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Effects of normal stress, surface roughness, and initial grain size on the

microstructure of copper subjected to platen friction sliding deformation
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Abstract: The effects of applied normal stress, surface roughness, and initial grain size on the microstructure of pure Cu developed during
platen friction sliding deformation (PFSD) processing were investigated. In each case, the deformation microstructure was characterized and
the hardness of the treated surface layer was measured to evaluate its strength. The results indicated that the thickness of the deformed layer
and the hardness at any depth increased with increasing normal stress. A smaller steel platen surface roughness resulted in less microstruc-
tural refinement, whereas the microstructural refinement was enhanced by decreasing the surface roughness of the Cu sample. In the case of a
very large initial grain size (d > 10 mm), a sharper transition from fine-grain microstructure to undeformed material was obtained in the

treated surface layer after PFSD processing.
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1. Introduction

The generation of gradient structures has recently been
the subject of extensive research [1-4], which has confirmed
that the surface modification of metals by generating a gra-
dient nanostructure can improve surface properties such as
diffusion behavior, as well as wear and corrosion, and fa-
tigue resistance [5—10]. Such improvements are very impor-
tant for increasing the service life of engineering materials
because many failures originate at or near the material’s
surface. One approach to achieving the formation of a sur-
face gradient nanostructure is sliding deformation, and sev-
eral studies describing the use and results of this technique
have been published [11-15]. The fine microstructure de-
veloped in a surface layer treated by sliding deformation has
been reported to reduce the wear rate and the friction coeffi-
cient at the material surface [16—17]. Thus, control of the
fine microstructure generated by sliding is important for op-
timizing the surface properties of materials as well as for
guiding further applications of this technique.

The processing parameters of sliding deformation will
undoubtedly affect the generated microstructure. Other au-
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thors have reported that an increase in sliding velocity will
generate a thinner near-surface tribolayer consisting of a fine
microstructure (even down to the nanoscale) during unlu-
bricated sliding of Cu [18]. Moreover, dynamic recrystalli-
zation has been reported to interrupt the formation of a con-
tinuous nanocrystalline tribolayer at high sliding velocities
[19]. Zhang et al. [14] studied the effect of applied load
during ball-on-disc sliding of Cu and Ta and reported an in-
crease in the thickness of the deformed layer with increasing
normal load. Other researchers have demonstrated that the
minimum scale of the microstructure in Cu subjected to
sliding using a flat platen can be reduced by carrying out the
sliding at liquid-nitrogen temperature and by subjecting the
sample to a pre-alloying treatment [20].

In the present study, we investigated the influence of
several processing and material parameters (specifically,
applied normal load, surface roughness, and sample grain
size) on the microstructure developed during platen friction
sliding deformation (PFSD) of pure Cu at room temperature.
In each case, the microstructure was characterized and the
influence on the mechanical properties was analyzed via
hardness measurements.
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2. Experimental

The main material used in this study was oxygen-free
high-conductivity (OFHC) Cu with a purity of 99.9%, in a
fully recrystallized condition with an average grain size of
73 um (not counting annealing twins as individual grains)
and a nearly random texture. The PFSD processing, as
shown in Fig. 1, was performed using a specially designed
rig. In general, the Cu sample was first pressed against a
stainless steel platen with a preset normal stress, forming a
plane—plane contact configuration; the sample and platen
dimensions were 11.5 mm x 11.5 mm X 9 mm and 32 mm X
32 mm x 100 mm, respectively. Using a loading frame, we
subsequently slid the steel platen against the Cu sample with
a sliding speed of 6.7 mm-s ' at room temperature. In each
case, a sliding distance of approximately 60 mm was used,
resulting in the formation of a friction-induced shear defor-
mation in the surface layer of the Cu sample. After PFSD,
all samples were stored at —18°C in a freezer to prevent re-
covery and recrystallization during storage.

For the reference sample R used in this study, the normal
applied stress was 44 MPa and the surface roughness values
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of the contact surfaces of the Cu sample and the steel platen
before PFSD were R,= 5.1 pm and R, = 3.2 pum, respec-
tively. To study the effects of normal stress and surface
roughness on the microstructure obtained after PFSD proc-
essing, different normal stress and surface roughness (for
both the Cu sample and the steel platen) were also used.
In addition, another Cu sample (also 99.9% purity) with a
very large grain size, determined to be greater than 13 mm,
was used to study the effect of initial grain size. The detailed
deformation parameters for each sample are listed in Ta-
ble 1.

Normal stress P

Steel platen

gﬁ

Platen| movement

Fig. 1. Schematic showing the relative movement of the steel
platen and Cu sample during PFSD processing.

Table 1. Summary of platen friction sliding deformation conditions for investigated samples

Sample Normal stress, P/ MPa Sliding distance / mm Notes
R 44 62 Reference sample (R,(steel) = 3.2 pm, R,(Cu) = 5.1 pm)
1 22 60 Small normal force
2 88 59 Large normal force
3 44 60 Smoother steel block (R,= 0.9 pum)
4 44 58 Smoother Cu sample (R,= 0.1 pm)
5 44 59 Larger initial grain size (13. 8 mm)

For each sample, the microstructure of the treated surface
layer after PFSD was characterized in cross-section (i.e., the
plane perpendicular to the friction surface and containing
the sliding direction) using a Tescan Mira 3 LMH thermal
field emission scanning electron microscope equipped with
an Oxford Instruments HKL Nordlys Max electron back-
scatter diffraction (EBSD) system. To avoid exter-
nal-stress-induced damage (i.e., chamfer) on the sur-
face-deformed layer during grinding on the cross-section, a
small block of Cu was adhered to the treated surface of the
Cu sample using glue. The cross-section of the Cu sample
together with the Cu block was then vibration-polished after
being ground to remove the stress influence during grinding.
After the sample was polished, the Cu block was removed
by ultrasonic cleaning in acetone and alcohol, and the Cu
sample was observed by scanning electron microscopy
(SEM). The hardness of the treated surface layer was inves-
tigated by Vickers micro-hardness indentation using a load
of 10 g and a duration of 10 s.

3. Results and discussion
3.1. General microstructure in Cu after PFSD

A typical gradient nanostructure was generated in the sur-
face layer of Cu subjected to PFSD at room temperature, as
we demonstrated in a previous study [21]. Fig. 2 shows the
general microstructure profile along the depth from the Cu
friction surface subjected to PFSD. In brief, four regions are
observed, each with a different typical morphology of the
deformed microstructure. From the friction surface to the
interior matrix, these four microstructures are (1) a nano-
scale lamella microstructure in which the lamellae are nearly
parallel to the sliding direction and exhibit an average spacing
of approximately 50—100 nm; (2) a fine-grain microstructure
in which most of the fine grains are elongated along the
sliding direction and exhibit an average spacing (measured
perpendicular to the friction surface) of approximately 300
nm; (3) a regular lamellar deformation microstructure in
which long bands are also elongated predominantly along
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the sliding direction and in which the band spacing increases
with increasing depth from the friction surface; and (4) a
deformed-grain microstructure in which the initial grains are
clearly evident and show evidence of the introduction of
plastic deformation, where the amount of plastic deformation
decreases with increasing depth from the friction surface.
These four types of microstructures are illustrated in the
cross-section of the reference sample R shown in Fig. 3. The
top 200 pum layer of this sample exhibits a very clear plas-
tic-deformation-induced gradient structure morphology,
where clear shearing is still observed at a depth of at least
100 pum (Fig. 3(a)). The top 40 pm layer has obviously been
severely refined (Fig. 3(b)). Moreover, the top 30 um layer
fully consists of the fine-grain microstructure (Figs. 3(b) and
3(d)), except for a very thin layer of nanoscale lamellac at
the top surface. The microstructural morphology of these
fine grains is shown in Figs. 3(c) and 3(e), which show the
microstructures observed at depths of 10 um and 20 um, re-
spectively. Most of these fine grains are elongated along the
sliding direction, although some smaller grains with a more
equiaxed shape are also observed. Many of the fine grains
do not contain interior misorientations, and most are en-
closed by high-angle boundaries (with misorientation angles

> 15°). Moreover, little difference is observed between the
morphologies of the fine grains developed over this region
(see Figs. 3(c) and 3(e)).

Friction surface

deformation
microstructure

Slightly deformed
initial grains to
undeformed
initial grains

Fig. 2. Schematic of the general microstructure profile as a
function of depth from the treated surface for Cu subjected to
PFSD.

Fig. 3. Microstructure of sample R (reference sample) viewed in cross-section by SEM and EBSD: (a) top 200 pm layer; (b) top 40
pm layer; (c) magnified image corresponding to the red box in (b); (d) top 70 pm layer; (e) 15-25 pm layer. Grey and black lines in
the EBSD maps indicate boundaries with misorientation > 1.5° and > 15°, respectively. Arrows indicate the sliding direction of the

steel platen.
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3.2. Effect of normal stress

3.2.1. Microstructural morphology

Figs. 4 and 5 present examples of microstructural mor-

= ——
Sample 1 (22 MPa) [ A"

A
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phologies viewed in the cross-sections of samples 1 and 2
by SEM and EBSD, respectively. Compared with the stress
used to deform the reference sample, during PFSD, sample
1 was deformed with a smaller normal stress (22 MPa),

. e

e 102 MP) [

Fig. 4. Microstructures of samples 1 and 2 (showing the effect of normal stress) viewed in cross-section by SEM: (a, d) top 200 pm
layer; (b, e) top 40 pm layer; (c, f) magnified images corresponding to red boxes in (b) and (e), respectively. Arrows indicate the slid-

ing direction of the steel platen.
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Fig. 5. Microstructures of samples 1 and 2 viewed in cross-section by EBSD: (a, ¢) top 70 pm layer; (b) 10-30 pm layer in sample 1;
(d) 15-25 pm layer in sample 2. Grey and black lines in the EBSD maps indicate boundaries with misorientation > 1.5° and > 15°,
respectively. Arrows indicate the sliding direction of the steel platen.

whereas sample 2 was deformed with a larger normal stress
(88 MPa). As evident in Fig. 4(a), less plastic deformation
was introduced into the surface layer of sample 1, and the
maximum depth where clear shearing is evident was only
approximately 75 pm. In addition, only a thin, severely re-
fined layer containing the fine-grain microstructure was
generated (Fig. 5(a)). In contrast, larger plastic deformation
was introduced into the surface layer of sample 2, and
shearing was clearly visible even at a depth of 135 um (Fig.
4(d)). A thicker severely refined (fine-grained) layer was
also observed (Fig. 5(c)). The thickness of the layer com-
prising fine grains in sample 1 was only approximately 15
um (Fig. 4(b)), whereas the top 40 um layer in sample 2
consisted almost entirely of fine grains (Fig. 4(e)).

This difference in the thickness of the fine-grained layer
was also evident from the microstructure at a depth of 20
pum, as shown in Figs. 5(b) and 5(d). In Fig. 5(b) (sample 1
with lower normal stress), a regular lamellar deformation

o

Sample 1 (22 MPa)

Sample 2 (88 MPa) g

microstructure with quite coarse spacing was observed at 20
um depth, whereas fine grains were still evident at the same
depth in sample 2 (higher applied stress). Moreover, a larger
fraction of the fine grains was smaller and more equiaxed in
sample 2 compared with that in sample R. On the basis of
these observations, we concluded that both the maximum
depth of shearing and the thickness of the fine-grained layer
increased with increasing normal stress.

Figs. 4(c) and 4(f) show the microstructures of samples 1
and 2 at 10 pm depth, respectively. The microstructure shown
in Fig. 4(c) is almost composed of fine grains, similar to that
of sample R (Fig. 3(c)). However, a large difference was ob-
served in sample 2, where a nanoscale lamella microstructure
was observed at a depth of approximately 10 um (Fig. 4(f)).
The generation of a nanoscale lamella microstructure con-
firms the hypothesis that more plastic deformation must have
been introduced into sample 2 than sample R, i.e., microstruc-
tural refinement was enhanced using a larger normal stress.
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3.2.2. Spacing and hardness

Fig. 6 shows the variation of the average spacing of
high-angle boundaries at 20 um depth and of the hardness at
certain depths as functions of normal stress. Here, the spac-
ing of high-angle boundaries was measured perpendicular to
the sliding direction on the basis of EBSD characterization.
In general, the spacing at this depth decreased with increas-
ing normal stress (Fig. 6(a)). More specifically, the spacing
significantly decreased as the normal stress increased from
22 MPa (sample 1) to 44 MPa (sample R), whereas it de-
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creased only slightly as the normal stress was further in-
creased from 44 MPa (sample R) to 88 MPa (sample 2). The
results of these measurements are consistent with the micro-
structures shown in Figs. 3(e), 5(b), and 5(d). Moreover, the
hardness values measured at 40 um depth, 20 um depth, and
the friction surface (Fig. 6(b)) increased with increasing
normal stress. However, at 40 um and 20 pum depths, the in-
crease in hardness was small. For example, the hardness at
20 um depth only increased from 1.15 GPa in sample 1 to
1.26 GPa in sample 2.
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Fig. 6. Effect of normal stress on the spacing of high-angle boundaries at 20 pm depth (a) and the hardness at fixed depths (b).

Apparently, the friction force will definitely increase with
increasing normal stress as long as contact conditions re-
main unchanged. Moreover, the friction coefficient is
known to increase with increasing normal stress [22], which
can further increase the friction force acting on the treated
surface of the Cu sample. Therefore, the treated surface of
the Cu sample will suffer more severe plastic deformation,
and the evolution of the microstructure will be accelerated
when a larger normal stress is applied. Accordingly, more
fine grains are formed and even more nanoscale lamellae
appear in the treated surface layer. Furthermore, the forma-
tion of fine grains and nanoscale lamellae has been reported
to lead to a transfer of shear strain to deeper volumes [21].
Thus, the thicknesses of the fine-grained and deformed lay-
ers increase with increasing normal stress, as does the hard-
ness.

3.3. Effect of surface roughness

3.3.1. Microstructural morphology

Figs. 7 and 8 show examples of the microstructural mor-
phology viewed in cross-sections by SEM and EBSD, re-
spectively, for samples deformed under different surface
roughness conditions. Sample 3 was deformed with a rela-
tively smoother steel platen surface with R, = 0.9 um, which
is only approximately one-third the R, of the steel platen

surface used for sample R. In the case of sample 4, the sur-
face of the Cu sample was electropolished before PFSD
processing, resulting in a smaller surface roughness of R, =
0.1 um.

The top 200 pum layer of sample 3 (Fig. 7(a)) exhibited a
substantially different microstructural morphology com-
pared with that observed over the same depth in sample R,
with only a very small amount of severe plastic deformation
introduced in the surface layer. The maximum depth where
shearing was evident was only approximately 25 um (all
annealing twin boundaries beneath this depth were still very
straight), and all original grains were still clearly recogniz-
able, with no obvious shape change below a depth of 25 um.
Moreover, neither a nanoscale lamella layer nor a
fine-grained layer was formed during PFSD in this sample
(Fig. 7(b)). An examination of the EBSD data revealed that
grain subdivision only occurred in the top 10 pum layer, as
indicated by newly formed high-angle boundaries only be-
ing observed above this depth (Fig. 8(b)). In this layer, a
regular lamellar deformation microstructure was formed,
although this microstructure was still in the early stage of
development. In addition, little evidence of plastic deforma-
tion was observed at depths greater than 10 pum, as inferred
from the very small number of observed low-angle bounda-
ries with misorientation angles between 1.5° and 15° (Fig.
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8(a)). Thus, the decrease of the steel platen surface rough-
ness significantly retarded the evolution of the nanoscale
microstructure during PFSD.

In sample 4, the microstructural morphology in the top
200 pum layer exhibits features similar to that of sample R
(Fig. 7(c)). In this sample, direct evidence of shearing is ob-
served but at a depth of 120 pm, i.e., at a greater depth than

etr————"10a
Sample 4 (smooth Cu)w

the shearing in sample R. The top 40 um layer of sample 4
is severely refined (Fig. 7(d)), with a fine-grain microstruc-
ture (Fig. 8(c)) observed at a depth of 30 um. However, the
fine grains at 20 pm depth in sample 4 (Fig. 8(d)) are ap-
proximately the same in terms of size and shape as those at a
similar depth in sample R (Fig. 3(e)). A significant differ-
ence in sample 4 is the development of a highly refined

Fig. 7. Microstructures of samples 3 and
4 (showing the effect of surface roughness)
viewed in cross-section by SEM: (a, c) top
200 pm layer; (b, d) top 40 pm layer; (e)
magnified images corresponding to the red
box in (d). Arrows indicate the sliding di-
rection of the steel platen.
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Sample 3 (smooth Fe)

Int. J. Miner. Metall. Mater., Vol. 23, No. 1, Jan. 2016

Sample 3 (smooth Fe)

Fig. 8. Microstructures of samples 3 and 4 viewed in cross-section by EBSD: (a, ¢) top 70 pm layer; (b) top 20 pm layer in sample 3;
(d) 15-25 pm layer in sample 4. Grey and black lines in the EBSD maps indicate boundaries with misorientation > 1.5° and > 15°,

respectively. Arrows indicate the sliding direction of the steel platen.

microstructure in the top 15 pum layer (Fig. 7(d)). A rela-
tively higher magnification observation reveals that this
layer comprises the nanoscale lamella microstructure (Fig.
7(e)). In addition, some regions of this microstructure are
sandwiched within the fine-grain microstructure. Notably,
the maximum depth at which the lamella microstructures are
observed in sample 4 is greater than that in sample 2.
Therefore, a decrease of the Cu sample surface roughness
can substantially enhance the evolution of the nanoscale mi-
crostructure.
3.3.2. Spacing and hardness

Figs. 9(a) and 9(b) show the hardness variation at a fixed
depth as a function of the steel platen surface roughness and
the Cu sample surface roughness, respectively. The hardness
values at 40 um depth, 20 pm depth, and the friction surface
decrease drastically with decreasing steel platen surface
roughness, whereas the hardness values increase with de-
creasing Cu sample surface roughness. These trends are

consistent with the changes observed in the microstructures
among samples R, 3, and 4. As shown in Fig. 8(b), for sam-
ple 3, no new high-angle boundaries is formed below a
depth of 20 pm; thus, the data for the spacing of high-angle
boundaries at this depth are not available. Fig. 9(c) shows
the variation of the spacing of high-angle boundaries at 20
um depth as a function of the Cu sample surface roughness.
The spacing decreases only slightly with decreasing Cu
sample surface roughness, which is in good agreement with
the similar microstructures shown in Figs. 3(e) and 8(d).

On the basis of the aforementioned results, we concluded
that the steel platen surface roughness plays a more impor-
tant role than the Cu sample surface roughness in the evolu-
tion of the microstructure. As the Cu sample is pressed
against the steel platen with certain normal stress, the asper-
ities of the platen will indent to a certain depth (estimated as
several to ten micrometers in the case presented here) into
the Cu sample surface layer. Therefore, when the surface
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roughness of the platen decreases (i.e., when the asperities
of the platen become less pronounced), the indentation
depth will decrease. Consequently, the friction force that
results in the plowing of the Cu sample surface decreases,
and therefore, less plastic deformation is introduced. In con-
trast, the indentation depth will increase if the surface
roughness of the Cu sample decreases. In this case, the fric-
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In a previous study, it has been concluded that the friction
coefficient on a smooth sample surface is larger than that on
a rough sample surface [23]. Moreover, Leu [24] has re-
ported that the friction coefficient will obviously increase
when the relative roughness (i.e., the ratio between the
roughness of the tool and that of the workpiece) increases
during dry-contact friction. In the present case, the steel
platen represents the tool, and the Cu sample represents the
workpiece. Therefore, the decrease of the surface roughness
of the steel platen will decrease the friction coefficient,
whereas the decrease of the surface roughness of the Cu
sample will increase the friction coefficient. As discussed in
Section 3.2, a large friction coefficient will lead to signifi-
cant plastic deformation in the treated surface. As a result, a
decrease of the surface roughness of the steel platen can
hinder the evolution of the nanoscale microstructure,
whereas a decrease of the surface roughness of the Cu sam-
ple can enhance the evolution of the nanoscale microstruc-

tion force will be greater, and more plastic deformation will
consequently be introduced. Because the sample (Cu) is
much softer than the steel platen, the asperities of the platen
remain largely unchanged compared with those at the Cu
sample surface during loading. As a result, when compared
with the Cu sample surface, the PFSD process is more sen-
sitive to the variation in the asperities of the steel platen.
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Fig. 9. Effect of sample and platen surface
roughness: (a) hardness at a fixed depth as a
function of the steel platen surface rough-
ness; (b) hardness at a fixed depth as a func-
tion of the Cu sample surface roughness; (c)
spacing of high-angle boundaries at 20 pm
depth as a function of the Cu sample surface
roughness.

ture during PFSD.
3.4. Effect of initial grain size

3.4.1. Microstructural morphology

The microstructural morphology observed in the cross-
section of sample 5 is shown in Fig. 10. Sample 5 exhibits a
much larger initial grain size, approximately 13.8 mm,
compared to sample R. In this sample, the upper 40 um layer
is clearly refined, whereas below this depth the microstruc-
ture is less refined (Fig. 10(a)), as evidenced by the lack of
high-angle boundaries and by the clear shape of the original
grains. The top 10 um layer consists of a fine-grain micro-
structure (Figs. 10(b) and 10(c)) very similar to that observed
in sample R. Below this 10 pm depth, a regular lamellar de-
formation microstructure is already observed (Figs. 10(d)).
In contrast to sample R, the regular lamellar deformation mi-
crostructure only extends over a depth of 30 um. At greater
depths, a fairly sharp transition to a deformed-grain region is
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Sample 5 (coarse grain) 5

L S

R

Sample 5 (coarse grain)

observed, where the grains are only weakly deformed. All
these observations indicate that the transition from the
fine-grain microstructure to undeformed material is much
sharper than that in samples with conventional grain sizes.
3.4.2. Spacing and hardness

Fig. 11 compares the spacing of high-angle boundaries at
20 um depth and the hardness at a certain depth between

—

Sample 5 (coarse grain)

Fig. 10. Microstructures of sample 5
(showing the effect of initial grain size)
viewed in cross-section: (a) top 200 pm
layer; (b) top 40 pm layer; (c) magnified
image corresponding to the red box in (b);
(d) top 70 pm layer; (e) 15-25 pm layer.
Grey and black lines in the EBSD maps
indicate boundaries with misorientation >
1.5° and > 15°, respectively. Arrows indi-
cate the sliding direction of the steel
platen.

sample 5 and sample R. As immediately evident in the fig-
ure, the spacing between high-angle boundaries at 20 pm
depth in sample 5 is larger than that in sample R (Fig. 11(a)),
which is consistent with the microstructures shown in Figs.
10(e) and 3(e). The hardness values at depths of 40 pm and
20 pm and at the friction surface in sample 5 are, however,
all slightly larger than those in sample R (Fig. 11(b)).
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To explore this apparent discrepancy, we analyzed the
microstructures at 20 um depth in sample R and sample 5 in
greater detail. Fig. 12 shows EBSD boundary maps (plotting
all misorientations > 1.5°) of the same areas in Figs. 3(e)
and 10(e). As shown in Fig. 12, most of the fine grains in
sample R are very clean (i.e., they do not contain interior
boundaries or boundary segments, indicated in the maps as
short lines or black points, respectively). However, many of
the fine grains in sample 5 show evidence of interior
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misorientations, and regions with a large number of small-
angle misorientations exist. The fractions of high-angle
boundaries in sample R and sample 5 for these maps are
61% and 44%, respectively. Therefore, the microstructure at
20 um depth in sample 5 appears to be in a less dynamically
recovered state compared to that in sample R; it also appears
to contain more low-angle dislocation boundaries that will
also contribute to the strength. As a consequence, sample 5
is expected to exhibit a slightly greater hardness.
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Fig. 11. Effect of initial grain size: (a) spacing of high-angle boundaries at 20 pm depth; (b) hardness at a fixed depth for samples

with different initial grain sizes.

Fig. 12. Fine step-size EBSD boundary misorientation maps
misorientation > 1.5°.

The effect of the initial grain size on the grain refinement
in a multi-impact process has been investigated [25]. The
results of this previous study demonstrate that a larger initial
grain size will result in more heterogeneous deformation
compared to a smaller initial grain size. Therefore, for the
large grain size case, the plastic deformation is more con-
centrated at the top surface layer, which directly interacts
with the steel platen. Severe grain refinement only occurs in
this thin top surface layer. As a result, the maximum depths
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of areas shown in Figs. 3(e) (a) and 10(e) (b) showing boundary

at which the fine grains and regular lamellae are observed
are all smaller and the transition from a fine-grain micro-
structure to undeformed material is sharper compared to the
transition in the sample with a smaller initial grain size.

3.5. Microstructural control during PFSD

A key reason why surface severe plastic deformation
(SPD) methods have attracted extensive scientific interest is
that they enable mechanical properties to be enhanced
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through optimization of the microstructure in the near-sur-
face layer of processed samples, and especially at the top
surface. PFSD is a novel surface SPD technique that can
apply large shear deformation with high efficiency (i.e., with
a short processing time) to a treated surface and therefore
may be of interest for a wide range of engineering materials.
Control of the microstructure generated by PFSD is
therefore very important, both for improving (and ideally
optimizing) material properties and for extending the range
of potential engineering applications.

In the present study, the effects of normal stress, surface
roughness, and initial grain size on the microstructure in Cu
after PFSD processing were investigated. By changing these
parameters, we obtained different microstructures in the
surface layer after PFSD processing. An increase in the
thickness of the overall deformed layer, as well as in the
depth of the microstructure characterized by fine grains, can
be achieved using a larger normal stress. In addition, the
generation of nanoscale lamella microstructure in the very
top layer can be promoted by decreasing the Cu sample sur-
face roughness or by using a larger normal stress. Further-
more, a sharper transition from the fine-grained layer to un-
deformed material can be promoted by increasing the initial
grain size of the sample, resulting in a structure in which the
top surface layer with a certain thickness is severely refined
while the microstructure beneath this layer is only moder-
ately affected compared to the pre-PFSD condition.

4. Summary and conclusions

The effects of normal stress, surface roughness, and ini-
tial grain size on the microstructure in Cu after PFSD proc-
essing were examined. The major conclusions are summa-
rized as follows:

(1) An increase in the amount of severe plastic deforma-
tion introduced by PFSD can be achieved by applying a lar-
ger normal stress. This is reflected in three aspects: (a) a
thicker layer of fine grains is obtained, and shearing occurs
to greater depths; (b) above a threshold value of the applied
normal stress, a nanoscale lamella microstructure is formed
at the sample surface layer, and the thickness of this layer
increases with increasing normal stress; and (c) the hardness
at any depth is increased, although the main increase occurs
at the top surface.

(2) A decrease in the steel platen surface roughness sig-
nificantly retards the microstructural evolution because less
plastic deformation is introduced, as indicated by both a
large decrease in hardness and the absence of a fine-grained
layer. In contrast, a decrease of the Cu sample surface
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roughness enhances the formation of a gradient nanostruc-
ture, as evident by the formation of a thicker nanoscale la-
mella layer and an increase of hardness.

(3) Application of PFSD processing to a Cu sample with
a much larger initial grain size results in a structure with a
similar fine-grained layer (in terms of high-angle boundary
spacing) but with a much sharper transition from the
fine-grain microstructure to undeformed material in deeper
volumes.
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