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A B S T R A C T

Sliding contact induces severe plastic deformation (SPD) at the surface of ductile materials and induces a mi-
crostructural gradient associated to a significant increase of hardness toward the surface. This gradient allows
observing all stages of grain refinement in SPD, as illustrated here by the analysis of polycrystalline electrolytic
copper tested in a coaxial tribometer. Materials tested in the cold-rolled state and after annealing were char-
acterised by high-resolution electron backscattering diffraction and nano-indentation. The incremental plastic
strain produces an ultrafine microstructure in the top layers, which gradually changes to the original size in
unaffected material. In cold-rolled material, an intermediate recrystallised layer is observed. The separation of
the Misorientation Angle Distribution (MAD) in a low-angle portion and a high angle portion allows char-
acterising the accumulation of strain induced misorientation, while the Kernel Average Misorientation (KAM)
provides information on the evolution of substructure at the finest levels. The results point toward a process
where strain-induced effects compete continuously with recrystallisation, except for the surface layer in the cold-
rolled material, where dynamic recrystallisation is dominant. Combining the information from KAM and sub-
grain size distribution, the measured hardness can be explained as a combination of grain size and dislocation
hardening.

1. Introduction

When ductile materials are subject to sliding wear conditions, strong
microstructural modifications are observed close to the surface. One of
these modifications is the formation of a tribolayer with a thickness
between several hundreds of nanometres to tens of microns [1], de-
pending on the contact conditions and the initial microstructure [2].
Rigney [3–5] explained the formation of the tribolayer as the combi-
nation of severe plastic deformation (SPD), mechanical mixing (MM)
and material transfer. Kapoor [6–8] described the corresponding SPD-
process as the accumulation of small plastic strains due to cyclic
loading, unlike most common SPD process in which the total strain is
achieved in a few cycles of very large plastic strains [9–11]. It has been
suggested that tribolayers are responsible for a decrease in wear rate
and friction coefficient in sliding contact of metals [12–14]. The tech-
nological importance of this process has been illustrated by studies on

bearings [15], railway tracks [16–19], brake disks [20,21], journal
bearings [22] and ceramic materials [23–25].

The effect of SPD on tribological behaviour has been reported for
low carbon steel, titanium and copper [26–29]. This improvement is
often attributed to the proposal by Archard [30], in which wear re-
sistance is proportional to the material hardness. Nevertheless, this
empirical relation is overly simple, suggesting the need for a combi-
nation of ductility and strength. Such a combination may be obtained
by introducing a gradient microstructure by superficial SPD methods
like surface mechanical grinding treatment (SMGT) [31,32], surface
mechanical attrition treatment (SMAT) [33] or platen friction sliding
deformation (PFSD) [34].

Since grain size is a key microstructural factor affecting the me-
chanical behaviour of polycrystalline metals, the interest for developing
new processing techniques, which allow modifying grain size without
changing composition has increased. An attractive method for

https://doi.org/10.1016/j.matchar.2018.02.017
Received 13 October 2017; Received in revised form 7 February 2018; Accepted 13 February 2018

⁎ Corresponding author at: Metal Science and Technology Group, EEMMeCS Department, Ghent University, Technologiepark 903, 9052 Zwijnaarde (Ghent), Belgium.
E-mail addresses: raf_schouwenaars@yahoo.com (R. Schouwenaars), jacop@unam.mx (J. Cortés-Pérez), Roumen.Petrov@UGent.be (R. Petrov), Leo.Kestens@UGent.be (L. Kestens).

Materials Characterization 138 (2018) 263–273

Available online 15 February 2018
1044-5803/ © 2018 Elsevier Inc. All rights reserved.

T

http://www.sciencedirect.com/science/journal/10445803
https://www.elsevier.com/locate/matchar
https://doi.org/10.1016/j.matchar.2018.02.017
https://doi.org/10.1016/j.matchar.2018.02.017
mailto:raf_schouwenaars@yahoo.com
mailto:jacop@unam.mx
mailto:Roumen.Petrov@UGent.be
mailto:Leo.Kestens@UGent.be
https://doi.org/10.1016/j.matchar.2018.02.017
http://crossmark.crossref.org/dialog/?doi=10.1016/j.matchar.2018.02.017&domain=pdf


producing ultrafine-grained and nanostructured materials is SPD, due
to the possibility to enhance the strength up to a factor of eight in pure
metals and by 30–50% for alloys [35,36]. Using a combination of high
hydrostatic pressure and shear deformation, the straining is practically
unlimited while the shape of the part is almost constant [37,38].

The grain refinement by SPD in high or medium stacking fault en-
ergy (SFE) materials like Fe, Al or Cu is due to the formation of a dis-
location-based substructure. This refinement is more pronounced at low
or medium strains, while in later straining stages, grain boundary
misorientation increases [39–42], leading to the formation of pre-
dominantly high angle grain boundaries (HAGB) in materials with ac-
cumulated strains above 6 to 8 [11,43]. The evolution from a homo-
geneous dislocation forest to elongated dislocation cells and
subsequently sub-grains with increasing plastic strain has been de-
scribed extensively in several review papers [44–46]. A quantitative
analysis of the increment of subgrain boundary misorientation, and
hence their evolution from LAGB to HAGB has been provided by Pan-
tleon & Hansen [47] and Pantleon [48].

An alternative viewpoint is that ultrafine grained structures ob-
tained by SPD at relatively low temperatures are produced by con-
tinuous dynamic recrystallization (CDRX) which is characterised by a
slower kinetics than conventional dynamic recrystallization (DRX) be-
cause of the requirement of large strains (ε > 3) [49]. In CDRX new
grains form during deformation as a result of the continuous accumu-
lation of dislocations increasing the sub-boundary misorientation,
producing a gradual transformation from low angle grain boundaries
(LAGB) into HAGB [49–51]. The grain refinement in ultrafine or na-
nostructured metals increases the mechanical strength, combined with
the effect of work hardening by increasing dislocation density [43].
Although a significant decrease in ductility is expected and often ob-
served, it has been reported that UFG materials produced by SPD
sometimes show a good combination of strength and toughness
[43,52–54].

Although in most known SPD techniques like High Pressure Torsion
(HPT) or Equal Channel Angular Pressing (ECAP) the material flow is
more complex than in a classical torsion test, it is assumed that the
deformation mode is simple shear [55,56]. The crystallographic texture
obtained in torsion tests on face centred cubic (FCC) metals has been
extensively studied [57–60]. Two fibres and one component are ob-
served: the A-fibre {111}〈uvw〉, B-fibre {hkl}〈110〉 and the C-compo-
nent {100}〈110〉 [34]. Ideal orientations associated to the mentioned
fibres have been defined based on simulation and experimental data;
these orientations are shown in Table 1, in which {hkl}〈uvw〉 refers to
the set of planes and directions parallel to the shear plane and shear
direction respectively.

In previous research, the superficial modification in Cu, Al-Sn, and
Cu-Mg-Sn systems was analysed, showing the influence of annealing in
the tribological behaviour and the formation of tribolayers in two-phase

alloys [29,63]. In the present work, a coaxial tribometer developed by
the authors [64] was used to modify the surface of pure copper, indu-
cing a microstructural gradient which allows for a systematic study of
the microstructure, texture evolution and their interrelation with
hardness and grain size. The microstructure and texture were analysed
by means of detailed EBSD scans along the cross section to the worn
surface, while nano-hardness measurements were performed in the
previously scanned zones.

2. Materials and Methods

Commercial slabs of electrolytic tough pitch copper with purity of
99.9% were cold rolled to a final reduction of 88% equivalent to a Von
Mises strain of εVM=2.5 and subsequently annealed at 873 K for
45min. The material was tested under two different conditions: cold
rolled (CuCR) and recrystallized (CuRX). The surface modification was
conducted at room temperature using a coaxial tribometer [64]. The
experiment consists in the application of a constant normal load of
100 N by means of a cylindrical pin of AISI9840 steel with a spherical
cap of radius equal to 200mm in contact with the surface of a Cu-
coupon of 20mm×20mm. The pin rotates on its own axis for 300 s at
a constant angular speed of 60 rpm. Before the tribological test, Cu
surfaces were prepared by conventional mechanical polishing to a mean
square roughness of 0.62 μm and 0.64 for CuCR and CuRX respectively.
Based on the mechanical work dissipated in system and considering the
aluminium sample holder as an infinite heat sink, it can be calculated
that the temperature increase in the Cu-coupon is< 1 °C.

The sample reference system follows the traditional rolling con-
vention, representing the rolling direction as RD, transversal direction
as TD and normal direction as ND. The worn surface is taken perpen-
dicular to ND. Samples for microstructure analysis were taken per-
pendicular to TD, which for this observation plane is also the sliding
direction. Transverse sections trough the centre of the wear track were
prepared by conventional mechanical polishing and analysed unetched
on a FEI Quanta 450-FEGSEM operating at 20 kV with spot size of 5,
corresponding to a beam current of 2.4 nA. TSL-OIM Data collection
version 6.2 was used to acquire EBSD patterns, the working distance
was 20mm with a tilt angle of 70°. Step size used for coarse-grained and
cold-rolled zones was 0.1 μm, while for the layer closest to the worn
surfaces it was 55 nm, in hexagonal grid scan mode.

EBSD scans were performed to analyse the microstructural gradient
from top of the wear-affected zone to a zone where the original mi-
crostructure was evident. To ensure the statistical validity of data, the
size of the areas analysed was varied according to the grain size. The
orientation data were post-processed with MTEX [65] quantitative
texture software analysis version 4.0.23. A clean-up procedure to
eliminate pixels with neighbour confidence index correlation< 0.1 was
performed before the microstructural and textural analysis. To define
grains, a cut-off angle of 5° was considered for the minimum boundary
misorientation in LAGB and 15° for HAGB.

KAM was calculated for the six nearest neighbours of each pixel
(excluding grain boundaries) with threshold of 3°. This parameter
quantifies small local differences in orientation which are not identified
as LAGB under the threshold mentioned before. KAM therefore in-
dicates the presence of local lattice bending due to dislocation struc-
tures which are not otherwise resolved. The grain boundary mis-
orientation angle distribution (MAD) was obtained from the
experimental data. A frequency distribution was obtained by fitting an
8th degree polynomial to the empirical distribution function of mea-
sured grain boundary misorientation and calculating the derivative.
The polynomial was forced to be equal to 0 and 1 at the lowest and
highest misorientation in the dataset, respectively, with derivative
equal to 0 in both points. Twin boundaries were excluded from the
calculation A theoretical MAD was calculated from the measured tex-
ture, rather than using the classical Mackenzie distribution which is
valid for random textures. This calculated “random” MAD represents a

Table 1
Ideal texture components observed in FCC materials subject to simple shear [58,61,62].

Component {hkl}〈uvw〉 φ1 Φ Φ2

A 〈 〉{111} 110 0 35.26 45

A 〈 〉{111} 110 180 35.26 45
A* 〈 〉{111} 112 35.37 45 0

125.37 90 45
∗A 〈 〉{111} 112 144.74 45 0

54.74 90 45
B 〈 〉{112} 110 0 54.74 45

120 54.74 45
B 〈 〉{112} 110 60 54.74 45

180 54.74 45
C {100}〈110〉 90 45 0

0 90 45
A fiber {111}〈uvw〉
B fiber {hkl}〈110〉
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random distribution of grain boundaries in a non-random texture, i.e.
the non-correlated misorientation distribution as defined by Toth et al.
[65].

A broad peak is often present in the MADs for low misorientations.
The low-angle portion was defined by subtracting the measured MAD
from the calculated one and selecting only the points from zero to the
first zero crossing of this difference. In agreement to theoretical cal-
culations by Pantleon [47,66], this part of the distribution was fitted by
Rayleigh and Maxwell distributions, with the latter giving a sig-
nificantly better fit. A weighted sum of the Maxwell fit with the cal-
culated MAD was then made to minimise the square difference. This
procedure allows for a qualitative assessment of the presence of low-
angle grain boundaries as well as deviations from randomness in the
high-angle portion of the distribution.

Nano-hardness measurements were conducted in the same zone as
studied by EBSD. Indentations were made by means of a Berkovich
indenter adapted to a Bruker Innova atomic force microscope. The
maximum applied load was 120 μN with a holding time of 10s. 5 in-
dents were made at each given depth with a lateral spacing of 5 μm.
Sampling depths were spaced at 20 μm, with smaller steps close to the
surface and larger steps in the unaffected zone. Post-indentation scans
were made in tapping mode and analysed using Bruker NanoScope
analysis software version 1.4. Contact depth was calculated using the
Oliver and Pharr method [68,69], whereas the pile up correction was
performed by means of the semi-ellipse method described by Kese and
co-workers [70–72].

3. Results

3.1. Characterisation of the Starting Material

The initial texture and microstructure for the cold-rolled and the
recrystallised materials are presented in Fig. 1. Fig. 1a presents a typical
cold rolled structure. In CuRX (Fig. 1b), it is possible to observe a near
random distribution of orientations with average grain size of 5.0 μm
and 51% of ∑3 boundaries (twins). The orientation density function
(ODF) calculated for initial conditions in CuCR (Fig. 2b) shows the α-
fibre (〈011〉//ND) dominated by Goss ({011} 〈001〉) and Brass ({001}
〈211〉) as well as Copper ({112} 〈111〉) and S ({123} 〈614〉), con-
nected by the β-fibre. As expected for the annealed material, the ODF
for CuRX (Fig. 2c) shows a strong Cube ({001} 〈100〉) component and a
less intense Q ({013} 〈231〉) component, whereas the β-fiber observed
is retained from rolling texture.

3.2. Modification of CuRX

Fig. 3 shows results for CuRX after the tribological test. IPFMs along
the vertical gradient of the material (Fig. 3a) illustrate the micro-
structural evolution along the ND-RD plane, MAD in Fig. 3b and KAM in
Fig. 3c.

The microstructure observed in the zone corresponding to 10 μm
below the surface has an average grain size of 500 nm and shows a
predominance of HAGB with misorientation between 30°–40°. Further
away from the worn surface, the average grain size gradually increases
and the GBM distribution changes, as illustrated by the zone marked as
45 μm, where the average grain size is 700 nm and the increment in the
LAGB indicates a dislocation substructure within the grains. At 100 μm
the highest fraction of LAGBs is found, which then gradually decreases
until reaching the original microstructure with a classical re-
crystallistation texture and 51% of Σ3 boundaries. The KAM of the
zones marked as 10 μm, 45 μm and 100 μm are all similar and indicate a
higher density of dislocations than in the zone without modification.

(111) Pole figures of CuRX are shown in Fig. 4. The zone between
5 μm to 20 μm (Fig. 4a) is characterised by the A and B partial fibres
with a maximum at A*. At increasing depth, these fibres are better
defined, in spite of a decrease of the maximum intensity at A* (Fig. 4b).
In Fig. 4c, which corresponds to a distance of 60 μm to 80 μm from the
surface, the cube orientation is dominant and the β-fibre starts to ap-
pear, in a transition toward the initial texture (Fig. 4e). The transition
from the annealing texture at the bottom toward the cube dominated
texture is accompanied by the decrease of identifiable twins because of
straining and the subsequent grain fragmentation.

The onset of this phenomenon is illustrated by the IPFM at 240mm
shown in Fig. 5. The microstructural change in this zone is char-
acterised by an increment in dislocation density, creating orientation
gradients within the grains. Another characteristic of the strained ma-
terial are the bended twins marked in Fig. 5. The bended twins show an
internal orientation spread suggesting that, as deformation increases,
twins fragmentate and gradually dissapear, as illustrated by the dis-
sappearance of the Σ3 boundaries (Fig. 3b) and the increasing dom-
inance of the near-cube orientation (Fig. 4d). As the twins dissapear
from the microstructure (see Fig. 3a, 100 μm below the surface), the β-
fiber vanishes as well, as seen in Fig. 4d.

3.3. Modification of CuCR

Fig. 6 shows the results for CuCR. Closest to surface, the plastic
deformation produced an UFG structure with equiaxial grains with
average grain size of 250 nm. The MAD is characteristic of random
orientations dominated by HAGB, as expected in UFG materials ob-
tained by SPD [72]. This distribution shows good correspondence with
the Mackenzie distribution, with the exception for a hump in the range
of small angles, which indicates that a certain fraction of LAGBs is still
present. With increasing distance from the surface, a gradual increase in
grain size is observed. At 55 μm from the surface, the average grain size
is 800 nm and a larger fraction of LAGBs is found, although HAGBs still
dominate. At 130 μm from the surface, the morphology is more like cold
rolled material but with differences in grain orientations. Large or-
ientation spread within individual grains is characteristic for a de-
formation substructure. The latter agrees with the GBM which shows

Fig. 1. Inverse pole figure maps (IPFM) of the starting materials. (a) CuCR, (b) CuRX.
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the highest frequency between 5°–15°, corresponding to LAGB asso-
ciated to strained grains with high dislocation density and an increase
of the KAM. In the maps at 65 and 130 μm bands of near-cube or-
ientation appear, which can be interpreted in terms of the partial re-
crystallisation of the cold-rolled material due to the additional driving
force induced by the imposed deformation. At 200 μm from the surface,
the original cold rolled structure is evident.

Fig. 7 shows a set of (111) PF corresponding to the EBSD mea-
surements. Fig. 7a shows the PF of the zone between 5 and 20 μm from
the worn surface. The partial fibres usually seen in torsion textures are
present (A{111}〈uvw〉, B{hkl}〈110〉) with Imax= 2.24 corresponding
to the A* orientation. Between 20 and 50 μm below the worn surface
(Fig. 7b) the A-fibre is no longer observed and the maximum intensity
has increased, due to the lower shear strain in this zone. The increase in
intensity continues at 50–80 μm below the worn surface (Fig. 7c) a
near-cube ({001}〈100〉) texture (rotated with respect to ND), which is
commonly associated to a recrystallized microstructure obtained by
annealing a FCC cold rolled material. This texture gradually modifies
into the β-fibre typically observed in FCC cold rolled materials, corre-
sponding to the layer where no microstructural modification was

observed (Fig. 7e). It shall be noted that even in this zone, a small ro-
tation with respect to the ideal cube orientation is found, indicating a
long-range shear strain field extends into the zone in which the mi-
crostructural modification is no longer evident. The hypothesis that the
observed rotation could be due to specimen misalignment was verified
and could be rejected.

Fig. 8 compares the texture indices (TI) for CuCR and CuRX. The
difference between both initial conditions is substantial, with a high TI
in CuCR and a lower TI CuRX, which is explained by the high density of
Σ3 boundaries, as twinning reduces the strength of the preferred or-
ientations. A higher TI is seen in CuRX in the zone from 100 to 140 μm,
corresponding to the disappearance of the twins. In CuCR, TI drops
significantly in the surface zone, where the shear texture is more
strongly developed and the grain size is smallest. It is known that as
effect of rigid body rotations, the orientations in simple shear are not
stable, this provokes that simple shear texture are usually weak [73,74].
However, a pronounced drop in TI is observed in CuCR and not in
CuRX, which is a point to be addressed in the discussion.

Fig. 2. ODF sections (φ2= 0°, 45°, 65°) of the starting materials. (a) Main components observed in FCC materials, (b) CuCR, (c) CuRX.
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3.4. Nanohardness and Grain Size

The evolution of hardness and grain size with respect to the distance
from the surface are shown in Fig. 9a. Nano-hardness values of CuCR
are relatively constant with exception for the ultrafine zone close to the
surface. The softening observed 120 μm below the surface can be as-
sociated to partial recrystallisation, as evidenced also by the cube-type
texture and the microstructure of this zone. In CuRX a monotonous
increase of the hardness is observed with an increasing gradient toward
the surface. The hardness in the fully developed shear zone is slightly
lower than in CuCR, which corresponds also to a slightly larger grain
size.

The grain size gradient is most easily described in CuRX, which has
a constant large grain size down to approximately 250 μm from the
surface and then shows a gradual refinement to 500 nm at the surface.
In CuCR, it is difficult to objectively define the grain size of the original
material, due to the strongly elongated structure and the abundance of
LAGB. From the partially recrystallised layer toward the surface, grain
size is well-defined and decreases monotonically to a minimum dia-
meter of 250 nm.

The relation between hardness and grain size is shown in a Hall-
Petch plot (Fig. 9b). Although the grain size effect is evident, it clearly
does not obey the Hall-Petch relationship in a strict sense. The absence
of a clear trend over the entire range of grain sizes can be explained by
the complex interaction between dislocation hardening, LAGBs and
HAGBs, with the latter defining the grain size but all three contributing
to hardening.

4. Discussion

From the results presented in the previous section, it is seen that the
sliding wear tests on copper offer the opportunity for studying all stages
of severe plastic deformation along the deformation gradient of the
worn samples, from zero strain in the substrate to very high deforma-
tions at the surface. The two different initial conditions (cold rolled and
recrystallised) provide complementary information about the mechan-
isms which are active in this process.

Several interesting results can be pointed out from the start. First,
there is the drop in hardness and texture index at the surface of CuCR.
Second, the grain boundary misorientation distributions for CuCR at
55 μm and CuRX at 10 μm are very similar. Third, the KAM of CuCR
closest to the surface is similar to the KAM of CuRX in the unaffected
zone, while the KAM of CuRX in the surface zone is similar to the KAM
of CuCR in the unaffected zone.

The main questions to be addressed in this context are the role of
strain in the substructure and microstructure modification and the role
of recrystallisation which may occur as a consequence and in con-
junction with the applied strain. To present these topics within the
appropriate context, it is useful to briefly discuss the mechanical aspects
of the tribological process.

4.1. Tribomechanics

The texture results (Figs. 4 and 7) clearly indicate that the strain
mode at the surface is simple shear, from the analogy to reported results
on torsion and HPT tests [57–60,62]. However, from the micro-
structures shown in Figs. 3 and 6, it may be deduced that an outward
flow of the material is also present in the intermediate layer. This radial

Fig. 3. Microstructural evolution along the ND-RD plane after the tribological test of CuRX. (a) IPFM, (b) Grain boundary misorientation distribution, (c) Kernel average misorientation.
The vertical distance bar is not to scale.
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flow is indispensable to explain the formation of wear tracks without
weight loss as observed in a previous study [64]. It is also interesting to
notice that the plastic strain field extends beyond the zone where mi-
crostructural modification is visually identifiable. This is evidenced by
the rotation of the textures with respect to ND as compared with the
ideal textures for cold rolled or recrystallised copper. The long-range
plastic strain field is too small to cause significant crystal rotation or
grain shape modification, but is observed in the form of a rigid body
rotation.

Within the field of tribology, it is accepted that the observed strains
are induced gradually by incremental plastic strain. The strain is in-
duced by the cyclic loading of the substrate, where each cycle induces

small increments of plastic strain (ratchetting) [6,8,75]. Under the
present experimental conditions, where the load is constantly applied in
a circular contact zone, it is understood that the smooth irregularities
(asperities) on the contacting body are responsible for the formation of
small-amplitude plastic waves in the contact zone [76]. While in earlier
reports, the number of cycles responsible for the phenomenon was in
the order of magnitude of millions [6,22], here, only 300 cycles were
applied, although in each cycle many asperities may move over a single
spot. Hence, the present conditions are somewhere between the ones
encountered in real-world tribological applications on the one hand and
classical SPD processes on the other. In the latter, only a small number
of cycles with very high strain are applied.

Fig. 4. (111) PF of CuRX after the tribological test. (a) 5–20 μm from the worn surface, (b) 40–60 μm, (c) 60–80 μm, (d) 100–140 μm, (e) 240–440 μm, (f) ideal orientations of a simple
shear texture.
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Fig. 5. Zone 140 μm under the worn surface showing strained grains with high dislocation density. Arrows point out twins which are bended as consequence of plastic deformation.

Fig. 6. Microstructural evolution along the ND-RD plane after the tribological test of CuCR. (a) IPFM, (b) Grain boundary misorientation distribution, (c) Kernel average misorientation.
The vertical distance bar is not to scale.
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4.2. Strain and Substructure Modification

Contrary to the very detailed local information on substructure
obtained from TEM, EBSD provides substructural information in a sta-
tistical manner, by means of the misorientation angle distribution and
KAM distribution. Combining these data with grain size and nano-
hardness results, some interesting order-of-magnitude estimations can
be made which help in the understanding of the role of strain-induced
processes.

The grain size effect is generally described by the Hall-Petch re-
lationship σy= σ0+ kHPdg−n, where an approximate equivalence be-
tween hardness H and yield stress is given as H=3σc [76–78], dg is the

grain diameter and σ0, kHP and n are fitting constants. Although it has
been shown that the general acceptance of the value n=1/2 is mainly
due to imprecise statistical analysis [79,80], Cordero and Schuh have
demonstrated that the more general form cited here still holds in good
approximation [81]. For copper, they report values of σ0= 40MPa,
kHP=160MPa·μmn and n=0.38. The evident deviations of this
equation in Fig. 9b. can be explained by the presence of a dislocation
substructure.

Dislocation density can be estimated by means of the Taylor re-
lationship: σy=Mαbμρ1/2, where the average Taylor factor M for Cu
can be set equal to 3, α=0.28, b=0.28 nm and the shear modulus
μ=48GPa. Hansen [82] proposed to superpose the strength induced

Fig. 7. (111) PF of CuCR after the tribological test. (a) 5–20 μm from the worn surface, (b) 20–50 μm, (c) 50–80 μm, (d) 110–150 μm, (e) 160–280 μm, (f) Ideal orientations for a simple
shear texture.
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by dislocations and substructure on the traditional Hall-Petch re-
lationship. A hardness of 1.4 GPa would then correspond to a disloca-
tion density of 1.5× 1015 m−2 in absence of grain boundaries and
4× 1014 m−2 when the corresponding grain size of 500 nm is con-
sidered. For spherical grains, the latter value corresponds to a dis-
location length of approximately 50 diameters per grain. This corre-
sponds qualitatively to TEM-observations reported in literature
[83–85], where many of the grains contain a limited quantity of forests
dislocations and cell walls.

Accumulation of misorientation at the subgrain boundaries has been
used to explain the creation of HAGBs in SPD [10]. The theoretical
analysis of Pantleon [67] found that, for a subgrain boundary formed by
the trapping of two orthogonal sets of edge dislocations, the MAD fol-
lows the Rayleigh distribution, while more complex dislocation inter-
actions give rise to other distributions. One example is the Maxwell
distribution, which was found to give a reasonable approximation for
the LAGB-part of the MAD in the present work. Under this formalism, a
gradual transition from the original MAD to the final one can be ex-
pected. For CuRX, one may assume that an increasing LAGB-peak would
be formed, with its maximum shifting toward higher values and finally
restoring a HAGB-distribution but with a much smaller grain size. For
CuCR, the existing LAGB-peak should gradually shift to the right. This is
not observed here: although the LAGB-peak reaches a maximum in the
zone between 100 and 150 μm for both materials, a systematic shift to
the right is not observed.

4.3. The Role of Recrystallisation

Recrystallisation is generally supposed to involve grain boundary
movement or rearrangement. Also, while the irregular dislocation
tangles, which compose the subgrain boundary may possess a complex
local stress field, the grain boundaries involved in recrystallisation are

assumed to be relatively stress-free, i.e. they contain only a limited
amount of extrinsic dislocations. This said, it is also clear that any re-
crystallisation mechanism active during the SPD-process will be af-
fected by the ongoing strain accumulation: GBs will trap new disloca-
tions and a new substructure can be formed inside the grain. Using
statistical calculations [86], it can be estimated that up to 50% of all
dislocations involved in slip will be captured at existing HAGBs for the
grain size (500 nm) and dislocation densities considered in this study,
with the rest contributing to substructure formation.

Static recrystallisation in severely deformed electrolytic copper can
occur below 200 °C and clear evidence for recrystallisation during or
after SPD-processes has been given by other authors [83–85]. For the
present material and deformation mechanism, there is no doubt that
recrystallisation mechanisms are active. The CuCR material shows a
broad zone around 130 μm where the cold rolled material is partially
recrystallised, with cube-oriented grain bands forming in a recovered
matrix which inherits its crystal orientation from the cold-rolled tex-
ture. The hardness of this zone is lower than the cold-rolled substrate
and the SPD top layers. It must therefore be assumed that also for these
top layers, the SPD process did not start from the cold-rolled structure
but from a partially or completely recrystallised state. It can also be
postulated that, if the temperature and driving force are sufficient to
induce recrystallisation at 130 μm in CuCR, the process will also be
active in the SPD zone. Due to the low energy input from the sliding
contact and the high conductivity of the copper sample and aluminium
sample holder, the increased driving force close to the surface must be
the principal factor in the process, as the estimated temperature in-
crease is very low.

The misorientation angle distribution provides an argument for the
importance of recrystallisation as compared to strain-induced mis-
orientation accumulation: the measured MAD shows clear deviations
from the calculated distribution. This points toward a process where

Fig. 8. Texture index corresponding to the zones shown in Fig. 7 for CuCR (a) and Fig. 4 for CuRX (b).

Fig. 9. (a) Chart of indentation hardness and average grain size diameter vs distance to surface, (b) dependence of hardness regarding to the inverse of square root of grain size diameter.
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certain misorientations are favoured over others. Notice that, in the
original description of CDRX, neither the effect of dislocations trapped
at HAGBs nor the role of special GBs is considered. Strain induced
misorientation accumulation is considered a CDRX mechanism but is
not observed in the present work. Either, this means that CDRX is not
active in the present study, or that the description of CDRX must be
refined.

An activation threshold for a different mechanism is reached in the
top layer of CuCR. While the zone at 25 μm in CuCR is in all aspects
(MAD, KAM, grain size, hardness) comparable to the top layer in CuRX,
the top layer in CuCR shows a lower hardness, lower TI, lower content
of HAGB and a KAM which is almost identical to the starting material in
CuRX. These elements indicate that in top layer of CuCR, the re-
crystallisation mechanism is faster than the effects caused by strain
accumulation. This can be interpreted as dynamic recrystallisation. The
reason why this threshold is reached in CuCR and not in CuRX must be
sought in the smaller starting grain size observed in the partially re-
crystallised zone of CuCR around 130 μm.

5. Conclusions

The inverse pole figure maps presented in this study provide de-
tailed information on the microstructural modification of electro-
lytically pure copper when subject to a process of sliding wear. These
processes are important for the study of wear in ductile materials and
the development for wear resistant materials under conditions where
plastic deformation is unavoidable. Additionally, the wear test pro-
posed here can be used deliberately as a surface modification tech-
nique.

The microstructure gradient created by the process allows studying
the incremental deformation from the unaffected state in a cold-rolled
or recrystallised material toward the severely deformed state at the
surface. In the recrystallisted sample, initial deformation introduces
orientation gradients within the grains and eliminates the twin
boundaries. In the cold rolled sample, a partially recrystallised zone is
formed due to an increase in driving force induced by plastic de-
formation.

During the SPD-process, recrystallisation and deformation compete
continuously. This is evidenced by three observations. Firstly, the
misorientation angle distribution for low-angle grain boundaries does
not show a shift toward higher angles, as expected for a purely strain-
induced misorientation accumulation. Secondly, the misorientation
angle distribution shows large differences with respect to the predicted
one for random grain boundaries. This suggests that certain mis-
orientations are favoured during the process. Thirdly, the hardness of
the material cannot be explained by grain size or dislocation density
alone but is caused by the combination of both.

Only in the top layer of the cold-rolled material, a distinct me-
chanism is activated. A smaller grain size is achieved but the hardness
drops. The Kernel Average Misorientation is reduced to the level of the
recrystallised material. Both the texture and the misorientation dis-
tribution are closer to random. This indicates that, once a certain
threshold is surpassed, the recrystallisation mechanism becomes fast
enough to instantly eliminate the effects of accumulated strain, i.e. a
regime of dynamical recrystallisation is achieved.
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