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In the present work, cast Al-5Zn-2Mg alloy was processed through equal-channel angular pressing (ECAP)
in route BC up to four number of passes. Microstructure and mechanical properties were investigated on
processed and unprocessed materials. In cast condition, the material was composed of dendritic structure.
After homogenization treatment, large-sized grains were observed. After ECAP processing, significant
grain refinement was observed. After ECAP processing, high-density dislocations and high degree of
misorientation between the grains were observed. In cast material, rod-shaped precipitates were observed,
while, after ECAP processing, spherical-shaped precipitates were observed. ECAP processing leads to a
noticeable improvement in the mechanical properties of the material. After four passes, 122% improvement
in the microhardness and 135% improvement in the ultimate tensile strength of the material were observed.
After three passes, a slight decrease in the mechanical properties was observed. This is attributed to the
dissolution of the metastable g¢ phase, annihilation of dislocations, dynamic recrystallization and texturing
during ECAP processing. Brittle fracture mode was observed in tensile testing cast and homogenized
samples. After ECAP processing, fracture mode was changed into shear fracture mode.

Keywords Al-Zn-Mg alloy, ECAP, grain refinement, mechanical
properties, x-ray diffraction analysis

1. Introduction

Severe plastic deformation (SPD) techniques are the
favoured techniques to develop ultra-fine-grained (UFG) mate-
rials (Ref 1). Among all SPD techniques, ECAP is a pioneer
and efficient technique for the development of UFG materials
(Ref 2). The procedure for ECAP processing was developed in
1981 by Segal and co-workers (Ref 3). Presently, numerous
researchers have explored this technique on different metals
and alloys. ECAP-processed materials exhibit high dislocation
densities which lead to much higher hardness and strength than
the materials processed by other conventional techniques (Ref
2). In ECAP processing, the deformation takes place by pure
shear. The principle of ECAP is that a sample of uniform cross
section (may be of circular or square cross section) is pushed
through a set of channels having identical cross section,
connecting at an angle (U). Large amount of shear strain is
introduced in the material as it passes the plane of intersection
between two channels, which in turn causes significant
reduction in the grain size. The cross section of the material
will be unaffected after processing, so the material could be
processed repetitively, to accomplish large strain (Ref 4). Also,
ECAP processing results in high degree of grain refinement
along with the formation of high-angle grain boundaries. It is
possible to develop required textures during ECAP by mod-

ifying the shear plane and direction of processing during a
multiple pressing sequence. The ECAP processing can be
easily scaled up for processing large-sized samples. ECAP
processing is characterized by various parameters which
describe the nature of the process. Major parameters in the
ECAP processing are channel intersecting angle, processing
routes, processing temperature and pressing speed. These
parameters play a vital role in determining the nature of the
grain structure developed through ECAP (Ref 2).

The Al-Zn-Mg alloys are identified as the hardest and
strongest alloys among the aluminum alloy families (Ref 5).
The Al-Zn-Mg alloys have an extensive application in the
development of lightweight structures such as road tankers,
transportable bridge girders, military vehicles and railway
wagons. The Al-Zn-Mg alloys are also increasingly being used
to manufacture hulls of ships (Ref 6). Numerous researches
were stated to examine the importance of ECAP processing on
7000 series aluminum alloys. But, very few researches were
reported to examine the importance of SPD and other metal
forming process on the cast alloys composed of only aluminum,
zinc and magnesium. Gopala Krishna et al. (Ref 7) reported the
tensile characteristics of UFG Al-4Zn-2Mg alloy developed by
cryorolling and reported that concurrent enhancement in
strength and ductility is due to the combination of cryorolling
and heat treatment. Mazilkin et al. (Ref 8) studied the structure
and composition of the cast Al-5Zn-2Mg and Al-10Zn-4Mg
alloy subjected to high-pressure torsion (HPT). Kogtenkova
et al. (Ref 9) studied the phase transformations during HPT of
cast Al-5Zn-2Mg and Al-10Zn-4Mg alloys. Mazilkin et al. (Ref
10) studied the hardness of nanostructured cast Al-5Zn-2Mg
and Al-10Zn-4Mg alloys subjected to HPT. Gopala Krishna
et al. (Ref 11) studied the microstructural development and
aging behavior of Al-4Zn-2Mg alloy subjected to cryorolling.
Yang et al. (Ref 12) reported the fatigue properties and features
of fatigue-fractured Al-5Zn-2Mg alloy which was subjected to
rolling process.
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Generally, in wrought 7000 series aluminum alloys, along
with zinc and magnesium, other elements (Cu and Zr) are
present, which leads to the development of different sets of
precipitates (like Al2Cu, Al3Zr). It is difficult to identify the
effect of each precipitate on the strength of the alloy. But in the
present study an alloy composed of only aluminum, zinc and
magnesium was selected. In this combination, only MgZn2
precipitate formation takes place, which is a hexagonal close-
packed (HCP) structure and helps in increasing the strength of
the alloy. From this alloy combination, strengthening contri-
bution from other precipitates is eliminated which are present in
wrought 7000 series aluminum alloys. The present study was
inspired by the realization that in previous studies no efforts
were made to study a cast alloy composed of only aluminum,
zinc and magnesium and processed through ECAP technique.
The present study is aimed to process cast Al-5Zn-2Mg alloy
through ECAP technique and to investigate its effect on
microstructure and mechanical properties. This alloy is
presently used in the fabrication of lightweight structures of
aerospace and automobile equipments (Ref 7). After ECAP
processing, improvement in the strength and ductility of the
material was observed, which is a required property of
engineering materials. Mainly, this type of observations was
rarely identified in the ECAP-processed samples. Also, the
morphology of the precipitates present in the cast material is
deeply discussed using TEM analysis and the effect of ECAP
processing on the change in morphology and fragmentation of
the precipitates is deeply discussed using TEM analysis.

2. Materials and Methods

2.1 Material Preparation

The alloy studied in the present work was prepared by
gravity casting method. Melting was carried out in an electric
resistance furnace with automatic temperature controller. At
first, silicon carbide crucible was placed inside the furnace, and
then, the furnace was heated to 50 �C above the melting
temperature of the alloy. Once the required temperature was
achieved, commercial pure aluminum (99.7%) pieces of
required quantity were charged into the crucible. Once the
aluminum charge was melted, pure zinc (99.9%) granules and
pure magnesium (99.9%) granules packed in the aluminum
foils were added to the melt and stirred using a graphite rod.
Later, the melt was degassed with hexachloroethylene tablets.
To avoid the surface oxidation effect, covering flux was applied
on the melt and the dross present on the surface was removed.
Later, the melt was poured into a steel die which is preheated to
400 �C. In order to achieve homogenous composition, the
solidified alloy was remelted again. Firstly, the alloy was cast
into circular bars of Ø 25 and 100 mm long. The composition
of the material was verified through optical emission spec-
troscopy (OES) technique. Table 1 presents the composition of
the material verified through OES technique. After casting,

homogenization of the cast alloy was carried out at 480 �C for
20 h. For ECAP processing, homogenized materials were
machined to Ø 16 and 85 mm long.

2.2 ECAP Processing

Figure 1 shows the three-dimensional exploded view of the
ECAP die assembly used in the present work. The ECAP die
was machined from H11 tool steel followed by heat treatment
to attain 50 HRc hardness. The ECAP die was fabricated in
split-type design (two-piece die), and align pins were provided
for proper alignment. The ECAP die was machined with two
channels of 16 mm diameter intersecting at an angle (U) of
120� and outer arc curvature (W) of 30�. The magnitude of the
strain imposed on the sample with these angular values in each
pass is evaluated by analytical approach, and the strain value
evaluated is based on the assumption that no friction effect is
present between the die and the sample. The assumption
becomes more realistic under the condition of application of
proper lubrication. Iwahashi et al. (Ref 13) have given the
expression for the equivalent strain (eN) considering N number
of passes as

eN ¼ N
ffiffiffi
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The strain imposed on the sample with these angular values
in each pass is 0.667. The �W� angle has relatively less effect on
the strain imposed on the sample when the angle �U� is more
than 90�. To impose high strain, it is desirable to construct a die
with very low values of �U� and �w.� In the present work, route
BC was adopted. It results in uniform distribution of the strain
in the material compared with other routes. Also, route BC

provides optimum processing condition for attaining a homo-
geneous microstructure of equiaxed grains separated by high-
angle grain boundaries and hence isotropic mechanical prop-
erties are expected. Also, processing through route BC gives
shearing over larger angular ranges in comparison with other
processing routes (Ref 14). Samples were attempted to process
at lowest possible temperature in route BC up to four number of
passes. ECAP processing was carried out in a universal testing
machine at a speed approximately equal to 0.5 mm per second.
Molybdenum disulfide (MoS2) paste was used as lubricant to
reduce friction effect between the die and specimen. Before
processing, the ECAP die is heated to required temperature
using heating coils. Once the required temperature was attained,
the sample was placed inside the die and retained for 15 min so
the temperature evenness was attained between the die and
sample. During processing, die setup was maintained at the
required processing temperature.

2.3 Material Characterization

Following ECAP, microstructural analysis was carried out
on both unprocessed and processed materials. Microstructural
study was conducted by using ZEISS AX10 LAB A1 optical
microscopy (OM) and JEOL JSM 6380LA scanning electron

Table 1 Chemical composition (in wt.%) of the alloy, verified through OES

Element Al Zn Mg Fe Si Mn Cu Zr Ni Ti Pb Cr

wt.% 92.4 5.09 2.07 0.21 0.13 0.072 0.019 0.003 0.001 0.002 0.001 0.002
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microscopy (SEM). For microstructure analysis, unprocessed
and processed specimens were sectioned perpendicular to the
processing direction. Specimens were prepared by metallo-
graphic techniques and etched with Keller�s etchant. Grain size
measurements before and after ECAP processing were taken by
linear interception method using ImageJ software.

To identify the grains and morphology of the precipitates
present in the samples, JEOL JEM-2100 transmission electron
microscopy (TEM) operating at 200 kV was used. Both
unprocessed and processed samples were thinned down to
80 lm thickness, and the disks of Ø 3 mm were pierced from
the thinned samples. The punched disk is further thinned down
to 40 lm thickness by disk polishing. The samples were then
dimpled to 20 lm thickness using dimple grinder. Ion milling
of the dimpled sample was carried out at 4� beam angle with
beam energy of 4 keV till perforation was attained. The ion-
milled samples were studied under TEM and selected area
electron diffraction (SAED) patterns were collected. TEM
equipped with energy-dispersive spectroscopy (EDS) facility
was used to analyze the chemical composition. JEOL x-ray
diffractometer (XRD) was used to study the phases developing
in the material. The XRD analysis was conducted with a speed
of 1� per min using Cu-Ka radiation at 20 mA current and
30 kV tube voltage.

2.4 Material Testing

Hardness was measured by using Shimadzu Vickers hard-
ness tester (model: HMV-G20 ST). The Vickers microhardness,
Hv, was determined by imposing a load of 50 g for 15 s.
Hardness was measured perpendicular to ingot axis in cast and
homogenized samples, and in ECAP-processed samples, hard-
ness was measured perpendicular to the processing direction.
To achieve optimal results in the hardness measurement, center
portion of the material was selected in both unprocessed and
processed materials. On each sample, ten hardness measure-
ments were taken and average values were considered. Tensile
tests were carried out to estimate the ultimate tensile strength

(UTS) and elongation to failure (ductility) of the unprocessed
and processed specimens. Tensile tests were conducted at room
temperature and at a constant cross-head movement of 0.1 mm/
min by using Shimadzu universal testing equipment (model:
AG-X plus� 100 kN). For tensile testing, unprocessed and
processed samples were machined to tensile test samples as per
the ASTM E8 standard. Figure 2 shows the schematic diagram
of the tensile test specimen with dimensions. In each condition,
three samples were tested to check the repeatability of the
results and average values were considered. The fracture modes
of the tensile test specimens were identified macroscopically
(visual appearance), and fracture surface morphology of the
tensile test specimens was analyzed by using SEM.

3. Results and Discussion

The alloy was successfully processed at 150 �C up to four
number of passes. This was the lowest temperature at which the
samples would be successfully ECAP processed in route BC

without cracking. Figure 3 shows the macroviews of the
samples which were cracked during ECAP processing at
temperature less than 150 �C. It was also observed that the
intensity of the crack reduces with an increase in the processing
temperature. Figure 4 shows the macroviews of the samples
processed at 150 �C up to four number of passes in route BC

without cracking.

3.1 Microstructure Evolution

3.1.1 Optical Microscopy. Figure 5 presents the OM
images of the material in various conditions. In cast condition,
the material is composed of dendritic morphology as shown in
Fig. 5(a). After homogenization treatment, grain boundaries
were observed as shown in Fig. 5(b). Significant grain
refinement was observed after ECAP processing. After the
first and second passes, sub-grains were perceived inside the

Fig. 1 Three-dimensional exploded view of the ECAP die assembly used in the present study
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grains and also small numbers of elongated grains were
observed, as shown in Fig. 5(c) and (d). Grain refinement rate
is high during the first and second passes during ECAP
processing, due to a large rate of dislocation generation. After
the third and fourth passes, the large number of macro- and
microtwinning in grains was observed, as displayed in Fig. 5(e)
and (f). Twinning direction is nearly parallel to the processing
direction. It is noted that in route BC deformation restores the
equiaxed structure in each plane after every four consecutive
passes and deformation occurs in all three planes (Ref 15).

3.1.2 Scanning Electron Microscopy. The SEM micro-
graphs of the material in various conditions are presented in
Fig. 6. Microstructure of the material in cast condition is
presented in Fig. 6(a). In this condition, the microstructure was
compiled of dendrites of size 200 ± 20 lm. Microstructural
study of the material in this condition confirmed the existence
of dendrites with precipitates in the a-Al matrix (Ref 16).
Precipitates in a-Al matrix were identified as g¢ (MgZn2)
precipitates (Ref 17). Figure 6(b) presents the SEM micrograph
of the material in homogenized condition. At this stage, grain
boundaries were clearly visible due to recrystallization and
grain growth happened during homogenization. After homog-
enization, grains of size 180 ± 20 lm were observed. During
homogenization treatment, precipitates located in the inter-
dendritic regions were uniformly dissolved in the aluminum. It
was observed that ECAP processing leads to a considerable
decrease in the grain size. After the first pass, array of sub-
grains was introduced within the grains and the precipitates
growth was observed near the grain boundaries. These
precipitates were renowned as GP zones and g¢ (MgZn2)-phase
precipitates (Ref 18). After the first pass, sub-grains of
25 ± 8 lm in size were perceived as shown in Fig. 6(c). After
the second pass, more volume fraction of sub-grains was
developed inside the grains as shown in Fig. 6(d). At this stage,
sub-grains size was reduced to 15 ± 5 lm. After the third pass,
shear bands were identified inside the grains and sub-grains as
shown in Fig. 5(e). At this stage, shear bands of 6 ± 3 lm in
size were observed. After the fourth pass, a large number of
shear bands were observed as shown in Fig. 6(f). The size of
the shear bands measured at this stage is 3 ± 2 lm. Homo-
geneous and equiaxed microstructure was perceived in the third
and fourth passes because the dynamic recrystallization
occurred during ECAP at 150 �C and static recrystallization
occurred during initial heating of the material.

3.1.3 Transmission Electron Microscopy. Figure 7 pre-
sents the TEMmicrographs and associated SAED patterns of the
material in different conditions. Figure 7(a) presents the TEM

Fig. 2 Schematic diagram of the tensile test specimen (Note: All dimensions are in mm)

Fig. 3 Al-5Zn-2Mg alloy ECAP processed (a) first pass at room
temperature, (b) first pass at 100 �C and (c) first pass at 125 �C,
respectively

Fig. 4 Al-5Zn-2Mg alloy ECAP processed up to four number of
passes at 150 �C
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micrograph of the material in cast condition. In this condition,
dendritic structure with low-density dislocations was observed
and SAED pattern in the cast condition confirms the presence of
low angle of misorientation between the dendrites. Also,
precipitates were lying near the dendrites and in the inter-
dendritic regions. Figure 7(b) presents the TEM micrograph of
thematerial in homogenized condition. In this condition, an array
of grains with low-density dislocations was observed. Also,
SAED pattern in the homogenized condition confirms the
presence of low angle of misorientation between the grains.
TEM micrograph of the material after the first pass is shown in
Fig. 7(c). It indicates that grain size has significantly decreased.
The microstructure after the first pass consists of deformation
bands (shear bands) with increased dislocation density. These
deformation bands were formed due to elongation of the grains.
The grains were literally elongated in the processing direction,
and width of the elongated grains was approximately 800 nm.
SAED pattern confirms the existence of low angle of misorien-
tation between the grains. The presence of low angle of
misorientation between the grains is in consistent with previous
ECAP studies on pure aluminum after the first pass (Ref 19).

Figure 7(d) shows the TEM micrograph of the material after the
second pass. At this stage, deformation bands which are
developed in the first pass are sliced by the deformation bands
developed in the second pass. Considerable increase in disloca-
tion density was observed compared with the first pass. The
presence of distinct dots in the SAED pattern confirms the
existence of some fraction of low angle of misorientation
between the grains. TEM micrograph of the material after third
pass is displayed in Fig. 7(e). At this stage, an increase in the
dislocation density was perceived compared with previous
passes. The SAED pattern after the third pass confirms the
formation of the grains with high angle of misorientation,
although presence of low angle of misorientation between the
grains was also observed. TEM micrograph of the material after
the fourth pass is displayed in Fig. 7(f). At this stage, equiaxed
grain structure has replaced the band-like structure formed in the
first pass. High density of dislocations was observed. The SAED
pattern after the fourth pass confirms the existence of large
volume of high angle of misorientation between the grains.

Figure 8 presents the morphology and distribution of
precipitates of the material in different conditions. Figure 8(a)

Fig. 5 OM images of the alloy (a) cast, (b) homogenized, (c) first pass, (d) second pass, (e) third pass and (f) fourth pass
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shows the morphology of the precipitates present in the cast
condition. In this condition, high density of rod-shaped g¢
(MgZn2) precipitates was observed. The presence of rod-
shaped g¢ (MgZn2) precipitates in cast condition is in consistent
with earlier observations in Al-11.5Zn-2.5Mg cast alloy (Ref
20). The average length and width of the rod-like precipitates
were measured as approximately 150 and 25 nm, respectively.
Figure 8(b) presents the morphology of the precipitates present
in the alloy after the first pass. There was a noticeable change in
the shape of the precipitates compared with cast condition.
After the first pass, spherical-shaped precipitates in the size
range of 20 to 40 nm were observed. Also, there is substantial
fragmentation of the precipitates. The precipitates were iden-
tified as g¢-phase (intermediate metastable) precipitates (Ref
21). Figure 8(c) presents the morphology of the precipitates
existing in the alloy after the fourth pass. The morphology of
the precipitates was not changed with an increase in the number
of passes and fragmentation of precipitates continued in the
fourth pass. The size of the precipitates was decreased to
approximately 10 to 20 nm. The decrease in the size of the
precipitates is due to shearing of the precipitates by the
dislocations introduced in the subsequent passes. These pre-
cipitates were identified as stable g (MgZn2)-phase precipitates
(Ref 22). Figure 9 shows the EDS examination of the alloy in
cast condition and after four ECAP passes. The EDS exami-

nation was carried out on both the matrix and the precipitates. It
is confirmed from the EDS examination that the matrix is
composed of aluminum and precipitates present in the alloy are
composed of zinc and magnesium.

3.2 XRD Analysis

Formation of precipitates in Al-Zn-Mg alloys will be in the
order starting with solid solution (SS) to Guinier–Preston zones
(GP zones) fi g¢ fi g (Ref 23). Normally, GP zones will be
formed in Al-Zn-Mg alloys over the temperature ranging from
ambient to 120 �C (Ref 24). ECAP processing accelerates the
precipitation kinetics, and the precipitation kinetics is also
accelerated when the processing temperature is increased (Ref
25). The reason for accelerating in the precipitation kinetics is
owing to the formation of additional nucleation sites during
ECAP processing and also owing to the increase in the
diffusion rate due to increased temperature (Ref 25). Results of
XRD analyses of the cast, homogenized and ECAP-processed
samples are presented in Fig. 10. In cast condition, along with
aluminum peaks, other peaks are also perceived. Peaks at
2h = 20� are from the GP zones and peaks at 40� to 50� are
from the metastable g¢ phase (Ref 23). In homogenized
material, reflections for GP zones and g¢ phase were not
observed and only aluminum reflections were observed. In the

Fig. 6 SEM micrographs of the alloy (a) cast, (b) homogenized, (c) first pass, (d) second pass, (e) third pass and (f) fourth pass
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homogenization process, precipitates located near the inter-
dendritic regions were dissolved in the aluminum. This is in
consistent with SEM and TEM observations on the homoge-
nized material. After the first pass, dislocations were introduced
in the material and these dislocations act as nucleation sites for
nucleation of g¢ phase and GP zones (Ref 18). Therefore, after
the first pass, along with aluminum peaks, other peaks were
also observed. This is in consistent with SEM and TEM
observations after the first pass. It was observed that when the
number of passes increased, g¢ peaks slowly changed into g
peaks, signifying g¢ phase changed into g phase (Ref 22). The

g¢ phase precipitates were sheared into small particles by
dislocations moving along (111) planes (Ref 24).

3.3 Mechanical Properties

3.3.1 Hardness. Figure 11 indicates the changes in the
microhardness of the material under various conditions. In cast
condition, the microhardness of the alloy is 90 ± 8 Hv. After
homogenization, the microhardness was enhanced to
105 ± 6 Hv. After ECAP processing, significant enhancement
in the microhardness of the material was perceived. The

Fig. 7 TEM micrographs and associated SAED patterns (a) Cast, (b) Homogenized, (c) first pass, (d) second pass, (e) third pass and (f) fourth
pass
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microhardness of the alloy was enhanced to 168 ± 6 and
192 ± 5 Hv in the first and second passes, respectively. But the
microhardness was reduced to 188 ± 4 Hv after the third pass,
and it again increased to 200 ± 4 Hv in the fourth pass.

Microhardness was enhanced by 17% after homogenization
treatment. After the first and second passes, the microhardness
was enhanced by 87 and 113%, respectively, from the initial
condition. Even though the microhardness of the alloy after the

Fig. 8 TEM micrographs showing the morphology and distribution of precipitates (a) Cast, (b) first pass and (c) fourth pass

Fig. 9 EDS analysis in TEM (a) cast and (b) fourth pass

Fig. 10 XRD patterns of the alloy in different conditions
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third pass was decreased, it was 108% higher than the initial
condition. Microhardness was enhanced by 122% after the
fourth pass. The enhancement in the microhardness during the
first and second passes is attributed to the decrease in the grain
size of the material to submicrometer range, growth and evenly
dispersion of finer precipitates in the material and work
hardening of the material due to an increase in the dislocation
density during ECAP processing (Ref 26). After the first pass,
substantial enhancement in the hardness was perceived com-
pared with later passes. Similar observation was perceived by
Kim et al. (Ref 27) in 7075 Al alloy after ECAP processing.
The decrease in the hardness of the material after the third pass
is attributed to the reduction in the dislocation density of the
material because dynamic recrystallization occurred during
ECAP processing at high temperature (150 �C) and static
recrystallization occurred due to preliminary heating of the
specimen. Large amount of defect generated and accumulated
during first two ECAP passes, must have promoted some
amount of static recrystallization during preliminary heating
done for the third pass. The decrease in the hardness of the
material is also attributed to the texture modification occurring
during ECAP processing. Hardness and strength of the material
could be increased by decreasing the grain size if the texture is
not much affected. Changes in the texture of the material could
be observed from the variation in the intensities of the XRD
peaks as shown in Fig. 10. It was perceived that cast and
homogenized samples possess strong intensity of (111) peaks.
In ECAP-processed samples, it was observed that the intensity
of (111) peak was reduced. Also, intensity of (200) and (220)
peaks was increased after ECAP processing. So it could be
deduced that shear deformation happening during ECAP
processing leads to a modification of the texture of the
material. Chowdhury et al. (Ref 28) reported that deviation in
the texture was observed in ECAP-processed Al alloy. Shaeri
et al. (Ref 5) reported that maximum mechanical properties are
achieved when the microstructure mainly consists of g¢-phase
precipitates in Al 7075 alloy. Xu et al. (Ref 21) reported that
dissolution of the metastable g¢ phase during ECAP processing
at higher temperature leads to a decrease in mechanical
properties of the Al 7034 cast alloy. Result in the present
study is in consistent with the observations made in earlier
reports from Shaeri et al. (Ref 5) and Xu et al. (Ref 21). From

the TEM and XRD analysis, it is deduced that with an increase
in the number of passes g¢ phase transformed into g phase. This
may also be the reason for reduction in the hardness of the alloy
after the third pass. It was reported that hardness was decreased
after the third pass in ECAP-processed AZ31 magnesium alloy,
and it is deduced that this is attributed to the softening of the
material due to changes occurring in the texture of the material
during ECAP processing (Ref 29). It was also reported that
hardness was decreased after the third pass in ECAP-processed
AM70 magnesium alloy, and it is deduced that this is attributed
to the dynamic recrystallization occurring during ECAP at
higher temperature and obstruction of the new grains to strain
hardening (Ref 30).

3.3.2 Strength and Ductility. Figure 12 indicates the
engineering stress–strain plots of the material in different
conditions. It is noticed that cast and homogenized samples
possess less strength and elongation to failure compared with
ECAP-processed samples. Figure 13 indicates the UTS of the
material in different conditions. In cast and homogenized
conditions, the UTS of the material is 120 ± 12 and
132 ± 12 MPa, respectively. After ECAP processing, a sub-
stantial enhancement in the UTS of the material was observed.
The UTS of the material was enhanced to 234 ± 10 and
276 ± 10 MPa in the first and second passes, respectively. But
UTS was decreased to 264 ± 6 MPa in the third pass, and it
again increased to 282 ± 8 MPa in the fourth pass. UTS was
enhanced by 10% after homogenization treatment. After the
first and second passes, the UTS was enhanced by 95 and
130%, respectively, from the initial condition. Even though the
UTS of the alloy after third pass was decreased, it was still
120% higher than cast condition. UTS was enhanced by 135%
after the fourth pass. The enhancement in the UTS of the
material is attributed to the work hardening due to the
interaction between the dislocations, Hall–Petch effect and
precipitation strengthening (Ref 24). It is noted that after the
third pass hardness was decreased. Hardness is interdependent
on the strength of the material. Consequently, UTS of the
material was also decreased after the third pass. A model was
developed by Lukac and Balik to estimate the extent to which
the softening and hardening mechanisms are possible during

Fig. 11 Microhardness of the alloy in different conditions Fig. 12 Engineering stress–strain diagram of the alloy in different
conditions
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plastic forming of the materials. According to the model, the
hardening happens if dislocation density increases due to the
generation of forest dislocations and obstacles. In contrast,
softening happens if dislocations migrate due to the dislocation
climb and cross-slip (Ref 31).

Figure 14 presents the elongation to failure of the material in
various stages. In cast and homogenized condition, the
elongation to failure of the material is 2.2 ± 0.4 and
2.8 ± 0.3%, respectively. After ECAP processing, substantial
enhancement in the elongation to failure of the material was
perceived. The elongation to failure of the material was
enhanced to 8.1 ± 0.4, 9.8 ± 0.4, 10.5 ± 0.3 and
11.2 ± 0.3% in the first pass, second pass, third pass and
fourth pass, respectively. The cast and homogenized samples
showed very poor ductility due to the presence of dendritic
structure and defects such as microporosities (Ref 32). Pour-
bahari et al. (Ref 33) reported that, due to the presence of
dendritic structure, volume defects such as inclusions and
porosity lead to a decrease in the tensile strength and ductility
of the AZ61 and GZ61 magnesium alloy. Enhancement in the
elongation to failure after ECAP processing is attained due to
the development of homogeneous and refined microstructure.
Also, improvement in the ductility after ECAP processing is
due to the reduction in cast defects (microporosities) (Ref 32).

It was perceived that, after ECAP processing along with
enhancement in UTS of the material, elongation to failure was
also enhanced, which is also a required property of engineering
materials. This observation is in consistent with the earlier
observations in cast Al-11Si alloy processed in rotary die
ECAP (Ref 34) and cast Al-3Cu processed by ECAP (Ref 35).
Enhancement in both strength and elongation to failure was
also witnessed in Al-Zn-Mg alloys processed by ECAP up to
four number of passes (Ref 36).

3.3.3 Fractography. Figure 15 presents the fracture
modes of tensile test specimens and SEM images of the
fracture surfaces of tensile test specimens in different condi-
tions. It was noticed that fracture in the cast specimen occurred
perpendicular to the major axis. The fracture mode perceived in
the cast specimen is brittle fracture. Also, the fracture surface of
the cast specimen was compiled with dendrites of size 20 lm
and microporosities as shown in Fig. 15(a). Similar to cast
specimen, fracture in the homogenized specimen occurred
perpendicular to the major axis. The fracture mode perceived in
the homogenized specimen is brittle fracture. But, the fracture
surface was compiled of a few fairly large and deep dimples of
size 5 lm, as presented in Fig. 15(b). Figure 15(c) shows the
fracture mode of first-pass specimen. In this case, fracture has
occurred approximately 45� to the major axis, and it was
deduced that samples were failed in shear fracture mode. The
change in fracture mode from brittle fracture to shear fracture is
attributed to the strain hardening of the material during ECAP
(Ref 37). The shear fracture mode was continued to appear in
the second-, third- and fourth-pass samples as shown in
Fig. 15(d), (e) and (f), respectively. After ECAP processing, a
noticeable decrease in the size of the dimples was perceived.
The dimple size is reduced to 2, 1, 0.7 and 0.4 lm in the first
pass, second pass, third pass and fourth pass, respectively. Also
after ECAP processing, shallower dimples were observed. The
reduction in the dimple size is attained due to the refinement in
the grain size during ECAP processing. The reduction in the
dimple size with an increase in the ECAP passes is in consistent
with earlier observations on ECAP-processed cast Al-Cu alloy
(Ref 38), ECAP-processed Al-Zn alloy (Ref 39) and ECAP-
processed AM70 magnesium alloy (Ref 30). The continuous
reduction in the dimple size with an increase in the ECAP
passes could be attributed to the grain refinement and the
fragmentation of precipitates during ECAP processing (Ref 40).

4. Conclusions

In the present work, microstructural evolution and mechan-
ical properties of the cast Al-5Zn-2Mg alloy processed by
ECAP were studied. The Al-5Zn-2Mg alloy was successfully
processed at 150 �C up to four number of passes. The major
outcomes and conclusions of this work can be briefed as
follows.

• After ECAP, a noticeable reduction in the grain size was
identified. The dendrites size measured in the cast condi-
tion is 200 ± 20 lm, and after the fourth pass, the grain
size is reduced to 3 ± 2 lm. In cast condition, rod-like
g¢-phase precipitates were observed, while after ECAP
spherical-shaped g-phase precipitates were perceived and
these precipitates were uniformly fragmented in the alu-
minum. After ECAP, high-density dislocations with high

Fig. 13 Ultimate tensile strength of the alloy in different conditions

Fig. 14 Elongation to failure of the alloy in different conditions
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angle of misorientation between the grains were per-
ceived.

• After ECAP, a noticeable enhancement in the mechanical
properties was identified. After four passes, the microhard-
ness was enhanced to 200 ± 4 Hv (122% increase) and
UTS was enhanced to 282 ± 8 MPa (135% increase)
from the cast condition. Elongation to failure was en-
hanced from 2.2 ± 0.4 to 11.2 ± 0.3%. The enhancement
in the mechanical properties is attained a decrease in the

grain size, homogenous microstructure, strain hardening,
high dislocation density and finer precipitates homoge-
nously distributed during ECAP processing.

• Brittle fracture mode was perceived in tensile testing of
unprocessed specimens, while shear fracture mode was
perceived in tensile testing of ECAP-processed specimens.
Fracture surfaces of cast samples were composed of den-
drites, while fracture surfaces of ECAP-processed samples
were composed of dimples.

Fig. 15 Fracture mode of the tensile test samples and SEM micrographs of the fracture surfaces of the tensile test samples (a) cast, (b)
homogenized, (c) first pass, (d) second pass, (e) third pass and (f) fourth pass

Journal of Materials Engineering and Performance



Acknowledgments

One of the authors Mr. G.K. Manjunath would like to thank the
Director, National Institute of Technology Karnataka and MHRD-
Government of India for providing Institute Research Fellowship.

References

1. R.Z. Valiev, R.K. Islamgaliev, and I.V. Alexandrov, Bulk Nanostruc-
tured Materials from Severe Plastic Deformation, Prog. Mater. Sci.,
2000, 45(2), p 103–189

2. R.Z. Valiev and T.G. Langdon, Principles of Equal-Channel Angular
Pressing as a Processing Tool for Grain Refinement, Prog. Mater. Sci.,
2006, 51(7), p 881–981

3. V.M. Segal, V.I. Raznikov, A.E. Drobyshewsky, and V.I. Kopylov,
Plastic Working of Metals by Simple Shear, Russ. Metall., 1981, 1, p
99–106

4. Y.T. Zehetbauer and M.J. Zhu, Bulk Nanostrucutred Materials, Wiley,
Hoboken, 2009

5. M.H. Shaeri, M.T. Salehi, S.H. Seyyedein, M.R. Abutalebi, and J.K.
Park, Microstructure and Mechanical Properties of Al-7075 Alloy
Processed by Equal Channel Angular Pressing Combined with Aging
Treatment, Mater. Des., 2014, 57, p 250–257

6. K. Gopala Krishna, K. Sivaprasad, T.S.N. Sankara Narayanan, and
K.C. Hari Kumar, Localized Corrosion of an Ultrafine Grained Al-4Zn-
2Mg Alloy Produced by Cryorolling, Corros. Sci., 2012, 60, p 82–89

7. K. Gopala Krishna, N. Singh, K. Venkateswarlu, and K.C. Hari Kumar,
Tensile Behavior of Ultrafine-Grained Al-4Zn-2Mg Alloy Produced by
Cryorolling, J. Mater. Eng. Perform., 2011, 20(9), p 1569–1574

8. A.A. Mazilkin, O.A. Kogtenkova, B.B. Straumal, R.Z. Valiev, and B.
Baretzky, Formation of Nanostructure During High-Pressure Torsion of
Al-Zn, Al-Mg and Al-Zn-Mg Alloys, Defect Diffus. Forum, 2005,
237–240, p 739–744

9. O.A. Kogtenkova, A.A. Mazilkin, B.B. Straumal, G.E. Abrosimova, P.
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