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Abstract In the present work, as-cast Al-5Zn-2Mg, Al-
10Zn-2Mg and Al-15Zn-2Mg alloys were ECAP pro-
cessed and tensile tests were carried out to determine the
strength and ductility. After tensile testing, morphology of
the fracture surfaces of tensile tested samples were studied.
After ECAP processing, significant improvement in the
yield stress and ultimate tensile strength were observed in
all the three alloys. Also, yield stress and ultimate tensile
strength were increased with increase in the zinc content of
the material. The elongation to failure increased signifi-
cantly with increase in the number of ECAP passes. SEM
micrographs revealed that, the fracture surface of the cast
samples of the alloys were composed of the dendritic
structure, while the ECAP processed samples consisted of
small size dimples. Size of the dimples were reduced with
the increase in the number of ECAP passes.
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1 Introduction

The materials with ultrafine grain (UFG) size developed
through severe plastic deformation (SPD) methods have
received great interest in the last decade because of their
significant properties [1]. Equal channel angular pressing
(ECAP) is considered as the most promising and potential
technique amongst other SPD techniques because of its
simplicity [2]. ECAP was first introduced by Segal in 1981
[3], later on numerous researches have been reported on
various metallic materials. In ECAP process, materials are
subjected to shear deformation which induces large plastic
strain in the materials. In ECAP process, cross-section of
the sample remains unchanged after processing, so that the
samples can be pressed over and over again to achieve a
very large plastic strain [4]. Aluminium and its alloys have
been used for many years in engineering applications due
to their high strength to weight ratio. The Al-Zn-Mg alloys
are among the most important aluminium alloys used in the
aerospace, military equipments and light weight structural
applications [5]. The mechanical properties of these alloys
are poor in as-cast condition and there is a continuous
interest to improve it through different processes.

Several works have been reported to analyse the effect
of ECAP processing particularly on tensile properties of
aluminium alloys. Prados et al. [6] studied the tensile
properties of cast Al-4Cu alloy processed by ECAP and
conventional extrusion. Due to the presence of high angle
grain boundaries in ECAP processed samples, better tensile
properties were observed compared to the conventionally
extruded samples. The fracture mode was changed from the
brittle mode to shear mode in as-cast Al-2Cu, Al-3Cu and
Al-5Cu alloy after ECAP processing. Also, after ECAP,
small and shallow dimples were observed in the fracture
surfaces. Whereas, dendrites were observed on the fracture

@ Springer


http://orcid.org/0000-0001-5291-6676
http://crossmark.crossref.org/dialog/?doi=10.1007/s12666-017-1067-0&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12666-017-1067-0&amp;domain=pdf

Trans Indian Inst Met

surface of cast samples [7]. Aal studied the effect of
homogenization treatment on fracture characteristics and
wear properties of ECAP processed Al-Cu alloys. It was
observed that, homogenized samples showed higher
mechanical properties and better wear resistance charac-
teristics than non-homogenized samples [8]. In as-cast Zn—
40Al alloy, ECAP processing led to an increase in the both
the strength and the ductility [9]. Elongation to failure and
tensile properties were significantly improved after rotary
die equal channel angular pressing (RD-ECAP) in as-cast
Al-11Si alloy [10]. The present work is motivated by the
realization that in earlier investigations no attempts have
been made to study the tensile properties and characteris-
tics of the tensile fracture surfaces of ECAP processed cast
Al-Zn-Mg alloys with varying zinc content. In this work,
ECAP processing has been attempted on as-cast Al-5Zn—
2Mg, Al-10Zn-2Mg and Al-15Zn-2Mg alloys to study the
tensile properties and tensile fracture surface characteris-
tics. All three alloys have been successfully processed up to
four passes at 200 °C. Significant increase in strength and
ductility have been observed after ECAP processing.

2 Experimental Materials and Procedure

Alloy compositions used in this study are presented in
Table 1. The alloy was prepared by melting the commer-
cially pure aluminium (99.7%), high purity zinc (99.9%)
and high purity magnesium (99.9%) using a silicon carbide
crucible in electric resistance furnace and heated to
approximately 50 °C above the liquidus line of the alloy.
Hexachloroethylene tablets were used to degas the melt.
Coverall AR cover flux was used to avoid surface oxidation
of the melt. The melt was stirred using a graphite rod and
surface dross was skimmed off and the melt was poured
into a metal die which was preheated to 400 °C. In order to
achieve uniform distribution of alloy particles, the solidi-
fied material was remelted again. Initially, the material was
cast into cylindrical rods of 25 mm diameter and 100 mm
length. The chemical composition of the alloy was con-
firmed by using SPECTRO MAXx LMF04 optical emis-
sion spectroscopy (OES). Homogenization treatment of the
cast ingots were carried out at 480 °C for 20 h and air
cooled. Later, samples for ECAP were machined from
homogenized material, parallel to the ingot axis, to a
diameter of 16 mm and a length of 85 mm.

The ECAP processing was conducted using a die shown
in Fig. 1, having an internal angle between two channels
(®) of 120° and an angle at the outer arc of curvature (V)
of 30°. These angular values led to an imposed strain of
approximately 0.667 on each pass through the die. The
ECAP process was carried out by pressing the specimen
through route B¢ [11]. ECAP processing was carried out at
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Table 1 Chemical composition (in wt%) of the alloys used

Alloy Aluminium Zinc Magnesium
Al-5Zn-2Mg 92.4 5.09 2.07
Al-10Zn-2Mg 87.3 10.1 2.1
Al-15Zn-2Mg 823 15.08 22

Processed
Sample

Fig. 1 Photograph of the two halves of 120° ECAP die with plunger
and processed sample

200 °C and with a pressing speed approximately equal to
0.5 mm/s. To control the friction between the die and the
specimen, molybdenum disulphide (MoS,) was used as the
lubricant. Prior to each pass, the die was heated up to the
processing temperature (200 °C) and then the sample was
inserted into the die and kept for 15 min so that the tem-
perature equilibrium was established on the sample and the
die. While processing, the whole die setup was maintained
at the processing temperature using an inbuilt heater.
Optical microscopy (OM) and scanning electron
microscopy (SEM) were used to study the microstructure
of the material. OM images were captured by using Zeiss
AX10 LAB Al equipment and Axio Vision LE64 release
4.9.1 software. SEM images were obtained by using JEOL
JSM 6380LA operating at 20 kV. For microstructure study,
samples were cut perpendicular to the processed direction
and metallographic technique was used to prepare the
specimens and etched with Keller’'s reagent (2 ml of
hydrofluoric acid + 3 ml of hydrochloric acid + 5 ml of
nitric acid + 190 ml water). Tensile tests were conducted
to evaluate the strength and ductility of the processed and
unprocessed samples. Tensile tests were carried out at
room temperature and at a constant cross head speed of
0.1 mm/min using Shimadzu universal testing machine
AG-X plus™ 100 kN equipment. The specimens before
and after ECAP processing were machined to ASTM E8
standard tensile test samples and three specimens were
tested to confirm the repeatability of the results. The



Trans Indian Inst Met

Fig. 2 OM images of the alloys
in as-cast condition, a Al-5Zn—
2Mg alloy, b Al-10Zn-2Mg

alloy and ¢ Al-15Zn-2Mg alloy

fracture surface modes were identified by visual appear-
ance and fracture surface morphology were studied by
using SEM.

3 Results and Discussion
3.1 Microstructure Evolution

Optical microscopy (OM) images of the AlI-5Zn-2Mg, Al—
10Zn-2Mg and Al-15Zn-2Mg alloys in as-cast condition
are shown in Fig. 2. It was observed that in as-cast condition,
all three alloys composed of dendritic structure and precip-
itates were located along the grain boundaries. These pre-
cipitates were identified as hexagonal MgZn, (1’ phase)
precipitates [12]. In all the three alloys, dendrites in the range
of 100-200 pum size were observed. Also, with increase in
the zinc content in the alloy, increase in the quantity of
MgZn, precipitate was observed. It was also observed that,
increase in the zinc content in the alloy led to the formation of
zinc rich grain boundary layers [13]. Figure 3 shows the OM
images and the SEM micrographs of Al-5Zn-2Mg, Al-
10Zn—2Mg and Al-15Zn-2Mg alloys after four pass ECAP
processing. It was observed that, ECAP processing led to the
breakdown of the dendrites and reduction in the grain size. In
Al-5Zn—-2Mg alloy, after four passes, a large numbers of
sub-grain boundaries and deformation bands were observed
and width of these deformation bands were in the range of
2—4 pm. Similar to Al-5Zn-2Mg alloy, the Al-10Zn-2Mg

alloy after four ECAP passes, was composed of sub-grain
boundaries and deformation bands. The width of these
deformation bands were about 5 pm. In Al-15Zn-2Mg
alloy, after four ECAP passes, sub-grain boundaries of about
10 pm in size was observed.

3.2 Tensile Properties

Figure 4 illustrates the variation of the ultimate tensile
strength (UTS) with the number of ECAP passes and alloy
composition. ECAP processing led to a drastic improvement
in the strength of the material. In the as-cast condition, the
UTS of the Al-5Zn-2Mg alloy was 120 MPa. After the
homogenization, a slight improvement in the UTS was
observed (increased to 132 MPa). After ECAP, UTS was
increased to 218 MPa in the first pass, 244 MPa in the second
pass, 256 MPa in the third pass and 266 MPa in the fourth
pass. After the homogenization, the UTS was increased by
10%. After the first and second ECAP pass, the UTS was
increased by 82 and 103% respectively, with respect to the
initial as-cast condition. After the third and fourth pass of
ECAP, the UTS was increased by 113 and 122% respectively
from the initial as-cast condition. In as-cast condition, the UTS
of the Al-10Zn-2Mg alloy was 140 MPa. After the homog-
enization, a slight improvement in the UTS (increased to
156 MPa) was observed. After the ECAP, the UTS was
increased to 280 MPa in the first pass, 318 MPa in the second
pass, 342 MPa in the third pass and 355 MPa in the fourth
pass. After the homogenization, the UTS was increased by
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Fig. 3 OM images and SEM
micrographs of the alloys after 4
pass ECAP. a, b Al-5Zn-2Mg
alloy; ¢, d Al-10Zn-2Mg alloy
and e, f Al-15Zn-2Mg alloy
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Fig. 4 Variation of ultimate tensile strength with number of ECAP
passes and alloy composition
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12%. The UTS was increased by 100 and 127%, after the first
and second pass of the ECAP, with respect to the as-cast
condition. After the third and fourth pass of the ECAP, the
UTS was increased by 144 and 153% respectively, with
respect to the as-cast initial condition. In as-cast condition, the
UTS of Al-15Zn-2Mg alloy was 166 MPa. After the
homogenization, a minor improvement in UTS (increased to
180 MPa) was observed. After ECAP process, the UTS was
increased to 340 MPa in the first pass, 372 MPa the second
pass, 392 MPa in the third pass and 396 MPa in the fourth
pass, respectively. After the homogenization, the UTS was
increased by 9% and after the first and second pass of the
ECAP process, the UTS was increased by 105 and 125%
respectively, with respect to the initial as-cast condition. After
the third and fourth pass of the ECAP process, the UTS was
increased by 136 and 139% respectively, with respect to the
as-cast initial condition.
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Figure 5 illustrates the variation of the yield stress (YS)
with the number of ECAP passes and alloy composition.
Yield stress was found out by drawing an offset line par-
allel to the modulus slope with 0.2% offset. The intersec-
tion point of stress—strain curve and offset line would be
the yield stress value at 0.2% strain. Similar to UTS, the
YS of the material increased with increasing the number of
ECAP passes. Similar type of observations were made by
Aal et al. [7] and Mahallawy et al. [14]. Also, the YS of the
material increased with the increase in the zinc content in
the material. The YS of the Al-5Zn-2Mg alloy in as-cast
condition was 80 MPa. After the homogenization, YS was
increased to 88 MPa. After ECAP, YS was increased to
144 MPa in the first pass, 166 MPa in the second pass,
176 MPa in the third pass and 182 MPa in the fourth pass.
After first pass ECAP, large increase in YS was observed
compared to the later passes. The YS of the Al-10Zn-2Mg
alloy in as-cast condition was 96 MPa. After the homog-
enization, YS was increased to 112 MPa. After ECAP, YS
was increased to 202 MPa in the first pass, 228 MPa in the
second pass, 244 MPa in the third pass and 258 MPa in the
fourth pass. The YS of the Al-15Zn-2Mg alloy in as-cast
condition was 125 MPa. After the homogenization, YS was
increased to 138 MPa. After ECAP, YS was increased to
258 MPa in the first pass, 285 MPa in the second pass,
297 MPa in the third pass and 302 MPa in the fourth pass.

Figure 6 illustrates the variation of the elongation to
failure with the number of ECAP passes and alloy com-
position. In as-cast condition, due to the presence of den-
dritic structure and micro-porosity, the elongation to failure
of Al-5Zn-2Mg alloy was found to be very less value
(about 2.2%). After the homogenization, the elongation to
failure was increased marginally to 2.8%. On the contrast,
the ECAP process led to increase in the elongation to
failure of the material. After ECAP process, the elongation

350

I A-52n-2Mg
3004 | L] A-10zn-2mg
I A-152n-2Mg

250 +

200

150

100

0.2% Proof Stress (Yield Stress) (MPa)

50

4 Pass

As cast Homogenized 1 Pass 2 Pass 3 Pass

Number of Passes

Fig. 5 Variation of yield stress with number of ECAP passes and
alloy composition

to failure was increased to 9.2% in the first pass, 10.7% in
the second pass, 11.6% in the third pass and 12.1% in the
fourth pass. In as-cast condition, the elongation to failure of
Al-10Zn-2Mg alloy was 1.8%. After homogenization, the
elongation to failure was increased to 2.4%. After ECAP
process, the elongation to failure was increased to 6.8% in
the first pass, 8.1% in the second pass, 8.8% in the third
pass and 9.5% in the fourth pass. In as-cast condition, the
elongation to failure of Al-15Zn-2Mg alloy was about
1.3%. After the homogenization, the elongation to failure
was increased to 1.8%. After the ECAP process, the
elongation to failure was increased to 4.8% in the first pass,
6.2% in the second pass, 7.5% in the third pass and 7.8% in
the fourth pass.

The increase in the UTS of the material could be
attributed to the strain hardening and reduction in the
grain size of the material. It was observed that, the UTS
of the material increased with the increase in the zinc
content in the material. This was due to the increase in
the formation of solid solution strengthening by
increasing the zinc content in the material. Addition of
more zinc in the alloy increased the dislocation density
in the alloy; thereby strength of the alloy also increased.
It was observed that, the dislocation density increased
with increase in the zinc concentration in the cast Al-Zn
alloys, due to the pinning effect of zinc on dislocations
[13]. It was also observed that, the strength of the alloy
was increased by increasing the zinc content in the cast
Al-Zn alloy processed by high pressure torsion (HPT),
when the zinc content in the alloy was up to 10-15%.
But the strength of the alloy was decreased, when the
zinc content in the alloy was increased to 30% [13].
Similar type of observations were made in Al-Cu alloy.
The strength of the material increased with increase in
the copper content, while, the ductility decreased with

129 | [ A-52n-2Mg
1 | A-10zn-2mg
104 | A-152n-2mg

% Elongation to failure

2 Pass 3 Pass 4 Pass

As cast Homogenized 1 Pass

Number of Passes

Fig. 6 Variation of elongation to failure with number of ECAP
passes and alloy composition
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(d)

Fig. 7 Fracture modes of tensile test samples of Al-5Zn-2Mg alloy, a as cast, b homogenized, ¢ 1 pass, d 2 pass, e 3 pass and f 4 pass

Fig. 9 Fracture modes of tensile test samples of Al-15Zn-2Mg alloy, a as cast, b homogenized, ¢ 1 pass, d 2 pass, e 3 pass and f 4 pass

increase in the copper content [14]. In cast Al-40Zn
alloy, ECAP processing led to an increase in the strength
and ductility [15]. It was observed that, along with the
increase in the UTS values after ECAP process, the
elongation to failure was also increased. Similar type of
observations were made in Al-11Si cast alloy during
RD- ECAP [10]. The increase in the elongation to failure
with the ECAP passes was due to the transformation of
the material from brittle nature to ductile nature.
Increase in the ductility after ECAP could be attributed
to the formation of more homogeneous microstructure. It
was observed that, elongation to failure of the material
decreased with increase in the zinc content in the
material. Increase in the elongation to failure with the
number of passes was observed in ECAP of cast Al-3Cu
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alloy by Aal [16]. Increase in the strength and overall
elongation to failure was observed in ECAP of Al-Zn—
Mg alloys after 4 passes [17].

3.3 Fracture Mode and Fracture Surface
Morphology

Figure 7 shows the tensile test samples of Al-5Zn-2Mg
alloy in various conditions. In as-cast and homogenized
conditions, the fracture occurred normal to the axis of the
specimen. This is shown in Fig. 7a and b, respectively.
Brittle fracture mode was observed in the as-cast and
homogenized tensile test samples. In as-cast tensile sam-
ples, plastic deformation was difficult under tensile test
[18]. The fracture could be explained by the distribution of
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Fig. 10 SEM micrographs of the fracture surfaces after tensile testing of Al-5Zn-2Mg alloy, a as cast, b homogenized, ¢ 1 pass, d 2 pass, e 3

pass and f 4 pass

the second phase particles. In as-cast condition, the second
phase particles were distributed along the grain boundaries.
These second phase particles obstructed the grain defor-
mation during the tensile test. The second phase particles
while disengaging from the grain boundary formed micro-
pores which grew continuously to initiate the crack, leading
to fracture. Therefore, the fracture occurred normal to the
load direction [16]. After the first pass of the ECAP pro-
cess, the fracture mode was transformed to shear mode
with a fracture angle approximately equal to 45° with

respect to the tensile axis as shown in Fig. 7c. This was due
to strong strain-hardening effect during ECAP processing
[19]. Also, with the increase in the ECAP passes, the strain-
hardening degree gradually increased [18]. With the
increase in the number of ECAP passes, the fracture
appearance continued to show the shear fracture mode.
This has been indicated in images presented in Fig. 7d—f
corresponding to second pass, third pass and fourth pass,
respectively. The fracture angles were very close to 45°
with respect to the tensile axis. In the ECAP processed
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Fig. 11 SEM micrographs of the fracture surfaces after tensile testing of Al-10Zn—-2Mg alloy, a as cast, b homogenized, ¢ 1 pass, d 2 pass, € 3

pass and f 4 pass

samples, due to intense shearing, the second phase particles
fragmented in the shear plane [18]. Normally, the plane
containing second phase particles were weaker. Conse-
quently, fracture would occur in the shear plane during
tensile testing of ECAP processed samples [18]. It was
observed that, samples subjected to ECAP processing
always failed in a shear fracture mode in tensile testing
[19]. Similar behaviour occurred in the Al-10Zn-2Mg
alloy and Al-15Zn-2Mg alloy tensile test samples, before
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and after ECAP processing as shown in Figs. 8 and 9
respectively.

SEM micrographs of the fracture surface morphologies
of the tensile test samples of Al-5Zn-2Mg alloy in var-
ious conditions are shown in Fig. 10. In as-cast condition,
the fracture surface was composed of micro-porosities and
dendrite structure; dimples were not observed (Fig. 10a).
In this condition, dendrites of 20 pm were observed. After
the homogenization, dendritic structures and micro-
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Fig. 12 SEM micrographs of the fracture surfaces after tensile testing of Al-15Zn-2Mg alloy, a as cast, b homogenized, ¢ 1 pass, d 2 pass, e 3

pass and f 4 pass

porosities which were observed in the cast condition
disappeared from the fracture surface. Large dimples with
diameter of approximately 10 um were observed. After
the ECAP process, the dimple size decreased and showed
a homogeneous distribution across the fracture surfaces. It
was also observed that dimples in the fracture surfaces
were shallower than those before ECAP process and
dimple size was reduced with the increase in the number
of ECAP passes. The average size of the dimples in the
fracture surfaces were reduced to 2.5, 1.8, 1.2 and 0.6 pm

in the first pass, second pass, third pass and fourth pass
respectively. The reduction in the dimple size was
attributed to the reduction in the grain size. Similar
observations were reported in the previous works carried
on cast aluminium and cast Al-Cu alloy by Aal et al. [7]
and Al-Zn alloy by Saray and Purcek [15]. The contin-
uous reduction in dimple size could be related to grain
refinement as well as strain hardening and the fragmen-
tation of second phase particles was caused by ECAP
[20].
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Figure 11 shows the SEM micrographs of the fracture
surface morphologies of the tensile test samples of Al-
10Zn—2Mg alloy under various conditions. Similar type of
observations were seen in the tensile fracture samples of
Al-10Zn-2Mg alloy with reference to the Al-5Zn-2Mg
alloy. In as-cast condition, dendrites of 25 um were
observed. After the homogenization, dimples of diameter
approximately equal to 5 um were observed. After the
ECAP process, the average size of the dimples in the
fracture surfaces were reduced to 3.2, 2.2, 1.6 and 0.6 pm
in the first pass, second pass, third pass and fourth pass
respectively. Figure 12 shows the SEM micrographs of the
fracture surface morphologies of the tensile test samples of
Al-15Zn-2Mg alloy under various conditions. A similar
observation was seen in the tensile fracture samples of Al-
15Zn-2Mg alloy with reference to the Al-5Zn-2Mg alloy
and Al-10Zn-2Mg alloy. In as-cast condition, dendrites of
20 um were observed. After homogenization, dimples of
diameter of 4 pm size were observed. After the ECAP
process, the average size of the dimples in the fracture
surfaces were reduced to 2.8, 1.6, 1 and 0.3 pum in the first
pass, second pass, third pass and fourth pass respectively.

4 Conclusions

The Al-Zn-Mg alloy system turns out to be a very inter-
esting model system to study enhancement in tensile
properties developed by SPD and their link with grain
refinement. The Al-5Zn-2Mg, Al-10Zn-2Mg and Al-
15Zn-2Mg alloys were processed successfully up to 4
passes in route B¢ at 200 °C. The main outcomes of this
study are summarized as follows.

e After ECAP, deformation bands in the range of 2 to
4 um in Al-5Zn-2Mg alloy and 5 pm in Al-10Zn-
2Mg alloy were observed. While in Al-15Zn-2Mg
alloy, sub-grains of about 10 pum size was observed.

e After ECAP processing, significant increase in the UTS
and the elongation to failure were observed. After 4
passes, the UTS was increased to 266 MPa, 355 MPa
and 396 MPa in Al-5Zn-2Mg, Al-10Zn-2Mg and Al-
15Zn-2Mg alloys, from the initial as-cast condition
values of 120 MPa, 140 MPa and 166 MPa, respec-
tively. Elongation to failure increased to 12.1, 9.5 and
7.8% in Al-5Zn-2Mg, Al-10Zn-2Mg and Al-15Zn-
2Mg alloys, from the initial as-cast condition values of
2.2, 1.8 and 1.3%, respectively.
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The fracture mode was transformed from brittle mode
to shear mode after ECAP processing in all the three
alloys. In cast condition, the fracture surface was
composed of dendrites and micro-porosities. Dendrites
of 20, 25 and 20 pm in size were observed in Al-5Zn—
2Mg, Al-10Zn-2Mg and Al-15Zn-2Mg alloys, respec-
tively. After 4 passes, small dimples of 0.6, 0.6 and
0.3 pm in size were observed in Al-5Zn-2Mg, Al-
10Zn-2Mg and Al-15Zn-2Mg alloys, respectively.
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