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ABSTRACT

Hardness and microstructure homogeneity of pure copper and
iron-chromium alloy processed by severe plastic deformation
(SPD) were investigated in grain refinement. Equal channel
angular pressing (ECAP) is one of the well-known techniques
of the SPD technique due to their up-scale ability and other
methods. SPD was applied to pure copper and iron-chromium
alloy at comparable temperatures up to four passes. The
microstructure and microhardness were observed and
measured in the transverse plane for each billet. The
homogeneity observation was carried out from the sub-surface
until in the middle of the billet. The result showed that the
deformed structure appeared adequately after the first pass
and had a higher hardness level. The first pass showed a
higher inhomogeneity factor than the fourth pass due to the
homogeneity microstructure. The hardness also showed
homogeneous value along the transverse plane, and it was
concluded that ECAP could achieve complete homogeneity in
grain refinement.
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1. INTRODUCTION

Severe plastic deformation (SPD) is a well-known technique
to promote the ultrafine-grained structure in metallic material
without changing the sample dimension [1-5]. Equal channel
angular pressing (ECAP) is one of the SPD techniques, which
is the easiest to scale up among the other SPD techniques due
to the similar size of the die channel with a specific angle
[6-11]. Previous work showed better corrosion resistance and
higher strength on metallic material in biomaterial
application, especially iron-chromium alloy and copper
[12-16].

The ECAP process has a high advantage on the continuous
process of producing the UFG structure, which could be easier

to apply in the industry. The other techniques of the SPD
process are pretty challenging to scale up and use in the
industry due to high energy and cost, such as the rolling and
extrusion processes [5]. Microhardness measurements have
been significant in investigating the homogeneity of ECAP
processed material on copper [17-20] and stainless steel
[21-25]. The hardness and microstructure homogeneity can
be observed and evaluated on the ECAP billet sectioned with
imposed strain on the material [20].

Previous research has shown that the microhardness
distribution has been measured on preferred planes during the
ECAP process with many microhardness indenter numbers
[26-29]. The measurement has been done on the
cross-sectional plane of the ECAP processed sample and
analysed in terms of homogeneity and imposed strain [26-29].
These results have not provided the information on the
homogeneity factor on the transverse plane, which is the most
deformed one compared to other planes during the ECAP
process. The transverse plane results on microhardness
distribution may give important information for continuous
processing for sheet metallic materials. Hardness
measurements on pure copper have been measured on each
longitudinal plane, which have exhibited the lower hardness
on the edge of billets. Another hardness measurement has
been done on the longitudinal plane, with no meaningful
information of evolution hardness during the ECAP process
[3,4]. This research novelty is to investigate the hardness and
microstructure homogeneity of copper and iron-chromium
alloy which are subjected by ECAP process and analyse it in
term of grain boundary state.

In this study, the transverse plane was observed and measured
due to the continuous process of ECAP techniques. The
cross-sectional planes at the transverse plane of the ECAP
billet could be appropriately monitored by sectioning the part
of the sample billet. The previous result showed that the
hardness homogeneity of metallic material by the ECAP
process has a lower value on the sub-surface at the
longitudinal plane [28,29]. The other research also lacks
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knowledge of the effect of imposed strain along the transverse
plane, especially during high-pressure torsion and ECAP
processes. This research aims to investigate the hardness and
microstructure homogeneity of iron-chromium alloy as
face-centered cubic (FCC) and pure copper as body-centered
cubic (BCC) in terms of strain energy and grain refinement
along transverse planes as results of ECAP processes.

2. EXPERIMENTAL PROCEDURE

Iron chromium alloy (Cr 20%, C and N < 5ppm, Fe balanced)
and pure copper (99.99%) billets were used for the ECAP
process. The materials were selected due to the crystal
structure of those materials. The iron-chromium alloy was
processed at 423 K and pure copper at room temperature. The
process temperature was decided based on the melting
temperature of those materials. The billets were processed
using a die channel at an angle of 90° and an intersection of
0°. It means the imposed strain is equal to one equivalent
strain. Route Bc was used to carry out the ECAP process by
rotating the billet by 90° in the same direction. This route was
selected due to the highest deformation level and could
promote the equiaxed grain, high grain misorientation, and
grain refinement [13-16]. The billet of ECAP processed was
cut from the plate of the transverse plane. Microhardness
measurements were carried out on the transverse plane of the
material, which was previously ground and polished by
mechanical technique. The microhardness was carried out by
Shimadzu Microhardness test from the middle into the
sub-surface. The scheme of measurement can be seen in
Figure 1. The microstructure was observed by scanning
electron microscope (SEM) JEOL 7001F equipped with
electron backscattered diffraction (EBSD), and transmission
electron microscope (TEM) 2001F.
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Figure 1. Scheme of ECAP process on the hardness value
measurement and microstructure observation on the
transverse plane.

3. RESULT

Figure 2 (a) shows the grain boundary misorientation of one
pass ECAP process on pure copper by EBSD analysis. The
green and pink colors refer to low angle grain boundary
(LAGB) in the range 2° < 8 < 15°, and high angle grain
boundary (HAGB) in the range 15° < 0, respectively. The
figure represents the condition of grain boundary
misorientation from the middle to the subsurface, which is
every 200 um distance for every observation site. The
observation was carried out on the transverse plane. The shear
deformation on the sample was seen clearly in the middle of
the billet (0.5 D/Do).

After one pass ECAP process, the microstructure revealed
lamellar grain boundary structures along the transverse plane
of the billet with 26.6° inclination due to shear deformation in
Figure 2 and 3. The fraction of HAGB increased by increasing
the number of ECAP passes, which correlated to previous
work on copper. Lamellar boundary structure, homogeneous
microstructure, and more equiaxed grain was achieved after
four passes of the ECAP process, as seen in Figure 2 (b). The
mean grain boundary spacing decreased by increasing the
ECAP process. The value of inhomogeneity on hardness and
microstructure was measured by the aspect ratio from the
middle to sub-surface with a more equiaxed grain appearance.
The morphology of pure copper after four ECAP processes
showed UFG structure in the lamellar boundary structure.
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Figure 2. Misorientation image map of ECAP process on
copper from the middle until sub-surface for (a) one pass and
(b) four passes. The high angle grain boundary can be
appeared due to initial shear deformation at one pass and the
fully grain refinement can be achieved at four passes of
ECAP.
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The grain boundary spacing of HAGB was finer and
straighter after four passes of ECAP in iron-chromium alloy,
as seen in Figure 3. The microstructure also showed more
equiaxed grain and homogeneous system in the middle of the
billet due to shear deformation. The UFG structure in pure
copper was quite coarser than iron-chromium alloy due to the
energy of stacking fault and the slip plane of the material [12].
The pure copper and iron-chromium alloy have a different
crystal structure and slip plane. This difference affects
recovery and recrystallization behavior on the copper due to
crystal structure. It was concluded that FCC material showed
more equiaxed grain and homogeneous system in the middle
of the billet.

Figure 4 shows the fraction of LAGB and HAGB on pure
copper, and iron-chromium alloy for one and four ECAP
passes. The LAGB and HAGB fractions were measured at the
sample section position from the middle to the subsurface,
normalized by D/Do. Both materials showed a higher fraction
of HAGB in the middle due to the shear deformation at the
position. The structure at the sub-surface is quite different at
other locations due to deformation by the ECAP process.
However, the fraction of HAGB is around 50% in the
iron-chromium alloy and 45% in pure copper after four ECAP
pass. This result concluded that the distribution of the HAGB
fraction was homogeneous at all positions after four passes of
ECAP.
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Figure 3. Misorientation image map of ECAP process on
iron-chromium alloy from the middle until sub-surface for (a)
one pass and (b) four passes. Low angle grain boundary can be
exhibited efficiently compared to pure copper and The grain
refinement can be achieved faster than pure copper.

Figure 5 shows the mean orientation of the LAGB and HAGB
on pure copper, and iron-chromium alloy for one and four
ECAP passes. The measurement was carried by the
normalized positions, D/Do. The mean orientation data
showed similar behavior with fraction value, of which the
stable value was reached after four ECAP passes due to
homogeneous value. The peak misorientation was reached at
23° for pure copper and 22° for iron-chromium alloy at four
ECAP passes; however, the iron-chromium alloy was more
stable than pure copper in mean orientation distribution. The
mean orientation measurement was carried out in the LAGB
and HAGB, which corresponded to recrystallized structure of
the material. The ECAP processed sample showed unique
characteristic on the mechanical and electrochemical
behaviour due to the evolution of the grain and grain
boundary structure during deformation process. This
characteristic refers to the LAGB fraction, especially at pure
copper due to room temperature ECAP process, of which the
pure copper is harder to get recovered. The mean
misorientation distribution of pure copper is higher than that
of iron-chromium alloy, as seen in Figure 4. This distribution
may relate to the stacking fault energy of the material [12].
The iron-chromium alloy does not show a steep peak at
misorientation distribution due to the high-temperature
process, annihilating dislocation, and LAGB.
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Figure 4. High angle grain boundary fraction on first and
fourth ECAP processed sample of (a) copper and (b)
iron-chromium alloy at position between 0 and 0.5 DDy .
Inhomogeneity factor of four passes ECAP is lower than one
pass.
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Figure 5. Mean orientation on first and fourth ECAP
processed sample of (a) copper and (b) iron-chromium alloy
at position between 0 and 0.5 D/Dy. Mean orientation at the
sub surface showed the highest value.
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Figure 6. Boundary spacing6 on first and fourth ECAP
processed sample of (a) copper and (b) iron-chromium alloy
at position between 0 and 0.5 D/Dy.
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Figure 7. Hardness distribution on first and fourth ECAP
processed sample in the 3D planes of (a) copper and (b)
iron-chromium alloy.

The stacking fault energy directly affects the materials'
recovery and recrystallization process. The boundary spacing
of the ECAP processed sample can be seen in Figure 6. The
boundary spacing was measured for calculating the elongated
grain size due to grain shape and size. The boundary spacing
on elongated grain was defined and measured by line
interception drawn in the EBSD pattern image. This
observation exhibited the lamellar boundary along the normal
direction. The EBSD analysis only considered grain
misorientation above 2° due to high error measurement below
2°, so the grain boundary measurement was carried out at

misorientation higher than 2°. The D/Do = 0 and 0.5 refers to
the middle and sub-surface position in the billet. The
iron-chromium alloy showed more homogeneous grain
boundary spacing than pure copper for one and four ECAP
passes. However, the structure was more uniform after higher
deformation, especially in iron-chromium alloy. The grain
boundary spacing showed smaller in the middle of the billet,
corresponding to the equiaxed grain after four ECAP passes
at both materials. The equiaxed grain can be achieved after
four passes due to the redundant process at ECAP, which can
promote the high strain energy on the sample. The grain
boundary spacing result concluded that the grain boundary
distribution in the normalization position was uniform at four
passes of ECAP.

Microhardness distribution was confirmed by Vickers
hardness measurement at normalized position of ECAP billet
sample. The 3D result can be revealed by the Vickers
hardness result, as seen in Figure 7. It showed that the
hardness distribution after four passes in iron-chromium
achieved the most homogeneous among other samples due to
stacking fault energy, recrystallization, and dislocation
annihilation [12]. The more homogeneous structure was
related to excellent grain refinement that occurred in the
sample. The 3D hardness distribution result was measured by
8 points along the normal direction and 20 points along the
rolling direction, with 120 points of Vickers hardness
indentations. The hardness increased significantly after the
first pass in both materials. However, the inhomogeneity
factor was quite extensive due to the inhomogeneous structure
in the transverse plane. The hardness value was scattered in
the vertical axis due to initial deformation in both materials;
however, the transverse axis values were constant. After four
passes, the structure became uniform, and the inhomogeneity
factor was smaller than the first pass. The hardness
measurement in 3D was represented in color variation;
therefore, it explained the hardness distribution and
inhomogeneity factor clearly. The hardness distribution was
measured along with the rolling and normal indicating that
deformation near the subsurface was achieved during the
ECAP process. The back-pressure happened during the
ECAP process due to the die channel, and it increased with
number of ECAP passes leading to homogeneous hardness
and structure.

Figure 8 shows the TEM observation on pure copper (Figure
8.a) and iron-chromium alloy (Figure 8.b) with high
dislocation density after four ECAP passes and grain
refinement until 212 nm for pure copper and 257 nm for
iron-chromium alloy. The TEM observation was carried out
in the middle of the billet, representing the representative of
ECAP sample structure. The inhomogeneity factor value was
calculated in terms of boundary spacing and aspect ratio from
the center until the sub-surface of the billet. This observation
showed dislocation cell and sub-grain structure along the
rolling plane after four ECAP passes.
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The present result exhibited the lowest inhomogeneity factor
due to grain refinement. The inhomogeneity factor was used
in this study because this factor was accurate in comparing the
SPD processes on pure copper and considered the error
deviation from the hardness measurement result. Both
materials also showed lower inhomogeneity factors due to
homogeneous imposed strain and structure, reported in the
previous work [13-16], like pure copper and stainless steel.
Stacking fault energy also attributes to this behavior because
of the homologous temperature process, which affects the
materials' recovery and recrystallization behavior. By
changing the structure of materials, it may affect to the
stacking fault energy, and continuous dynamic
recrystallization mechanisms occurred [9-12].

St
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Figure 8. TEM micrograph on first and fourth ECAP
processed sample of (a) copper and (b) iron-chromium alloy.

4. RESULT

The ECAP process was carried out by inserting a billet into
the die channel with a sharp angle. This die channel promoted
a tremendous shear strain from the middle to the subsurface,
whereas the redundant process resulted in a homogeneous
microstructure and mechanical properties, especially

hardness. Inhomogeneity factor can be evaluated in terms of
strain energy and grain refinement. This study investigated
the microstructure and hardness homogeneity, which was
distributed in the transverse plane with heavy deformation by
ECAP. The microstructure of the ECAP process was uniform
after several ECAP processes. The shear strain distribution
along the transverse plane during the ECAP process was
associated with microstructure evolution due to dislocation
annihilation, recovery, and recrystallization [30-34]. The
inhomogeneity factor was calculated by considering the
standard deviation and average of the value including
boundary spacing, aspect ratio, and hardness on the grain size
and normal and rolling directions. The inhomogeneity factor
of the boundary spacing and aspect ratio became smaller in
the fourth pass than the first pass of ECAP, meaning the grain
becomes an equiaxed structure at four passes of ECAP
[33,34]. However, the first passes of the ECAP process
showed an elongated grain structure due to a higher value of
inhomogeneity. The result concluded that the grain
refinement and shear strain rapidly promoted the UFG
structure and homogeneous hardness due to high equivalent
strain at the ECAP process.

The HAGB fraction of pure copper was smaller than that of
the iron-chromium ally due to the recovery and
recrystallization process during the ECAP process [30-34].
The microstructure showed the larger lamellar structure and
coarser grain in the first-pass compared to the fourth pass of
ECAP. The lamellar structure and partly recrystallized grain
appeared along the middle of the billet by misorientation
grain boundary appearance in iron-chromium alloy [35-39].
New grains were introduced at the beginning of the ECAP
process associated with accumulated strain energy, recovery,
and recrystallization on pure copper and iron-chromium alloy
due to large deformation on the billet. The EBSD analysis
revealed the recrystallized grain by showing the LAGB on the
micrograph, promoting the UFG structure.

The accumulated energy strain and partial recrystallization
affected HAGB formation in the first pass of ECAP on both
materials [30,35]. The structure in the sub-surface was more
equiaxed grain than in the middle of the billet since the plastic
deformation imposed in the sub-surface was more prominent
than before. This sequence promoted the fraction of HAGB
significantly due to the high recovery driving force in the
sub-surface [40-42]. The sub-surface exhibited a more
prominent and equiaxed grain due to the warm deformation
process during ECAP, related to the materials' recovery
process and strain rate. The recovery process was quite
difficult to appear in the iron-chromium alloy compared to
pure copper due to stacking fault energy and alloying element,
with lamellar structure appeared in Fe-Cr alloy smaller than
that in pure copper [43]. It was concluded that the hardness
inhomogeneity could be achieved during the ECAP process
and could reproduce adequately.
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5. CONCLUSION

The hardness increased significantly after the first pass by the
ECAP process, especially in the sub-surface region due to the
homologous temperature process on both materials. The
hardness distribution was uniform and homogeneous due to
recovery and recrystallization during the ECAP process.
Lamellar boundary structure, more equiaxed grain, and the
homogeneous microstructure were achieved after four passes
of the ECAP process. In addition, the mean grain boundary
spacing decreased by increasing the ECAP process. The pure
copper and iron-chromium alloy have a different crystal
structure and slip plane, affecting the material's recovery and
recrystallization behavior. The hardness distribution may
relate to the stacking fault energy of the material due to the
high-temperature process and annihilation of dislocation.
Both materials also showed lower inhomogeneity factors due
to homogeneous imposed strain and structure. Stacking fault
energy also attributed to this behavior because of the
homologous temperature process, affecting the materials'
recovery and recrystallization behavior.
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