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A recently developed severe plastic deformation technique, cyclic expansion-extrusion (CEE), was
applied on a commercial pure copper to investigate the relationship between microstructure, texture
and mechanical properties over a wide range of strains. Microstructure and crystallographic texture
investigations were performed by optical microscopy, electron back scattering and X-ray diffraction.
Significant evolution in grain refinement was achieved down to sub-micron grain size. A considerable
texture evolution was also observed within the deformation zone with the extrusion as the decisive step
for the final texture. Fiber deformation textures were observed; the (111) component was found to be the
main texture component while the (100) component became significant only at very large strains. The
evolution in hardness and tensile properties was studied and a clear relationship between texture
evolution, microstructural parameters and mechanical properties was found and discussed.
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1. Introduction

Research in the field of severe plastic deformation (SPD) has
been developing rapidly in the last decade. In this regard,
considerable attention has been devoted to high pressure torsion
(HPT) [1] as well as equal channel angular pressing (ECAP) [2-5] as
the two best-known SPD techniques for producing ultrafine-
grained (UFG) materials. Although these methods are powerful
tools for processing UFG materials [6-11], other techniques are
still worth considering as they have different advantages and can
compete with HPT or ECAP for industrial applications [10-13].

Different from the conventional SPD techniques, cyclic expan-
sion-extrusion (CEE) is a recently introduced SPD technique based
on the direct extrusion process [14,15] and advantageous with
respect to cyclic extrusion-compression (CEC) [16], by suppressing
the need for applying external back pressure which is usually
carried out by complicated systems [17-19]. It is also simpler than
repetitive upsetting—extrusion (RUE), in which the exit channel is
blocked to provide back pressure on the extruded material [20,21].
However, the deformation is not steady in these techniques which
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leads to inhomogeneous deformation and even folding of the
processed material [22,23]. Such problems/limitations, however,
do not exist in the CEE method and therefore, the CEE technique
has good potential for SPD processing of materials. So far, limited
investigations were conducted on this method [14,15] and detailed
investigations are still needed for better understanding the char-
acteristics of this new SPD technique. Therefore, this research is
dedicated to CEE processing of copper samples to gain an insight
into the process as well as into the structural-mechanical property
relationship up to large accumulated strains.

2. Experimental
2.1. Material and processing

Commercially pure copper rod was machined to obtain samples
with 10 mm diameter and 60 mm length; they were annealed for
2 h at 650 °C, and then furnace cooled to room temperature. This
heat treatment led to an average grain size of about 10 pm which
is an optimum grain size for characterizing the initial microstruc-
ture by EBSD and by X-ray, it also provides more homogeneous
structure with respect to the specimen size. Before testing, the
samples were covered with Teflon®™ tape and then extruded in a
specially designed CEE die. During processing, the sample is first


www.sciencedirect.com/science/journal/09215093
www.elsevier.com/locate/msea
http://dx.doi.org/10.1016/j.msea.2015.01.003
http://dx.doi.org/10.1016/j.msea.2015.01.003
http://dx.doi.org/10.1016/j.msea.2015.01.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msea.2015.01.003&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msea.2015.01.003&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msea.2015.01.003&domain=pdf
mailto:pardis@shirazu.ac.ir
mailto:npardis@gmail.com
mailto:ebrahimy@shirazu.ac.ir
mailto:laszlo.toth@univ-lorraine.fr
http://dx.doi.org/10.1016/j.msea.2015.01.003
http://dx.doi.org/10.1016/j.msea.2015.01.003

424 N. Pardis et al. / Materials Science & Engineering A 628 (2015) 423-432

expanding in diameter from Dy=10 to D,,=14.2 mm in the
expansion part of the die. Then, the expanded sample retrieves
its initial geometry in the extrusion stage of the CEE process
(Fig. 1a). Note that the two conical parts of the die are different; in
order to ease the starting of the deformation process, the inlet
cone has a smaller angle (Fig. 1a). The sequences of the CEE
process are schematically shown in Fig. 1b-d. The process can be
repeated several times by consecutive pressing of the samples. The
process starts with a sacrificial sample to fill up the die by closing
the output channel (Fig. 1b), then the exit is opened and the first
main sample (sample 1) is put into the inlet channel (Fig. 1c). This
sample becomes the first-pass sample. For removing this sample, a
second one is used to push it out (Fig. 1d). Any desired number of
samples could be involved in this sequence of pressings to obtain
samples at different number of passes. In all cases, the back-
pressure necessary for the deformation of a sample is provided by
the preceding sample to be extruded, which is still in the die,
filling it up to its inlet point. For several passes, successive pressing
of the previously processed samples are performed in a cyclic
manner, one is always pushing out the other (an example is shown
in Fig. 1d). Up to 16 passes were achieved in this work and samples
were processed for different number of passes. The extrusion was
done at a constant ram speed of 0.2 mm/s, at room temperature
using a screw driven pressing machine. This speed was chosen to
be low enough to avoid any significant heating so that the
deformation generated heat could be evacuated by the die
structure and the test temperature could be maintained at room
temperature.

2.2. Microstructure and texture measurements

For studying the structural evolution in the samples, they
were cut parallel to the extrusion direction. The obtained
surfaces were polished and subsequently etched with a mixture
of 100 mL distilled water, 8 mL sulfuric acid, 2 g potassium
dichromate and 1 drop hydrochloric acid per 25 mL of solution
[24]. The resulting microstructure was studied by polarized
optical microscopy and by electron back scatter diffraction
(EBSD). Prior to investigations, the selected surface of each
sample was electro-polished for 6 s at 268 K in an electrolytic
solution of 33% HNOs; and 67% methanol with a DC voltage of
13 V. EBSD investigations were performed by a JEOL 6500F
scanning electron microscope (FEG-SEM) equipped with a field
emission gun operating at 15 kV. Inverse pole figure (IPF) maps
were prepared from the measurements using the EBSDMCF
software package [25]. The pixel size in the EBSD measurements
was 0.7 pm for the initial material, 0.4 pm for the 1-pass,
0.09 pm for the 4-pass and 0.07 pm for the samples deformed
up to 8 and 16 passes. Grain boundaries were identified using 5°
minimum disorientation angle between two adjacent pixels
which led to the identification of the grains having continuous
closed boundaries with at least 5° grain boundary angle. Grain
orientations were then defined as the average of the pixel
orientations constituting the grain and then disorientation angle
between adjacent grains was obtained using these average
values. This procedure leads to the next-neighbor disorientation
distribution of the microstructure [26].

The crystallographic texture was measured by X-ray using
CuKo radiation at a wavelength of 0.15406 nm. Three incomplete
pole figures ({111}, {200}, {220}) were obtained up to 70° inclina-
tion angle from which the orientation distribution function (ODF)
was calculated using the spherical harmonics technique. From the
continuous ODF the complete pole figures were recalculated using
the JTEX software [27].

2.3. Mechanical tests

Vickers microhardness measurements were performed by
applying 50 g load at a loading rate of 5 g/s and 15 s dwell time
on a polished section normal to the extrusion direction. Micro-
hardness indentations were performed with an incremental dis-
tance of 0.5 mm along two diameters and the average value of 40
indentations was considered as the Vickers microhardness value of
the sample. These measurements were conducted on the initial
annealed sample as well as on the CEE processed samples after 1,
2, 4,6, 8,10, 12 and 16 CEE passes. In addition to the microhard-
ness measurements, a Zwick universal hardness tester was used to
trace indentation load-displacement values at different positions
within the CEE deformation zone. Tensile test specimens with
gage length and gage diameter of 10 mm and 8 mm, respectively,
were machined along the CEE processed samples in the long-
itudinal direction. An Instron 8516 machine was used to perform
tensile tests at room temperature, with a constant ram speed of
0.5 mm/min (initial strain rate: 8.3 x 10~4s~1).

3. Finite element analysis

The imposed strain can be considered as quantitative para-
meter measuring the amount of severe plastic deformation in SPD
techniques. Pardis et al. [14] calculated the imposed strain value in
CEE for ideal deformation conditions. However, the previous
investigations on axisymmetric and non-axisymmetric versions
of the CEE process [14,15] revealed that there exists some addi-
tional redundant shear deformation, like in other deformation
techniques [28], which has to be considered in the strain calcula-
tion. In this regard, finite element method (FEM) was used to
calculate a more accurate strain value per each CEE pass by
evaluating the strain distribution. ABAQUS/explicit software was
used for modeling the die, the sample and the punch in axisym-
metric condition. The die geometry parameters used in the FEM
simulations are shown in Fig. 1a.

The die and punch were considered as rigid bodies while the
sample was defined to be deformable and was meshed with
4-node bilinear axisymmetric quadrilateral elements (CAX4R) [29].
The constitutive equation for the von Mises flow stress of the sample
was defined by Eq. (1) which is a recommended constitutive
equation for pure copper over a wide range of strains [30].

_ 086

Frictionless condition was considered at the die-sample inter-
face which makes it possible to consider only the intrinsic
redundant strain during the process and eliminating the effect of
friction work [28] at the die-sample interface. The use of Teflon®™
as lubricant also ensures that the friction coefficient remains very
small; about ¢=0.02, see in Ref. [12].

4. Results and discussion
4.1. Strain calculation

One can calculate an average von Mises strain from the
geometric dimensions of the die using only the normal compo-
nents of the strain tensor [14]

_ D,
£=4In <—m> =1.403 2)
Do

However, as mentioned in Section 3 above, accurate strain

evaluation also needs to take into account the redundant shear
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Fig. 1. Schematic illustration of the cyclic CEE process. (a) die dimensions, (b) expansion of the sacrificial sample with closed die, (c)-(d): the cyclic process with two

samples.
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Fig. 2. Accumulated strain distribution along the radius of the sample after one
CEE pass.

strain component, which is automatically considered in FEM. The
accumulated strain along different strain paths was calculated by
FEM as a function of the starting radius position in one CEE pass;
the results are presented in Fig. 2. The strain value in the center
position is very close to the strain value given by Eq. (2), then it
gradually increases with the radius. As can be seen, the redundant
shear is making significant contribution to the total strain near to
the external radius (Fig. 2). Therefore, the average value of the
strain distribution &,, =~ 1.5 was considered as the average strain
value imposed to the sample in each CEE pass in this study (with
the die geometry parameters given in Fig. 1a). Note that the
location for EBSD analysis on the samples was taken at 2 mm
from the surface where the strain value is very close to the
considered average value of &4, =~ 1.5.

4.2. Optical microscopy

The results of the optical microscopy observations obtained on
the longitudinal section of a one-pass deformed sample are shown
in Fig. 3. As can be seen from the geometry of the deforming
sample - obtained from an interrupted test — the sample com-
pletely filled the die chamber, so it is guaranteed that the strain
was accumulated to its expected total value within the sample.
The metallographic images obtained at three positions along the
centerline are displayed in Fig. 3: undeformed material (a), middle
of the deformation zone (b) and extruded part (c).

Extrusion
Direction
()

Fig. 3. In-situ configuration of a sample during the CEE process showing its
microstructure in (a) undeformed, (b) expanded, (c) extruded states.

The initial annealed structure (Fig. 3a) gradually evolves into a
pancake like structure in the expansion region (Fig. 3b) to satisfy
the geometrical changes in the sample which represents a pure
shear mode of deformation along the centreline. The average
aspect ratio of the grains at this state was measured to be
~ 2.75, which is not far from the theoretical value of 2.86. By
subsequent extrusion step, these expanded grains transform back
into an equiaxed structure (Fig. 3c). However, the resulting
microstructure is different from the initial one because of the
large imparted strain (more detailed discussion on the micro-
structure using EBSD results are presented in Section 4.3 below).

4.3. EBSD analysis

A fully annealed grain microstructure is seen in the sample
before CEE processing (Fig. 4) displaying a high fraction of
annealing twins. The location for EBSD analysis on the sample is
illustrated in Fig. 4c. The presence of the large number of twin
boundaries leads to a high peak in the disorientation angle
distribution (Fig. 4b) at 60°. Another peak is also seen at 40°
which belongs to a coincident site lattice of CSL=9; it is also
typical for recrystallization of Cu. The presence of these two peaks
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Fig. 4. (a) Inverse pole figure EBSD map of the annealed sample, (b) grain-to-grain misorientation distribution from the IPF map in comparison with the random Mackenzie
distribution (solid line), (c) schematic illustration of the location of the EBSD measurement within the sample, and (d) the key color figure for the extrusion axis. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

makes the disorientation distribution very different from the
random Mackenzie distribution [31,32] (Fig. 4b solid line).

In order to understand the evolution of the texture and the
microstructure, we have studied in detail the first-pass sample by
interrupting the test. The IPF-EBSD maps of the expanded and
extruded materials within the first CEE pass (locations (b) and
(c) in Fig. 3) are displayed in Fig. 5a and b, respectively. The EBSD-
observed microstructures are similar to what was observed by
optical microscopy (Fig. 3b and c). However, by considering the
dominant color of grains in each IPF map (mostly green in Fig. 5a
and blue and red in Fig. 5b) we observe a significant texture
evolution within one CEE pass which will be discussed in more
details in Section 4.5.

Comparison of Figs. 4b and 5c reveals an increase in the
fraction of low angle boundaries. This increasing trend continues
by further straining in the extrusion step by a sharp peak below
15° (Fig. 5d). After expansion during the first pass, the misorienta-
tion distribution is close to the random Mackenzie distribution.
However, this distribution becomes very different after the sub-
sequent extrusion stage because the fraction of low angle bound-
aries significantly increases from about 15% to more than 35%
(Fig. 8).

It was observed that after the first pass the equiaxed shapes of
the initial grains are nearly recovered (Figs. 3c and 5b) due to the
inversion in the strain, because the expansion step is followed by
the same amount of area reduction in the extrusion stage.
However, significant structure changes took place within the grain
interiors. This is illustrated in Fig. 6a showing the internal
structure of two neighbor grains after the first pass. The initial
grain boundary is depicted by arrows and a high density of low

angle boundaries is seen within the grains. The average size for
these sub-grains goes down to about 400 nm (Fig. 6a and b).

Fig. 7 presents the next neighbor misorientation angle distri-
bution between neighbor grains as a function of CEE passes. It was
previously shown that after the first CEE pass the frequency of low
angle boundaries (with misorientation angles less than 15°)
increases significantly (Fig. 5d) due to the grain fragmentation
process (shown in Fig. 6). After the fourth pass, however, the major
feature of the misorientation distributions is the presence of two
peaks (Fig. 7a); one at small angles and one at large angle and
there is not much evolution of the disorientation distribution after
eight passes (Fig. 7b and c).

Fig. 8 simultaneously illustrates the evolution in low angle
grain boundaries (LAGBs) and average misorientation angle during
subsequent CEE passes. It is seen that the fraction of LAGBs
increases during the first pass (after expansion and extrusion)
and consequently, the average misorientation angle decreases.
Further processing, however, decreases the fraction of LAGBs
reaching a steady state condition at eight passes. At the same
time the average misorientation angle increases to a steady state
value which is still lower than its value in the annealed condition
(due to the absence of twin boundaries). This increase indicates
the evolution of the submicron size sub-grains (with low angle
misorientation) into high angle boundaries. The decrease in the
fraction of LAGBs between passes one and eight (Fig. 8) is due to a
progressive slow-down of the grain fragmentation process which
is believed to be due to a significant reduction in generation of
geometrically necessary dislocations (GNDs) [6] ending up in a
constant average grain size ~718 nm (in number-weighing) at
extreme large strains (Fig. 9).
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Fig. 5. Inverse pole figure EBSD maps during/after one CEE pass: (a) after expansion, (b) after extrusion; next-neighbor grain misorientation angle in comparison with the

random Mackenzie distribution (solid line): (c) after expansion, (d) after extrusion.
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Fig. 6. Microstructure after one CEE pass showing the grain interior of two grains by EBSD: (a) superimposed band contrast and boundary map (for the angles in latter, use
the color code displayed in the color bar), (b) number-weighed grain size distribution within the grains after the first pass (the grain boundary angle minimum is 5°). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

The variation of the average grain size as a function of pass-
number/strain is displayed in Fig. 9 for both number and area-
weighed calculations. As expected, the area-weighed values are
always higher than the number-weighed ones. They are, however,
quite near to each other for the initial and final states. This means
that in these limiting states the grain size distribution must be
relatively narrow (for equal values, both distributions should be
nearly Dirac-delta functions). Important deviations, however, exist
between the area and number-weighted average grain sizes in the
initial stage of grain refinement, between the 1/2 and 4 passes.
This means that in this stage there is a kind of ‘duplex’ structure
due to the ongoing grain fragmentation process which produces
many small grains mostly in the vicinity of the grain boundaries of

the initial large grains while leaving relatively large regions of the
grains not divided.

4.4. Mechanical properties

Indentation load-displacement curves were measured at three
locations indicated by (a-c) in Fig. 3 and are displayed in Fig. 10.
These curves clearly show that the final indentation depth
decreases as the material passes through the deformation zone.
The difference in indentation depth in the undeformed and
expanded locations is much larger compared to the corresponding
value for expansion and the subsequent extruded states. This
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indicates that the work hardening rate is smaller in the (b)-(c)
stage (extrusion) than in the first (a)-(b) stage (expansion).

The evolution in microhardness and tensile properties as a
function of strain are displayed in Fig. 11. Significant increase in
the mechanical strength of the samples was observed after SPD
processing by CEE. Both hardness and tensile properties (UTS and
yield stress) show a maximum at similar accumulated strain
values (at four CEE passes) and reach a steady state at strain
values higher than &, ~ 15. Vorhauer et al. [33] have also found
that there was no significant change in the microstructure of
deformed OFHC copper samples beyond &4 ~ 16 which is close to
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-& Number-weighed grain size distribution

= —¢
. 7IXnm|—

0 3 6 9 12 15 18 21 24
Accumulated strain

Fig. 9. Evolution of the average number and area-weighed grain sizes during CEE
processing of pure copper.
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Fig. 10. Indentation load-displacement curves during the first CEE pass for
different positions identified in Fig. 3.
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our result. These results are also coherent with the results
published by Dalla Torre et al. [34] - also displayed in Fig. 11.

The tensile strength values in this study are also similar to
others reported in [34-38]. Nevertheless, one difference is worth
pointing out, which concerns the yield stress values. The yield
stress is lower in CEE with respect to the data obtained in ECAP in
[34] (see Fig. 11). The origin of this difference must be due to the
difference in average grain size. In CEE the grain sizes are system-
atically larger than in ECAP - about twice [6] - which must result
in lower yield stress in tension. It will be discussed in Section 4.6
below that the larger grain size is due to the cyclic nature of the
CEE process. Note that the difference in texture between the CEE
and ECAP processes cannot explain the differences in the yield
stress because our Taylor factor simulations showed that the
Taylor factors are nearly the same for a tensile testing of CEE or
ECAP deformed polycrystal (3.14 and 3.16, respectively). Although
the grain sizes are larger, thus the yield stress is smaller in a CEE
processed copper sample with respect to ECAP, the difference is
not much (about 10%). There are, however, several advantages of
the CEE process with respect to ECAP. One of them is the simplicity
of the test in CEE, and another is that there is no need to apply
back pressure in the CEE process while in ECAP it is a must, in
order to keep the geometry of the sample.

4.5. Texture analysis

The evolution of the crystallographic texture is shown in Fig. 12
in the form of inverse pole figures. The initial texture is relatively
weak with mixed (111)+(100) fibers parallel to the extrusion
direction (ED). After the first pass, the (100) decreases and the
(111) strengthens significantly up to the fourth pass.

At the eighth pass, the (00) fiber component strengthens; it
becomes quite strong and maintains its intensity up to pass no. 16.
In previous works of extrusion and wire drawing of pure copper
this component was attributed to dynamic recrystallization while
the (111) fiber is known as the ultimate extrusion texture of FCC
metals [39-42]. The strengthening of the (100) component leads to
a decrease in flow stress because of its relatively low Taylor factor
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Fig. 11. Evolution of mechanical properties during CEE processing of pure copper in
comparison with ECAP processing.
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(2.5). Indeed, the flow stress is decreasing from pass no. 4. The
reappearance of this component might be due to recrystallization
which is also reported as a softening mechanism in ECAP-
deformed copper samples at comparable strain values [34].

In order to elucidate the occurrence of dynamic recrystalliza-
tion in the present CEE experiments, we have examined the grain
orientation spread (GOS) around the three ideal fiber components
using the EBSD IPF maps measured after the 16th pass. The
average GOS was examined as a function of the deviation angle
from the three ideal fiber positions, see Fig. 13a. Note that here the
GOS of a grain was calculated as an average disorientation value
with respect to the orientation of the center of gravity of the grain.
This is not the usual Kernel average misorientation (KAM) - which
is the average misorientation between all pixel points of the grain;
our definition leads to smaller values (about twice smaller).
However, we believe that the average misorientation with respect
to a fix point in the grain is more representative to the real average
lattice curvature of the grain. The average value of the GOS in the
whole map was 2.2° which is above the value that would
correspond to a recrystallized state (about 1° for the present
GOS, or 2° in KAM [43,44]).

As can be seen in Fig. 13a, for the (111) fiber the GOS is nearly
constant. However, for the (100) and (110) components there is a
clear tendency of decreasing GOS as the ideal fiber position is
approached. The relatively small GOS values for these two fibers
could correspond - in principle - to the occurrence of recrystalli-
zation, however, the corresponding grain sizes are small, even
smaller than the average grain size, see Fig. 13b. Therefore, it is
clear that the origin of the (100) fiber cannot be DRX. Fig. 13c
shows the EBSD-IPF map of the 16-pass sample illustrating the
sharp texture of the material where the blue color represents the
(111) fiber while the red one is the (100).

Another important feature of the texture evolution presented
in Fig. 12 is the low intensity of the (110) component at any stage
of deformation. The (111) and (100) double fiber components are
characteristic for drawing/extrusion of pure copper [45-48]. How-
ever, during the expansion stage a (110) type fiber texture is
expected which is characteristic for compression textures [49,50].
It is therefore expected that the second deformation stage of the
CEE process - the extrusion - is the decisive stage for the final
texture. This issue was experimentally examined on a sample
stopped during pressing and extracted from the die during the
first CEE pass (Fig. 3) and the results are illustrated in Fig. 14. A
significant change in texture is observed within a single CEE pass
(expansion and extrusion). The (110) texture in the expansion zone
was very much reduced by the following extrusion stage giving
rise to the (111) fiber (Fig. 14) and at a later stage also to the (100)
(Fig. 12).

For understanding the observed texture evolution during one
CEE pass, one has to take into account the cyclic nature of the CEE
process. During each pass, the strain path begins with expansion,
and then it is continued by extrusion, so the direction as well as
the amount of strain are inverted and the grains recover their
initial shape. In principle, complete inversion of the strain should
lead to opposite texture evolution so the texture formed during

111 20
% 16 Pass

Max. 2.9
Min. 0.34

25 8 Pass

20 Max. 2.3
Min. 0.52

|

101 001 101 001 101

Fig. 12. The evolution of the crystallographic texture in inverse pole figures of the ED sample axis as a function of pass number during CEE processing of pure Cu, measured
by X-ray. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 14. The evolution of the crystallographic texture in inverse pole figures of the ED axis during 1-pass of CEE processing of pure copper. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

the first expansion stage should be dissolved during the second
extrusion stage, and a texture similar to the initial one should
appear. This is not what was observed experimentally; the (111)
component becomes even stronger than it was in the initial state.
The strain reversal textures were studied thoroughly for shear
textures in Refs. [51,52]. The application of a sophisticated grain
refinement model [53] in those works led to the conclusion that it
is the grain refinement process which is responsible for the
existence of the strain-reversal textures. The same mechanism is
expected to be operational in the present CEE process because of

the extensive grain fragmentation process documented above.
Simulations of this phenomena are planned to explain the reversal
textures in CEE processing by using the grain refinement model.
For a quantitative analysis of the textures, the volume fractions
of the fiber textures from the X-ray texture measurements were
calculated. In this regard, a special program was written to obtain
the volume fractions from the X-ray experiments using the new
JTEX software [27]. A large disorientation criterion from the ideal
fiber axis was considered (up to 20°) in the calculations to count
all grains that are in the vicinity of a fiber. The results are
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Fig. 15. Volume fractions of the fiber textures obtained from X-ray measurements
as a function of pass-number in CEE processing of pure copper. Volume of
individual grains is counted up to 20° disorientation.

presented in Fig. 15 which also includes the result for the texture
measured at the middle of the first pass (i.e. between the
expansion and extrusion zones).

As mentioned before, at mid-pass the texture becomes a strong
(110) fiber (with a significantly higher volume fraction compared
to the other two components) which transforms into a mixture of
the three fibers in the extrusion stage. The evolution in volume
fractions of the fiber textures (Fig. 15) can also explain the material
softening after the 4th pass. It is seen in this figure that the (111)
component has a peak at fourth pass then decreasing with further
processing. At the same time, the (100) component increases after
four passes. It should be noted that for an FCC structure with a
100% (111) component have the highest possible Taylor factor
(M111,=3.67) compared to that of the (100) component
(M100y=2.5). Therefore, simultaneous consideration of these facts
can explain the softening observed in samples after the 4th CEE
pass shown in Fig. 11.

It is also important to point out that the texture evolution
shown within the first pass (Fig. 14) has to be repeated in every
pass. We only show the detailed evolution of the texture in the
first pass in Fig. 15, however, the variations shown by the broken
lines for the three fibers are obviously taking place in each pass.

4.6. The limiting state

Finally, it is important to discuss the final state of the CEE
processed pure copper. As can be seen in Fig. 9, the limiting steady
state grain size is 718 nm. Comparing this value to other processes,
it is significantly larger; in ECAE (in routes A or B), HPT, or HPTT
(High Pressure Tube Twisting) the limiting grain size is about
270 nm [54]. The difference can be explained by the cyclic nature
of the CEE process, namely, in each pass there are two stages of
deformation, and during the second stage the strain is inverted. By
inverting the strain path, a consequence is that the grain frag-
mentation process is less efficient. The reason for that has to be
looked for in the population of the geometrically necessary
dislocations which are responsible for the formation of new
boundaries. During monotonic straining the GNDs are continu-
ously pumped into the geometrically necessary boundaries (GNBs)
in which the disorientation is increasing. However, when the
strain is inverted, many of the GNDs move in the opposite
direction, so there is a decrease in GND density in the GNBs. The
consequence is that the boundary angles stop increasing, they
might even decrease. The result of this process is that the speed of
the grain fragmentation process is reduced so the final limiting
grain size becomes larger. This difference was examined above in
Section 4.4 and explains the slightly lower yield stress (about 10%
lower) in the CEE processed samples with respect to ECAP
processing.

5. Conclusions

The present study was devoted to investigation of microstruc-
ture, texture and mechanical properties evolution and their
relationship in commercial pure copper samples subjected up to
16 passes in cyclic expansion-extrusion (CEE) process. From the
results obtained, the following major conclusions can be drawn:

1. The CEE SPD technique is a suitable process to refine the
microstructure of copper while keeping the sample dimension
constant. The obtained mechanical characteristics approach
those obtained by other SPD techniques.

2. A steady state is reached already after eight CEE passes with a
characteristic grain size and crystallographic texture. The
steady state grain size is about twice larger than in ECAP due
to the cyclic strain reversal nature of the deformation process.

3. There is a significant evolution in the crystallographic texture
within each pass and also after the passes as a function of pass
number. Up to the 4th pass, the (111) fiber component is
strengthening at the expense of the (110) fiber. Between the
4th and 8th passes the (111) weakens and the (100) strength-
ens. The lowering of the yield stress from the 8th pass in the
steady state stage can be related to the relative proportion of
the texture components.

4. A relatively small grain orientation spread together with a
smaller grain size was observed in the vicinity of the (100) and
(110) ideal fibers confirming the absence of a dynamic recrys-
tallization process for these components.
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