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In this study, the effect of equal-channel angular pressing process on the
mechanical properties of a dual-phase 6040 brass alloy was investigated. The
24 March 2017 samples were processed up to six passes through the route C at 350 °C. Optical

microscopy and tensile tests were employed for the investigation of
© Springer Science+Business ~ microstructure and mechanical properties. Increasing the number of passes
Media New York 2017 caused the increase in both strength and elongation. It was observed that by the
sixth pass, the elongation at the room temperature was increased up to 85% and
the tensile strength was obtained to be 1.5 times more than that of the annealed
sample. Micro-hardness test results also showed that the hardness was
increased to 100% for the specimen processed to the sixth pass. Since the process
temperature was less than T,,/2, due to the low stacking-fault energy of this
alloy, continuous recrystallization was expected to occur in the microstructure.
However, it was observed that recrystallized grains were formed near the grain
boundaries for the first pass. To determine the type of the recrystallization,
primary specimens were rolled up to 95% and then annealed at different tem-
peratures. The obtained samples microstructures confirmed that both static and
dynamic recrystallizations occurring in the primary passes were the reason for
the bimodal structure formation in these passes. To study the fracture surfaces,
scanning electron microscope was employed. The results showed the ductile
fracture in all the specimens. By increasing the passes, this type of fracture was

expanded.
Introduction Some of the most important severe plastic deforma-
tion processes are equal-channel angular pressing
Nowadays, three decades after the invention of sev- (ECAP), high-pressure torsion (HPT) and accumula-
ere plastic deformation processes, their effective role tive roll bonding (ARB). Among them, the ECAP
in the grain refinement has been well substantiated. =~ process has been found to be the most efficient by
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many industrial and academic researchers as it is the
only process producing high-strength rod-shaped
specimens. Through the ECAP process, the speci-
mens are passed through two crossed channels with
the same cross section; by following each pass, some
severe shear stress is applied to them [1-9]. Since the
cross section of inlet and outlet channels is equal,
dimensional divergences do not occur in the speci-
men; this considered as the main distinguishing fea-
ture of this process, as compared with other
deformation processes. This phenomenon causes the
stored energy and dislocation density to increase
dramatically, leading to grain refinement [10, 11].
Compared to the other strengthening methods such
as solid solution, precipitation hardening and second
phase, which reduce elongation, such a process
simultaneously causes both strength and elongation
[12]. The effect of this process on the mechanical
properties of the dual-phase brass alloy has not been
investigated much due to its low stacking-fault
energy. The low stacking-fault energy eliminates the
possibility of the process at room temperature. As a
result, to apply more strain to reach fine grain sizes,
the process may be conducted at elevated tempera-
tures. It is obvious that elevating the sample tem-
perature can cause the grain growth, which is the
main weakness of the process in such alloys. Dut-
kiewicz et al. [13] studied the effect of the process on
the dual-phase brass containing 1.5% lead in limited
passes and different routes. Nishi et al. [14] reported
the superplastic behavior of this alloy after the single
pass. Also, in a similar study, they reported the effect
of the process on the super plasticity of the dual-
phase brass containing tin [15]. Kim et al. [16]
investigated alterations in the mechanical properties
of the 60-40 brass alloy processed by ECAP con-
ducted at 250 °C in the route A. The weakness of their
study was dramatic reduction in elongation by
increasing the number of passes, which could be
attributed to the non-occurrence of recrystallization
in the process. In this study, the mechanical proper-
ties of specimens were studied after different passes
of the process using the die with 120° that 65% strain
applied in each pass [17]. Also, it was tried to explain
the behavior of the alloy at room temperature
through relating tensile test and micro-hardness test
results. In addition, since the recrystallized grains
observed in the primary passes of the process were
not anticipated, by using rolling-annealing treat-
ment, the types of recrystallization were investigated.
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Finally, fracture surfaces of the specimens were
studied to reveal the type of the fracture.

Experimental procedures

The as-cast 60-40 brass alloy was first homogenized
and then forged at 750 °C to eliminate the casting
defects. A typical chemical composition of the as-
received samples is shown in Table 1. Then, to
increase formability and reach an equiaxial grain
structure, the specimens were annealed at 400 °C for
2 h. The specimens were 20 mm in diameter and
50 mm in length. The ECAP process was conducted
in a die with 120° internal angle and 20° curvature
angle at 350 °C for six passes in the route C, such
that each specimen was turned 180° after each pass.
Also, the MoS, was sprayed to the die as the lubri-
cating material to reduce the friction. For
microstructural studies, specimens were cut in the
pressing direction. Metallographic specimens were
etched in a chloro ferric solution (5% iron chloride,
2ml hydro choloridric and 95% methanol).
Microstructural investigations were conducted
using an Olympus optical microscope. To determine
the static recrystallization temperature, primary
specimens were rolled. The rolling machine induced
1 mm reduction in each rolling pass. Thus, after 27
passes of rolling, the primary thickness was reduced
by 95%. To study alpha phase hardness, the micro-
hardness test was conducted with 50gr of load and
15 s of dowel time. The tensile test was conducted
through the ASTM standard [18] with specimens of
1.5 mm thickness in the press direction, as cut from
processed specimens. This test was conducted using
H50KS Hounsfield machine at the steady velocity of
0.5 mm/s and the room temperature. The results of
X-ray diffraction tests applied by a Philips X'pert
MPD machine were used to study phase transfor-
mation during the deformation process. Also, the
fracture surfaces of the tensile test specimens were
investigated using Philips XL30 scanning electron
microscope.

Table 1 Weight percent of brass alloy

Elements Cu Zn Pb Other elements

Weight percent 60.17 39.82 0.003 Remnant
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Experimental results
Microstructures

Figure 1 shows the microstructure of specimens after
different passes. As can be seen, recrystallized grains
were formed in the structure after the first pass of the
process. These fine grains in the third pass were
formed in a large portion of the structure, reaching a
saturation state in the last two passes. It is notewor-
thy that through the even passes, one could observe a
trend showing the change in the morphologies and
reduction in grain sizes and phase elongation.
Table 2 shows grain sizes for different numbers of
passes. For odd passes with bimodal structures, fine
and coarse separate grains were reported. For the
second pass, grain migration caused grain growth
and mean grain size was increased, as compared to
the primary grain size shown in Fig. 1. By increasing
the passes, fine grains were developed gradually and

Figure 1 Microstructure of
the specimens in the: a first,
b second, ¢ third, d forth,

e fifth and f sixth pass.
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a homogenized structure was formed (Fig. 1). About
this phenomenon, Jiang et al. [19] investigated the
evaluation of grains orientation and texture by
increasing the number of passes in copper. However,
it must be noted that pure copper due to its moderate
stacking-fault energy has a different deformation
behavior as compared to the brass alloy.

Mechanical properties

Since the size of the beta grain was reduced by
increasing the number of passes, it was impossible to
carry out the micro-hardness test on this phase. Fig-
ure 2 shows micro-hardness variations in the base
alpha phase against the number of passes in the route
C. As can be seen, by increasing the passes, hardness
was gradually increased. After the first pass, the
hardness was increased to 126 HV, and by following
the second pass, it reached 141HV. The graph slope
was reduced after two passes; finally, in the sixth
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Table 2 Mean grain size in
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different numbers of passes Number of passes 1 2 3 4 5 6
Fine grain size (um) 09+05 - 22+11 29+£1 05+£03 0.7+02
Coarse grain sizes 133 +£34 235+£2 21+£22 224+3 - -

160 -
150 -
140
130 -
120
110 -
100
90
80 4
70
60 T T T T T T T 1
Annealed 1 2 3 4 5 6

Number of Passes

Microhardness (HV)

Figure 2 Micro-hardness variations with increasing the number
of passes in route C.

Tensile Strength (MPa)

Annealed 1 2 3 4 5
Number of Passes

=)

Figure 3 Tensile strength variation with increasing the number of
passes in route C.

pass, it was 1.5 times more than that of the annealed
specimen. In the third pass, the slope of the hardness
graph was reduced due to the beginning of the
recrystallization in the structure (Fig. 1c). By the
beginning of recrystallization, the conditions tended
to promote the work hardening of new grains; thus,
micro-hardness was increased sharply. It was
observed that the slope of the graph in the last three
passes was close to zero. In other words, in the last
three passes, work hardening (creation and pinning
of the dislocations) and work softening (recovery and
recrystallization) were realized equally, reaching a
constant amount.

Figure 3 shows variation in tensile strength versus
the number of passes. As can be seen, tensile strength
increment showed a trend somewhat similar trend to

@ Springer

the micro-hardness increment in Fig. 2. By the initi-
ation of deformation in the first pass, tensile strength
was increased up to the forth pass and then reached
the steady state. Table 3 shows elongation variations
versus the number of passes. One could observe that
elongation had a different trend; it was reduced with
increasing the number of passes then increased up to
85% in the last pass.

Figure 4 shows fracture surfaces of different spec-
imens obtained from the tensile tests. As can be seen,
in all specimens, numerous dimples existed, indi-
cating the ductile fracture. In the first pass, dimples
were deeper, with significant cleavages indicating the
presence of the brittle beta phase. By increasing the
passes, the cleavages attributed to the beta phase
were reduced in size and the number of dimples was
increased. In fact, by increasing the passes, dimples
were reduced in size, becoming shallower. This could
be attributed to stress distribution of finer grains by
increasing passes or the elimination of stress from the
primary coarse grains. Furthermore, by increasing
the passes, dimple elongation and closure were seen,
showing the shear stress applied to them. Also, by
increasing the number of passes, a more uniform
distribution of dimple sizes was seen, indicating
equiaxed grains and a uniform deformation in these
passes.

Discussion
Variation in grains morphologies

The variation in morphologies in different grains
occurred, as shown in Fig. 1, by increasing the
number of passes. One could observe in the first,
third and fifth passes that the shear stress applied in
the deformation zone of the die caused grain
boundary elongation. On the other hand, in the sec-
ond, fourth and sixth passes, due to the 180° rotation
of the specimen, the stress was applied in a reverse
direction, causing grains to become equiaxed. Su
et al. [20] conducted this investigation on the mag-
nesium alloy, reporting such a behavior. Of course, it
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Table 3 Elongation variation with increasing the number of passes in route C

Number of passes Annealed 1 2 3 4 5 6
Elongation percent 110 £ 9.8 69 + 6.9 61 +4.9 772 £ 5.2 76.8 £5.3 66.7 + 4.7 849 + 5.5
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Figure 4 Fracture surface of specimens from the tensile test after the: a first pass, b second pass, ¢ third pass, d fourth pass, e fifth pass

and f sixth pass.

must be noted that the magnesium alloys have an
HCP crystalline structure enjoying a different defor-
mation behavior, as compared to the alloy investi-
gated in this study. Figure 5 schematically depicts
tensile and compressed grains in odd and even pas-
ses. The primary grains after the first pass were
elongated in the deformation zone of the die. In the
second pass of the deformation, specimens were 180°
rotated, and thus, slip traces coincided with the pre-
vious trace. Variation in stress direction caused

compressed and relatively coaxial grains. This cycle
was repeated in other odd and even passes.

As can be seen from Fig. 1, by increasing the
number of passes, beta phase width was gradually
decreased and transformed to small islands. The
width reduction could be attributed to the proximity
of the brittle and ductile phases of alpha. Figure 6
gives the schematic representation of the beta phase
necking. The ductile alpha phase was yielded and
deformed in different passes of the process. By
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Figure 5 Schematic of
elongation and compression of
grains in odd and even phases.

Figure 6 Transformation of
beta phase grains to small
islands by increasing number
of passes.

Parent Grains

increasing passes, alpha phase was work-hardened,
overcoming the strength of the beta phase. Conse-
quently, by applying higher-amplitude stresses, beta
was transformed to small islands. This mechanism
could also facilitate recrystallization in the beta phase
since these small islands are surrounded by work-
hardened alpha grains and more stresses are applied
on the beta phase walls.

Determination of recrystallization type
using the rolling process

Since the process temperature was lower than 0.5Ty,,
according to the literature, continuous dynamic
recrystallization was anticipated [21]. However, as
can be seen in Fig. 1, despite the expectation, dis-
continuous dynamic recrystallization was confirmed
to occur. Also, sizes of the recrystallized grains were
higher than those anticipated for dynamic recrystal-
lized grains. However, it was possible that due to the
low stacking-fault energy for this alloy and the

@ Springer
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Deformed Grains

capacity of the alloy to form annealing twins, energy
was accumulated in the material, thereby dramati-
cally reducing the dynamic recrystallization start
temperature. To resolve this ambiguity, the static and
dynamic recrystallization temperatures had to be
measured separately. For the static recrystallization
temperature measurement, the microstructure and
micro-hardness of the alloy were studied after cold
work and annealing heat treatment at different tem-
peratures. Cold rolling was conducted to the maxi-
mum thickness reduction, and the annealed
microstructure was studied.

Figure 7 shows the microstructures of the speci-
mens for 95% cold rolling and after annealing at
different temperatures for 10 min. As can be seen,
static recrystallization was started at 300-350 °C,
while grain growth was started from 450 to 500 °C
(Figs. 1, 7). It is worth mentioning that alpha phase
grain size at 300 °C was about 3 + 1 pm (close to the
grain size at the first pass in Table 2); by raising the
temperature, it was gradually increased. Figure 8
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Figure 7 Microstructure of the rolled specimens after 10 min of annealing at temperatures of: a 250 °C, b 300 °C, ¢ 350 °C, d 400 °C,

e 450 °C and f 500 °C.

shows hardness variation versus annealing temper-
ature, thereby supporting the results shown in Fig. 7.
As can be seen, by increasing the temperature from
300 °C, hardness was reduced, representing the static
recrystallization initiation. On the other hand,
according to the literature, in the compression test
employed for this alloy, dynamic recrystallization
starts at 400-650 °C at different strain rates and 30%
strain [22, 23]. Since the strain is highly concentrated
in the ECAP process, as compared to the compression
test, it was anticipated that the dynamic recrystal-
lization would start at temperatures below 400 °C.
Figure 9 shows some dynamically refined grains in
the first pass that were formed in the grain, as well as
phase boundaries. The size of these grains was less
than 1 pm. In static recrystallization, since grain
boundaries have more time to migrate, the grains are

normally formed in the larger sizes. On the other
hand, as mentioned earlier, grain size for the first
pass specimens was close to that of the roll-annealed
specimens (3 = 1 pm). Thus, in the first passes, the
static recrystallization had a more critical role than
the dynamic recrystallization. Therefore, the occur-
rence of both static and dynamic recrystallizations in
the ECAP process conducted at 350 °C was much
likely to happen.

Elongation variation

It was observed that in contrast to what was antici-
pated, the elongation did not increase continuously.
Normally, in the alloys formed by different defor-
mation processes, dislocation densities and grain
boundaries are increased. The dislocations are

@ Springer
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accommodated behind these obstacles and pinned.
Thus, the strength is increased and the elongation is
reduced. However, as shown in Table 3, contrary
results were obtained. To explain this, it should be
noted that variation in stain traces in different passes,
formation of bimodal structures in some passes and
development of coaxial recrystallized grains could
affect the tensile properties of the alloy competitively.
Each of these items could control the tensile behavior
of the material in different conditions.

From Table 3, it could be seen that in the first pass,
the strength was increased and the elongation was
reduced, as compared to the annealed specimen. In
the second pass, the strength was increased and the
elongation was reduced. In the third pass, despite an
increase in the strength, the elongation was not
increased, as compared to the second pass.

As shown in Fig. 1, the recrystallization began
from the first pass, causing the bimodal structure.
Recrystallized fine grains were created in the first
pass and grown in the second pass (23 um). Then, the
bimodal structure with more recrystallized grains
was formed in the third pass. A mixture of fine and
coarse grains caused both elongation and strength to
improve. In these circumstances, fine grains pre-
vented the dislocation movement and increased the
strength. On the other hand, coarse grains made
space for dislocations slip with no grain boundary
obstacles, thereby increasing the elongation. There-
fore, in passes in which a bimodal structure was
formed, both elongation and strength were improved
simultaneously. In addition, due to the dynamic
recovery that was approximately done on the second
pass, dislocations could move easily in the third pass.
This could be another reason for not reducing elon-
gation in this pass. According to Fig. 2, in the fourth
pass, the micro-hardness value was increased with a
sharper slope, as compared to other passes. However,
tensile strength was increased, as compared to the
previous pass, while the elongation did not change
significantly. In this pass, the specimen enjoyed a
more homogenized structure including more fine
grains (Fig. 1 and Table 2), thereby increasing the
strength (Fig. 3). Also, a larger number of recrystal-
lized grains were formed in the structure (Fig. 1). All
these showed that most of the recrystallization was
conducted due to the accumulated energy in the
previous passes after exiting the specimen in the
third pass during heating for the fourth pass (before
deformation). In such conditions, a larger number of
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Figure 10 XRD patterns for different passes of ECAP at 350 °C.

recrystallized fine grains could enhance the elonga-
tion. Since dislocations could cause a great amount of
strain in new grains free of stress, the induced work
hardening could also increase the strength in the
majority of the grains. In the fifth and sixth passes,
the equilibrium structure was formed in the speci-
men and the formerly recrystallized grains were
transformed to the finer ones (0.5-0.7 pm).

Table 3 shows that elongation increment in the
sixth pass was about (85%), which could be attributed
to phase transformation due to strain. In this condi-
tion, the beta phase was transformed to the ductile
alpha phase; therefore, alloy deformation could be
conducted more easily at lower stresses. To investi-
gate this phase transformation, the specimens were
studied using the X-ray diffraction. Figure 10 shows
the XRD results. It could be seen that all peaks were
nearly the same and coincided each other, showing
that no phase transformation had occurred; thus, this
could not be a suitable reason for the increased
ductility. It is believed that in such conditions, due to
sample rotation and recovery, as well as propagation
of fine beta phase recrystallized grains (Fig. 1), the
elongation could be increased in the last two passes.
In other words, up to the fourth pass, the alpha phase
was controlling the deformation behavior, while in
the last two passes, the propagation of recrystallized
grins in the beta phase also helped the ductility of the
material.

Conclusions

* Microstructural studies of the specimens in dif-
ferent passes showed that the grains were

@ Springer
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elongated in odd passes and equiaxed in the even
ones. The reason for this phenomenon was coin-
cidence of slip systems on each other, which
occurred by the 180 = rotation of specimen.

e By the third pass, the grains were ultra-fined and
propagated all over the structure by increasing the
number of passes. In the fifth pass, the structure
reached a uniform and saturated state, and the
size of these recrystallized grains was reduced to
500 nm.

e By increasing passes, the beta phase was frag-
mented into smaller islands. The reason was the
flow of the neighboring o phase and application of
the stress controlling its resistance.

e Optical microscope images showed that the
occurrence of the discontinuous static recrystal-
lization was possible in the processed specimens.
Also, ultra-fine grains were formed in the bound-
aries and sizes of some of them reached less than
1 um, indicating dynamic recrystallization.

e Micro-hardness test results showed that in the last
two passes of deformation, alloys reached a
relatively stable state. In contrast to the primary
passes, work softening restrained work hardening
induced by the increasing number of passes. Also,
optical micrographs of the structure showed the
saturation of the fine recrystallized grains.

o Tensile strength variation in the specimens had a
trend similar to that of micro-hardness. The
studies indicated that in the last pass; elongation
was increased, reaching about 85%. XRD patterns
also proved that phase transformation was not the
cause of elongation in the final pass. So more work
softening in the beta phase improved the
elongation.

e The study of the fracture surface of the specimens
using electron microscope showed that after the
first pass, the ductile fracture occurred in the
specimens. Also, by increasing the number of
passes, the number of dimples was increased and
their size was reduced. This indicated propaga-
tion of fine grains in the microstructure by
increasing the number of passes.
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