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Pure copper processed by a twist extrusion process with a reduced twist-line slope is investi-
gated. Twist extrusion is a severe plastic deformation technique which is promising for scale-up
because it allows for processing of relatively large metallic bars. On the way to commerciali-
zation, decreasing costs associated with processing is critical for twist extrusion. As one of the
measures, reducing the twist-line slope—an important geometrical feature of twist extru-
sion—can be advantageous in terms of processing costs. The current study seeks to elucidate
effects of reducing the twist-line slope on the microstructure, mechanical properties, and their
heterogeneity in the processed metal, which were unclear because most of the previous research
has focused on twist extrusion with high twist-line slopes (e.g., 60 deg). Results of the present
study suggest that reducing the twist-line slope moderates grain refinement and limits
improvement of mechanical properties of the twist-extruded metal. These findings are discussed
in terms of the shear strain reversal which is inherent in the process.
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I. INTRODUCTION

DEVELOPMENT of industrially compatible severe
plastic deformation (SPD) methods is a challenging and
appealing issue in the modern field of structural materials
science. The interest in SPD stems from unique proper-
ties that were exhibited by ultrafine-grained materials
produced by SPD methods.[1–4] To date, there have been
a no. of SPD processes developed at the laboratory scale;
however, most of them prove difficult to be commercial-
ized. Twist extrusion (TE) was introduced[5] as an
attempt to scale-up the process of high-pressure torsion.
Being promising in the commercial sense,[6] TE enjoyed
some interest, which is reflected in continuous research
on the subject[7–13] as well as in the emergence of new
SPD methods inspired by the concept of TE.[14–18]

In the quest to incorporate TE into the industry, such
issues as endurance of the tool are becoming important. Of
special concern are twist dies, the most expensive tool for
TE. Since themain deformation events during TE occur at
the transients between the twist channel and the straight
(entry and exit) channels of the die (Figure 1), one can

expect that the maximum stresses r of the tool will
concentrate around the transient regions. According to the
Coffin–Manson relation, the no. of cycles to failure is
proportional to r�k, where k> 1 is a material constant,
being k = 2 for tool steels.[19] In the first approximation,
stresses, r, in the die duringTE are directly proportional to
vonMises strain per pass, e0. It, therefore, follows that the
no. of passes, N, that the die can endure is N ~ (e0)

�2. On
the other hand, the no. of passes, n, necessary to accumu-
late a certain vonMises strain, e(n), in ametallic barbyTE is
n ~ (e0)

�1. From the above relations, one can estimate the
amount of bars that can be processed (to a given vonMises
strain, e(n)), in a single TE die without failure of the die as

N=n ¼ 1=e0: ½1�

In TE, von Mises strain per pass, e0, depends on the
die geometry. One of the important geometrical features
of the TE die is the slope of the twist line, b (Figure 1).
The angle b depends on the angle between entry and exit
channels, a; the radius of the die profile, R; and the
length of the twist channel, H, as

tan b ¼ aR
H
: ½2�

The relation between von Mises strain per pass, e0, and
the twist-line slope, b, can be approximated as e0 ~ tanb.[5]

With this relation, reducing the twist-line slope, b (by
decreasing angle a or increasing lengthH), can be expected
to increase the endurance of the TE die. For example,
replacingTEdies havingb = 55 to60 deg,which aremost
commonly used at the laboratory scale,[7–9,20] by TE dies
with b = 35 to 40 deg should double the fatigue life of the
die according toEq. [1]. This reasoningmakesTEdieswith

MARAT I. LATYPOV and DONG JUN LEE, Ph.D. Candidates,
and HYOUNG SEOP KIM, Professor, are with the Department of
Materials Science and Engineering, POSTECH, Pohang 790-784,
Republic of Korea. Contact e-mail: hskim@postech.ac.kr EUN YOO
YOON, Senior Researcher, formerly with the POSTECH, Pohang,
Korea, is now with the Light Metal Division, Materials Deformation
Department, Korea Institute of Materials Science (KIMS), Changwon
642-831, Republic of Korea. ROMAN KULAGIN, Researcher, and
YAN BEYGELZIMER, Professor, are with the Donetsk Physics &
Engineering Institute of the National Academy of Sciences of Ukraine,
Donetsk 83114, Ukraine. MAJID SEYED SALEHI, Researcher, is
with the Department of Materials Science and Engineering, Sharif
University of Technology, Azadi Ave., 11365-9466, Tehran, Iran.

Manuscript submitted July 8, 2013.
Article published online January 6, 2014

2232—VOLUME 45A, APRIL 2014 METALLURGICAL AND MATERIALS TRANSACTIONS A



reduced twist-line slopes attractive for prospective com-
mercial application. However, since most of the research
onTEhasbeenperformedwithTEdiesof a twist-line slope
having b = 60 deg, the effects of reducing the angle on the
microstructure and mechanical properties of the product
metal were essentially unknown.

Given themotivation of exploring the effects of reducing
the twist-line slope, the current paper reports microstruc-
tures and mechanical properties of pure copper processed
by single- and multi-pass TE with a reduced angle of
b = 36 deg. The results of microstructure characteriza-
tion and mechanical tests are discussed in tandemwith the
role of the twist-line slope in shear strain reversal in TE.
The current study demonstrates that reducing the angle, b,
has advantages indeed, such asmore uniform deformation
and decreased loads needed for extrusion. However, it is
also shown that during TE, not only the von Mises strain
per pass should be taken into account, but also the
amplitude of shear strains, which play themajor role in the
evolution of the microstructure and mechanical properties
of the product metal. Particularly, it is concluded that
because of a smaller amplitude of shear strains, using a
twist-line slope of b = 36 deg in TE leads to more
moderate yield strength and grain refinement of copper
compared to those in TE with b = 60 deg.

II. EXPERIMENTAL AND NUMERICAL
PROCEDURES

A. Materials and Methods

Pure copper (99.5 pct) was chosen as a material for
the investigation of TE with a low angle b so that the

results could be directly compared with previous studies
of TE with high angles b conducted with copper.[8]

Rectangular bars for TE were machined from hot-rolled
rods and then kept at 823 K (550 �C, 0.5 Tm) for
1 hour. The samples that underwent only machining
and heating are referred to as ‘‘initial’’ in this paper.
A die with a reduced twist-line slope (b = 36 deg)

was used for extrusion. To reduce b to 36 deg, a twist
channel was designed with a = 120 deg and with a
significantly increased length, H, compared to previous
TE experiments (e.g., with a = 90 deg and H = 13 mm
for b = 60 deg[8]). The fact that at low angles a, the
metal flow tends to be forward without shear deforma-
tion dictated the choice to elongate the twist channel
rather than to decrease the angle between the straight
channels, a. Moreover, compared to angle a, length
H offers a larger range of practically convenient values.
TE with b = 36 deg was conducted at room temper-

ature (0.02 Tm) with a constant punch speed of 3 mm/
second and a back pressure of 200 MPa. The process was
repeated up to seven passes for accumulation of large
strains. For analysis of the microstructure and mechan-
ical properties after imposing small and large strains, two
types of processed bars were examined: after one pass
(referred to as ‘‘one-pass bar’’) and after seven passes
(referred to as ‘‘seven-pass bar’’). Furthermore, as
deformation in TE is non-uniform in the plane normal
to the extrusion direction, two regions were distinguished
and analyzed in the experiments: center and periphery.
The corresponding samples are henceforth denoted as
‘‘one-pass-center,’’ and ‘‘one-pass-periphery,’’ ‘‘seven-
pass-center,’’ and ‘‘seven-pass-periphery.’’
Mechanical properties of the samples were evaluated in

hardness tests and uniaxial tension. Vickers micro-
hardness was measured with a load of 1 kgf; four
indentations were made for every value in hardness plots.
Uniaxial tension tests were conducted at room temper-
ature with an initial strain rate of 10�3 seconds�1. Two
specimens were tested for each sample for a better
statistics of the results. Dimensions of the tensile speci-
mens were proportional to the ASTM standards[21] with
the ratio gauge length:width maintained as 4:1.[22] In the
uniaxial tension tests, strain was measured with an
optical deformation analysis system Aramis 5M.
Microstructure characterization was performed by

means of electron backscatter diffraction (EBSD) in a
Hitachi scanning electron microscope. EBSD measure-
ments were conducted with different step sizes ranging
from 0.09 to 0.8 lm because of a large variance of the
size of microstructural features in the processed samples.
Pixels with the confidence index less than 0.09 were
excluded from the EBSD maps and grain size statistics.
Grains were defined as regions, containing at least
50 pixels, in which any two points have a misorientation
angle within 15 deg. Ranges of the grain diameters were
estimated from grain areas with the assumption of a
circular shape of the grains.
Geometrically necessary dislocations (GND) were

analyzed based on the linkage between the Nye’s
dislocation density tensor and the lattice curvature
tensor in the absence of long-range stress fields. The
EBSD information on local crystal orientations was

Fig. 1—Schematics of TE dies with (a) b = 36 deg and
(b) b = 60 deg with shear planes indicated in yellow and cylindrical
coordinate system used in the finite element analysis.
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used to determine gradients of the crystallographic
orientation, which allowed for calculation of six com-
ponents of the lattice curvature tensor. The density of
each dislocation type (in fcc there are 18 screw and edge
dislocation types) was identified by minimizing the total
energy of GNDs at each EBSD pixel. Finally, the total
density of GNDs was calculated by summing densities
of individual dislocation types.[23,24]

B. Finite Element Procedure

Finite element (FE) software Abaqus was used for
numerical analysis of the effects of the angle b on
deformation during TE. The TE process was considered
a three-dimensional isothermal quasi-static problem
with geometries identical to the experimental ones
(Figure 2). The bar was represented by a deformable
mesh composed of eight-node linear bricks (C3D8R)
with reduced integration. The bar was assigned an
elasto-plastic material model with isotropic hardening
and a yield criterion defined by the von Mises equivalent
stress. Reference values of copper were taken for
Young’s modulus and Poisson’s ratio, 119 GPa and
0.34, respectively. Isotropic hardening behavior of
copper was defined based on results of the uniaxial
tension tests of the initial samples (Section II–A). As the
actual TE rate was low, strain rate and thermal effects
were ignored in the material description for the current
analysis. The TE process was modeled in a single step in
which the deformable bar was pressed by a rigid punch
through a rigid TE die. A velocity boundary condition
(3 mm/second) in the extrusion direction was prescribed
to the punch. The surface-to-surface contact formula-
tion was used for the contacts between the rigid tools
and the bar. To focus on the effects of the twist-line
slope, frictionless tangential behavior was defined for
the contacts in the current study.

Another set of FE simulations was conducted with
Deform 3D software for analysis of shear strain history.
In this case, a simple rigid, perfectly plastic material
model was employed.

III. RESULTS AND DISCUSSION

A. Mechanical Properties

Distribution of mechanical properties in the plane
normal to the extrusion direction was assessed by
measuring Vickers hardness. Since plastic strain in TE
is known to increase radially from the center,[25,26]

hardness was plotted against the distance from the
center (Figure 3). Similar to previous reports, the
present results show that a TE pass leads to a non-
uniform distribution of hardness, which increases from
the center to the periphery. More uniform distribution
of Vickers hardness was obtained in the seven-pass bar,
which is seen both in hardness plots and in results of the
statistical analysis (Table I). The similar values of
standard deviation suggest that the seven-pass bar
reveals hardness distribution as uniform as that in the

Fig. 2—Dimensions of the die with b = 36 deg used in the current study.

Fig. 3—Vickers hardness plotted against distance from the center on
plane normal to the extrusion direction. Note that as distance from
the center increases, hardness of the bar after one pass increases and
becomes identical to hardness of the bar after seven passes. Hard-
ness distribution in the bar after seven passes is more uniform as
there is no clear slope as in the bar after one pass.
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initial sample. It is important to note for discussion in
the following sections that while the mean hardness of
the seven-pass bar exceeds that of the one-pass bar by
only 7 pct, hardness of the one-pass bar in the periphery
is almost identical to that of its seven-pass counterpart.

For further analysis of distribution of mechanical
properties, uniaxial tension tests were conducted for two
regions: center and periphery of each bar (Figure 4).
The results for the initial sample show a large region of
uniform deformation and moderate yield strength typ-
ical of coarse-grained copper. At the same time, all

deformed samples revealed increased yield strength but
limited strain hardening. Similar to the results of
hardness measurements, yield strength of the one-pass
bar in the periphery is higher than that in the center. The
periphery of the seven-pass bar has also higher yield
strength compared to that of the center (Table II;
Figure 4(b)), which differs from the fairly uniform
character of hardness distribution in the bar cross
section (Figure 3).
The results of the hardness measurements and uniax-

ial tension tests demonstrate that processing copper by
seven TE passes does not lead to a significant increase in
yield strength or hardness of copper compared to
processing by one TE pass. Indeed, the difference
between the mean value of hardness of the one-pass
and the seven-pass bars is statistically immaterial
(Table I), while the yield strength of the one-pass-
periphery sample is even slightly higher than that of the
seven-passes-center sample (Table II). Small or no
increment of strength characteristics after repetitive
passes was also observed in copper subjected to TE
with b = 60 deg[8] as well as in other metallic materials
processed by various SPD techniques to a large von
Mises strain.[27] Of interest for the present analysis,
however, is the fact that the maximum yield strength of
copper achieved previously by multi-pass TE with
b = 60 deg[8] was higher than that in the current study
of TE with b = 36 deg (Table II).
The difference of yield strength achieved in TE with

b = 36 deg and in TE with b = 60 deg is especially
interesting if one takes into account estimation of the
maximum accumulative von Mises strain for the two
processes. Maximum von Mises strain per pass, e0,
depends on the twist-line slope b as

e0 ¼
2
ffiffiffi

3
p tan b: ½3�

Assuming that the accumulative von Mises strain in
multi-pass TE, e(n), increases linearly on the no. of
passes, n, that is,

eðnÞ ¼ ne0; ½4�

one can find the maximum von Mises strain for TE
depending on the twist-line slope and the no. of passes.
It follows from Eqs. [3, 4] that two-pass and four-pass
TE with b = 60 deg impose maximum von Mises
strains of e(2) = 4.0 and e(4) = 8.0, respectively. At the
same time, calculation for seven-pass TE with
b = 36 deg gives a value of e(7) = 5.9. Relating the
von Mises strain to yield strength of copper (Table II),
one finds that two-pass TE with e(2) = 4.0 (b = 60 deg)
increases yield strength to 419 MPa, four-pass TE with
e(4) = 8.0 (b = 60 deg) leads to yield strength of 410
MPa, while yield strength of 364 MPa is obtained after
seven-pass TE with e(7) = 5.9 (b = 36 deg).
This consideration suggests that either Eq. [3] pro-

vides inaccurate estimation of the von Mises strain or
yield strength of copper does not necessarily increase
with the accumulative von Mises strain in TE. The next
sections present results of numerical simulations and

Table I. Statistics of Vickers Hardness of Initial Copper and

Samples Processed by TE with b = 36 deg

Hardness (HV) Standard Deviation (HV)

Initial 56.6 3.6
1 Pass 106.7 7.6
7 Passes 113.6 3.8

Fig. 4—True stress–strain curves obtained in uniaxial tension at
room temperature (a) and the same curves shown at low-strain
region (b). Note increased yield strength and limited strain hardening
in all samples processed by TE. Of importance for the current study
is that one-pass-periphery and seven-pass-center samples have com-
parable yield strength.
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Table II. Summary of the Properties of the Copper Samples Processed by TE with b = 36 deg in the Current Study and by TE

with b = 60 deg[8]

True Yield Strength
(Mean ± SD) (MPa)

GND Density
(91013 m�2)

Von Mises
Strain (FEM, Eq. [4])

Von Mises
Strain (Eqs. [3, 4])

b = 36 deg
Initial, center 94.5 ± 0.5 — — —
Initial, periphery 93.7 ± 0.9 — — —
1 Pass, center 278.5 ± 6.6 4.0 0.03 to 0.11 0.00
1 Pass, periphery 344.5 ± 7.8 14.0 0.70 to 0.90 0.84
7 Passes, center 323.0 ± 10.2 19.3 0.20 to 0.80 0.00
7 Passes, periphery 363.8 ± 5.8 30.1 5.00 to 6.30 5.88

b = 60 deg
2 Passes, center 394 — 0.50 to 0.80 0.00
2 Passes, periphery 419 — 2.50 to 3.00 4.00
4 Passes, center 400 — 1.00 to 1.6 0.00
4 Passes, periphery 410 — 5.20 to 6.00 8.00

Fig. 5—Deformed shape of bar cross section processed by TE with contours of von Mises plastic strains: (a) for b = 36 deg and (b) for
b = 60 deg. Contours after multi-pass TE process were plotted with an assumption that von Mises plastic strain increases linearly on the no. of
TE passes (Eq. [4]). Arrows show the regions of near values of von Mises plastic strains; rectangles in (a) indicate the approximate locations
from where samples for uniaxial tension tests and EBSD analysis were extracted.
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microstructure characterization that were conducted to
clarify the dependence of the von Mises strain on the
twist-line slope and the no. of passes as well as to shed
some light on factors that affect yield strength of copper
processed by TE.

B. Finite Element Analysis Results

Finite element simulations show some advantages of
the TE process with b = 36 deg. First, using a die with
b = 36 deg provides more uniform strain distribution
compared to that in the case of b = 60 deg (Figure 5).
Second, TE with the lower twist-line slope requires
lower loads for extrusion. Third, the bar better preserves
its shape during extrusion without backpressure
(Figure 5), which allows for decreasing the forward
pressure further, simplifying the equipment, and thus
reducing the processing costs.

As to the question on the accuracy of analytical
estimation of von Mises strain (Eq. [3]), FE simulations
show that the analytical model predicts the right
tendencies. Indeed, contours (Figure 5) reveal increase
of the equivalent plastic strain (PEEQ) from the center
to the periphery. Furthermore, since FE simulations
allow for detailed analysis of local deformation, the
results can account for the similarity of yield strength
obtained for one-pass-edge and seven-pass-center sam-
ples processed by TE with b = 36 deg: these regions are
characterized by similar von Mises strains (with linear
dependence on pass no., Eq. [4]). However, consider-
ation of von Mises strain as the only factor is insufficient
to account for smaller yield strength with a higher von
Mises strain in seven-pass TE with b = 36 deg when
compared to two-pass TE with b = 60 deg.

Taking shear deformation during TE into account can
provide some further insight into the discrepancies
concerning yield strength of copper twist-extruded with
different b values. Simple shear is known to be the main
deformation mode in TE.[25] In classical TE, there are
two shear planes which are normal to the extrusion
direction and are located at the transients between the
twist channel and the straight (entry and exit) chan-
nels.[25] In the present FE simulations, shear strain was
examined for the periphery region by plotting a shear
component of the strain rate tensor against displacement
of the sample in the extrusion direction (Figure 6). Since
shear planes are normal to the extrusion direction, the
strain rate tensor was analyzed in a cylindrical coordi-
nate system, Rhz (Figure 1). Curves of the strain rate
component, _ehz, (Figure 6) for the periphery of the bar
show two peaks indicating the shear planes. These curves
clearly demonstrate the cyclic nature of shear strain in
TE: both shear events occur in the same plane, the
absolute value of the shear strain rate component, _ehz, is
identical for both peaks, whereas the sign of the second
peak is always opposite to the sign of the first one.

The curves of the shear strain rate component, _ehz,
demonstrate that the amplitude of cyclic shear strain
rate (and thus shear strain) in TE depends on the angle
b: the higher angle b, the larger amplitude of shear strain
rate. Particularly, using a TE die with b = 36 deg
instead of b = 56 deg decreases shear strain rate

amplitude _e two times: from 0.24 (b = 56 deg) to 0.12
(b = 36 deg). These results agree with an analytical
relation between the amplitude of shear strain De and
the angle b:[28]

e ¼ tan b
ffiffiffi

3
p : ½5�

Indeed, Eq. [5] shows that the amplitude of shear
strain in the case of b = 60 deg is more than two times
that with b = 36 deg: De = 1.00 with b = 60 deg
against De = 0.42 with b = 36 deg.
This dependence of the amplitude of the shear strain

in TE on the angle b is thought to be the very reason for
the different values of yield strength of copper obtained
by the two TE processes. First of all, simple shear is
commonly accepted as the key to grain refinement in
SPD processes[29,30] so that higher magnitudes of simple
shear strain in each shear plane are expected to lead to
more pronounced grain refinement and substructure
formation. Moreover, shear is cyclic in both TE
processes with b = 36 deg and b = 60 deg but the
amplitudes of the shear strain (rate) are different.
Reversal of shear strain can lead to at least partial
reversal of dislocation structure and deformation
texture.[29,31] At the same time, it was suggested that
accumulation of statistically stored dislocations pro-
duced by smaller shear strains can be reversed more
readily.[31] Therefore, one can expect that reducing the
angle b in TE dies leads to smaller amplitudes of cyclic
shear strain, which can result in easier reversal of the
microstructure and thus lower strength characteristics.
The next section presents results of microstructure

characterization conducted for examination of the
microstructure response to the discussed features of
TE with a reduced angle b.

Fig. 6—A shear component of the strain rate tensor plotted for an
element in the periphery region for the two TE processes with
b = 36 deg and b = 56 deg (coordinate system Rhz is shown in
Fig. 1). The amplitude of shear strain rate in the case of b = 36 deg
is approximately two times smaller compared to the case of
b = 56 deg. The smaller amplitude is expected to be the reason for
lower yield strength obtained in copper processed by TE with
b = 36 deg. The distances between the peaks correspond to the dis-
tances between shearing planes shown in Fig. 1.
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C. Microstructure

Distribution of GND and grain structure of the
copper samples (Figures 7, 8) were examined to relate
the microstructure evolution to the mechanical proper-
ties and deformation character in TE discussed in the
preceding sections.

Representative maps of the GND density (Figure 7)
show that the one-pass-center sample is characterized by
relatively large areas of low densities [13.0 to
13.5 lg(m�2)] with some localized areas of high GND
densities [up to 16 lg(m�2)]. In the other three samples
(one-pass-periphery and both multi-pass samples), the
GND density is higher and distributed more uniformly.
Overall, the average GND density increases from the
center to the periphery and with the no. of passes, i.e.,
with the von Mises strain, although statistically stored
dislocations should prevail at large strains.[32] The
increase in the GND density during TE can be attrib-
uted to the origins of GNDs. GNDs originate from

plastic shear gradients, which occur as a result of non-
homogeneous deformation induced by the character of
loading or plastic inhomogeneity of the material.[33] In
TE, plastic shear gradients can occur for both the
reasons. First, there is a gradient caused by the geometry
of deformation as strain increases radially from the
center to the periphery of the sample cross section. At
the same time, grain refinement during TE can also
cause plastic shear gradients induced by the mismatch of
dislocation slip at the grain boundaries.[33]

GNDs affect deformation in that they serve as
obstacles for mobile dislocations and as origins of
long-range back stresses.[34] In this light, increase in the
density of GNDs during processing by TE accounts for
limited strain hardening observed in tensile testing of all
processed samples (Figure 4(b)). To explain the compa-
rable hardness and yield strength of one-pass-periphery
and seven-passes-center, it is also necessary to analyze
grain structures of the samples.

Fig. 7—Plots of the GND density distribution of copper after one and seven TE passes in the center and periphery regions. The GND density
increases with the accumulative von Mises strain. High densities of GND account for limited strain hardening found in all deformed samples
(Fig. 4(b)). The one-pass-center sample is characterized by the lowest GND density, which is in accord with a larger range of uniform deforma-
tion in this sample.
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After both single- and multi-pass TE processes with
b = 36 deg, grains in the periphery are generally
smaller than in the center (Figure 8). The grain structure
in the periphery after seven passes is the most refined
(Table III), as expected. However, of special interest for
the current study is that while the one-pass-periphery
sample contains a considerable fraction of relatively fine
grains, the seven-pass-center contains both relatively
fine and large grains. Moreover, grains of all copper
samples processed with b = 36 deg are larger than
those observed previously[8] in copper after TE with
b = 60 deg (Table III). It was pointed out in the
previous sections that the von Mises strain in one-
pass-periphery sample is lesser than in the seven-pass-
center. It follows then that compared to the center
region, deformation mode in the periphery is more
effective for refinement of the microstructure. As the
strain state in the periphery is dominated by simple

shear, this conclusion agrees with previous findings that
simple shear is the most effective deformation mode for
grain refinement,[30,35] whereas the accumulative von
Mises strain can be a minor factor.[31] The observation
of relatively fine grains in the periphery after one pass
accounts for the similar values of yield strength and
hardness in the one-pass-periphery and seven-passes-
center samples. Grain refinement intensified by the
prevalence of simple shear also supports the above
reasoning on lower yield strength of copper achieved in
the present study with b = 36 deg compared to the
previous one[8] with b = 60 deg (Table II). That is,
since the simple shear is the major factor for grain
refinement, the magnitude of shear strains in TE decides
the grain size of copper and thus the mechanical
properties. As a result, higher amplitude of shear strain
in TE with b = 60 deg provides for more intensive
grain refinement (Table III), which leads to better yield

Fig. 8—EBSD maps showing grain structures of copper after one and seven TE passes in the center and periphery regions. Despite smaller accu-
mulative von Mises strain, the one-pass-periphery sample was found to have a considerable fraction of grains finer than in the seven-pass-center
sample. The finer grain structure in the one-pass-periphery sample is attributed to simple shear dominating in the periphery region. Note differ-
ent scales of the maps.
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strength of copper observed in the experiments
(Table II).

IV. SUMMARY

Experiments combined with finite element simulations
were performed for analysis of microstructure, mechan-
ical properties, deformation, and their heterogeneity in
pure copper processed by a TE process with a reduced
twist-line slope, b.

Mechanical testing revealed the following tendencies
in hardness, yield strength, and strain hardening. First,
processing by TE resulted in increase of hardness and
yield strength compared to the initial coarse-grained
copper. At the same time, all processed samples dis-
played limited strain hardening. Second, seven-pass TE
with b = 36 deg led to a small increment in both
hardness and yield strength from those after one TE
pass with the same b. Finally, although processed to a
high von Mises strain in seven-pass TE with
b = 36 deg, yield strength of copper in the current
study is lower than that of copper processed to a smaller
strain by TE with b = 60 deg in a previous study.

Finite element simulations were employed to elucidate
the role of the twist-line slope in deformation during TE
and yield strength of the processed metal. It was found
that consideration of von Mises strain can account for
only some experimental observations of the mechanical
properties, such as similar yield strength of the seven-
pass-center and one-pass-edge samples processed with
b = 36 deg. However, understanding of yield strength
of copper processed with different angles—b = 36 deg
and b = 60 deg—required consideration of shear defor-
mation. Particularly, the simulations showed that while
the character of shear deformation is identically cyclic
for both b = 36 deg and b = 60 deg, the amplitude is
different and directly proportional to b. Therefore,
higher yield strength observed in b = 60 deg was
attributed to larger shear strain responsible for grain
refinement.

Distribution of GND and grain structure confirmed
the main conclusions made upon mechanical testing and
finite element simulations. High GND densities in all
processed samples account for limited strain hardening
observed in tensile testing. The periphery after one TE

pass with b = 36 deg was found to contain grains of
comparable or even smaller diameters than those in the
center after seven passes with the same b. At the same
time, grain size of all copper samples processed by TE
with b = 36 deg is larger than that observed previously
in copper processed with b = 60 deg. These results on
grain structure suggest that simple shear is indeed a
major factor for grain refinement and improvement of
mechanical properties in TE.
Overall, the current investigation leads to a conclu-

sion that reducing the twist-line slope has both advan-
tages (decreased loads and uniform deformation) and
drawbacks (decreased efficiency of grain refinement)
and, therefore, the choice of the angle twist-line slope, b,
should be based on particular requirements to the
processed material and associated costs.
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