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Abstract

Oxygen-free copper was processed by equal-channel angular pressing (ECAP) at room
temperature for 1, 4 and 8 passes and then the ECAP specimens were further deformed by
dynamic testing at 298 K using a strain rate of 10 s™. Experiments were conducted to
investigate the influence of the initial microstructures induced by ECAP on the subsequent
grain refinement and mechanical properties after dynamic testing. The results show the strength
of copper increased with increasing numbers of ECAP passes and a significant additional grain
refinement was produced in the ECAP specimens through the dynamic testing. Thus, the initial
grain sizes after ECAP for 1, 4 and 8 passes were ~16, ~4.4 and ~2.9 um, respectively, and
these values were reduced to ~400, ~330 and ~300 nm by dynamic testing, The grains were
refined by conventional dislocation processes in the 1-pass specimen but there was evidence
for dynamic recrystallization in the specimen processed by 8 passes.
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1. Introduction

It is now well established that the mechanical properties of materials are enhanced by
a reduction in grain size. This enhancement arises because of the Hall-Petch relationship [1,2]
which states that the flow stress varies inversely with the grain size raised to a power of 1/2
[3]. Bulk materials having reasonably homogeneous microstructures with grains having sizes
of <1000 nm are termed ultrafine-grained (UFG) materials [4,5] and when the grain size is
smaller than 100 nm they become nanocrystalline materials and generally exhibit superior and
functional properties [6-9]. These materials with exceptionally small grain sizes cannot be
obtained using conventional thermomechanical processing but generally they are produced
using severe plastic deformation (SPD) in which the material is subjected to a high plastic strain
without incurring any significant change in the overall shape of the sample. Various SPD
techniques have been developed but the primary methods are equal-channel angular pressing
(ECAP) [10], high-pressure torsion (HPT) [11], accumulative roll bonding [12], multi-
directional forging [13] and multi-axial compression [14]. Of these procedures, ECAP is
especially attractive because it provides a capability for scaling-up and producing relatively
large samples [15], an equation is readily available for calculating the strain imposed on the
sample [16], the material wastage may be reduced by combining conventional ECAP with
Conform-processing [17] and the ECAP samples may be cold rolled into sheets for direct use
in superplastic forming operations [18].

Numerous investigations have shown that ECAP is an effective processing tool for the
production of a UFG structure in pure copper [19-42]. Generally, the mechanical properties
of UFG materials produced by ECAP are examined and reported using quasi-static strain rates
as in laboratory-scale tensile and compression tests. However, these tests are conducted over
relatively restricted ranges of fairly low strain rates and the properties are generally not

extended to high strain rates involving dynamic testing. Some limited results are available



documenting the properties of pure Cu when testing dynamically at very high strain rates [43-
51] but these studies tended to focus on the influence of temperature and strain rate, and
especially any coupling effect, that delineated the deformation mechanisms and mechanical
properties of the material. Nevertheless, no reports are available to date describing the
influence of the initial microstructure on either the mechanical properties or the mechanism of
grain refinement in dynamic testing. Recent evaluations have suggested a direct relationship
between the initial unprocessed microstructural condition and the minimum grain size obtained
after processing by either HPT [52] or ECAP [53].

Accordingly, the present investigation was initiated specifically to evaluate the
influence of the initial microstructural condition of oxygen-free copper produced by conducting
ECAP at room temperature (RT/298 K) on the subsequent microstructures and properties
attained after dynamic testing at a very high strain rate.

2. Experimental material and procedures

The investigation was conducted using commercial oxygen-free copper having a purity
of 99.95%. Copper billets with a length of 65 mm and a diameter of 10 mm were initially
annealed in argon for 1 h using a vacuum tube furnace at a temperature of 873 K to produce an
average grain size of ~24 um. The annealed billets were then processed by ECAP at RT using
route Bc in which the sample is rotated by 90° in the same direction around the longitudinal
axis between each pass [54]. Earlier studies showed that this processing route was the most
effective in producing an array of equiaxed grains separated by boundaries having high angles
of misorientation [55]. The billets were pressed through a solid die for 1, 4 or 8 passes
contained within a channel bent through an internal angle of ® = 110° and with an outer arc of
curvature of W = 20° The imposed strains were estimated using the conventional procedure

[16] to give equivalent strains of ~0.76, ~3.04 and ~6.1 after 1, 4 and 8 passes, respectively.



Following ECAP, the billets were machined into cylindrical samples with diameters of
5 mm and heights of 5 mm and they were then tested in uniaxial compression under dynamic
conditions at RT at a strain rate of 10 s™* using a Gleeble 3500 thermal simulator with pressure
bars having diameters of 20 mm. Each sample was subjected to a dynamic compressive stress
to reach a strain of ~0.68 where the strain was estimated as In(Lo/Ls) where Lo and Ly are the
cylinder heights before and after dynamic testing, respectively.

The microstructures were investigated both after ECAP and after ECAP and dynamic
testing using an analytical field emission scanning electron microscope, JEOL JSM-7001 F, at
an operating voltage of 15 KkV. The microstructural images were recorded using electron
backscatter diffraction (EBSD) and orientation imaging microscopy (OIM) with OIM™
software and a TSL orientation-imaging system to collect the experimental data. The EBSD
patterns were taken at different working distances with a sample tilt of 70° and the OIM images
were plotted using a step size of 0.05 um.

X-ray diffraction (XRD) scans were performed using a Bruker D2 Phaser X-ray
diffractometer equipped with a copper target using Cu Ka (A= 0.15406 nm) radiation in order
to characterize the disc surfaces. The XRD patterns were recorded by performing scans of 6—
26 over 26 = 30-100°. MAUD software was employed to perform the profile fitting and the
crystallite sizes and microstrain values were used to calculate the dislocation densities.

3. Experimental results
3.1 Microstructures after ECAP

The microstructural evolution on longitudinal sections of the oxygen-free copper
processed by ECAP for (a) 1, (b) 4 and (c) 8 passes (P) at 298 K is shown by the OIM images
in Fig. 1: all of these images illustrate grain sizes that are significantly smaller than the initial
average grain size of ~24 um. Inspection of Fig. 1(a) shows that the microstructure after 1 pass

of ECAP has large and elongated grains with an average size of ~16 um. These grains are



generally aligned in similar directions and they have similar orientations as shown by the unit
triangle at lower right. As the imposed strain is increased by processing from 1 to 4 and 8
passes, the microstructure becomes gradually finer with average grain sizes of ~4.4 and ~2.9
pm as shown in Fig. 1(b) and (c), respectively. At the highest strain in Fig. 1(c), the
microstructure consists of randomly oriented grains but with the grains remaining slightly
elongated. This is consistent with earlier results on pure Cu showing that, when processing by
ECAP at RT with a channel angle of 90° where the imposed strains are higher than with a
channel angle of 110° at least 12 passes are required in order to induce a homogeneous
microstructure [31].

Figure 2 presents histograms of the distributions of the grain boundary misorientation
angles for specimens processed by ECAP at (a) 1, (b) 4 and (c) 8 passes, where low-angle grain
boundaries (LAGBs) have misorientation angles between 2° and 15° and high-angle grain
boundaries (HAGBSs) are defined as misorientations larger than 15°: these plots correspond to
the grain-to-grain misorientation distributions rather than the wusual pixel-to-pixel
misorientations [56-58] and this effectively eliminates the excess of LAGBs that are visible in
the misorientation plots of many earlier investigations [59,60]. After 1 pass the fraction of
LAGBs is very high at ~75% but this fraction decreases to ~34% and ~29% after 4 and 8 passes,
respectively. The fraction of HAGBs is ~71% after 8 passes and this is much higher than the
value of ~43% reported earlier for pure Cu after 8 passes using a die with an angle of 90° [31].
This difference is due, at least in part, to the earlier use of a pixel-to-pixel distribution which
produces an excess of LAGBEs.

3.2 Microstructures after ECAP and dynamic testing

The OIM images shown in Fig. 3 are for longitudinal sections on the Cu samples after

ECAP and dynamic testing at a strain rate of 10 s at RT: the initial ECAP processing for these

images was (a) 1, (b) 4 and (c) 8 passes, respectively. The images display ultrafine grains that



are slightly elongated after ECAP for 1 pass but reasonably equiaxed after 4 and 8 passes. For
each image, all grains have a range of misorientations as shown by the unit triangle at the lower
right. The measured average grain sizes for these conditions were ~400, ~330 and ~300 nm
after processing by ECAP for 1, 4 and 8 passes, respectively. It is readily apparent by
comparison with Fig. 1 that the grain size is reduced after higher numbers of passes of ECAP
and it follows from Fig. 3 that even further reductions in grain size are achieved when testing
dynamically at RT.

Histograms of the distributions of the grain boundary misorientations are shown in Fig.
4 for the samples tested dynamically after initially processing by ECAP for (a) 1, (b) 4 and (c)
8 passes. An examination of these results shows that the fractions of HAGBs are now similar
at ~85% for all samples. This means that the fraction of HAGBs increases for all of these
samples during the dynamic testing, even for the sample initially processed through 8 passes
where there is an increase from ~71% to ~85%.
3.3 Mechanical behavior in dynamic compression and significance of XRD measurements

Figure 5 shows the true stress-true strain curves in dynamic compression for samples
processed initially through 1, 4 and 8 passes. All curves are similar but nevertheless the
strength increases with increasing numbers of initial passes. The estimated yield strengths were
measured as ~350, ~420 and ~450 MPa after processing by ECAP for 1, 4 and 8 passes,
respectively, where these results are consistent with data reported for cold-rolled oxygen-free
high conductivity (OFHC) Cu tested dynamically using a split Hopkinson pressure bar with a
strain rate of 2500 s [49].

X-ray diffraction testing was performed to provide additional insight into the
deformation mechanisms and microstructural evolution of the Cu specimens processed by
ECAP and further deformed by dynamic testing. The increase in strength with increasing

numbers of preliminary ECAP passes was confirmed by the X-ray diffraction analysis and



Table 1 summarizes the calculated crystallite sizes and dislocation densities as a function of
the initial number of ECAP passes followed by dynamic testing using a strain rate of 10 s at
RT. The dislocation density was calculated from the X-ray data using the relationship [61,62]
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where < 2 >1/2 is the lattice microstrain, Dc is the average crystallite size and b is the Burgers
vector. The values for the microstrain and crystallite size were extracted from an analysis of
the X-ray diffraction line-broadening using MAUD software [63]. The calculations show that
the dislocation density increases and the crystallite size decreases after dynamic testing with
increasing numbers of preliminary ECAP passes. Thus, the calculated dislocation density after
testing the 1 pass specimen was ~6.11 x 10 m but this increased to ~1.12 x 10** m and
~1.78 x 10 mfor the 4 and 8 pass specimens, respectively. It is noted that this is consistent
with the increasing strength with increasing ECAP passes shown in Fig. 5 so that the highly
deformed copper with the smallest crystallite size and highest dislocation density exhibits the
highest strength during dynamic testing at RT. This suggests that pre-existing internal stresses
created during ECAP may significantly influence the microstructure and it confirms the

association between the initial microstructural condition produced by ECAP and the

mechanical strength obtained after dynamic testing.

3.4 A direct comparison between the initial microstructural condition and the microstructure
after dynamic testing

In order to fully analyse the results from dynamic testing, it is necessary to consider the
initial microstructural condition prior to the dynamic tests and especially the imposed numbers
of ECAP passes.

Table 2 provides a comprehensive summary of the measured dislocation density and
grain size for the annealed condition, for the condition after ECAP and after ECAP and

dynamic testing at a strain rate of 10 s* at RT for 1, 4 and 8 passes. For all three ECAP
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conditions, the grain size is significantly reduced after additional dynamic testing but the
dislocation density increases with dynamic testing for both the 1 and 4 pass samples whereas
it decreases after dynamic testing for 8 passes. In addition, it is apparent that, by comparison
with the initial as-annealed condition, consistently higher values of the dislocation densities
are produced after processing by ECAP and by ECAP followed by dynamic testing. The
calculated dislocation density for the as-annealed specimen is ~3.9 x 10'? m but, although
dynamic testing successfully reduces the grain sizes for the specimens processed by ECAP, the
dislocation density rises to ~6.11 x 10'® m2 for 1 pass ECAP + dynamic testing and this is
higher than the value of ~3.98 x 103 m after 1 pass of ECAP. Finally, it is noted that the
dislocation density of ~1.78 x 10'* m2 after 8 passes of ECAP and dynamic testing is lower
than the density of ~3.60 x 104 m calculated after 8 passes of ECAP without dynamic testing.
4. Discussion

4.1 Influence of initial microstructure on strength of oxygen-free copper

In practice there are uncertainties regarding the influence of the initial microstructural
condition produced by ECAP on the microstructure and mechanical properties attained after
high strain rate dynamic testing and therefore the present results must be interpreted with
caution. Nevertheless, it is noted that the copper samples underwent significant plastic
deformation during the ECAP process and the strain accumulated after each pass entailed the
introduction of more dislocations and additional grain refinement.

The 8 pass sample has a higher level of internal stress and dislocation density compared
to the 1 and 4 pass specimens and therefore it is in a state of relatively high stress. This may
introduce strain hardening that is induced by the ECAP prior to the dynamic testing. It is
evident from Fig. 2 that the 8 passes specimen has a high fraction of HAGBs of 71% and this
exceeds both the 1 and 4 passes samples. This leads to prominent work hardening in the ECAP-

processed copper after 8 passes due to a combination of grain boundary and dislocation



strengthening mechanisms. Thus, the higher strain imposed during ECAP to higher numbers
of passes generates more dislocations and produces smaller grains that hinder dislocation
motion in the subsequent dynamic tests.

It is apparent from Fig. 3 that dynamic testing at RT using a strain rate of 10 s leads
to a further increase in the fraction of HAGBs and also to additional grain refinement as shown
in Fig. 3. Thus, it is clear from Fig. 5 that the level of the steady-state stress increases in
dynamic testing with additional numbers of initial ECAP passes and it is concluded that the
variation of strength observed after dynamic testing is related directly to differences in the
initial microstructural conditions produced by the ECAP processing. During deformation in
SPD processing, the level of the internal stresses and the dislocation densities increase and
create arrays of non-equilibrium boundaries [64,65] and in practice processing through
different strains generates different numbers of geometrically necessary dislocations. This is
reflected directly in the strength of the oxygen-free copper specimens after dynamic testing as
shown in Fig. 5. It is also apparent from the data recorded in Table 1 that the specimen
processed through ECAP for 8 passes exhibits the highest dislocation density and the smallest
crystallite size by comparison with specimens processed through lower numbers of passes.

Close inspection of Fig. 5 shows that the strength initially increases with increase in the
initial imposed strain but the gain in strength decreases at true strains above ~0.05. After
levelling off to reasonable steady-state conditions, there is a larger gap between 1 and 4 passes
than between 4 and 8 passes. Similarly, there is a larger decrease in crystallite size when
increasing the ECAP passes from 1 to 4 as shown in Table 1. This trend is related to the increase
in the numbers of geometrically necessary dislocations. The density of these dislocations
increases with increasing strain and as the density increases so it becomes more difficult to

accommodate additional dislocations. Consequently, a microstructural saturation is reached



when the strain exceeds a critical value. This saturation occurs when the processes of
generation and annihilation of dislocations become reasonably balanced.

It follows from Fig. 1 that ECAP through 1, 4 and 8 passes produces only the initial
stages in the process of grain fragmentation and it is not sufficient to fully form a homogeneous
microstructure with equiaxed grains. This shows that the strain imposed by ECAP is lower than
the critical strain required to achieve a steady-state saturation condition. The different low
strain conditions produced by ECAP create different initial microstructures but the subsequent
dynamic testing at a well-defined strain rate adds similar levels of strain hardening to each
condition. Therefore, the conditions with the highest levels of internal stresses and dislocation
densities prior to the dynamic testing produce the highest mechanical strength as is evident in
Fig. 5. These results are consistent with a study showing that the initial microstructural
condition produced by ECAP prior to further processing by HPT can significantly affect the
final grain size [66] and also with an investigation showing that the maximum shear stress
increases with increasing numbers of ECAP passes prior to dynamic torsional testing [67].
4.2 Significance of grain refinement during dynamic testing

It is apparent from Fig. 3 that there is significant grain refinement during the dynamic
testing at RT when using a strain rate of 10 s™*. Specifically, the grain structure formed by the
ECAP processing contains large and elongated grains as shown in Fig. 1 and this evolves into
a microstructure composed of fine grains with nearly equiaxed shapes as shown in Fig. 3. It
can be seen also that the microstructure evolves towards greater homogeneity and the grains
became more equiaxed by increasing the numbers of ECAP passes from 1 to 8 prior to the
dynamic testing

The most interesting finding is that dynamic testing is effective in producing
exceptional UFG structures within specimens that were initially subjected to processing by

ECAP. Table 3 shows a comparison between the average grain sizes produced by ECAP +



dynamic testing and the average grain sizes produced by various SPD techniques. It follows
from Table 3 that deforming copper by dynamic testing is effective in producing very small
grain sizes within the nanometer range and these values are similar to those produced after
processing by a single or combination of SPD techniques at RT such as HPT [68,71,73-75],
ECAP [20,69,71,72,75], ECAP + HPT [71,75,76] and surface mechanical attrition treatment
(SMAT) [70].

During dynamic testing, high strain rate deformation is induced in the specimen by the
high velocity impact. Dislocation gliding, interactions, tangling and spatial rearrangements
take place to accommodate these high strains and this increases the dislocation density.
Accordingly, the formation of dislocation tangles and walls of dislocations transform into
subgrain boundaries within the grains and thereby produce a UFG structure. This is similar to
the grain refinement mechanism observed in SPD for various metals including copper
processed by HPT [77,78] and it is similar also to the mechanisms reported in a 7075
aluminium alloy processed by laser shock processing (LSP) [79] and Mg/Ti joints by high
energy shot peening (HESP) [80]. It follows from Table 1 that grain refinement after dynamic
testing is associated with a substantial increase in the dislocation density and this is consistent
with earlier studies showing higher dislocation densities produced through the use of multiple
SPD procedures [71,81,82]. Despite this success, it is important to note that dynamic testing
does not constitute a true SPD processing method because, contrary to the formal definition of
SPD techniques [4], the shape and size of the specimens are not retained during testing.

Nevertheless, the microstructures for the 8 passes specimen developed after dynamic
testing at RT consists of reasonably equiaxed ultrafine grains and it appears that the
microstructure may be changed by dynamic recrystallization (DRX) during the dynamic
testing. The possibility of the occurrence of DRX in pure copper during processing at a high

strain rate was suggested in an early report [83] and it was proposed that DRX may take place
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at the subgrain boundaries and produce ultrafine grains having HAGBs [84]. This agrees with
earlier studies reporting the evolution of small grains having HAGBs through DRX at high
strain rates [83,85-87].

Early reports proposed that the thermal effects of the adiabatic temperature rise may
significantly enhance DRX during high strain rate deformation [85,88]. Thus, high speed
compression generates adiabatic heating and stores considerable energy within the material
which may provide a driving force for DRX in the form of microstructural reorganisation
through the migration of HAGBs [89,90]. The adiabatic temperature rise in oxygen-free copper

during high strain deformation can be calculated using the expression [91]
0.9 £
AT = E fO ode (3)

where o and ¢ are the true stress and true strain, respectively, p is the density of the material
(8.96 g/cm®) and C, is the specific heat capacity of copper (383 J/kg K). The calculated
temperature rise for the 8 passes specimen deformed at the dynamic strain rate of 10 s is ~375
K. This is lower than an adiabatic temperature rise in the range of ~500 - 800 K calculated for
copper during dynamic deformation at a much higher strain rate of 10* s [85] but it is higher
than the adiabatic temperature rise of ~300 K estimated for copper during shock-loading
impacts [88]. Both of these studies proposed that the adiabatic temperature rise can cause
microstructural development by DRX. A later study reported an adiabatic temperature rise of
500 K under compression for shock-hardened copper at high strain rates [86] but the total time
for cooling the specimen to RT was estimated as less than 1600 s so that there was a minor
influence of temperature on DRX.

It is readily noted from the results in this study that grain refinement in oxygen-free
copper can be produced by DRX depending on the initial microstructure prior to the dynamic
testing. Thus, the 1 pass specimen has a larger grain size and a higher proportion of LAGBs

(Fig. 2(a)) so that it can accommodate more dislocations during dynamic testing. Therefore,
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the grain refinement mechanism in this specimen is mainly due to dislocation activities.
Conversely, the 8 passes specimen has a smaller grain size, a higher fraction of HAGBs (Fig.
2(c)) and a higher dislocation density (Table 1) which provide a greater potential for the advent
of DRX. Since the adiabatic temperature rise during high strain rate dynamic testing has a
minor influence on the microstructure, it is proposed that the microstructure evolved in this
specimen through mechanically-induced DRX [86,92]. It should be noted that this mechanism
for grain refinement in the 8 passes specimen is similar to earlier studies on an aluminium alloy
[93] and on ANSI-type 304 stainless steel [94] when dynamically deformed by laser shock
processing.

5. Summary and conclusions

1. Oxygen-free Cu was processed by ECAP for 1, 4 and 8 passes at room temperature and
then further deformed by dynamic testing at 298 K using a strain rate of 10 s

2. After dynamic testing the results show that each condition has different strengths,
dislocation densities, average grain sizes and crystallite sizes. The yield strength and
dislocation density increase and the grain and crystallite sizes decrease with increasing
numbers of ECAP passes prior to dynamic testing.

3. The mechanical properties after dynamic testing are influenced by the initial
microstructural conditions produced by ECAP. Thus, when these conditions are close to
saturation prior to dynamic testing so the effect of dynamic testing on the mechanical properties
and microstructure is reduced.

4. The pre-existing stresses and dislocation density produced by ECAP influence the grain
refinement mechanism during dynamic testing. The highly stressed specimen processed
through 8 passes provides a high driving force for DRX during dynamic testing whereas the 1

pass specimen is able to accommodate more dislocations so that grain refinement occurs
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through conventional dislocation activities. It appears that the microstructure of the 8 passes
specimen probably evolves through mechanically-induced DRX

5. The results establish that dynamic testing provides an effective additional tool for the
production of ultrafine and equiaxed grains having a high fraction of high-angle grain

boundaries.
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Figures captions:

Fig. 1 OIM images for oxygen-free copper processed by ECAP for (a) 1, (b) 4 and (c) 8 passes
at 298 K.

Fig. 2 Histograms of the misorientation angles of grain boundaries for oxygen-free copper
processed by ECAP for (a) 1, (b) 4 and (c) 8 passes at 298 K.

Fig. 3 OIM images for oxygen-free copper processed by ECAP for (a) 1, (b) 4 and (c) 8 passes
and further deformed by dynamic testing at a strain rate of 10 s™* at 298 K.

Fig. 4 Histograms of the misorientation angles of grain boundaries for oxygen-free copper
processed by ECAP for (a) 1, (b) 4 and (c) 8 passes and further deformed by dynamic

testing at a strain rate of 10 s at 298 K.

Fig. 5 True stress vs true strain for oxygen-free copper processed by ECAP for 1, 4 and 8

passes and further deformed by dynamic testing at a strain rate of 10 s* at 298 K.
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Tables captions:

Table 1

Table 2

Table 3

Calculated dislocation density and crystallite size as a function of preliminary
number of ECAP passes for oxygen-free copper processed by ECAP and further

deformed by dynamic testing using a strain rate of 10 s at 298 K.

Dislocation density and grain size for the as-annealed specimen, after
processing by ECAP and after ECAP and dynamic testing using a strain rate of

10 sat 298 K for 1, 4 and 8 passes.

Comparison between the average grain sizes produced by ECAP followed by
dynamic testing with the average grain sizes produced by various SPD

techniques in pure copper at room temperature [48, 68-76].
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Oxygen-free Cu (99.95%)
ECAP: 1P, route Bc, 298 K

Oxygen-free Cu (99.95%)
ECAP: 4P, route Bc, 298 K

Oxygen-free Cu (99.95%)
ECAP: 8P, route Bc, 298 K

Fig. 1 OIM images for oxygen-free copper processed by ECAP for (a) 1, (b) 4 and (c)

8 passes at 298 K.
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Fig. 2 Histograms of the misorientation angles of grain boundaries for oxygen-free

copper processed by ECAP for (a) 1, (b) 4 and (c) 8 passes at 298 K.
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Fig. 3 OIM images for oxygen-free copper processed by ECAP for (a) 1, (b) 4 and (c)
8 passes and further deformed by dynamic testing at a strain rate of 10 s at 298 K.
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8 passes and further deformed by dynamic testing at a strain rate of 10 s at 298 K.
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Table 1 Calculated dislocation density and crystallite size as a function of preliminary

number of ECAP passes for oxygen-free copper processed by ECAP and further deformed by

dynamic testing using a strain rate of 10 s at 298 K.

Number of passes Crystallite Size (nm) Dislocation Density (m?)
1 129 6.11 x 10%3
4 81 1.12 x 10*
8 74 1.78 x 10*

Table 2 Dislocation density and grain size for the as-annealed specimen, after
processing by ECAP and after ECAP and dynamic testing using a strain rate of 10 s at 298 K

for 1, 4 and 8 passes.

Number of passes Condition Grain Size (nm) | Dislocation Density (m)
0 As-annealed 24000 3.90 x 10'?
1 ECAP 5500 3.98 x 10%
ECAP + Dynamic 400 6.11 x 10"
4 ECAP 4400 8.20 x 1013
ECAP + Dynamic 330 1.12 x 10*
8 ECAP 2900 3.60 x 10
ECAP + Dynamic 300 1.78 x 10
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Table 3 Comparison between the average grain sizes produced by ECAP (P = passes) followed by dynamic testing with the average grain

sizes produced by various SPD techniques in pure copper at room temperature [48, 68-76]. For HPT processing, T = turns.

Material Reference Grain size (nm) Technique
Oxygen-free Cu (99.95) | Present study 400 ECAP (1P) + dynamic test (compressive strain £=0.68)
Oxygen-free Cu (99.95) | Present study 330 ECAP (4P) + dynamic test (compressive strain £=0.68)
Oxygen-free Cu (99.95) | Present study 300 ECAP (8P) + dynamic test (compressive strain €=0.68)
Pure Cu (99.96%) Horita and Langdon (2005) 140 HPT (5T)
[68]
Pure Cu (99.98%) Lugo et al. (2010) [69] 500 ECAP (8P)
Pure Cu (99.995%) Wang et al. (2006) [70] 100 SMAT (surface mechanical attrition treatment for 30
min)
Pure Cu (99.9%) Zhilyaev et al. (2008) [71] 320 HPT (5T)
Pure Cu (99.9%) Zhilyaev et al. (2008) [71] 500 ECAP (4P)
Pure Cu (99.9%) Zhilyaev et al. (2008) [71] 310 ECAP (4P) + HPT (5T)
Oxygen-free Cu Dobatkin et al. (2007) [72] 230 ECAP (25P)
(99.98%)
OFHC Cu (99.99+%) Al-Fadhalah et al. (2013) [73] | 450 HPT (5T)
Pure Cu Zhilyaev et al. (2014) [74] 370 HPT (5T)
Pure Cu (99.96%) Komura et al. (1999) [20] 270 ECAP (10P)
Pure Cu (99.98%) Lugo et al. (2008) [75] 150 - 300 ECAP (8P)
Pure Cu (99.98%) Lugo et al. (2008) [75] 100 - 300 HPT (5T)
Pure Cu (99.98%) Lugo et al. (2008) [75] 400 - 700 ECAP (8P) + HPT (5T)
Pure Cu (99.99%) Zhilyaev et al. (2013) [76] 210 ECAP (4P) + HPT (5T)

Pure Cu (99.995%)

Li et al. (2008) [48]

49 nm in transverse
direction (grain size aspect
ratio 2:1)

DPD (dynamic plastic deformation, strain e=2.1)
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