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Studies of Cu after severe plastic deformation
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Abstract

The aim of the present study is to examine how severe plastic deformation techniques:
compression with oscillatory torsion and multi-axial compression, alter the microstructure and
properties of metal, and what is the efficiency of the mentioned methods. For this reason the de-
formed microstructure of Cu was characterized quantitatively by use of electron backscattered
diffraction and transmission electron microscopy techniques. The mechanical properties were
determined using an MTS QTest/10 machine equipped with digital image correlation. The
results show that severe plastic deformation through compression with oscillatory torsion and
multi-axial compression leads to a refinement of the Cu to ultra-fine scale. The final structure
of samples after compression with oscillatory torsion consists of cellular/subgrain structure
with a low value of misorientation. The multi-axial compression technique is effective in gen-
erating high angle boundaries. The samples after compression with oscillatory torsion exhibit
a higher strength compared with multi-axial compression.

K e y w o r d s: severe plastic deformation, copper, fine-grained microstructure, EBSD, STEM

1. Introduction

The consequence of severe plastic deformation
(SPD) is the grain fragmentation of the material to
an ultrafine or even nanograined dimension. In SPD
structures the refined grains can be regarded rather as
ultrafine-grained where the crystallite size is in range
100 nm and 1000 nm. There is current interest in pro-
cessing materials using new SPD techniques and in
making use of SPD to achieve substantial grain refine-
ment. As a consequence of this task, it has become im-
portant to characterize the microstructure-properties
behaviour of materials at high strains. The use of SPD
processing techniques, such as equal-channel angular
pressing (ECAP) [1, 2], high-pressure torsion (HPT)
[3, 4] and another [5, 6] leads to a great refinement of
the microstructure and provides attractive mechanical
properties.
The aim of present work is to investigate the

fine grain structure formation in polycrystalline Cu
during compression with an oscillatory torsion test
and to compare these results with results received at
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multi-axis compression. The multi-axis compression is
known in the literature as a technique to impose cyc-
lic compression in two orthogonal directions [7] and is
capable of refining the grain size in IF steel to about
300 nm [8]. Compression with oscillatory torsion is a
deformation procedure applied to achieve large strains
[9, 10] and is recognized as a method for forming
ultrafine-grained materials [11, 12].
The efficiency of the compression with the oscillat-

ory torsion method was compared with the multi-axial
compression. The experimental procedures were per-
formed using the same method of investigation, with
a comparable value of deformation and on the same
material. It is in accordance with suggestion in [13],
that the different conclusions on the structure charac-
ter may be attributed to different techniques used by
different investigators.

2. Experiment

Investigations were performed using compression
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with oscillatory torsion and multi-axial compression
techniques for refining polycrystalline Cu structure.
The plastic deformation by compression with oscil-
latory torsion was performed for two effective strain
levels, εf = 6.6 and εf = 13.2. The changes following
the parameters as concerns: torsion frequency f (Hz),
speed compression v (mm s−1), torsion angle α (◦),
and true reduction εh (mm) are responsible for the
value of strain. In our experiment the mentioned val-
ues of deformation were obtained for:
(i) f = 0.8 Hz, v = 0.04mm s−1, α = 6◦, εh = 3mm;

the obtained effective strain was εf = 6.6,
(ii) f = 1.6 Hz, v = 0.08mm s−1, α = 6◦,

εh = 3mm; the obtained effective strain was εf = 13.2.
One can find more information about compression

with oscillatory torsion in [10].
The plastic deformation by multi-axial compres-

sion was realized for two effective strain levels: εf = 5.4
and εf = 14.9. The average strain in a single pass was
0.2. The samples were deformed with a strain rate of
0.5 s−1. Commercial Cu (M1E) was used for these ex-
periments. The material was homogenized at 500◦C
for 2 h and then cooled slowly down to obtain a grain
size of about 50 µm.
For microstructure investigation an FEI INSPECT

F SEM microscope with a field emission type gun,
equipped with EBSD facility, and a Hitachy HD-
2300A STEM microscope were employed. The evolu-
tion of misorientation distribution and crystallite size
in deformed samples was observed using the electron
backscattered diffraction (EBSD) technique, which is
the only possible tool for analysis of relatively large
areas [14]. Compared to the scanning transmission
electron microscopy (STEM) based method, the field
emission gun scanning electron microscope (FEG-
SEM/EBSD) technique has the important advantage
that large amounts of quantitative data over far lar-
ger areas are required to fully characterize the grain
refinement processes. Orientation maps from EBSD
analysis were acquired with a step size of 50 nm. For
the microstructure characterization individual areas of
14 µm × 36 µm were studied.
A substantial strain accumulation during multi-

-axis compression occurs in the centre of the sample
causing a significant grain refinement. For this reason,
the multi-axially compressed specimens were prepared
from the central part of the sample’s deformed volume.
For this purpose, the samples for SEM and STEM
structure analyses were cut perpendicularly to the
long axis direction. The structure studies using STEM
and SEM were conducted on samples extracted from
the 0.8 radius in the longitudinal plane section.
For the STEM examinations, foils were prepared

by electropolishing using D2 electrolyte. For the SEM
observations, specimens were polished by using the
ion thinning device (PECS) manufactured by Gatan
Inc. The mechanical properties: yield stress (YS), ulti-

Fig. 1. Mini tensile test sample: (a) view of sample, (b)
sample geometry.

Fig. 2. EBSD map of Cu after compression with oscillatory
torsion at εf = 6.6.

mate tensile strength (UTS), and uniform elongation
(EL) were determined on an MTS QTest/10 machine
equipped with digital image correlation (DIC) [15].
Due to the small volume of materials available for

testing, one way of measuring mechanical properties
was then to use mini tensile test samples. In this work
small size samples with a total length of 2.2mm were
used (Fig. 1).

3. Results

The changes in the microstructure after processing
by compression with oscillatory torsion and multi-
axial compression are shown in SEM/EBSD patterns
(Figs. 2–5). The results of the investigation show that
at the beginning of the deformation, a fragmenta-
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Fig. 3. EBSD map of Cu after compression with oscillatory
torsion at εf = 13.2.

Fig. 4. EBSD map of Cu after multi-axial compression at
εf = 5.4.

Fig. 5. EBSD map of Cu after multi-axial compression at
εf = 14.9.

Fig. 6. Influence of deformation on misorientation value in
Cu after compression with oscillatory torsion.

tion of the original grains occurs. The microstructures
processed by compression with oscillatory torsion are
rather inhomogeneous and during further deformation
the homogeneity of the microstructure is increased
(Figs. 2, 3). After initial deformation, most of the
boundaries between neighbouring subareas are clas-
sified as low angle. With further strain accumulation,
the misorientation angle slowly shifts towards a high
value.
In samples processed by multi-axial compression,

the fragmentation process carried out seems to be
faster and more effective than the compression with
oscillatory torsion (Fig. 4). However, the microstruc-
ture seems to be inhomogeneous during subsequent
deformation (Fig. 5). The coarse equiaxed structures
are characteristic for recrystallized grains. This means
that the dynamic recrystallization process causes obvi-
ous grain growth. The dynamic recrystallization pro-
cess was also confirmed by STEM examinations.
A detailed quantitative analysis using the EBSD

technique reveals a clear difference between the de-
formed structures resulting from compression with
oscillatory torsion and multi-axis compression pro-
cessing. For both methods of deformation, the bound-
ary misorientation angles were measured and the res-
ults are presented in Figs. 6 and 7. The fraction
of low-angle boundaries (LABs) smaller than 5◦, in
samples deformed by compression with oscillatory tor-
sion, changes from about∼ 75 % to ∼ 65 % for εf = 6.6
and εf = 13.2, respectively.
The samples deformed by multi-axial compression

show a quite different distribution of boundaries mis-
orientation. The samples have a large fraction of the
high-angle boundaries. The fractions of HABs are
∼ 70 % and ∼ 80 % for εf = 5.4 and εf = 14.9,
respectively. In terms of HABs production, the mul-
tiaxial compression is far more effective than compres-
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Fig. 7. Influence of deformation on misorientation value in
Cu after multi-axial compression.

Fig. 8. Influence of deformation on area fraction of grains
after compression with oscillatory torsion.

sion with oscillatory torsion (about 35 % HABs for
compression with oscillatory torsion and about 80 %
for multi-axial compression).
Histograms presented in Figs. 8 and 9 show the

distribution of the area fraction of grains after com-
pression with oscillatory torsion and multi-axial com-
pression. Three types of grains were detected: ultrafine
∼ 0.5 µm, fine ∼ 1 µm, and above 1 µm. It is essen-
tial to clarify that the grain boundaries’ misorient-
ations presented in Figs. 8 and 9 are only HABs.
The area fractions of ultrafine ∼ 0.5 µm and fine
∼ 1 µm grain detected by the EBSD technique for
compression with oscillatory torsion samples are about
10 % and 20 % for εf = 6.6 and εf = 13.2, respect-
ively. The area fraction of ∼ 0.5 µm and ∼ 1 µm

Fig. 9. Influence of deformation on area fraction of grains
after multi-axial compression.

Fig. 10. Microstructure of Cu after compression with os-
cillatory torsion at εf = 6.6.

grains in multi-axial compression evidently changes
with deformation, and at εf = 14.9 it reached about
60 %.
The compression with oscillatory torsion results

in the development of characteristic cellular/subgrain
structure (Figs. 10, 11). Figure 10 shows the micro-
structure consisting of cells with a high dislocation
density. Figure 11 presents a region of mixture coarser
sub(grains), where some of sub(grains) showed re-
duced dislocation density when compared to Fig. 10.
The change in the deformation parameter led to the
transformation of cell boundaries into sub(grains), but
a significant fraction of low-angle grain boundaries
persists after reaching high effective strain of εf = 13.2.
The microstructure of multi-axially compressed

samples after effective strains of εf = 5.4 and εf = 14.9
are shown in Figs. 12 and 13, respectively. The STEM
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Ta b l e 1. Average values of structural parameters: grain size (D), subgrain size (d), and mechanical properties: yield
stress (YS), ultimate tensile strength (UTS), uniform elongation (EL) of severely deformed Cu

Method Effective strain
εf

d
(µm)

D
(µm)

UTS
(MPa)

YS
(MPa)

EL
(%)

Initial state 50 228 149 34.9

Compression with
oscillatory torsion

6.6
13.2

–
0.28

0.93
0.73

326
–

276
–

15.6
–

Multi-axial
compression

5.4
14.9

0.21
0.25

0.47
0.33

258
–

139
–

45.5
–

Fig. 11. Microstructure of Cu after compression with os-
cillatory torsion at εf = 13.2.

Fig. 12. Microstructure of Cu after multi-axial compression
at εf = 5.4.

microstructures of multi-axially compressed samples
show an approximately equiaxed sub(grain) structure
with low dislocation density and with a more random
misorientation of individual subgrains and grains than
does the microstructure taken from compression with
oscillatory torsion samples (Fig. 12). This highly de-

Fig. 13. Microstructure of Cu after multi-axial compression
at εf = 14.9.

formed structure confirms that there are new grains
with well resolved angle boundaries.
There is a larger fraction of high-angle grain

boundaries and a larger progress in recovery after
straining than after compression with oscillatory tor-
sion. The ‘sharp’ boundaries of greater grain size refer
to already equilibrium grain boundaries. Recrystal-
lized grain interiors appear to be free of dislocation
(Fig. 13).
The microstructural parameters and mechanical

properties for both methods of deformation are sum-
marized in Table 1.
The samples after compression with oscillatory

torsion at εf = 6.6 exhibit a high strength (UTS:
326MPa; YS: 276MPa) and a moderate elongation
(EL: 15.6 %). An evident decrease in strength (UTS:
258MPa; YS: 139MPa) and increase in elongation
(EL: 45.5 %) take place in the samples after multi-
-axial compression. For this mode of deformation the
grains can be refined effectively; the average grain
size (D) and subgrain size (d) for εf = 5.4 reach
0.47 µm and 0.21 µm, respectively. The subsequent de-
formation to εf = 14.9 slowly reduced the subgrain
size. Comparison of the microstructures between the
mentioned methods of deformation clearly shows that
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dynamic recovery and recrystallization (DRX) play
an important role in multi-axial compression process.
The strain rate of 0.5 s−1 during multi-axial compres-
sion leads to a larger temperature increment, which
contributes to DRX during deformation.

4. Discussion

The results show that multi-axial compression and
compression with oscillatory torsion processing res-
ult in ultra-fine grained structure, but the deformed
microstructures produced by the mentioned methods
are quite different. The microstructure after compres-
sion with oscillatory torsion contains subgrains sim-
ultaneously. Meanwhile microstructures after multi-
axial compression have high-angle grain boundar-
ies mainly. The HABs fraction in multi-axially com-
pressed samples reaches 80 %, which is much higher
than that in compression with oscillatory torsion
samples: 35 %. Obtaining UFG structures with high-
-angle grain boundaries is a rather difficult task and
depends on many factors such as strain, strain rate,
temperature, applied deformation techniques, etc. To
support this, an interesting conclusion has been drawn
in reports where different methods of SPD were used.
Sun et al. [16] reported that the ECAE process
was more effective than cyclic extrusion compression
(CEC) in generating HABS, that was, the ECAE route
Bc with a strain of ∼ 8 showed similar results to the
CEC process with a strain of 60.
Despite the fact that multi-axial compression is

an attractive process because it leads to a greater
refinement of the microstructure and to a higher
presence of high-angle boundaries than compression
with oscillatory torsion, is less effective in strength-
ening. The changes in the microstructure of Cu after
the multi-axial compression process are controlled by
the dynamic recrystallization (DR) process. From the
present results, it is concluded that (DR) plays an im-
portant role in the process.
Our investigations are in accordance with the res-

ults depicted in [17]. Dalla Torre and co-workers men-
tioned that the copper hardness was not related to
the true strain and the size of elements that form
the structure, and the maximal hardness was reached
with a relatively small deformation, which did not
give rise to dynamic recrystallization. Mishra and co-
workers [18] examined the structure and properties of
Cu samples after the ECAP process. These authors
explained that the two-pass sample showed a signific-
ant jump in strength over the initial sample, and the
rise in strength with a higher number of passes was not
as significant. It was found that the highest strength is
observed after the first or the second pass. This is sug-
gestive of the fact that for two passes, the fraction of
boundaries that has a low angle increases significantly,

while the fraction of large angle boundaries becomes
small. The additional passes simply increased the frac-
tion of grains of ∼ 200 nm in size, and the low-angle
grain boundaries are a minority. In [19] it is mentioned
that after twist hydroextrusion (THE) of Cu, the prin-
cipal changes in structure and properties are observed
for ε = 2.7, and with increasing total deformation the
properties of Cu change non-monotonously.
In conformity with data from the literature it can

be presumed that for samples deformed by compres-
sion with oscillatory torsion, the strain hardening
or dislocation strengthening play a main role in the
strength increase, and the formation of submicron sub-
grains or dislocation cells also concur to the strength
substantially. The strengthening in multi-axial com-
pressed samples may be attributed to grain refinement
hardening, but low strengthening is related to the fast
course of dynamic recrystallization process.

5. Conclusion

1. The subgrain/grain size during multi-axial com-
pression and compression with oscillatory torsion pro-
cessing reaches an ultrafine dimension.
2. The microstructure after compression with os-

cillatory torsion contains dislocation cells or subgrain
boundaries simultaneously. Meanwhile, in microstruc-
ture after multi-axial compression there dominate
high-angle grain boundaries. It is established that the
multi-axial compression method is more effective than
compression with oscillatory torsion processing in gen-
erating HABs.
3. Deformation of Cu by the compression with os-

cillatory torsion method leads to an important im-
provement in strength properties. The increase of the
flow stress is due to strain hardening.
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