta 450 SEM with a field emission gun
operating at 20 kV and a beam current of 2.4 nA. The orientation data
were acquired with EDAX-TSL Data collection V7 software in hexagonal
scan grids with step size of 100 nm for the original material, while for
the worn samples, the step size was 55 nm. Orientation data were post-
processed with the MATLAB™ toolbox MTEX version 5.1.1 [52].

Hardness measurements were executed using a Nanovea platform
with a Vickers indenter applying a maximum load of 0.5N with a
holding time of 10 s. Loading and unloading rates were 0.25 N/min and
1 N/min, respectively. Eight measurements were performed on each
sample before the wear test. The highest and lowest value of each set
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was discarded, resulting in a total of 24 hardness values for each ma-
terial condition.

2.5. Grain size, grain size distribution and orientation distribution
functions

Under the classical approach for quality control in 20th-century
mechanical and metallurgical engineering, grain size is a number
[53], determined by relatively simple measurements on a limited
number of grains. Modern image acquisition and analysis techniques
allow measuring thousands of grains which permits determining the
entire grain size distribution. Because the uncertainty on the estimation
of a sample mean decreases according to n~*/2, with n the sample size
[43], these techniques determine the average grain size with extreme
precision.

Grain size distributions were determined from the EBSD-data in two
manners. One method is to use the smooth kernel distribution, in which
each grain is modelled by a narrow probability distribution function
(PDF, e.g. Gaussian) centred on the size of each measured grain, with a
weight of 1/n,, ny being the number of grains. This method critically
depends on the choice of the kernel width [54]. The second method is to
fit a parametric statistical distribution to the empirical cumulative dis-
tribution function (EDF) of the data and plot the corresponding PDF. The
two-parameter gamma distribution was used here. Fitting a smooth
distribution to an EDF unavoidably erases all fluctuations but empha-
sizes the general trend.

Although statistical tests can be devised to verify whether two dis-
tribution functions are significantly different, the law of large numbers
(>1900 grains measured in each microstructure) makes such tests su-
perfluous. Likewise, if the ODF-plots show clear differences in visual
appearance, the distributions are significantly different [55,56].

Tribology International 175 (2022) 107867

3. Results
3.1. Surface modification

Fig. 2 shows representative topographies of each worn surface.
Fig. 2a corresponds to CR. Wear debris is trapped in the centre of the
track, the negative topography around the centre corresponds to mate-
rial removal. In annealed materials, the centre of the track is relatively
smooth, as the material conforms to the geometry of the pin. Material is
drawn into the sliding direction, as can be seen more clearly in Fig. 2c,
where a wear flake is forming. Simultaneously, the material is pushed
outward to form a rim around the centre of the track.

Fig. 3 presents SEM images of worn surfaces for each condition.
Fig. 3a. (CR) shows clear grooves which may point to abrasive wear, a
few particles of wear debris (WD) embedded in the surface and some
spots which may be associated to adhesive wear (AW). Worn surfaces
15RX, 30RX and 45RX are presented in Fig. 3b, ¢ and d, respectively.
Adhesive wear is visible, in the form of surface flakes which are drawn
into the sliding direction and leaving surface cracks behind. The in-
tensity of this phenomenon increases with increasing grain size. No
evidence was present of copper being transferred to the pin.

3.2. Friction and wear parameters

Fig. 4 shows the friction coefficients during the tribometer tests. The
four individual curves and an average curve are presented. The overall
mean (i.e. averaged over 300 s) is shown as a black line, with dashed
lines indicating the 90% confidence band for the overall mean. A clear
reduction in the friction coefficient and its variation during the test is
seen from CR to RX15 and then RX30. The small increase in y and its
standard deviation from RX30 to RX45 is insignificant, as the average
value of either sample is within the confidence band of the other.

The friction coefficient, diameter of the wear track and mass loss are
plotted against hardness in Fig. 5. The friction coefficient and mass loss

Fig. 2. Representative topographies of each material after the test. a) CR, b) 15RX, c¢) 30RX and d) 45RX.
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Fig. 3. SEM images of worn surfaces showing adhesive wear signs. a) CR, b) RX15, ¢) RX30, d) RX45. AW=Adhesive wear, WD=Wear debris, SD=Sliding direction.

increase with hardness (i.e. decrease with grain size or annealing time).
The wear track diameter increases as the hardness decreases, due to
increased plastic deformation. The wear coefficients Ky and Ky are
plotted against H/E in Fig. 6. It shall be noted that Young’s modulus for
Cu (117 GPa) does not depend on heat treatment, but has the advantage
of being non-dimensional, like Ky and K7. The values of the wear pa-
rameters are summarised in Table 3.

3.3. Initial microstructures and crystallographic textures

The EBSD scans of the starting microstructures are shown in Fig. 7.
Fig. 7a presents the microstructure of cold rolled material with the
typical elongated grains, whereas b), c¢) and d) show recrystallized mi-
crostructures with annealing twins.

Fig. 8 shows the ODFs calculated for each annealing condition.
Fig. 8a presents the most important sections of Euler space for the
crystallographic texture of CR, showing a well-known texture, with the
Copper ({112} <111 >) and S ({123} <614 >) components connected
with the Brass ({011} <211 >) orientation, defining the p-fibre char-
acteristic for copper [54-56]. The annealed specimens show a strong
Cube ({001} <100 >) component with the presence of the {122}<
212 > orientation which is associated to annealing twins; a
low-intensity p-fibre is retained from the rolling texture and decreases in
intensity as annealing time increases.

The grain size distribution in annealed material before testing is
shown in Fig. 9. A systematic shift of the grain size to the right corre-
sponds to the natural process of grain growth at elevated annealing
temperatures. The bimodal character in the smooth kernel distribution
for RX45 may indicate the onset of abnormal grain growth [2,3]. In the
cold-rolled structure, grain boundaries are a mixture of high-angle grain
boundaries and newly formed low-angle and high-angle grain

boundaries [2,3,18,20,21,57,58]. This gradual break-up of the original
microstructure means that a unique definition of a grain size is not
possible, as can be concluded from Fig. 6a as well. Grain sizes before and
after testing are reported in Section 3.4 (Table 4).

3.4. Microstructures and crystallographic textures of worn material

The IPF-maps of worn material 10 um below the sliding surface are
shown in Fig. 10. The upmost zone of the worn material does not pro-
duce identifiable EBSD-patterns, as the grains are too small, and the
lattice may be distorted by incorporation of oxygen or other impurities
induced during the wear test [59]. The grain fragmentation, formation
of high angle grain boundaries and ultra-fine grained structures typical
for the SPD-processing of copper are evident [4,60-62].

The surface strain mode during sliding contact is expected to be close
to simple shear. Stable crystal orientations observed in FCC materials
subject to simple shear [63-65] are shown in Fig. 11, which also pre-
sents the experimental ODFs obtained from the IPF-maps shown in
Fig. 10. CR, RX15 and RX30 show relatively weak textures with the main
components slightly off the ideal positions on the o-fibre; the same
components are found in RX45 but with a higher intensity.

The grain size distributions of the modified surface layers are shown
in Fig. 12. The grain refinement is obvious by comparing to the scale of
the ordinate axis in Fig. 9. A summary of grain sizes before and after the
test are shown in Table 4. There is a clear variation from CR to RX45,
with a stronger grain refinement in materials with smaller grains in the
starting microstructure. This is indicated by the refinement factor,
defined as the initial size divided by the final size.
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Fig. 4. Friction coefficients for the four materials. Green-blue lines indicate the individual tests. The red line shows an average curve, the black horizontal line is the
overall average (averaged over 300 s) with the 90% confidence band indicated by dashed lines.
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4. Discussion
4.1. Analysis of textures, microstructures and worn surfaces

In a previous paper [4], the authors presented an in-depth analysis of
the texture and microstructure gradient developed in the CR and RX45
material. It was shown that, in the CR-material, the subsurface zone is
subject to a static recrystallisation process due to accumulated strain

Fig. 5. Chart of friction coefficient, wear track diameter and specific wear rate vs. indentation hardness of the material before testing.

energy. This recrystallised structure is then further refined by the SPD
process. Both in CR and RX45, the final grain subdivision is produced by
concurrent recrystallisation and severe plastic deformation. The present
work considers intermediate annealing times and focuses on the tribo-
logical aspects of these processes.

Determination of mechanical properties and tribological parameters
require simple sample preparation and short measuring times as
compared to the detailed microstructural characterisation of
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Fig. 6. Wear coefficients Ky and Kr as a function of H/E. Both coefficients show significant variations between the four materials tested.

Table 3
Hardness, average wear track diameter, root mean square roughness, friction
coefficient, mass loss, specific wear rate and wear coefficients for each material.

CR 15RX 30RX 45RX
Initial hardness (MPa) 1127 778 £ 11 696 + 9 614 + 12
+ 36
Track diameter (mm) 23+0.1 3.1+0.2 4+0.3 54+0.3
Final Rgrys (pm) 4.7 2.09 1.64 1.34
Friction coefficient 0.42 0.30 0.16 0.17
+ 0.08 +0.03 +0.01 + 0.01
Mass loss (mg) 16.6 11.0 10.2 9.9+ 0.3
+ 0.5 + 0.7 + 0.5
Specific wear rate (102 85+0.6 42+02 3.0+01 21+0.1
m?/N)
Wear coefficient (Hardness) 3.2+0.3 1.0+0.1 0.60 0.44
Ky (x107%) +0.05 +0.04
Wear coefficient 0.28 1.3+0.1 2.1+£0.1 1.31
(Toughness) K1 (x10~%) +0.03 +0.06

nanostructured materials, whether by EBSD or transmission electron
microscopy. A fundamental insight in the mechanisms of friction and
wear of metallic materials cannot be achieved without such analysis [4,
12,14,23-25,30,66]. The analysis of crystallographic texture is only
slowly being incorporated in the study of wear mechanisms [67-69].
EBSD measurements provide high-resolution images of the ultrafine
microstructure while texture evolution is related to the plastic strain
modes and the micromechanical effects involved in the deformation
process [70].

The geometry of the test suggests that the strain mode is simple
shear, as confirmed by the ODFs shown in Fig. 11. The measured com-
ponents are slightly shifted with respect to the ideal orientations, due
the outward flow of metal which produces the rim around the wear
track. A prominent feature of the ODFs presented in Fig. 11 is that the
textures are weak, except for RX45, which resemble textures measured
and predicted in torsion for “conventional” strain levels [71,72].

For the other three conditions, the textures are like the ones obtained
in HPT or ECAP of copper [73-77]. This weakening of the texture has
not been explained completely to date. The strong difference between
RX45 and the other materials suggests that the latter has not yet reached
this critical level of grain subdivision after 300 s

The worn surfaces show a systematic transition as well. CR shows a
pattern of concentric grooves with some evidence of small wear parti-
cles. RX30 and RX45 present evidence of surface material dragged along
with the pin due to adhesion. This behaviour is consistent with the
hardness of these materials. The harder material will be more prone to
fracture and produce debris which can damage the surface. The softer

material tends to flow and, if debris is generated, it can be incorporated
in the tribolayer more easily.

The grain size distributions after tribological modification (Fig. 12)
reinforce the idea that all four materials represent distinct stages of a
single refinement process, which takes longer when starting with a
coarser microstructure. The role of the friction coefficient and hardness
in this evolution will be analysed in the following subsection.

4.2. Analysis of the relationship between hardness and friction coefficient

From a theoretical viewpoint, the tangential force caused by friction
is the derivative of frictional work with respect to the sliding distance.
Mating copper with steel, chemical adhesion forces are supposed to be
low [78]. Therefore, differences in friction coefficients observed reflect
the energy of the mechanical processes associated to wear. During the
last decade, a better understanding has been established of the rela-
tionship between the interaction of asperities and contact spots at the
surface and the plastic deformation of the subsurface layer. Experi-
mental observation of ploughing, folding and cutting by a sliding wedge
[79-81] confirm and refine the mechanisms predicted in early work on
the wear of ductile materials [10,11]. Finite element models [82] and
large-scale molecular dynamics simulations [83] have elucidated the
shear instabilities which accompany the SPD-processes responsible for
subsurface nanostructuring.

The work required for these mechanisms is proportional to the yield
strength of the material (and consequently to the hardness). Under
identical test geometries and assuming ductile behaviour, a harder
material will require more work to induce these phenomena and
therefore present a higher friction coefficient. Most of this work is
transformed into heat due to the plastic dissipation, although a small
fraction is retained as internal energy in grain boundaries and disloca-
tion networks [1-3]. This provides a possible explanation for the slower
microstructural evolution in the softest material.

4.3. The role of ductility in mass loss

Large-scale molecular dynamics simulations [8] have shown that
under most conditions, asperities have the tendency to deform plasti-
cally and become incorporated in the surface layer, rather than being
sheared from the surface. The shearing-off of asperities forms the basis
for Archard’s wear model. It is clear, both from advanced simulations [8,
82-86] as from the experimental evidence, that this mechanism is not
important for ductile materials. For the materials studied here, mass
loss, the specific wear rate wg and the hardness-based wear coefficient Ky
strongly decrease as hardness decreases, demonstrating that for ductile
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Fig. 7. Inverse Pole Figure Maps (IPF-maps) of the starting material.

materials, hardness does not improve wear resistance.

The toughness-based wear coefficient Kt was proposed to verify if
wear resistance can be related to the energy required to remove wear
debris, as may be expected for ductile failure. K; shows considerable
variation as well, indicating that this approach is an oversimplification
too. It can be argued that the strain mode during wear is significantly
more complex than in a tensile test. However, it is the authors’ opinion
that the variation of microstructures induced by thermal treatments and
the complexity of the microstructural evolution during wear are too
complex to be characterised by a single constant such as Ky or Kr.

4.4. The role of energy

Although toughness itself could not provide a clear link to the mass
loss in this study, the energy-based approach allows to make a connec-
tion between the wear characteristics and the differences in micro-
structure and crystallographic texture. For the harder material, more
work is required to overcome friction. More work is therefore trans-
mitted to the substrate and surface modification is faster. The softest
material (RX45) accommodates more easily to the geometry and local
roughness of the contacting body. Consequently, less work is applied,
and microstructural modification is slower. This can explain the notable
differences in texture evolution and the systematic variation of the grain
size distributions shown in Figs. 9 and 12. Apparently, the amount of
energy provided through friction is more important than the amount of
energy required to remove debris, for the materials and wear conditions
studied here.

5. Conclusions

Microstructural modification and surface damage were analysed in a
sliding wear test on cold rolled and recrystallised copper with three
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[001]

[101]

a) CR, b) RX15, ¢) RX30, d) RX45 (RD: horizontal, ND: vertical).

different annealing times. The friction coefficient and mass loss increase
with the hardness in the four samples, while the wear track diameter
increases as the material becomes softer, due to the increased plastic
deformation of the material under the pin.

Grain refinement and modification of the crystallographic texture in
the four materials appear to represent different stages of the same pro-
cess. The texture in the coarse-grained sample does not yet show the
weakening which is typically observed in SPD-processed FCC-materials.
This difference in evolution rate was associated to the differences in
friction coefficients.

Earlier work indicated that sliding wear in ductile materials is
associated to the amount of frictional work that can be absorbed in the
form of plastic deformation before material loss occurs. Consequently,
well-annealed materials are expected to have a longer lifetime than cold
worked metals. The present work adds a new aspect to this observation,
in the sense that the friction coefficient is smaller in well-annealed
materials. Ploughing, folding, and cutting, causing material loss in the
cold rolled material require more work than the occasional adhesive
contact in a soft and ductile material.

The severe modification of the subsurface layers indicates that most
frictional energy is dissipated through plastic deformation. The material
with higher friction coefficient will accumulate plastic deformation
more rapidly, explaining the different rates at which the SPD-process
occurs in the four materials tested here. Then, the softest materials,
with the lower friction coefficient, have the highest wear resistance.
Neither hardness nor toughness can be used as a single parameter to
characterise the wear resistance in cold rolled and annealed copper, but
the energy-based reasoning provides a basis to explain the microstruc-
tural and microtextural evolution observed in this study.
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Fig. 8. ODF sections (@2 =0°, 45°, 65°) of the material before the tribological test a) CR, b) RX15, ¢) RX30, d) RX45.

Declaration of originality e The novelty of the paper resides in the connection that was made
between the metallurgical mechanisms of tribolayer formation (se-

e Many investigations on friction and wear still focus on surface vere plastic deformation, recovery, recrystallisation) and the kinetics
observation alone and use measurements of weight loss, roughness of friction and wear under unlubricated sliding conditions. The
and friction to characterise wear progress. This work presents an incorporation of detailed microtexture measurements in the study of
integrated approach in which such classical tribological measure- wear in a classical reference material (electrolytic copper) is still a
ments are connected to the subsurface modification and mechanical relatively new approach and contributes interesting information on

properties of the material.
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Fig. 9. PDF of the original grain size distribution. “Gamma” indicates the PDFs obtained by fitting the cumulative gamma distribution to the empirical CDF, “Kernel”

corresponds to the smooth kernel distributions, for 15, 30 and 45 min of annealing.

Table 4
Average grain size before and after the test, and the relation between both values
(refinement factor).

Material CR RX 15 RX 30 Rx 45
dg Initial (um) 5.6 5.7 7.0
d, Worn (pm) 0.40 0.50 0.55 0.71
Refinement factor 11.2 10.4 9.8

how the annealing state of this material affects friction, wear and
subsurface modification.

e The notice that hardness is not a determining factor in the sliding

wear of ductile alloys is reinforced. As annealing time is increased
and hardness reduced, the wear velocity is significantly reduced. A
wear coefficient based on Archard’s equation does not capture the
wear resistance of this set of materials. It is shown that the wear
velocity is both affected by the amount of frictional energy injected
into the system and the amount of plastic energy required to remove
wear debris, but a wear coefficient based on material toughness is
also not capable of characterising the complex processes observed
using a single parameter.

[111]

[001] [i01]

Fig. 10. IPF-maps obtained after the tribological test for a) CR, b) RX15, c) RX30, d) RX45. The centreline of each micrograph is 10 um below the surface. (RD:

horizontal, ND: vertical, sliding direction perpendicular to image, see Fig. 1).
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empirical CDF for CR, RX 15, RX 30 and RX 45.

e The paper presents significant new results as compared to a previous
paper by the authors (Figueroa, et al. 2018. Mater. Char., 138,
pp.263-273.), which focused only on the micromechanisms of tri-
bolayer formation, while the present one puts a stronger focus on the
tribological aspects and analyses the relationship between friction
coefficient, surface deformation mechanisms during sliding wear and
the mechanical properties of a ductile material after various
annealing times
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