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Abstract: A Cu-0.43Mg (wt.%) alloy was processed by equal channel angular pressing (ECAP) up
to eight passes via a processing route (Bc). The hardness distribution on the longitudinal and
transverse sections was collected and the microstructure in the central and bottom regions on the
longitudinal section was examined. The result showed that the hardness was improved significantly
at the initial stage of the ECAP process, and the lower hardness region appeared at the area nearby
the bottom surface. With the number of ECAP passes, the hardness gently increased and finally
became saturated. The inhomogeneity of the hardness distribution along the normal direction
gradually weakened and finally disappeared. The shear microstructure in the central region was
different from that in the bottom region after one ECAP pass, and they became similar to each other
after two ECAP passes, except the rotation angle of the elongated grains. With the further increasing
ECAP passes, there was no obvious microstructure difference between the central and bottom
regions. The inhomogeneities of the hardness and the microstructure along the normal direction in
the alloy after one ECAP passes should be attributed to the non-zero outer arc of curvature of the
ECAP die and the friction between the bottom surface of the billets and the ECAP die walls. The
yield strength of the alloy increased from 124 MPa before the ECAP process to 555 MPa after eight
ECAP passes. The improvement of yield strengths of the ECAPed Cu-Mg alloy should be mainly
attributed to the dislocation strengthening and the grain boundary strengthening.

Keywords: Cu-Mg alloy; equal channel angular pressing (ECAP); microstructure; mechanical
properties

1. Introduction

Copper alloys play a vital role in mechanical manufacturing, railway transportation, electrical
and electronic industries [1-4]. Cu-Mg alloys have been widely applied as the contact wire and other
conductor materials in the high-speed rail industry due to their good combination of high strength
and high electrical conductivity [5-8]. However, the present Cu-Mg alloy contact wire is currently
unable to meet the new requirements of higher speed, heavier haul and lower power loss of high-
speed railway vehicles [9]. Many researchers have attempted to improve the comprehensive
properties of the Cu-Mg alloy via the microalloying method [10-13], but the solute atoms introduced
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by the microalloying method could significantly and inevitably decrease the electrical conductivity
of the Cu-Mg alloy [14].

The severe plastic deformation (SPD) technique can effectively improve the strength of copper
alloy without decreasing its high electrical conductivity [15]. The most attractive one is the equal
channel angular pressing (ECAP) technique. It is an attractive SPD method to produce copper alloy
with an ultra-fine grain (UFG). The ECAP process involves that the metallic material is deformed by
pressing through an equal cross-sectional channel with the right or obtuse angle [16]. After multiple
ECAP processes, the micro- or nano-scaled UFGed microstructure can be obtained, leading to the
high strength of alloys according to the Hall-Petch relationship [17-20]. The dislocations and grain
boundaries introduced by the ECAP process have a limited influence on the electron scattering, and
thus the good electrical conductivity of the alloy can be maintained [14]. The ECAP process combined
with the continuous forming (CONFORM) process can be easily incorporated to produce Cu-Mg
alloy contact wire with a standard length of more than 1400 m [21]. However, the ECAP process often
results in an inhomogeneous shear strain in the material [22], and leads to the different microstructure
and properties in different regions of the ECAPed material [23,24]. Taking pure Al as an example,
after one ECAP pass, the hardness in the region adjacent to the bottom surface (30-35 HV) was much
lower than those in the other regions (40-50 HV) [23,24]. This inhomogeneity phenomenon is
undoubtedly harmful to the comprehensive properties of ECAPed materials, and the microstructure
evolution and its effect on the mechanical properties of the highly conductive copper alloys are worth
investigating.

In this study, the effect of ECAP on the microstructure and mechanical properties of a Cu-0.43Mg
(wt.%) alloy was investigated in detail. The hardness on the longitudinal and transverse sections was
measured and analyzed. The microstructure in the central and bottom regions on the longitudinal
section was observed by the electron back-scattered diffraction (EBSD) technique. The mechanism of
the inhomogeneity phenomenon in the alloy during the ECAP process was discussed. The
strengthening mechanisms of the ECAPed Cu-Mg alloy were also analyzed quantitatively.

2. Materials and Methods

The Cu-0.43Mg (wt.%) alloy was melted with the raw materials of pure copper and pure
magnesium using a medium frequency induction furnace, and its chemical composition was
measured using a SPECTROBLUE inductively coupled plasma optical emission spectrometer (ICP-
OES) (SPECTRO Analytical Instruments GmbH, Kleve, Diisseldorf, Nordrhein-Westfalen, Germany).
The ingot was homogenization treated at 780 °C for 1 h, and then hot-rolled from 35 to 12 mm in
thickness, followed by water quenching. The cylindrical billets for the ECAP test were cut from the
hot-rolled plate with a dimension of ® 10 x ~70 mm. The ECAP process was performed at room
temperature, on a 150T four-column hydraulic press, with the plug speed of ~10 mm/s. Figure 1a
shows the schematic illustration of the ECAP process. The ECAP die was a two-piece split die, with
the inner channel angle (®) of 110° and the outer arc of curvature (\W) of 30°. A suspension containing
graphite and machine oil was used as the lubricant to reduce the friction between the billets and the
ECAP die wall. The billets were repetitively ECAP-processed up to 8 passes via a processing route
(Bc), where the billet was rotated by 90° about the longitudinal axis in the same direction between
each consecutive pass [16]. The laboratory coordinate system of the ECAP process was defined as
follows: X, Y and Z axes were parallel to the extrusion direction (ED), normal direction (ND) and
transverse direction (TD), respectively [25].
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Figure 1. Schematic illustrations of (a) the equal channel angular pressing (ECAP) process and (b) the
hardness measurement and electron back-scattered diffraction (EBSD) examination.

Figure 1b shows the schematic illustration of the hardness measurement and EBSD examination.
Vickers hardness on the longitudinal and transverse sections of the ECAPed billets was measured
following a rectilinear grid pattern with a spacing of 0.5 mm using a HV-5 microhardness tester, with
a load of 1 kg and a dwell time of 15 s. The hardness was visualized in the form of a color-coded
contour map in order to intuitively show the hardness distribution. The microstructure in the central
and bottom regions on the longitudinal section was examined by the EBSD technique using an FEI
Helios Nanolab 600i scanning electron microscope (SEM) equipped with a NordlysMax2 EBSD
detector operating at an accelerating voltage of 20 keV and an electric current of 1 nA. In this case,
the copper specimen had a lateral resolution of ~40 nm and a longitudinal resolution of ~100 nm. The
EBSD data were analyzed using the HKL Channel5 software. The average grain size was
characterized using boundaries with the misorientation angles larger than 15° and allowing
completion down to 10°, and the grain areas were converted to the equivalent diameters. For the
mean boundary spacing, the boundary was detected according to the critical misorientation angle of
2°, and then the mean boundary spacing was measured using the line intercept method. In addition,
the boundaries with the misorientation angles larger than 15° were defined as the high-angle
boundaries (HABs), and the boundaries with the misorientation angles lower than 15° but larger than
2° were defined as the low-angle boundaries (LABs).

3. Results

Figure 2 shows the color-coded contour maps of the hardness on the longitudinal section of the
hot-rolled and ECAPed Cu-Mg alloy. The hardness of the hot-rolled Cu-Mg alloy was very low (75
1 HV) but the distribution of hardness was homogeneous (Figure 2a). After one ECAP pass, the
hardness nearly doubled to ~140+3 HV (Figure 2b). However, the hardness adjacent to the bottom
surface (121 + 4 HV) was obviously lower than that in the other regions (141 + 2 HV), indicating an
inhomogeneous hardness distribution along the Y direction. After two ECAP passes, the hardness
increased to ~155 + 3 HV, except the low-hardness region adjacent to the bottom surface (145 + 3 HV)
(Figure 2¢). In addition, the degree of hardness inhomogeneity weakened compared with that after
one ECAP pass. After four, six and eight ECAP passes, the hardness gently increased to 168 + 3 HV,
177 £ 2 HV and 181 + 2 HV, respectively, and the hardness inhomogeneity along the Y direction
disappeared (Figure 2d,f). Figure 3 shows the color-coded contour maps of the hardness on the
transverse section of the hot-rolled and ECAPed Cu-Mg alloy. The result was similar to that on the
longitudinal section. On the one hand, the hardness was improved significantly from 75 + 1 HV before
the ECAP process to ~140 + 3 HV at the initial stage of the ECAP process. Then, it gently increased to
~155 + 3 HV after two ECAP passes, 167 + 3 HV after four ECAP passes, 177 + 2 HV after six ECAP
passes and finally achieved stability at 181 = 2 HV after eight ECAP passes. On the other hand, the
lower-hardness regions with the values of 121 + 2 HV and 144 + 3 HV occurred at the area near the
bottom surface after one and two ECAP passes, respectively. Then, the degree of hardness
inhomogeneity along the Y direction gradually weakened and finally disappeared.
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Figure 2. Color-coded contour maps of the hardness on the longitudinal section of the Cu-Mg alloy
(a) before the ECAP process and after (b) 1, (c) 2, (d) 4, (e) 6 and (f) 8 ECAP passes.
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Figure 3. Color-coded contour maps of the hardness on the transverse section of the Cu-Mg alloy (a)
before the ECAP process and after (b) 1, (c) 2, (d) 4, (e) 6 and (f) 8 ECAP passes.

Figures 4 and 5 show the inverse pole figure (IPF) coloring maps in the central and bottom
regions on the longitudinal section of the ECAPed Cu-Mg alloy, respectively. The direction label of
the ECAP process and the coloring triangle of the cupreous crystallographic orientation are shown
on the lower-right regions of Figures 4 and 5. After one ECAP pass, the central region showed the
shear microstructure, where the grains were elongated along the direction counter-clockwise-rotated
~45° with the ED (Figure 4a). The drastic color change inside the elongated grains indicated that a
number of LABs subdivided the original hot-rolled grains. However, the bottom region showed a
different microstructure consisting of the distorted equiaxed grains and twins (Figure 5a). The grain
morphology was similar to that before the ECAP process, even though some dislocations appeared
inside the grains. After two ECAP passes, the microstructures in the central and bottom regions were
both composed of the elongated grains, but the rotation angle of the elongated grains in the central
region (~45°) was higher than that in the bottom region (~20-30°) (Figures 4b and 5b). After four and
six ECAP passes, the majority of the elongated grains in the central and bottom regions was refined
and the grain sizes showed bimodal distributions (Figures 4c, 5c, 4d and 5d). After eight ECAP passes,
the refined grains were surrounded by the HABs, indicating that the two regions achieved the UFGed
microstructure (Figures 4e and 5e).
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Figure 4. Inverse pole figure (IPF) coloring maps in the central region on the longitudinal section of
the ECAPed Cu-Mg alloy: (a) 1, (b) 2, (¢) 4, (d) 6 and (e) 8 ECAP passes.

Figure 5. IPF coloring maps in the bottom region on the longitudinal section of the ECAPed Cu-Mg
alloy: (a) 1, (b) 2, (c) 4, (d) 6 and (e) 8 ECAP passes.

Figure 6 shows the microstructure information in the central and bottom regions on the
longitudinal section of the ECAPed Cu-Mg alloy. The average grain size and the mean boundary
spacing decreased with the number of ECAP passes (Figure 6a,b). After the first four ECAP passes,
the average grain size decreased rapidly from dozens of micrometers before the ECAP process [15]
to two or three micrometers, and the mean boundary spacing also decreased sharply from several
hundred micrometers before the ECAP process [15] to less than one micrometer. In the subsequent
ECAP process, the average grain size and the mean boundary spacing gradually reached saturation.
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In addition, it should be noted that at the initial stage of the ECAP process, the two parameters in the
central region were lower than those in the bottom region, but this difference disappeared after the
fourth ECAP pass. For the other two parameters, at the initial stage of the ECAP process, the
dislocations and the subgrain boundaries were predominant, and thus the fraction of HABs and the
mean misorientation angle of LABs showed the low values (Figure 6¢,d). With of the increasing ECAP
passes, the subgrain boundaries absorbed dislocations to increase its misorientation angle and
transform into HABs, leading to the increase in the fraction of HABs and the mean misorientation
angle of LABs.

20 22

(a) —a— central region =20 % (b) —=— central region
®— bottom region g ®— bottom region

=N
—18F
=]

o
T
L ]

‘© 16
@14+

Sz}

5
Q \
. L e
co08

N g
R SSS.. So6f

= 2 I |
o L— 1 I L L N L 0.4l 1 L L 1 1 1
1 2 3 4 5 6 it 8

ECAP passes ECAP passes

Average grain size (um)
=]
n
/.

/

IS
o

6.5

IS
o
T
el
o
T
[ ]

w
a
T

[ ]

N
N

»
o
T

=— central region

[ —a— central region
. e bottom region

1

4

® bottom region
1 1

Fraction of HABs (%)
8
\.\
Mean misorientation angle of LABs (°)
2 &
L ]

2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
ECAP passes ECAP passes

o

»
<)

Figure 6. Microstructure information in the central and bottom regions on the longitudinal section of
the ECAPed Cu-Mg alloy: (a) average grain size, (b) mean boundary spacing, (c) fraction of high-
angle boundaries (HABs) and (d) mean misorientation angle of low-angle boundaries (LABs).

4. Discussion

4.1. Mechanism for Inhomogeneity Phenomenon

It is noted that the hardness and microstructure of the Cu-Mg alloy after one ECAP pass are very
inhomogeneous along the Y direction, however, this inhomogeneity phenomenon gradually weakens
and finally disappears with the number of ECAP passes. This is consistent with some previous
research works on pure Al and Al alloys [26-28]. The inhomogeneity phenomenon at the initial stage
of the ECAP process could be attributed to the formation of a corner gap [26-28]. At the corner gap,
the billets no longer contact with the ECAP die walls and in turn the die walls no longer impose the
shear strain on the billets. Thus, the inhomogeneous strain imposed on the billets results in the
uneven distribution of the hardness and microstructure. However, the formation of a corner gap is
related to the outer arc of curvature of the ECAP die. It was reported that a smaller corner gap was
found when using an ECAP die with a high outer arc of curvature [29]. Therefore, the reason for the
inhomogeneity phenomenon should be reconsidered.

An ideal ECAP process is considered as a simple shear deformation, with the shear direction
from the inner corner to the outer corner of channel and the shear plane located on the intersection
plane of the two parts of the channel [22]. However, the inevitable shear stress derived from the
friction between the bottom surface of the billets and the ECAP die walls is often ignored [30-32].
Thus, the practical ECAP process becomes a complicated deformation combining the ideal simple
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shear deformation and the frictional shear deformation near the bottom surface. In addition, the non-
zero outer arc of curvature expands the main plastic deformation zone (MPDZ) of the ideal ECAP
process from the intersection plane of the two parts of the channel into the fan-shaped zone, which is
sharp at the inner corner and broadens towards the outer corner [33,34]. When the billets pass
through the MPDZ, the distribution of the equivalent strain rate (¢) along the Y direction becomes
inhomogeneous [35]. The more adjacent to the bottom surface the region is, the lower the equivalent
strain rate is. For a special situation of €= 0, it means that only rigid-body rotation occurs in the
grains, rather than plastic deformation.

These additional factors have a great influence on the microstructure and mechanical properties
of the ECAPed Cu-Mg alloy. Firstly, in the initial stage of the ECAP process, the region adjacent to
the bottom surface goes through such little plastic deformation that only a small number of
dislocations need be activated to accommodate it. When the billet is pressed through the ECAP die,
only the kinematical rigid-body rotation occurs in the alloy [36]. Thus, the grain morphology could
not obviously change compared with the hot-rolled one, except a slight distortion of grains, and the
hardness is also lower than those in other regions. Secondly, the region adjacent to the bottom surface
shows the lower rotation angle of the elongated grains due to the additional frictional shear stress
parallel to the ED. The EBSD result confirmed that the rotation angle of the elongated grains in the
bottom region after two ECAP passes is 20°-30° but that in the central region, it is ~45°. Thirdly, the
grain refinement during the ECAP process is based on the dislocation subdivision mechanism [37].
The accumulation rate of dislocations determines the rate of microstructure evolution. Therefore, in
the bottom region, the average grain size and the mean boundary spacing are higher, and the fraction
of HABs and the mean misorientation angle of LABs are lower. In addition, it should be noted that
the route Bc also plays an important role in the weakening and disappearance of inhomogeneity. The
bottom region after the first ECAP pass is not the bottom region after the second ECAP pass.

4.2. Strengthening Mechanisms and Strengths Calculation

The strengthening mechanisms of the ECAPed Cu-Mg alloy can be considered from four aspects
and its yield strength can be expressed as Equation (1) [38]:

Oy = o p + 0ss + 0p + 0gp @)

where o, is the yield strength of the ECAPed Cu-Mg alloy, oy is the lattice friction or the Peierls-
Nabarro stress, ogss is the strength contribution from the solid solution strengthening, op is the
strength contribution from the dislocation strengthening and ogp is the strength contribution from
the grain boundary strengthening. A previous research showed that oz and oss of the ECAPed Cu-
Mg alloy had little relation with the number of ECAP passes, with the values of 68.3 and 48.7 MPa,
respectively [15].

The strength contribution from the dislocation strengthening can be expressed as Equations (2)
and (3) using a modified Taylor model [39-41]:

op = aGMb,/p (2)
3(1—1) -
p= —( bL /) OLaBs ®)

where a is a constant taken as 0.24 [42], G is the shear modulus taken as 45.6 GPa [42], M is the
Taylor factor taken as 3.06 [42], b is the Burger’s vector taken as 0.256 nm [42], p is the dislocation
density, f is the fraction of HABs, Oy ,p, is the mean misorientation angle of LABs and L is the
mean boundary spacing. It should be noted that this work assumes all dislocations to be the LABs
with the misorientation angles lower than 15° but larger than 2°. Thus, it neglects the LABs with
misorientation angles less than 2° and the individual dislocations between LABs. There are two
reasons. One is that the EBSD examination is related to the angular resolution besides the lateral and
longitudinal resolutions. The angular resolution usually is about 1° when no particular care is
imposed on the EBSD examination [43]. Thus, a safe and popular operation is to take 2° as the lower
limit of the misorientation angle of LABs. The other is that the ECAP process is one of severe plastic
deformation and the evolution of dislocation configures is faster than that of the conventional
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deformation method. For example, the mean misorientation angles of LABs in the central and bottom
regions were more than 4° after only one ECAP pass. This indicates that a number of dislocations
were stored in the distinguishable LABs whose misorientation angles were much more than 2°. In
other words, the dislocations stored in the LABs with misorientation angles less than 2° and the
individual dislocations between LABs were subordinate and negligible.

The strength contribution from the grain boundary strengthening can be expressed as Equation
(4) using a modified Hall-Petch relationship [39-41]:

oG = k\/f/d 4)

where k is a material parameter taken as 0.14 MPa-m?2 [42], and d is the average grain size. It
should be noted that there is an apparent difference between the modified and conventional Hall-
Petch relationships, that is, the fraction of HABs (f) is introduced as the modified factor. It can be
understood in this way. The ECAP process caused the well-developed dislocation structures where
a number of LABs exist in the grains divided by HABs. Qualitatively, when dislocations attempt to
slide in the grains and pile-up in the front of the grain boundaries, the LABs have impeded the motion
of these dislocations. The strengthening mechanism in this case is different from that in the
conventional case where the dislocations slide casually and only grain boundaries impede their
motion. Thus, it needs a parameter to decrease the ability of the conventional grain boundary
strengthening. Quantitatively, the grain radius (d/2) is inversely proportional to the grain boundary
area per unit volume [40]. Thus, for the grain containing a number of LABs, it also needs to use the
fraction of HABs to modify the grain boundary area per unit volume.

Figure 7 shows the calculated and experimental yield strengths in the central and bottom regions
of the ECAPed Cu-Mg alloy, and Table 1 additionally shows their strength contributions from the
various strengthening mechanisms. For the central region, the experimental yield strengths have
been reported in the literature [15]. For the bottom region, it is impossible to perform a standard
tensile testing due to the dimensional limit of the ECAPed billets, and thus only the calculated yield
strengths are listed. Before the ECAP process, the Cu-Mg alloy shows a much lower experimental
yield strength of only 124 MPa due to the dynamic recrystallized microstructure [15]. After one ECAP
pass, the experimental yield strength increases significantly to 370 MPa. The calculated yield strength
in the central region (344.7 MPa) shows that the improvement should be mainly attributed to the
strength contribution from the dislocation strengthening (205.9 MPa) and the grain boundary
strengthening (21.8 MPa). In addition, the calculated yield strength in the bottom region (291.4 MPa)
is 53.3 MPa lower than that in the central region, showing a 16% difference where 46.6 MPa is from
the dislocation strengthening and 6.7 MPa is from the grain boundary strengthening. Such a great
strength difference is apparently resulted from the microstructure difference in the two regions. With
the number of ECAP passes, the constantly accumulated dislocations are absorbed by the subgrain
boundaries, leading to the increase in the misorientation angle and the formation of the HABs. Thus,
the strength contributions from the dislocation strengthening and grain boundary strengthening
enhance, resulting in continuous improvements in the yield strengths. Finally, after eight ECAP
passes, the experimental yield strength achieves a high value of 548 MPa. The calculated yield
strength in the central region (555.0 MPa) shows that the strength contributions from the dislocation
strengthening (335.8 MPa) and grain boundary strengthening (102.2 MPa) are predominant,
accounting for 78.9% in the whole. In addition, with the number of ECAP passes, the strength
difference in the two regions gradually weakens and nearly disappears. For example, the difference
decreases from 16% after one ECAP pass to 10% after two ECAP passes, and further decreases to 2%-
4% in the subsequent ECAP process.

An important point is that the effect of the dislocation strengthening is much more significant
than the effect of the grain boundary strengthening according to the above-mentioned calculated
result. This is different from the conventional view that the UFGed materials are mainly strengthened
by the grain boundary strengthening. This question should depend on how to define the dislocation
strengthening and the grain boundary strengthening. In this work, the grain boundaries are
considered as HABs with misorientation angles larger than 15° and the dislocations are considered
to be stored in LABs with the misorientation angles lower than 15° but larger than 2°. Some
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researchers hold the view that the boundaries with misorientation angles larger than 5° or 10° play a
similar role in strengthening, just like the grain boundaries providing grain boundary strengthening.
Thus, these boundaries are also generalized as grain boundaries. It results in the difference in
considering the dislocation strengthening and the grain boundary strengthening for different
research works. In addition, characterization methods also significantly affect how to distinguish the
grain boundaries (or called HABs) and subgrain boundaries (or called LABs). For the EBSD
examination, the misorientation angles of material elements are original data. How to define
boundaries is dependent on researchers. For the TEM examination, however, the grain boundaries
are mainly distinguished according to the contrast of the bright-field image. For example, Figures 4
and 5 in the reference [23] show some bright-field images of ECAPed pure Al and Al alloy,
respectively. These so-called grains are adjacent to each other but show similar contrast. Apparently,
the similar contrast means the similar orientations of these grains. Then, these grains actually are
subgrains divided by LABs rather than grains divided by HABs. This also results in the
overestimation of the grain boundary strengthening and the underestimation of the dislocation
strengthening.

Figure 8 shows the relationship between the calculated yield strength and the measured
hardness in the central and bottom regions of the ECAPed Cu-Mg alloy. However, the result is
unclear. For the first six ECAP passes, the calculated yield strength and the measured hardness show
a good linear relationship and high correlation coefficients more than 0.99. However, after eight
ECAP passes, the correlation coefficients between the calculated yield strength and the measured
hardness decrease to 0.96-0.97. From the variation trends of them, the increment of the calculated
yield strength per the increment of the measured hardness increases sharply after eight ECAP passes.
Thus, the linear relationship between the calculated yield strength and the measured hardness is

predicted to be worse for more than eight ECAP passes.
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Table 1. The strength contributions from various strengthening mechanisms and the calculated and
experimental yield strengths.

. ECAP Oss op 0GR o, 0,oP
Region Passes our (MPa) (MPa) (MPa) (MPa) (MyPa) (N}’Pa)
Central 1 68.3 48.7 205.9 21.8 344.7 37005]

2 68.3 48.7 237.7 30.8 385.4 41305
4 68.3 48.7 280.8 55.5 453.3 47105]
6 68.3 48.7 294.3 84.5 495.8 4991151
8 68.3 48.7 335.8 102.2 555.0 548l15]
Bottom 1 68.3 48.7 159.3 15.1 2914
2 68.3 48.7 209.1 24.6 350.8
4 68.3 48.7 279.0 47.9 4439
6 68.3 48.7 286.7 72.7 475.8
8 68.3 48.7 332.8 89.0 538.8
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Figure 8. Relationship between the calculated yield strength and the measured hardness in the central
and bottom regions of the ECAPed Cu-Mg alloy.

5. Conclusions

1.

The hardness of a Cu-0.43Mg (wt.%) alloy was improved significantly at the initial stage of
ECAP process, and the lower-hardness region appeared at the area nearby the bottom surface.
With the number of ECAP passes, the hardness gently increased and finally became saturated.
The inhomogeneity of the hardness distribution along the normal direction gradually weakened
and finally disappeared;

The shear microstructure in the central region was different from that in the bottom region after
one ECAP pass, and they became similar to each other after two ECAP passes, except the rotation
angle of the elongated grains. With the further increasing ECAP passes, there was no obvious
microstructure difference between the central and bottom regions;

The inhomogeneities of the hardness and the microstructure along the normal direction should
be attributed to the non-zero outer arc of curvature of the ECAP die and the friction between the
bottom surface of the billets and the ECAP die walls;

The strengthening mechanisms showed that the improvement of yield strengths should be
mainly attributed to the strength contribution from the dislocation strengthening and the grain
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boundary strengthening. For example, after eight ECAP passes, they accounted for 78.9% of the
yield strength of 555.0 MPa.
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