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ARTICLE INFO ABSTRACT

Keywords: Locally produced Al-Zn-Mg alloy was subjected to severe plastic deformation through Equal Channel Angular
Equal Chanr{el angular PreSSi“g Pressing (ECAP) technique at temperatures of 150 °C and 200 °C. Rectangular thick-walled medium carbon steel
Severe plastic deformation die (6. = 450Mpa, 0, = 176Mpa) with an L-shaped channel of uniform configuration to provide the pressing

Aluminum alloy chamber was used. Four ECAP passes were imposed consecutively on set of samples for 150 °C and 200 °C

temperatures, and characterized with optical microscopy, scanning electron microscopy (SEM) and x-ray
diffraction (XRD). The phases were identified by X-ray diffraction (XRD) using monochromatic Cu Ko radiation,
while vickers’ microhardness and tensile tests were performed for mechanical properties examination. Optical
micrographs showed no tangible precipitation in the as cast samples with reduced grain width and deformation
bands but at high temperatures of 150 °C and 200 °C, precipitation was promoted as a result of slipping systems
activation. SEM images of the as-cast alloy exhibits dendrites of 250 + 20 pm in size with n’ phase (MgZny)
precipitates in the inter-dendritic regions. For 150 °C ECAP temperature, a significant refinement was achieved
as the passes increased with sub-grain development within the boundary and the precipitate observed has a grain
size of 35 £ 15 pm, 25 + 10 pm, 15 + 8 pm and 8 + 6 um for first, second, third and fourth passes respectively.
However, grain sizes of 85 + 15 pym, 50 + 10 pm, 30 + 8 ym and 10 + 5 pm for first, second, third and fourth
passes were observed for 200 °C ECAP temperature. XRD results showed peaks for aluminum and other phases in
as-cast condition with precipitates growth in the alloy after the first pass, identified as metastable ' phase. As the
number of ECAP passes increases, ' peaks moved towards the equilibrium 5 phase confirming the transformation
of i phase to stable 5 phase. The microhardness, Ultimate tensile strength (UTS) and the yield strength of
Al-Zn-Mg alloy in different conditions of 150 °C and 200 °C respectively also increased with increase in the
number of ECAP passes. This is due to increase in dislocation density, work hardening and grain refinement
during ECAP process.

1. Introduction mechanical properties of metallic materials is the grain size of a poly-
crystalline material [2,3]. Under deformation conditions when resis-

In the contemporary age, the most crucial challenge is to improve the tance to plastic flow is governed by dislocation glide, a reduction in the
physical and mechanical properties of materials, exclusively for metals grain size leads to the strengthening of the material. The technique to get
and their alloys [1]. One of the principal tools for controlling the alloys with ultrafine grains during severe plastic deformation comprises
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any procedure that, after subjecting a material to excessive stress (hy-
drostatic pressure), results to a significant plastic deformation without a
substantial change to its dimensions [4].

Conventional metal forming procedures, such as extrusion or rolling,
have a limited ability to produce ultra-fine grain (UFG) structures
because the overall strain imposed is limited and insufficient to give rise
to UFG structures because of the generally low workability of metallic
alloys at ambient temperatures. Other traditional methods, such as rapid
solidification and vapor condensation, are capable of refining materials
down to the nanoscale, but these methods are limited to thin layers only.
As a result of these restrictions, there is a paradigm shift on synthetic
pathways for nanoscale materials and alternative processing techniques
have developed. The severe plastic deformation (SPD) technique is one
of such process, where extremely high strains are imposed at relatively
low temperatures. It is a ground-breaking process for transforming bulk
materials into ultrafine-grained structure with remarkable flexibility
and strength [5]. Over the past two decades, SPD has become a
well-known process for grain refinement of metals and alloys in the
submicron or even nanometer range. The synthesis of UFG materials by
SPD refers to several experimental metal forming processes that can be
used to induce very high strains on materials, resulting in exceptional
grain refinement. Equal Channel Angular Pressing (ECAP) is accepted as
the most prevalent bulk severe plastic deformation processing technique
and has been employed for the grain refinement in some metals and
alloys [6]. It is a well-known SPD process for producing UFG bulk ma-
terials with equiaxed microstructure and high-angle grain boundary
misorientation, discloses the improvement in mechanical properties
such as yield strength, ultimate tensile strength and microhardness after
a number of passes [7-9]. It is a metal forming process that induces
intense plastic strain in the specimen without changing the
cross-sectional area, and allowing the specimen to be repeatedly pro-
cessed to exhibit high plastic strain [10]. ECAP is very easy to perform
compared to other processes leading to nanostructured materials due to
process simplicity, tooling and low cost. This process allows a metal or
alloy to undergo SPD, which breaks down the original texture into ul-
trafine or even nanostructured material. After several passes, high strain
is imposed on the sample, introducing a high density of dislocations,
which in turn rearrange to form high-angle grain boundaries [11-15].
The most suitable material for the ECAP process is aluminum and its
alloys, but heat treatable alloys typically fail by cracking due to the
difficulty of processing at room temperature, resulting in loss of material
deformation as a result of the formation of precipitates in
solution-treated aluminum alloys [16-21]. Age-hardenable aluminum
alloys, despite this difficulty, find applications in the aerospace industry
and the ECAP process of these alloys is becoming popular every day,
combining a nanocrystalline microstructure with precipitation hard-
ening [20,22-25]. A strategy has been developed to process these alloys
at an ambient temperature of ECAP, and it has been found that it can be
pressed without cracking when performed immediately after quenching
from the treatment temperature of the solution [21,26]. These alloys can
be processed in over aged condition [27]. In addition, the precipitation
microstructure of the age-hardenable Al alloy is very complicated by the
ECAP process. At room temperature, precipitation in quenched samples
is suppressed during the ECAP process, leading to dissolution and
fragmentation of pre-existing phases [24,28]. The precipitation process
and the suppression of some phases during the heat treatment can also
be influenced by the ECAP process [29]. At high temperature, there are
changes in precipitation kinetics and precipitation morphology are
promoted by the ECAP process [20,24,30]. It has been shown that the
process of ECAP in the alloy Al7034 to 473 K imposed with a high stress
resulting from the fragmentation of the MgZn, precipitates, and a uni-
form distribution of fine spherical precipitates is generated [30,31]. This
precipitated microstructure results in structural stability at temperatures
up to 673 K [30-32]. Al-Zn-Mg alloy have high strength and a high
content of alloying elements. While there is little information in the
literature on the effect of the ECAP process in this alloy [33,34], further
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strengthening of other hardening mechanisms, such as the solid solu-
tion, grain refinement, the strengthening of the dislocation and the
precipitation hardening, takes place during the ECAP process. The effect
of these mechanisms is subject to the initial state of the alloy. The ECAP
generally can lead to a remarkable improvement in strength compared
to the alloy processed by other methods [35].

The aim of this work is to investigate the effect of ECAP process on
the grain refinement of the high strength locally produced Al-Zn-Mg
alloy. The influence of ECAP process on the grain structure, precipitation
and mechanical properties are discussed for better understanding of
high strength Al-Zn-Mg alloy behavior during ECAP process.

2. Experimental procedure

Rectangular shaped cast samples of Al-Zn-Mg alloy with dimension
(20 x 20 x 280) mm® were turned and machined to produce the desired
samples with dimension (15 x 15 x 90) mm? for ECAP pressing [36].
The chemical composition of the cast alloy was obtained using Atomic
Absorption Spectrometry (AAS) as shown in Table 1. The ECAP die was
locally fabricated from a rectangular thick-walled steel with dimension
(100 x 100 x 200) mm?. An L-shaped channel of uniform configuration
was made on one of the split parts with dimension (15 x 15 x 230) mm>
using AJAX 1 milling machine to provide the pressing chamber. The
ECAP die had an internal angle of 90° and an additional angle of 20° at
the outer radius of concordance where the two channels intersect. The
schematic diagram of the ECAP die is shown in Fig. 1.

The heating of die and samples to 150 °C and 200 °C was done using
heating elements integrated to the die, while a thermocouple inserted in
the die located very close to the intersection of the channels controlled
the temperature The pressing was done by route Bc, in which the sample
undergo rotation between the passes. A punch/ram was machined with
dimension (14 x 14 x 250) mm? for pressing of samples into the channel
under high pressure. The machined samples were initially preheated to a
temperature of 500 °C and kept constant at that temperature for 30 min
for the purpose of stress relief of the samples using temperature control
of resistance digital electric furnace with Model NYC 20. After pre-
heating, the samples were lubricated with molybdenum-based lubricant
(Filtex) and loaded into the ECAP-Die with the ram inserted and the
loading of the sample was completed, ready for pressing. The pressing
was done using ELE Compact-1500 hydraulic compression testing ma-
chine at 2 mm/s using standard route Bc in which the sample undergo
rotation between the passes. A total of 32 samples were pressed using
150 °C temperature condition while another 32 samples were pressed
using 200 °C temperature condition and 8 samples were used as control
and not subjected to ECAP. Samples were identified by letter P followed
by a digit indicating the ECAP pass number.

Microstructure of samples after ECAP process was done by optical
microscopy (OM) and scanning electron microscopy (SEM). Samples for
OM and SEM were prepared conventionally by metallographic prepa-
ration. Optical microscope with model- Olympus DP72 with computer-
ized imaging system was used to view the samples at 50 um
magnifications. Scanning electron microscopy (SEM) investigations
were carried out on a scanning electron microscope model- Zeiss 540
ultra, equipped with energy-dispersive spectrometer (EDS), and average
grain size was evaluated using imageJ software. X-ray diffractometer
(XRD) with model- RAYONS X was used to analyze and view the various
phases present in the Al-Zn-Mg alloy. This was done using D/max- 250
x-ray diffractometer with Cu-Ka radiation of 1.54 A at 30 kV tube
voltage and a current of 20 mA and a scanning speed of 1°/min. The
crystal structures and their peak intensities were identified using X Pert
Highscore Plus software. Vickers method was used to determine the
microhardness of specimen with dimensions 15 mm x 15 mm according
to ASTM E—834 using microhardness tester with model FM-800 where
the applied load of 50 gm for 15 s dwell time was imposed on samples.
Four measurements were taken from each sample and the average value
was recorded.
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Table 1
Chemical composition of Al-Mg-Zn alloy.
Element Si Fe Cu Mn Mg Cr Ni Zn B Be
Chemical Composition (%) 0.82 0.16 1.87 0.183 2.66 0.0194 0.102 5.79 0.0014 0.00046
Element Bi Ca Co Na Pb Sn Zr Al
Chemical Composition (%) 0.0035 0.0012 0.00061 0.00014 0.0505 0.0292 0.0029 Base
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Fig. 1. Schematic diagram of the ECAP die.

Tensile strength testing of all specimens was conducted as per ASTM
E8 standard. Tensile samples with dimensions of 50 mm gauge length,
12.5 mm width and 15 mm grip section thickness were machined using
EXCEL 14402 model lathe machine. Four identical tests specimen per
sample were tested at room temperature with a strain/loading rate of 5
mm/min using a computerized Instron Testing Machine with model-
3369. Four samples of each condition were tested and load displacement
plots were obtained and ultimate tensile strength and yield strength
values were also obtained from the machine.

3. Results and discussion

The microstructural display of samples of Al-Zn-Mg alloy produced
before and after ECAP process at 150 °C and 200 °C respectively is
shown in Figs. 2 and 3 respectively.

From the results, it was observed that there was no tangible pre-
cipitation in the as cast samples with reduced grain width and defor-
mation bands (Fig. 2a). But when the process was carried out at high
temperatures (150 °C and 200 °C), precipitation was promoted which
may be attributed to activation of more slipping systems at higher
temperature. Samples after ECAP process at 150 °C has a high density of
precipitates particles even after the first pass (P1150) (Fig. 2 b-e). This
agrees with Sha et al. [37] who reported that ECAP in Al-Zn-Mg-Cu
alloy performed at 200 °C from a solubilized condition accelerates the
precipitation rate while the change in the expected precipitation

sequence for conventional ageing treatment (GP zones— 7' — 1) remains
constant. As the number of ECAP passes increased from P1200 to P4200,
the deformation bands became more homogeneously distributed and the
resulting microstructure became more refined (Fig. 3a-d). The micro-
structure evolved into a fine equiaxial grain structure, which may also be
attributed to different slip planes that are activated with the rotation of
the sample thereby producing potentials for grain refinement using
route Bc [38,39].

Fig. 4 showed the SEM micrographs of Al-Zn-Mg alloy processed at
150 °C temperature condition.

The microstructure of the as-cast alloy exhibits the characteristic
feature of dendrites 250 + 20 pm in size as shown in Fig. 4a. In addition,
1’ phase (MgZny) precipitates were noted in the interdendritic regions
[40]. A significant amount of refinement was achieved in P;150 as
shown in Fig. 4b, and sub-grain boundaries were developed within the
grains with few elongated grains. Precipitates were observed near the
grain boundaries with a grain size of 35 + 15 pm. Fig. 4c displayed the
microstructure of the alloy after P3150. A grain size of 25 + 10 pm was
observed in this condition, similar in shape to that which was observed
in the alloy after P1150. Fig. 4d showed that shear bands were developed
within the grains and sub-grains after P3150 and these shear bands were
15 + 8 pm in width. Fig. 3e showed the microstructure of the alloy after
P4150. Shear bands were seen in this condition to be more numerous
with 8 &+ 6 pm in width.

Fig. 5 illustrates the SEM micrographs of Al-Zn-Mg alloy processed
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Fig. 3. Optical micrographs of Al-Zn-Mg alloy; (a) P;200 (b) P2200 (c) P3200 (d) P4200.

at 200 °C temperature condition.

After P;1200, grain structure was significantly refined as shown in
Fig. 5a with a grain size of 85 + 15 pm observed due to the development
of sub-grain boundaries inside the grains with precipitate developed
near the grain boundaries. Fig. 5b shows the microstructure of the alloy

after P,200 and a grain size of 50 = 10 pm was observed in this con-
dition. Fig. 5c showed that shear bands were developed within the
grains and sub-grains after P3200 and these shear bands were 30 & 8 pm
in width. Fig. 5d shows the microstructure of the alloy after P4200,
where shear bands were perceived in this condition to be more with
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Fig. 4. Sem micrographs of Al-Zn-Mg alloy for (a) Po (b) P1150 (c) P2150 (d) P3150 (e) P4150.

dimension of 10 + 5 pm in width.

In comparison to Al-Zn-Mg alloy processed at 150 °C, the quantity of
precipitates developed in Al-Zn-Mg alloy processed at 200 °C after
ECAP is lower due to the temperature difference. Both conditions
showed equiaxed and homogeneous microstructure in P3 and P4.

X-ray diffractometry was used to determine the crystallographic
structure of the alloy produced both before and after ECAP process for
150 °C and 200 °C temperature conditions respectively as shown in
Figs. 6 and 7.

From the results it was found that there were peaks for aluminum
and other phases in as-cast condition. Those peaks correspond to inter-
metallic hexagonal 7/ (MgZny) phase and the lattice parameter of these
peaks was slightly bigger than equilibrium » (MgZn) phase [41-43]. In

the conventional sequence Al-Zn-Mg alloys form precipitates starting
from the solid solution to GP zones followed by metastable precipitate #’
and then equilibrium phase # (MgZngy). For ECAP processed at 150 °C
under various conditions, it was observed that there were peaks for
aluminum and other phases corresponding to metastable 1 (MgZny)
phase precipitates. This is because, the dislocations generated during
ECAP processing act as nucleation sites for the development of the
precipitates [44]. Hence, precipitate growth was observed after first
pass. As the number of ECAP passes increases, 1’ peaks moved towards
the equilibrium # phase confirming the transformation of #' phase to
stable  phase [41]. For 200 °C ECAP processed samples, XRD plots were
similar to those observed in the same alloy ECAP processed at 150 °C.
Peaks of the aluminium and other small peaks related to n' phase
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Fig. 5. Sem micrographs of Al-Zn-Mg alloy for (a) P;200 (b) P2200 (c) P3200 (d) P4200.
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Fig. 6. The X-ray diffraction patterns on the cross-sections of samples after
ECAP at 150 °C temperature condition.

precipitates were observed after first pass. Also, with increase in the
number of ECAP passes there was transformation of i’ phase to stable 1
phase as the i’ peaks move towards n phase.

The effect of Al-Zn-Mg ally processed by ECAP technique on hard-
ness for 150 °C and 200 °C temperature conditions is shown in Fig. 8.
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Fig. 7. The X-ray diffraction patterns on the cross-sections of samples after
ECAP at 200 °C temperature condition.

It was observed that there was increase in the microhardness of the
alloy with decrease in the grain size. For Py, the microhardness was 123
Hv, thereafter there was notable improvement in the microharhness
after ECAP processing. The microhardness of the alloy was improved to
151 Hv for P1150 and 127 Hv for P;200, 203 Hv for P3150 and 147 Hv
for P2200, 219 Hv for P3150 and 166 Hv for P3200 and 224 Hv for P4150
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and 188 Hv for P4200 respectively.

This increase in hardness, at 150 °C and 200 °C ECAP processing
temperatures results from precipitation, work hardening and micro-
structure refinement due to high dislocation density developed during
ECAP processing and also the development of fine and elongated grain
structure with deformation bands present in some grains interior that
was distributed homogenously in the alloy [41]. Deformation bands are
formed because it is not difficult for a constrained grain to deform by
splitting into bands [39,45]. This new high angle grain boundary for-
mation induced by deformation can occur if there is increase in the
misorientation between the deformation bands [41].

The effect of Al-Zn-Mg alloy produced by ECAP technique on tensile
and yield strength for 150 °C and 200 °C temperature conditions is
shown in Figs. 9 and 10 respectively.

It was observed that the Ultimate tensile strength (UTS) and the yield
strength (YS) of Al-Zn-Mg alloy in different conditions of 150 °C and
200 °C respectively increased with increase in the number of ECAP
passes. For P, the UTS of the alloy was 200.22 MPa with a yield strength
of 146.12 MPa. ECAP processing leads to a drastic improvement in the
strength of the material. After ECAP processing at 150 °C, the UTS of the
alloy increased from 293.56 MPa for P1150, 318.08 MPa for P,150,
437.08 MPa for P3150 and 491.06 MPa for P4150 respectively with
corresponding increase in the yield strength from 266.16 MPa for P;150
to 468.61 MPa for P4150. The same trend was also observed for ECAP
process at 200 °C where the UTS increased from 236.18 MPa for P;200
to 339.12 MPa for P4200 respectively with equivalent increase in the
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Fig. 9. Plot of tensile and yield strength against the number of ECAP passes at
150 °C temperature condition.
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Fig. 10. Plot of tensile and yield strength against the number of ECAP passes at
200 °C temperature condition.

yield strength. The increase in yield strength is credited to increase in
dislocation density, work hardening and grain refinement during ECAP
process described by Hall-Petch equation which states that the yield
strength is inversely proportional to the average grain size of the ma-
terial [46]. The summary of the obtained results on the mechanical
properties is presented in Table 2.

4. Conclusion

Locally produced Al-Zn-Mg alloy was successfully processed using
Equal Channel Angular Pressing (ECAP) technique at 150 °C and 200 °C
respectively.

Optical microscopy showed that the quantity of precipitates devel-
oped in Al-Zn-Mg alloy processed at 150 °C after ECAP is higher than
the ones developed at 200 °C and both conditions showed equiaxed and
homogeneous microstructure as the number of passes increased. There
was no tangible precipitation in the as cast samples but precipitation was
promoted at 150 °C and 200 °C because of activation of more slipping
systems at higher temperatures.

SEM images of the as-cast alloy (Pg) exhibits dendrites of 250 + 20
pm in size with i’ phase (MgZny) precipitates in the inter-dendritic re-
gions, while there is significant refinement as the number of passes
increased with sub-grain development within the boundary with pre-
cipitates developed near the grain boundaries for both 150 °C and
200 °C ECAP temperatures. For 150 °C the grain refinement ranges from
35+ 15 pm to 8 + 6 pm for P;150 to P4150 while for 200 °C the grain
refinement ranges from 85 + 15 pm to 10 + 5 pm for P1200 to P4200.

The XRD crystallographic structure showed peaks for aluminum and
other phases in as cast condition revealing peaks corresponding to
intermetallic hexagonal ' (MgZn,) phase with lattice parameter slightly
bigger than equilibrium # (MgZn,) phase. As the number of ECAP passes
increases for both 150 °C and 200 °C ECAP temperatures, ' peaks
moved towards the equilibrium 5 phase confirming the transformation
of 1’ phase to stable 5 phase.

The ultimate tensile strength and yield strength of Al-Zn-Mg alloy in
different conditions of 150 °C and 200 °C increased with increase in the
number of ECAP passes. For 150 °C the highest tensile strength was
491.06 MPa with 486.61 MPa yield strength, while at 200 °C the highest
tensile strength was 339.12 MPa with 317.47 MPa yield strength.

There was increase in hardness at 150 °C and 200 °C because of
microstructure refinement due to high dislocation density with fine and
elongated grain structure developed during ECAP processing.

Generally, the properties of the alloy processed at 150 °C were better
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Table 2
Summary of the mechanical properties of ECAPed Al-Zn-Mg alloy at various passes and temperatures.

ECAP PASSES

MECHANICAL PROPERTIES Po P,150 P,150 P;150 P,4150 P,200 P,200 P3200 P4200

Hardness (Hv) 123 151 203 224 127 147 166 188

UTS (mPa) 200.22 293.56 318.08 437.08 491.08 236.18 280.26 330.96 339.12

YS (mPa) 146.12 266.16 291.44 413.13 468.61 205.97 253.27 306.75 316.47

than those processed at 200 °C because at higher temperatures, there is [15] F. Djavanroodi, M. Ebrahimi, Effect of die channel angle, friction and back pressure
: : : : in the equal channel angular pressing using 3D finite element simulation, Mater.
de.gradatloy .of strength by dislocation or coarsening of the strength- Sci. Eng, 527 (2010) 1230-1235.
ening precipitates. [16] A. Gholinia, P.B. Prangnell, M.V. Markushev, The effect of strain path on the
development of deformation structures in severely deformed aluminum alloys
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