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Severe plastic deformation (SPD) is routinely employed to modify microstructure to obtain improved
mechanical properties, particularly strength. Constrained groove pressing (CGP) is one of the SPD tech-
niques that has gained prominence recently. However, the efficacy of the method in terms of homogeneity of
microstructure and properties has not been well explored. In this work, we examine the microstructure and
mechanical properties of CGP processed Cu-Zn alloy sheet and also explore homogeneity in their char-
acteristics. We found that CGP is very effective in improving the mechanical properties of the alloy.
Although the reduction in grain size with the number of passes in CGP is not as huge (~38 pm in annealed
sample to ~10.2 pm in 1 pass sample) as is expected from a SPD technique, but there is a drastic
improvement in ultimate tensile strength (~230 to ~380 MPa) which shows the effectiveness of this process.
However, when mechanical properties were examined at smaller length scale using micro-indentation
technique, it was found that hardness values of CGP processed samples were non-uniform along transverse
direction with a distinct sinusoidal variation. Uniaxial tensile test data also showed strong anisotropy along
principal directions. The cause of this anisotropy and non-uniformity in mechanical properties was found to
lie in microstructural inhomogeneity which was found to exist at the length scale of the grooves of the die.
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1. Introduction

Nanostructured materials or ultrafine-grained (UFG) mate-
rials have improved mechanical properties like hardness and
strength, which make them desirable for applications requiring
high specific strength. These fine-grained materials are pro-
duced from bulk materials by severe plastic deformation (SPD)
technique. There are various techniques that can impose SPD to
produce fine-grained microstructure. These techniques include
constrained groove pressing (CGP) (Ref 1, 2), accumulated roll
bonding (ARB) (Ref 3, 4), equal channel angular pressing
(ECAP)/extrusion (Ref 5, 6), high-pressure torsion (HPT) (Ref
7, 8), cyclic extrusion compression (Ref 9, 10), twist extrusion
(Ref 11, 12). CGP is a technique that is applied on sheet metals
and plates and hence has good potential for commercial
applications, while the same cannot be said for most of
the other SPD techniques. CGP allows us to, theoretically, in-
troduce uniform and large cumulative equivalent strain to the
materials. It does so through repetitive shear deformation by
using alternate pressing with an asymmetrical grooved and flat
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die while maintaining a gap between the lower and upper die
equal to the thickness of the sample. This helps to maintain
only pure shear deformation under plane strain deformation
conditions (Ref 13). Using this method, a uniform cumulative
strain of 0-3.48 is imparted to samples in 3 CGP passes (each
CGP pass imposes strain of magnitude 1.16 to the Cu-Zn alloy
sheets to produce high-strength nanostructured materials) (Ref
14). Study of uniformity in microstructure and properties of
materials processed using a given method, is important to
establish its commercial feasibility. Several SPD techniques are
known to impart non-uniform deformation and hence,
microstructural inhomogeneity is inherent in such processes.
Inhomogeneity along radial direction is well known in HPT and
has been studied by several researchers (Ref 15, 16). Edalati
et al. have shown small inhomogeneity along angular direction
(Ref 15). They have also shown that this inhomogeneity
reduces with increasing number of revolution of HPT. Homo-
geneity study on HPT of Cu-Zr alloy was also conducted by
Wongsa-Ngam et al. who found large difference in hardness
between edge and center of the disk for smaller number of turns
(Ref 16). However, they also found that this inhomogeneity
quickly disappears with increasing number of turns and
homogeneous properties were obtained at higher number of
turns of HPT. Wongsa-Ngam et al. also found that uniform
hardness were accompanied with homogeneity in microstruc-
ture (Ref 16). Inhomogeneity studies have also been carried out
in another SPD technique, viz. ECAP (Ref 17, 18). Wei et al.
studied the influence of the die geometry like outer angle and
the effect of external factors like friction conditions, on the
inhomogeneity in mechanical properties (Ref 19). One of the
important findings of their study was that the inhomogeneity in
ECAP is inherent in the die geometry. Their experimental
findings were consistent with their finite element method
(FEM) simulation (Ref 19). FEM analysis by other researchers
has also shown that significant strain inhomogeneity exists
across the billet width (Ref 17). However, ECAP study of
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eutectic Zn-5%Al alloy by G. Purcek et al. found that in certain
cases ECAP can lead to improvement in homogeneity, but
some inhomogeneity remains across the cross section of the
sample (Ref 20). Zhu et al. also observed drop in inhomo-
geneity with increasing number of ECAP pass (Ref 21).

Most of these studies clearly show the existence of inherent
inhomogeneity in SPD technique and hence, it results in non-
homogeneous microstructure and non-uniformity in mechanical
properties. However, CGP has been theoretically shown to lead to
homogenous strain, and hence should be expected to result in
homogenous microstructure and uniform mechanical properties
(Ref22-26). Various results are, however, in contradiction to this
expectation (Ref 27, 28). Moreover, CGP process is asymmetric
at the macro-level owing to the presence of grooves along one
direction, and not in the perpendicular direction. It is also
important to establish whether the length scale of groove can have
any influence on the microstructural variation.

Ghazni and Vajd’s work (Ref 29) on FEM simulation of
CGP process showed that during each CGP cycle, the first
grooving and flatting steps increase the strain inhomogeneity
which were found to recover during second grooving and
flattening steps. However, each CGP cycle showed to result in
some inhomogeneous strain left at the material and never found
to reach the theoretically uniform strain. Qian’s group (Ref 30-
32) also did FEM simulation of CGP process and showed that
strain inhomogeneity exist along the width and depth direction.
However, they did not study microstructural variation across
the width of the strip of CGP processed sample, where they
reported largest amount of strain inhomogeneity. Their model
also has some lacunae as the model assumes stretching along
sharp edges of the deformed sample which would not be
possible without the presence of curvature along the corners
(Ref 30, 33). The above-mentioned literature survey clearly
demonstrates the absence of microscopic uniformity during
CGP processes, however, a systematic study which could
correlate the inhomogeneity in microstructure to its properties,
is still lacking. Some homogeneity studies have also been
conducted on CGP of pure Cu by Zhu et al. (Ref 21). Their
results distinctly showed the presence of not only inhomo-
geneity, but also periodicity in the properties. However, the
authors did not try to relate these periodic fluctuations with the
microstructure of the sample.

The broad goal of this study is to study if there is any
inherent inhomogeneity in the CGP process. With this aim, we
study the mechanical properties of the samples after 1 pass and
relate it with the microstructure. Our results indicate that
inhomogeneity does indeed exist in samples processed through
this technique. We show that this strain inhomogeneity can be
explained using bending strains which implies that this
inhomogeneity is inherent in the system. This, in turn, explains
the non-uniformity in microstructure and the existence of
inhomogeneity of mechanical properties at micro- and macro-
level. It is likely that this inhomogeneity will diminish with
increasing number of passes, however, we have limited our
study to just one pass, as the focus of this study was to ascertain
if inhomogeneity is inherent in the process.

Table 1 Composition of Cu-Zn alloy used for CGP process

2. Materials

In the present study, Cu-Zn alloy was used to study the
effect of strain on mechanical properties at room temperature.
The chemical composition of the alloy obtained using optical
emission spectroscopy (OES) is given in Table 1.

D2 die steel was used to make CGP die for grooving and
flattening of Cu-Zn alloy sheet. The sequence of grooving and
flattening steps is shown in Fig. 1.

3. Experimental Procedure

In the current study, an asymmetrical die with the groove
angle (0) of 45° and groove width 1.5 mm was used, as shown
in Fig. 1. A single pass (2 grooving and 2 flattening steps) of
the die results in an effective equivalent strain of 1.16
throughout the sheet. Samples with the dimension of
60 x 50 x 1.5 mm® were cut from Cu-Zn alloy sheet for CGP
processing. Samples for CGP were prepared by annealing the
as-received sheets at 750°C for 3 h followed by water
quenching, to obtain a homogenous equiaxed microstructure.
Samples were then deformed using the CGP technique up to 3
passes on a 1000 kN hydraulic press operating at a constant
press speed of 0.1 mm/s at room temperature. One pass of CGP
process includes 4 steps of die pressing, viz. grooving followed
by flattening, rotating the sample by 180° along the axis of the
plane of the sheet, and then repeating grooving and flattening
steps. These steps are explained schematically in Fig. 1
(adapted from Lee et al. (Ref 34). As illustrated in the figure,
one grooving process yields a strain of 0.58 in alternate strips
which increases to 1.16 after that flattening process. When this
process was repeated after rotating the sample, the other set of
alternating strips were deformed to the strain of 1.16, thereby
providing a theoretically uniform strain of 1.16 across the sheet.
Similar steps were repeated for second and third pass of CGP
process yielding a theoretical equivalent plastic strain of 2.32
and 3.48, respectively, across the sheet. Teflon tape was
wrapped around the samples during pressing to provide
necessary lubrication. CGP processed samples were polished
by emery papers up to 2000 grade followed by cloth polishing
using alumina powder (particle size 1.0 and 0.05 um) for
microhardness testing and electron back scattered diffraction
(EBSD) characterization. For orientation imaging microscopy
(OIM) characterization, additional polishing of CGP processed
samples was done using electro-polishing technique with an
electrolyte containing 25% H3PO,4, 50% deionized water, and
25% Ethanol. EBSD-based OIM technique was used to
characterize and quantify microstructure and grain boundaries
evolved during CGP process. EBSD was done using Oxford
instruments ‘Nordlys’ detector attached to “Zeiss EVO50’
scanning electron microscope and the data were analyzed
using HKL channel 5 Tango software. EBSD scan length was
chosen as 3000 um along width (transverse direction) and
200 pm along height (longitudinal direction) with a step size of

Element Cu Zn Fe C

Si Pb Ag Al S

Weight % 95.2 4.64 0.0475 0.0261 0.0295

0.0220 0.0163 0.0034 0.0028 0.0028
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Fig. 1 Sequence of steps used in one pass for the CGP process (adapted from Ref 34)

1 um. Along with microstructural characterization, mechanical
properties were also tested. In order to measure change in
hardness with increasing number of pass, microhardness tests
were conducted on CGP processed samples using 50 g weight
and 10 s dwell time. For each sample, at least 15 readings were
taken on the mid-plane of the sheets. A systematic hardness test
was also conducted for 1-pass sample, to study the variation in
properties at smaller length scale, the details of which are given
in later section. Along with hardness tests, tensile tests of CGP
processed samples were also performed to evaluate the strength
and ductility of the processed samples. Dog bone samples with
a gauge length of 25 mm and gauge width of 6 mm (ASTM
E8 M standard) were tested on a 50 kN universal testing
machine (UTM) at strain rate of 6.7 x 10~%/s.

4. Results

4.1 Microstructure

The OIM micrographs of annealed (called as ‘0 pass’ in this
manuscript) as well as CGP processed samples from 1 pass to 3
pass are shown in Fig. 2. From Fig. 2(a), it is clear that O pass
sample has approximately equiaxed grains, but Fig. 2(b)-(d)
show evidence of reduced grain size in CGP processed samples
w.r.t. 0 pass. OIM images indicate that there are clusters of
refined grains as well as relatively larger grains, giving it a non-
homogenous character. This non-uniformity can be expected to
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manifest in the properties as well. This will be discussed in
more detail in the later section.

Grain size distribution from 0 pass to 3 pass CGP processed
samples were also examined and is illustrated in Fig. 3. It is
clear from Fig. 3 that fraction of small-sized grains increases
with increasing CGP pass. Fraction of small-sized grains (grain
size < 10 pm) for 3 pass (largest strain) sample is approxi-
mately double than that of 0 pass (zero strain) sample.

For all the CGP processed samples, misorientation plots are
shown in Fig. 4. Undeformed samples have higher fraction of
high-angle grain boundaries (HAGB), as shown in Fig. 4(a).
But in CGP processed samples, the grain boundary angle
misorientation is largely in the range of 2°-5° as shown in
Fig. 4(b)-(d). An important observation from Fig. 4 is that 1
pass, 2 pass, and 3 pass samples have larger fractions of low-
angle grain boundaries (LAGBs), whereas the 0 pass sample
has very small fraction of LAGBs. This is due to imposition of
strains in CGP deformed samples. Deformation causes dislo-
cations to rearrange themselves resulting in higher fraction of
LAGB:s.

4.2 Mechanical Properties

4.2.1 Hardness. Average hardness (VHN) along with
standard deviation was calculated and is plotted with the
number of CGP passes, shown in Fig. 5(a). The hardness
values (VHN) continuously increased with number of passes. 0
pass sample has an average hardness of 60 VHN, which
increases up to 120 VHN for 1 pass, 125 VHN for 2 pass, and
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Fig. 2 EBSD Euler map of CGP sample for (a) 0 pass (b) 1 pass (c) 2 pass and (d) 3 pass showing even the smallest grains which are not vis-
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Fig. 3 Grain size distribution of CGP sample for (a) 0 pass (b) 1 pass (c) 2 pass and (d) 3 pass

130 VHN for 3 pass CGP processed sample. We obtained a
significant increase in microhardness value from 0 pass to 1
pass, but the change in hardness from 1 pass onwards was not
very substantial.

4.2.2 Tensile Behavior. Tensile properties of the CGP
processed Cu-Zn alloy at room temperature were obtained and
has been plotted in Fig. 5(b). We again observe a rapid change
in mechanical behavior (in this case, increase in the yield
strength (YS)) of sample from 0 pass to 1 pass. However, this
trend is slightly reversed in further passes. Increase in the YS of
specimens under CGP can be explained by work hardening at
initial stages. High plastic deformation can occur in samples
during CGP process which results in work hardening and grain
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refinement. Since grain size decreases in CGP processed
samples, it leads to an increase in strength of the materials
according to the Hall-Petch relationship (Ref 35). In further
passes, we have observed a slight decrease in YS. This can be
attributed to two reasons. One is, saturation of dislocations at
higher values of accumulated strain in the bulk material. At this
stage, grains contain a large number of dislocations and it is not
possible to produce new dislocation in these grains, however,
additional strain may lead to some amount of recovery. Hence,
the loss of strength in subsequent passes may be due to
softening associated with recovery where dislocations rearrange
in low-energy structures (Ref 36). The second cause is,
microcracks that initiate on the surface of specimens which
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result in easier deformation of the material at relatively lower
stresses. This can be expected especially at higher passes due to
the friction and stress concentration on the corner of grooves.
The trend observed for YS is similar to that obtained by other
researchers (Ref 11, 37-39). As reported in Fig. 5(b), uniform
elongation decreases with increasing number of passes. Uni-
form elongation of 0 pass samples decreases from 47 to 4%
after 3 pass. Decrease in elongation in CGP processed samples
can also be explained in terms of work hardening (Ref 40).

5. Analysis

The above results show that after even one pass, strength
increased substantially, however, the grain refinement that
accompanied it was not as high as expected from literature (Ref

2608—Volume 25(7) July 2016

13, 41-43). There are only two ways to explain this anomaly.
One that even this small grain refinement (~46 to ~24 um) is
sufficient to improve the strength by a large magnitude (45 to
340 MPa) that we observe. However, we know from literature
that grain sizes of the order of ~24 um cannot lead to such a
drastic change in strength, and hence this possibility can be
ruled out (Ref 13, 42-44). The only other possibility is that the
microstructure consists of both large grains and small grains
where the small grains are actually contributing to the increase
in strength and drop in ductility. OIM micrographs shown in
Fig. 2 reinforces this understanding that clusters of small grains
exist in otherwise moderately refined microstructure. As
pointed out earlier, if such non-uniformity exists in microstruc-
ture, it must have origin in the CGP process and should
manifest in non-uniformity or anisotropy in properties, as well.

In order to test the above hypothesis, mechanical properties
at smaller length scale were measured to explore the presence

Journal of Materials Engineering and Performance
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rors w.r.t. distance along longitudinal direction for 1 pass CGP sample on a single strip

Table 2 Variation of inhomogeneity factor (IF) with number of CGP passes

Longitudinal direction

Transverse direction

Number of pass IF Number of pass IF
0 pass 3.07 0 pass 3.07
1 pass 3.50 1 pass 5.47

of any inhomogeneity. Hardness test of 1 pass CGP processed
sample was done using micro-indentation technique on four
adjacent strips having a width of 6 mm (shown in Fig. 6) along
longitudinal direction (direction of grooves) and transverse
direction (perpendicular to grooves) of the CGP processed
samples. The schematic of the position of indentation is shown
in Fig. 6(a) where the distance between two adjacent indent
points is 250 um horizontally and vertically. The average of 6
indents was taken along direction of CGP (longitudinally) on
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strip (width 6 mm) of a 1 pass CGP processed sample. Twenty
such measurements (where each one is average of 6 readings
along longitudinal direction of CGP direction) were taken in
transverse direction. Now, the average hardness values are
plotted against distance (pum) along transverse and longitudinal
directions of the CGP which is shown in Fig. 6(b) and (c). We
observe a “sinusoidal” variation in hardness along transverse
direction, while the variation along longitudinal direction does
not show such behavior. This result is the direct evidence of the
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presence of some amount of non-uniformity in the underlying
microstructure in CGP process.

5.1 Inhomogeneity Factor

In order to quantify the anisotropy observed in microhard-
ness values in transverse and longitudinal direction, we also
calculated inhomogeneity factor (IF) for 0 pass and 1 pass
sample conditions (Ref 45, 46). It is given by Ref 27, 45, 46:

VEGH -1/ - 1)

H

IF =

x 100,

where n is the number of hardness measurements on each
sample, H; is the hardness of ith measurement, and H is the
mean hardness.

Generally, lower IF indicates higher homogeneity. IF is a
meaningful parameter because it eliminates the effect of the
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increase of average value of sample data on the homogeneity
and makes the evaluation much more reliable. This inhomo-
geneity in hardness values was studied along longitudinal as
well as transverse direction of the CGP processed samples.
Variation of inhomogeneity factor for 0 pass and 1 pass CGP
processed sample is shown in Table 2 along longitudinal and
transverse direction.

We clearly see that IF is approximately uniform along
longitudinal direction implying that there is insignificant
variation in microstructure along this direction. However, along
transverse direction, there is significant variation in IF where
the value of IF increases almost twofold, when we move from 0
pass to 1 pass. This large increase in IF confirms the presence
of inhomogeneity in properties and microstructure along the
transverse direction. As discussed earlier, this local inhomo-
geneity in microstructure must have origin in the fact that the
region joining two grooved strips undergoes much larger

Journal of Materials Engineering and Performance
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strains. The higher strains must lead to larger grain refinement
in a narrow region around the intersection which leads to high
hardness values in this narrow region.

The above hardness measurements and the IF factors have
just showed inhomogeneity at smaller length scale, however, it
is imperative to study whether this inhomogeneity or anisotropy
exists at larger length scale. Hence, uniaxial tensile tests were
also conducted for 1 pass CGP processed samples along
longitudinal as well as transverse direction. The stress-strain
plot for CGP processed samples is shown in Fig. 7(a) and (b).

We observe from the plot that yield strength has increased
by several folds in both longitudinal and transverse direction,
however, the increase in yield strength in the longitudinal
direction is substantially more than that in transverse direction.
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Ductility in the two directions also shows anisotropy, with it
being much larger in longitudinal direction than in transverse
direction. Although the overall grain size distribution is same
for both the direction, a large difference is observed in the
macroscopic properties. This large anisotropy can only be
explained in terms of the microstructural inhomogeneity at the
length scale of the grooves. As explained earlier, the region
near the intersection of two grooves is exposed to larger strain
and hence larger grain refinement took place and also the
dislocation density is saturated in these regions. The tensile
samples along the transverse direction would have alternating
layers of highly refined grains and moderately refined grains.
The highly refined grain, because of saturation of dislocations,
can be expected to have very little or no work hardening and
one of these ‘weak zones’ would fail quickly when put under
tensile load. While the tensile sample in the longitudinal
direction would also have refined grain regions, these regions
would not be perpendicular to the direction of applied load and
hence they will not act as “weak zones.” These results indicate
that microstructural inhomogeneity exists which leads to
anisotropy in properties. In order to further test the hypothesis
about the existence of non-uniform microstructure, we carried
out EBSD-based OIM.

5.2 Electron Back Scattered Diffraction (EBSD) analysis

Grain orientation map for 0 pass and 1 pass CGP processed
sample is shown in Fig. 8. In order to analyze the variation of
microstructure across the grooves, grain orientation map was
obtained for 1 full wavelength of the groove, which is 3 mm
along the transverse direction. A small part of this whole region
of 3 mm where large variation in microstructure was observed
is presented in Fig. 8(b). On comparing the microstructure of 0
pass and 1 pass sample, large strain in the latter is obvious with
the presence of many finer grains along with some un-indexed
points, a clear sign of large deformation. One can also clearly
see that the microstructure in the O pass sample is very
homogenous throughout with large equiaxed grains. On the
other hand, microstructure of 1 pass sample shows a drastic
change from one region to another. It appears that some regions
are more deformed with the presence of finer grains than other
region.

In order to analyze the results in greater detail, we divided
the 3 mm EBSD micrograph region into six divisions and
calculated the grain size in each division independently.
Variation of grain size along transverse direction for 0 pass
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Fig. 11 SEM image of fractured surface for tensile sample along (a) transverse direction (showing brittle fracture due to several microcracks
oriented perpendicular to applied stress) (b) longitudinal direction (showing ductile-like fracture along with few microcracks along applied stress)

and 1 pass is reported in Fig. 9(a). For reference, grain size for
0 pass sample (calculated from EBSD micrograph) is also
shown in dotted lines (~38 um) in Fig. 9(a). It is clear that
grain refinement has taken place for CGP processed sample and
that the actual grain refinement is much higher. The more
important aspect is that the grain refinement is not uniform and
it actually shows some inhomogeneity along transverse direc-
tion. Average value of the grain size for 1 pass CGP processed
sample was ~10.17 pm, however, one of the divisions showed
average grain size of ~8.09 pm which is slightly smaller than
the average grain size value. Moreover, the transition from
small-sized grains to large-sized grains was fairly smooth, as
we would expect for microstructure with continuously varying
local strain. This is a very important result because it shows
unambiguously that microstructural inhomogeneity exists in
CGP processed sample. This microstructural inhomogeneity
manifests at microscopic level in the form of local variation in
microhardness values, as well as at macroscopic level, in the
form of anisotropy in tensile data.

CGP is a mechanical processing technique and is also
expected to transform the grain boundary character distribution.
Now from EBSD data, fraction of CSL boundaries
(1 <X £ 29) was also calculated and plotted w.r.t. number
of CGP passes. Figure 9(b) shows the variation in fraction of
CSL boundary and X1 boundary w.r.t. number of passes which
show inverse behavior. This kind of result was also observed by
Aviral et al. (Ref 47). However, drastic change is observed only
between 0 pass and 1 pass CGP processed sample. Figure 9(a)
shows the same boundary fraction variation w.r.t. distance
along transverse direction for 1 pass. As expected, the fraction
of X1 boundaries increases because of increase in dislocation
density which rearrange to form cell walls. Simultaneously, the
CSL boundaries (1 < £ < 29), which was very high for 0 pass
samples, decrease to very small values even after 1 pass.
However, even these boundaries show a transition across this
3 mm region, which is perhaps due to gradient in equivalent
strain in the CGP processed samples along the transverse
direction. This reinforces our understanding that strain inho-
mogeneity exists in these samples, which translates to
microstructural inhomogeneity and anisotropy in mechanical
properties.
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5.3 Source of Strain Inhomogeneity

The results, thus far have unequivocally established that
microstructural inhomogeneity exists along the transverse
direction which gives rise to microstructural inhomogeneity
and anisotropy in property. In this section, we present a model
which explains the origin of inhomogeneity in strain for CGP
processed samples.

In CGP, we ideally assume that for each half-pass (containing
grooving and flattening steps), only half the region is exposed to
shear strain as described in Fig. 1. This region is demarcated by a
sharp bend where the metal bends and the shearing is expected to
be limited up to this line of bend. However, in reality, the bend
cannot be sharp and a radius of curvature is bound to develop at
this corner. According to theory of bending of metals, value of
strain continuously increases with decreasing radius of curvature
(Ref 48, 49). So, depending on the radius of curvature that
develops at the bend, a tensile and compressive strains would
develop on either side of the metal sheet, as described in
Fig. 10(a). During CGP process, the upper surface of sample
(above the neutral axis) experiences tensile stress (shown by solid
red line in Fig. 10a) and lower surface experiences compressive
stress (shown by green line). After reversing the direction of
sample by 180° after one set of grooving and flattening,
compressive and tensile surface become interchanged. Thus, in
the full cycle of CGP, the zone where two strips meet, experiences
shear strain as well as bending strain, while the regions away from
this intersection experience only the shear strain.

It is clear from Fig. 10(a) that CGP will lead to regions of
high strains which are localized near the bends while in-
between there are regions of moderate strain. The width of the
high-strain region would depend on the radius of curvature of
the bends. This model can easily explain the sinusoidal
variation in microhardness that was observed in Fig. 6. The
higher hardness corresponds to the regions which were exposed
to both shear strain as well as bending strains while the regions
farther away from the bends had lower hardness.

Similarly, the anisotropy in tensile test observed in Fig. 7
can also be understood using Fig. 10(b). The regions where the
strains are high due to the presence of bending strain
overlapping shear strain (shown by red ellipse in Fig. 10b),
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formation of microcracks can be expected. Samples that were
prepared along transverse direction would be expected to have
microcracks perpendicular to the stress direction while those
prepared along longitudinal direction would be expected to
have microcracks along the stress direction. The presence of
such microcracks in perpendicular direction can cause the
samples to fail in a brittle manner resulting in lower yield
strength and lower ductility as observed for samples prepared
along transverse direction. Fractography was conducted to
examine the presence of microcracks and the results are shown
in Fig. 11. As pointed out in Fig. 11(a) which shows the
fractograph for transverse sample, it has a large number of
microcracks and that, too, in direction perpendicular to the
direction of applied stress. On the other hand, the fractograph
for longitudinal sample does not show such features. It does
show some microcracks, but they are not present throughout the
cross section and seem to be along the direction of applied
stress.

6. Conclusions

After completing the constrained groove pressing process
(sever plastic deformation technique) of Cu-Zn alloy sheet of
1.5 mm thickness for O pass, 1 pass, 2 pass, and 3 pass, by
introducing theoretical equivalent plastic strain of 0, 1.16, 2.32,
and 3.48, respectively, following pertinent conclusions can be
drawn:

(a) Drastic increase in strength with simultaneous drop in
ductility was observed in just 1 pass of CGP. The
changes in strength and ductility beyond first pass were
not substantial.

(b) Local inhomogeneity was observed in microhardness of
1 pass samples at the length scale of the groove of the
die. The microhardness was found to have sinusoidal
variation across the width of the groove. This local
inhomogeneity was also found to manifest in properties
at larger length scale as the tensile test showed great an-
isotropy in longitudinal and transverse direction.

(¢) Grain size, as well as CSL boundaries, was found to be
continuously varying across the width of the groove.

(d) This non-uniformity in microstructure and mechanical
properties can be understood in terms of strain inhomo-
geneity generated due to additional bending strains near
the regions where two strips meet. Hence, the observed
inhomogeneity in strain is inherent in the system. This
strain inhomogeneity, in turn, is responsible for non-uni-
formity in microstructure and the existence of inhomo-
geneity of mechanical properties at micro- and macro-
level.
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