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Abstract

In the current investigation, an effort was made to understand the precipitate evolution process during
equal channel angular pressing (ECAP) of an alloy composed of only aluminium, zinc and
magnesium. For this purpose, three different compositions of cast Al-Zn-Mg alloys were selected and
ECAP processed in route B¢ upto four passes. Microstructural observations indicated that, ECAP
processing leads to refined structure possessing high density dislocations and large amount of grains
with high angle grain boundaries. The precipitate volume in the alloys increased with increase in the
zinc quantity in the alloy. Microstructural characterization through transmission electron microscope
(TEM) and differential scanning calorimeter (DSC) revealed that, processing by ECAP results in
structure having stable 7 phase precipitates without the presence of GP zones and intermediate 7/
phase precipitates. Thereby demonstrates that, ECAP process accelerates the precipitation kinetics
and also shifts the morphology of the precipitates. Higher mechanical properties were noticed in the
alloy containing large quantity of MgZn, precipitates.

1. Introduction

Al-Zn-Mg alloys possess high toughness and also exhibit highest strength among all aluminium alloys. [1]. Al-
Zn-Mg alloys are key engineering materials for the application in the automotive and the aerospace parts due to
their high strength, high toughness and low density [1]. Also, these alloys have good specific strength and
damage tolerance behaviour [2]. But these alloys possess less strength and poor ductility in cast condition
restricts its engineering applications. In order to cater the increasing demand of these alloys in engineering field,
study of these alloys is necessary. Strength of these alloys could be improved by various techniques like heat
treatment, adding alloying and rare-earth elements, and coating techniques. These processes have various
limitations like, not all properties will be improved in heat treatment process, adding alloying and rare-earth
elements into the material changes composition and phases of the alloy system, only surface properties could be
improved in coating techniques. Compared to these techniques strengthening via grain refinement is more
attractive because of its number of benefits like simplicity in operation, cost effective, development of
homogenous structure and properties throughout the material and no special equipments are needed for
processing. Grain refinement could be accomplished via various severe plastic deformation (SPD) techniques. In
SPD techniques, higher degree of grain refinement could be achieved through the application of the intensive
plastic deformation. Also, processing via SPD techniques results in high angle grain boundaries [3]. Among
several SPD techniques, equal channel angular pressing (ECAP) technique is the most effective and superior tool
for the grain refinement [4]. ECAP was first invented in 1972 by Segal in Russia, later during early 1990s ECAP
process gained alot of interest to develop ultrafine and nanostructured materials [5]. Processing via ECAP will
have positive effect on the precipitation and microstructure evolution in the materials. Also, ECAP processing at
higher temperature promotes precipitation kinetics [6].
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Table 1. Composition (in wt %) of the alloys with designations used in the present study.

Alloy Designation Aluminium Zinc Magnesium
Al-5Zn-2Mg A5 93 5 2
Al-10Zn-2Mg AlO 88 10 2
Al-15Zn-2Mg Al5 83 15 2

Numerous literatures were stated to examine the importance of ECAP processing on Al-Zn-Mg alloys.
Majority of the literature is on the wrought Al-Zn-Mg [7-9]. Generally, in wrought Al-Zn-Mg alloys, along with
magnesium and zing, other elements (Cu & Zr) are present, which leads to the growth of different sets of
precipitates (like MgZn,, Al;Zr and Al,Cu). It is hard to recognize the effect of each precipitate on the hardness
and strength of the alloy. It is very essential to recognize the effect of each precipitate on the hardness and
strength of the alloy. In this regard, in the present work, alloys composed of only aluminium, zinc and
magnesium was studied. In this combination only Mg-Zn based precipitate formation takes place. Formation of
other types of precipitates which are generally observed in commercial wrought alloys are eliminated. Also, very
few literatures were reported to examine the importance of the SPD and other metal forming processes on cast
alloys composed of only aluminium, zinc and magnesium [10—12]. The present work is motivated by the
realization that, no literatures were reported to identify the precipitate evolution process involved in an alloy
compiled of only aluminium, zinc and magnesium and processed through ECAP technique.

Along with that, it is very much essential to understand the thermal behaviour of the ECAP processed Al-Zn-
Mg alloys. But, very few studies were reported on differential scanning calorimeter (DSC) analysis of Al-Zn-Mg
alloys. Xu et al used DSC to determine the melting temperature of the Al 7034 alloy [13]. Delasi and Adler
studied the endothermic and exothermic reactions occurring in Al 7075 alloy and reported the dissolution and
formation of the precipitates in the temperature between 20 to 500 °C [14]. Starink and Li developed a model to
predict the electrical conductivity of the age-hardened Al-Zn-Mg-Cu alloy through DSC studies [15]. Starink
and Wang developed a model to predict the yield strength of the age-hardened Al-Zn-Mg-Cu alloy through DSC
studies [16]. To the author’s knowledge, no literatures were found on the thermal stability of a cast alloy
complied of only aluminium, magnesium and zinc and processed through ECAP technique. In the present
work, Al-Zn-Mg alloys with variable zinc was selected and ECAP processed to study the effect of the zinc content
on the evolution of Mg-Zn based precipitates, their thermal stability and mechanical properties.

In the present study, three different zinc compositions were selected (5, 10 and 15%). Even though, zinc
could be added upto 40% to aluminium [17], increase in the zinc content above 20% leads to decrease in the
ductility of the material [18, 19]. Also, zinc content less than 5% will not have significant influence on the
expected properties of the alloy [17]. Hence, in the present work, zinc content is fixed minimum as 5% and
maximum as 15%. The maximum solubility of magnesium in aluminium is 17.4%, for optimum mechanical
properties the magnesium content should not be more than 4% [17]. Hence in the present study, zinc content is
limited to 5, 10 and 15% and magnesium content is limited to 2%. The zinc and magnesium ratios are chosen
such that it is susceptible to precipitation of MgZn, precipitates. By this study, effect of zinc content and ECAP
processing on the microstructure, mechanical properties and thermal response of particular composition of
aluminium, zinc and magnesium could be identified and utilized to suitable applications, since Al-Zn-Mg alloys
are key engineering materials for the application in the automotive and aerospace parts [1]. From the results, it is
noticed that, ECAP processing leads to increase in the mechanical properties of the alloys. Also, with increase in
the zinc content, increase in the mechanical properties of the alloys is observed, suggesting that the studied alloys
could be used as alternative materials for automotive and aerospace parts.

2. Experimental procedure

Table 1 shows the alloy composition studied in the present work. These alloys were initially prepared as cast
ingots by gravity casting method. Casting was carried out in an electric resistance furnace. Initially, graphite
crucible was kept inside the resistance furnace and crucible is heated to the melting temperature of the alloy.
Afterwards, commercial pure aluminium (99.7% purity) pieces of required quantity were poured into the
crucible. Once, the aluminium pieces were melted, zinc (99.9% purity) granules and magnesium (99.9% purity)
granules covered in the aluminium foils were poured to the aluminium melt and stirred manually using a
graphite rod. After that, melt was degassed with hexachloroethylene tablets. Later, the melt was cast into
cylindrical rods of 25 mm diameter and 100 mm length using a metal die. Homogenization of the cast ingots was
taken place at 480 °C for 20 h. For ECAP, homogenized alloys were machined to 16 mm diameter and 80 mm
length rods.
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Figure 1. Schematic showing the temperature control during processing.

The ECAP processing was taken place in a split die, the die channels are intersecting at an angle (®) of 120°
and outer arc of curvature (¥) of 30°. With these angles, in each pass, a stain 0f 0.667 is imposed on the sample.
In the present work samples were processed though route B¢. All three alloy samples were tried to process at
lowest possible temperature. The least temperature at which all three alloys were fruitfully processed upto four
number of passes in route B¢, without crack is 200 °C. After 4 passes, pressing was stopped. Since, in route B,
deformation restores the equiaxed microstructure in all 3 planes after each 4 consecutive passes [20]. Pressing
was taken place at a speed of 0.5 mm s~ '. Molybdenum disulphide was applied on the specimen and the die
channel to control friction during processing. A separate heating arrangement was used for heating the die
assembly to the required processing temperature. Figure 1 shows the schematic diagram of the heating
arrangement used in the present study. Die blocks were heated by using heating coils. Holes were drilled in the
die to insert the heating coils as shown in figure 1. These coils were controlled by temperature controller. To
measure the temperature in the die, thermocouple was used and this thermocouple sends signal (temperature
rise in the die) to the controller. In this way, controller controls the required temperature in the die during
processing.

Microstructure of the processed and unprocessed materials was studied by using Zeiss AX10 LAB A1 optical
microscope (OM) and Jeol JEM-2100 transmission electron microscope (TEM). For OM study, specimens were
prepared by metallographic techniques. For TEM study, specimens were thinned down to 80 ym thickness and 3
mm diameter discs were pierced from the thinned specimens. The pierced specimen is further thinned down to
40 pm thickness using disc polisher. The specimens were then dimpled to 20 ;sm thickness using dimple grinder.
Ion milling of the dimpled specimens were carried out at 4° beam angle until perforation was achieved. These
samples were studied in TEM and selected area electron diffraction (SAED) patterns were recorded. TEM with
energy dispersive spectroscopy (EDS) was used to analyse the chemical composition. Thermal analysis of the
processed and unprocessed materials were carried out in Netzsch 404 F1 differential scanning calorimeter
(DSC). For DSC study, specimens of 5 mm diameter with approximate weight of 20 mg were sealed in
aluminium pans and heated in argon atmosphere at a constant heating rate of 10 °C min~'. DSC curves were
recorded over a temperature 100 to 600 °C.

To assess the mechanical properties of the processed and unprocessed materials, microhardness
measurement and tensile test experiments were conducted at room temperature. Microhardness measurements
were carried out in Shimadzu HMV-G20 ST microhardness indenter. Microhardness measurements were
conducted ataload of 50 gm for 15 s. In cast and homogenized samples microhardness was measured
perpendicular to the ingot axis. While in the ECAP processed samples, microhardness was measured
perpendicular to the processing direction. In each condition, ten measurements were conducted and average
values were considered. Tensile tests were conducted in Shimadzu AG-X plus 100 kN universal testing machine
according to ASTM E8 standard. For tensile testing, samples were machined to tensile test samples as per the
ASTM E8 standard (gauge length = 24 mm, gauge diameter = 6 mm). Cast and homogenized samples were
machined parallel to the ingot axis, while the ECAP processed samples were machined parallel to the processed
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Figure 2. OM micrographs of the A5 alloy in different conditions (a) cast, (b) homogenized, (c) 1 pass, (d) 2 pass, () 3 pass and (f) 4
pass.

direction. Tensile tests were conducted at a constant cross head speed of 0.1 mm min . In each condition, three
samples were tested to confirm the repeatability of the results and average values were considered.

3. Results

3.1. Optical microscope (OM)

Figure 2 presents the OM micrographs of the A5 alloy in various conditions. In cast condition, dendritic
structure was observed and precipitates were identified in the dendrites, as displayed in figure 2(a). In this
condition, dendrites in the size range of 150 to 200 ;sm were observed. After homogenization treatment, due to
the recrystallization, grains were identified as displayed in figure 2(b) and precipitates were almost dissolved in
the matrix. In homogenized condition, grains in the size range of 180 to 200 ym were observed. It is noticed that,
processing by ECAP leads to significant reduction in the grain size of the alloy. After first pass, microstructure
was refined by the introduction of the sub-grains as displayed in figure 2(c). In this condition, grains in the size of
30to 50 um were observed. After second pass, due to the formation of new sub grains, more refined grain
structure was observed compared to previous pass, as shown in figure 2(d). In this condition, grains in the size
range of 20 to 30 pm were observed. Figure 2(e) shows the OM micrograph of the alloy after third pass. In this
condition, large amount of shear bands were observed within the large initial grains and newly generated sub-
grains. After third pass, size of the shear bands varies from 10 to 15 pm. After fourth pass, grain structure was
refined to a great extent as shown in figure 2(f). Finer size shear bands were noticed compared to previous pass.
After fourth pass, size of the shear band varies from 5 to 8 pm.
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Figure 3. OM micrographs of the A10 alloy in different conditions (a) cast, (b) homogenized, (c) 1 pass, (d) 2 pass, () 3 pass and (f) 4
pass.

Figure 3 displays the OM micrographs of the A10 alloy in different conditions. In cast condition, dendrites in
the size range of 240 to 280 pm were observed as shown in figure 3(a) and precipitates were identified in the
dendrites. After homogenization treatment, grains in the size of 200 to 240 pum were identified as shown in
figure 3(b). The grain structure of the alloy was refined significantly after ECAP processing. In the first pass, grain
size of the alloy was reduced to 70 to 90 ;sm as shown in figure 3(c). After second pass, grain size of the alloy was
reduced to 40 to 50 ;im as shown in figure 3(d). After third pass, large amount of shear bands were observed
within the large initial grains and newly generated sub-grains as shown in figure 3(e). The size of the shear bands
measured in this condition is approximately equal to 20 pm. After fourth pass, more refined shear bands in the
size of 10 um were observed as shown in figure 3(f).

Figure 4 shows the OM micrographs of the A15 alloy in different conditions. In cast condition, large size
dendrites in the range of 160 to 200 ;sm were observed as shown in figure 4(a). After homogenization, large size
grains in the range of 120 to 180 ym were observed as shown in figure 4(b). After ECAP, significant reduction in
the grain size of the alloy was observed. Figure 4(c) shows the microstructure of the alloy after first pass. The size
of the grains measured in this condition is approximately equal to 40 ym. After second pass, grain size of the
alloy was reduced to 25 pim as shown in figure 4(d). After third pass, grain size measured in the alloy is
approximately equal to 15 ym as shown in figure 4(e). After fourth pass, grain size measured in the alloy is
approximately equal to 10 gm as shown in figure 4(f).

3.2. Transmission electron microscope (TEM)
Figure 5 presents the TEM micrographs and associated SAED patterns of the A5 alloy in various conditions. In
cast condition, dendritic structure with minimum number of dislocations was observed. The discrete spots in
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Figure 4. OM micrographs of the A15 alloy in different conditions (a) cast, (b) homogenized, (c) 1 pass, (d) 2 pass, () 3 pass and (f) 4
pass.

the SAED pattern are due to coarse dendrites (pattern is from one of the dendrites). The dendrite is relatively free
from high angle grain boundaries. Also, precipitates were observed near the dendrites and in the inter-dendritic
areas as shown in figure 5(a). These precipitates were recognised as 7/ phase (MgZn,) precipitates [21]. After
homogenization treatment, grains with low density dislocations were perceived as displayed in figure 5(b). SAED
pattern confirms the presence of low angle grain boundaries within the grains. During homogenization
treatment, majority of the precipitates which were placed in the inter-dendritic areas were almost dissolved in
the aluminium matrix. After first pass, the width of the grains was reduced and shear bands were observed as
shown in figure 5(c). The grains were apparently elongated along the processing direction. The width of the shear
bands ranges from 1 to 1.2 ym. Also, reasonable amount of dislocation densities were observed near the grain
boundaries. SAED pattern confirms that, grains are relatively free from high angle grain boundaries. Figure 5(d)
presents the TEM micrograph of the alloy after second pass. In this condition, shear bands which are developed
in the first pass are sliced by the shear bands formed in the second pass. Also, enhancement in the dislocation
density was observed compared to previous passes. The distinct dots in the SAED pattern state that, the
occurrence of low angle grain boundaries between the grains. After third pass, introduction of the deformation
bands causes formation of the sub-grain boundaries as displayed in figure 5(e). Enhancement in the dislocation
density was observed compared to earlier passes. The SAED pattern after third pass suggests the presence of high
angle grain boundaries between the grains, although some fraction of grains having low angle grain boundaries
between them was also observed. After fourth pass, due to the introduction of new deformation bands equiaxed
sub-grains or cells were formed as shown in figure 5(f). High density of dislocations was observed near the sub-
grain boundaries. The circular pattern in the SAED states the occurrence of large number of fine grains with high
angle grain boundaries within the grains.
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Figure 5. TEM micrographs of the A5 alloy in different conditions (a) cast, (b) homogenized, (c) 1 pass, (d) 2 pass, (e) 3 pass and (f) 4
pass.

Figure 6 presents the morphology and distribution of precipitates in the A5 alloy in different conditions. In
cast condition, rod or flake shaped large quantity of MgZn, (7 phase) precipitates were observed as displayed in
figure 6(a). The length of the precipitates ranges from 100 to 150 nm, the width of the precipitates ranges from 20
to 30 nm. The presence of MgZn, (7 phase) rod shape precipitates in cast condition is in consistent with earlier
observations in Al 7034 cast alloy [13]. Since, after homogenization treatment, precipitates which are initially
segregated along the inter-dendritic regions were almost dissolved in the aluminium matrix. Hence, secondary
particles were not identified in the matrix as shown in figure 6(b). After first pass, spherical shaped precipitates
were perceived as displayed in the figure 6(c) and the size of the precipitate varies from 20 to 30 nm. These
precipitates were identified as intermediate metastable MgZn, (7 phase) precipitates [22]. Also, these
precipitates were evenly distributed in the grains and near the grain boundaries. With increase in the number of
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Figure 6. TEM micrographs showing the morphology and distribution of precipitates in the A5 alloy in different conditions (a) cast,
(b) homogenized, (c) 1 pass, (d) 2 pass, (e) 3 pass and (f) 4 pass.

passes, the morphology of the precipitates was not changed. But, the size of the precipitates was reduced with
increase in the number of passes. After second pass, the precipitate size was decreased to 20 to 25 nm as displayed
in figure 6(d). After third pass, the precipitate size was reduced to 15 to 20 nm as shown in figure 6(e). After
fourth pass, the precipitate size was decreased to 10 to 15 nm as presented in figure 6(f). Also, these precipitates
were homogeneously distributed in the grains and nearby the grain boundaries. It is noticed that, with increase
in the ECAP passes the intensity of the precipitates increased. This is due to the shearing of the 7/ phase (MgZn,)
precipitates by the introduction of dislocations in the successive ECAP passes. Also, these dislocations will acts as
nucleation spots for the development of precipitates which lead to the formation of finer size spherical shaped
stable MgZn, (1 phase) precipitates [23].
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Figure 7. TEM micrographs of the A10 alloy in different conditions (a) cast, (b) homogenized, (c) 1 pass, (d) 2 pass, () 3 pass and (f) 4
pass.

Figure 7 presents the TEM micrographs and associated SAED patterns of the A10 alloy in different
conditions. TEM micrograph of the alloy in cast condition is presented in figure 7(a), large size precipitates lying
near the dendrites and inter-dendritic areas were observed. These precipitates were recognised as 77/ phase
(MgZn,) precipitates. SAED pattern included in the figure states that in cast condition presence of low angle of
misorientation between the dendrites. Also, low density of intragranular dislocations was observed. Owing to
the recrystallization effect during homogenization treatment, dendritic structure was replaced with large size
grains as presented in figure 7(b) and precipitates present in the dendrites were almost dissolved in the matrix. In
this condition, grains with low density dislocations were observed. Also, SAED pattern suggests that in the
homogenized condition presence of low angle grain boundaries between the grains. Figure 7(c) presents the
TEM micrograph of the A10 alloy after first pass. In this condition, elongated grains nearly parallel to the
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processing direction were observed. The width of the elongated grains measured in this condition was
approximately of 1 ym in size. Reasonable amount of dislocations were observed near the grain boundaries. The
presence of distinct dots in the SAED pattern recommends the existence of low angle of misorientation (low
angle grain boundaries) between the grains. Figure 7(d) shows the TEM micrograph of the A10 alloy after second
pass. At this stage, shear bands developed during second pass cuts the elongated grains which are formed during
first pass. Slight increase in the dislocation density was observed compared to first pass. SAED pattern included
in the figure confirms the existence of low angle of misorientation between the grains. After third pass, few sub-
grains with reasonable amount of dislocation density was observed as shown in figure 7(e). The SAED pattern
after third pass confirms that most of the grains are parted by high angle grain boundaries, although presence of
some fraction of grains with low angle grain boundaries was also observed. TEM micrograph of the alloy after
fourth pass is displayed in figure 7(f). At this stage, equiaxed cells were observed. The equiaxed cells were formed
due to the introduction of shear bands from previous passes and after fourth passes. High density of dislocations
were observed near the cell boundaries. SAED pattern included in the figure states that after fourth pass existence
of large volume fraction of high angle of misorientation between the cells.

Figure 8 shows the morphology and distribution of precipitates in the A10 alloy in different conditions.
Figure 8(a) shows the morphology and distribution of precipitates in the A10 alloy in cast condition, rod or flake
shaped MgZn, (1 phase) precipitates were perceived. The size of the precipitates observed is much bigger
compared to A5 alloy. The length of the precipitates ranges from 250 to 750 nm, the width of the precipitates
ranges from 50 nm to 100 nm. Increase in the size and shape of the precipitates is due to increase in the zinc
quantity from 5% to 10%. Since, after homogenization treatment, precipitates which are initially segregated
along the inter-dendritic regions were almost dissolved in the aluminium matrix. Hence, secondary particles
were not identified in the matrix as shown in figure 8(b). After first pass, spherical shaped precipitates were
perceived as displayed in figure 8(c). The size of the spherical shaped precipitates varies from 30 to 40 nm. These
precipitates were identified as intermediate metastable MgZn, (1)’ phase) precipitates. Also, there is substantial
fragmentation of the precipitates. With increase in the number of passes, the morphology of the precipitates was
not changed. But, the size of the precipitates was reduced with increase in the number of passes. After second
pass, the precipitate size was reduced to 20 to 30 nm as presented in figure 8(d). After third pass, the precipitate
size was decreased to 15 to 25 nm as displayed in figure 8(e). After fourth pass, the precipitate size was reduced to
10 to 20 nm as shown in figure 8(f). These precipitates were identified as stable 7 phase precipitates Also,
precipitates observed in the alloy after fourth pass were homogeneously distributed in the grains and near the
grain boundaries. Reduction in the size of the precipitates is due to the shearing of the precipitates by the
introduction of dislocations in the successive ECAP passes [23]. Since, ECAP processing lead to develop large
amount dislocations in the material and these dislocations acts as nucleation sites for precipitate growth, large
amount of spherical shaped precipitation growth had taken place at this dislocation networks.

Figure 9 presents the TEM micrographs and SAED patterns of the A15 alloy in different conditions.

Figure 9(a) shows the TEM micrograph of the alloy in cast condition, large size precipitates near the dendritic
regions were observed. The precipitates observed in the dendritic regions were recognised as MgZn, (7' phase)
precipitates. The presence of unconnected dots in the SAED pattern of the cast sample indicates the existence of
low angle of misorientation between the dendrites and low density dislocations. After homogenization
treatment, large size grains with low density dislocations were perceived as displayed in the figure 9(b). Discrete
spots in the SAED pattern of the homogenized sample states that, in this condition the alloy is compiled with low
angle grain boundaries between the grains. During homogenization treatment, owing to the recrystallization
effect dendritic structure was disappeared and majority of the precipitates existing in the dendrites were
dissolved in the matrix. After first pass, elongation of the grains in the shear direction causes to form a band like
structure, as displayed in figure 9(c). The width of the elongated grains was approximately equal to 1 ym. Also,
noticeable amount of dislocations were observed near the grain boundaries. SAED pattern confirms that the
presence of low angle grain boundaries between the grains. After second pass, due to the introduction of new
shear bands wavy and ill-defined grain boundaries was perceived as shown in figure 9(d) and reasonable amount
of dislocations were witnessed near the grain boundaries. The occurrence of distinct spots in the SAED
recommends the occurrence of low angle of grain boundaries between the grains. After third pass, increase in the
shear bands causes development of sub-grain boundaries as displayed in figure 9(e) and a large volume of
dislocations especially at sub-grain boundaries were observed. The SAED pattern after third pass suggests the
presence of high angle grain boundaries between the grains, although some fraction of grains having low angle
grain boundaries between them was also observed. After four passes, reasonably homogenous microstructure
was observed and shape of the grains is fairly equiaxed as shown in figure 9(f). High density of dislocations within
the grains and near the grain boundaries was observed. The presence of rings in the SAED pattern of the fourth
pass sample indicates that most of the grains are separated by high angle of misorientation (high angle grain
boundaries) between them.
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Figure 8. TEM micrographs showing the morphology and distribution of precipitates in the A10 alloy in different conditions (a) cast,
(b) homogenized, () 1 pass, (d) 2 pass, (e) 3 pass and (f) 4 pass.

Figure 10 presents the morphology and distribution of precipitates in the A15 alloy in various conditions.
Figure 10(a) presents the morphology and distribution of precipitates in the A15 alloy in cast condition, rod or
flake shaped MgZn, (77 phase) precipitates were perceived. The size of the precipitates observed is much bigger
compared to A5 and A10 alloy. The length of the precipitates ranges from 300 nm to 600 nm and the width of the
precipitates ranges from 100 to 150 nm. Increase in the size and shape of the precipitates is due to increase in the
zinc quantity to 15%. After homogenization, precipitates which are initially present the inter-dendritic regions
were almost dissolved in the aluminium matrix as shown in figure 10(b). After first pass, spherical shaped
precipitates were perceived as shown in figure 10(c). The size of the precipitates varies from 30 to 40 nm. These
precipitates were identified as intermediate metastable MgZn, (7 phase) precipitates. With increase in the
number of passes, the morphology of the precipitates was not changed. But, the size of the precipitates was
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Figure 9. TEM micrographs of the A15 alloy in different conditions (a) cast, (b) homogenized, (c) 1 pass, (d) 2 pass, () 3 pass and (f) 4
pass.

reduced with increase in the number of passes. After second pass, the precipitate size was approximately
deceased to 25 nm as shown in figure 10(d). After third pass, the precipitate size was approximately reduced to 15
nm as displayed in figure 10(e). After fourth pass, the precipitate size was approximately deceased to10 nm as
presented in figure 10(f). The volume of precipitates was also enhanced with successive ECAP passes. The
precipitate in this condition was identified as stable MgZn, () phase) precipitates. Also, the precipitates observed
in the alloy after fourth pass were homogeneously distributed in the grains and near the grain boundaries.
Reduction in the size of the precipitates is due to the shearing of the precipitates by the introduction of
dislocations in the successive ECAP passes and also new finer size precipitates growth had taken place at these
dislocation tangles [23].
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Figure 10. TEM micrographs showing the morphology and distribution of precipitates in the A15 alloy in different conditions (a) cast,
(b) homogenized, () 1 pass, (d) 2 pass, (e) 3 pass and (f) 4 pass.

3.3. Differential scanning calorimetry (DSC)

Figure 11 shows the DSC thermographs of the A5 alloy in different conditions. In cast sample, endothermic
reaction was observed at 100 to 150 °C (marked as region 1). It is owing to the dissolution of GP zones. At 200 to
250 °C (marked as region 2) exothermic reaction was observed in cast sample. It is due to the dissolution of 7/
phase precipitates [24]. A small shoulder (peak) at the end of the exothermic peak (marked as region 2a) at
temperature 275 °C resembles to the development of 7) phase precipitates. Another small shoulder at 310 °C
resembles to the coarsening of 1) phase precipitates (marked as region 2b) [25]. Again at 350 to 400 °C,
endothermic reaction was observed in cast sample (marked as region 3). It is due to the dissolution of  phase
precipitates [22]. Melting of the alloy takes place after 580 °C (marked as region 4). During homogenization
treatment precipitates which are located in the dendritic and inter-dendritic regions are already dissolved.
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Figure 11. DSC thermographs of the A5 alloy in different conditions.

Hence, significant reactions were not observed in the homogenized sample compared to cast and ECAP
processed samples. This is confirmed through TEM observations of the homogenized sample presented in
figures 5(b) and 6(b). In the ECAP processed specimens, noticeable changes in the shape of the DSC
thermographs were observed compared to cast sample. The first endothermic peak of the ECAP processed
samples is smaller in size compared to cast sample (marked as region 1). The exothermic peak which is present in
cast sample is not observed in ECAP processed samples. Since, in cast sample dissolution of GP zones and 1/
phase precipitates occurs nearly at the processing temperature. But, these reactions are expected to complete
during initial heating for ECAP processed samples. Hence, reactions 1 and 2 in the ECAP processed samples are
smaller and negligible [26]. A small shoulder at 310 °C in the ECAP processed sample (marked as region 2b)
resembles to coarsening of the 7 phase precipitates due to the increase in the heating temperature. Endothermic
reaction at 325 to 375 °C of the ECAP processed samples corresponds to the dissolution 7 phase precipitates. The
second endothermic peak of the fourth pass sample is smaller in size compared to cast sample. This is attributed
to the finer size precipitates present in the fourth pass sample. This is confirmed through TEM observations of
the four pass sample presented in figure 6(f). Also, the dissolution temperature of the 1) phase precipitates in
ECAP processed samples is 25 °C less than the cast sample. It is presumed that, the dissolution will be easier at
lower temperature in the presence of fragmented and finer size precipitates [25].

Figure 12 shows the DSC thermographs of the A10 alloy in different conditions. In cast sample, low
temperature endothermic reaction was observed at 125 to 150 °C (marked as region 1) corresponds to the
dissolution of GP zones. Exothermic reaction at 175 to 225 °C (marked as region 2) corresponds to the
dissolution 1/ phase precipitates. Another exothermic reaction at 250 to 280 °C (marked as region 2a) resembles
the development of 7 phase precipitates. Shoulder at 385 °C resembles to the coarsening of ) phase precipitates
(marked as region 2b). High temperature endothermic reaction at 475 to 500 °C (marked as region 3)
corresponds to the dissolution of the 7 phase precipitates. Melting of the alloy takes place after 560 °C (marked as
region 4). Similar to A5 alloy, significant reactions were not observed in the homogenized sample compared to
castand ECAP processed samples. After ECAP processing, noticeable changes in the shape of the DSC
thermographs were perceived. Similar to A5 alloy, low temperature endothermic reaction of the ECAP
processed samples is smaller in size compared to the cast sample (marked as region 1). Also, identical to A5 alloy,
exothermic reaction (resembles to the dissolution of the 1/’ phase precipitate) is not observed in ECAP processed
samples. Peak at 385 °C in the ECAP processed samples corresponds to the coarsening of the 1 phase precipitates
(marked as region 2b). High temperature endothermic reaction of the ECAP processed samples at 475 to 500 °C
(marked as region 3) corresponds to the dissolution of the 1 phase precipitates.

Figure 13 shows the DSC thermographs of the A15 alloy in different conditions. In cast condition, similar to
A5 and A10 alloy, two endothermic peaks one at lower temperature and one at higher temperature was observed.
Two exothermic peaks at intermediate temperatures were also observed. The low temperature endothermic
peak at 125 to 150 °C (marked as region 1) is due to the dissolution of GP zones. Exothermic peak at 180 to
230 °C (marked as region 2) is owing to the dissolution of the 7/ phase precipitates. Another exothermic peak at
250 to 280 °C (marked as region 2a) corresponds to the formation of ) phase precipitates. Shoulder at 435 °C
(marked as region 2b) corresponds to the coarsening of ) phase precipitates. High temperature endothermic
peak at 470to 490 °C (marked as region 3) corresponds to the dissolution 7) phase precipitates. Melting of the
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Figure 12. DSC thermographs of the A10 alloy in different conditions.
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Figure 13. DSC thermographs of the A15 alloy in different conditions.

alloy takes place after 540 °C (marked as region 4). Similar to A5 and A10 alloy, significant reactions were not
observed in the homogenized sample compared to cast and ECAP processed samples. After ECAP processing,
noticeable changes in the shape of the DSC thermographs were observed. It is noticed that, reactions marked as 1
and 2 in the cast samples are absent in the DSC thermographs of the ECAP processed samples. Because, these
reactions are expected to complete at the initial heating of the ECAP processed samples [26]. Hence, reactions 1
and 2 were not witnessed in the ECAP processed specimens. Shoulder at 440 °C in DSC thermograph of the
ECAP processed specimens (marked as region 2b) corresponds to the coarsening of 7 phase precipitates.
Endothermic peak at 470 to 490 °C (marked as region 3) corresponds to the dissolution 7 phase precipitates.

4, Discussion

The result from the present work confirms that ECAP processing lead to substantial decrease in the grain size of
the alloys. Large volume of dislocations developed while ECAP processing promotes shearing of metastable 7/
phase precipitates to form stable 7 phase precipitates. It is noticed that, the quantity of MgZn, precipitates
perceived in A10 alloy is more compared to precipitates perceived in A5 alloy. This is owing to the rise in zinc
volume in the alloy form 5% to 10%. Likewise, the quantity of MgZn, precipitates perceived in A15 alloy is more
compared to precipitates perceived in A10 alloy. This is owing to the rise in zinc volume in the alloy form 10% to
15%. By increasing the zinc quantity in the alloy precipitate nucleation tendency could be increased. The
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Figure 14. TEM micrographs showing the morphology and distribution of the precipitates in A10 alloy after fourth pass (a) bright
field, (b) Dark field using g 112 and (c) SAED Pattern corresponding to MgZn, precipitates.

precipitation in the Al-Zn-Mg alloys is recognized to take place in the following sequence as

Supersaturated solid solution (SSS) — Guinier — Preston(GP)zones

—n' phase (intermediate metastable) — 7 phase (stable)

The interfacial energy between GP zones and the aluminium matrix is very less and GP zones normally forms
atambient temperature. The GP zones are coherent in nature. The intermediate metastable 7/ phase precipitates
are semi-coherent in nature and they will form from the GP zones. The 1) phase precipitates are coherent in
nature and these will forms from 7/ phase precipitates. Figure 14(a) shows the bright field TEM micrograph of
the A10 alloy after four passes. It is noticed that, fine size spherical shaped precipitates were present in the alloy.
For the same condition, dark field TEM micrograph is presented in figure 14(b). For the same condition, SAED
pattern is presented in figure 14(c). SAED pattern suggests that particles present in the alloy correspond to
MgZn, precipitates. This confirms that, after four passes, presence of equilibrium 7 phase (MgZn,) precipitate in
the alloy. Figure 15 shows the TEM-EDS analysis of the precipitates after four passes in A5, A10 and A15 alloys,
respectively. EDS was carried out on both the matrix and the precipitates. It is confirmed from the EDS
examination that the matrix is composed of aluminium and precipitates present in the alloy is composed of zinc
and magnesium. The results stated in the present work indicate that processing through ECAP will accelerates
the precipitation kinetics without altering the sequence of precipitation. Thereby showing that, processing by
ECAP develops a microstructure having 7 precipitates without the occurrence of GP zones and /' phase
precipitates by supressing the 7/ phase precipitates [23].

From the DSC thermographs, it is noticed that, dissolution temperature of the precipitates were reduced
with successive ECAP passes. This may be owing to the presence of the finer size precipitates present in the
fourth pass sample [25]. Also, the melting temperature of the alloys was reduced with rise in the zinc volume in
the alloy. Since, the melting temperature of the zinc (419.5 °C) is less compared to the aluminium (661 °C).
Increasing the zinc content in the alloy causes to reduce melting temperature of the alloy. Itis noticed that, a
small shoulder is perceived in cast sample of A5 alloy (marked as region 2a) resembles to the development of )
phase precipitates. While, a bigger size peak (marked as region 2a) resembles to the development of 7 phase
precipitates is perceived in cast sample of A10 and A15 alloy. This difference is attributed to the increase in zinc
volume in the alloy. By increasing the zinc volume in the alloy precipitate nucleation tendency could be
increased. Increase in the volume of the precipitates in the alloy tends to broaden the curves in the DSC
thermographs. Also, shoulder corresponds to the coarsening of 1) phase precipitates (marked as region 2b) in
A10 and A15 alloy is much bigger in size compared to the shoulder corresponds to the coarsening of ) phase
precipitates (marked as region 2b) in A5 alloy. Again this is owing to the rise in zinc volume in the alloy. Increase
in the zinc quantity leads to increase the volume of MgZn, precipitates in the alloy. When MgZn, precipitates
formation in the alloy is increased size of the shoulder also increases. It is noticed that, in all three alloys, the
reactions has occurred in the following sequence as dissolution of GP zones (marked as 1) — dissolution of 7/
phase precipitates (marked as 2) — formation of ) phase precipitates (marked as 2a) — coarsening of 1) phase
precipitates (marked as 2b) — dissolution of ) phase precipitates (marked as 3) — Melting of the alloy (marked
as4) [27]. But, temperature at which these reactions are happening is not same in all three alloys.

Table 2 displays the mechanical properties of the alloys in various conditions. In cast condition, A10 alloy
possess superior mechanical properties compared to A5 alloy. This is owing to the increase in the quantity of rod
or flake shaped MgZn, precipitate in A10 alloy in contrast to A5 alloy. Likewise, A15 alloy possess superior
mechanical properties in contrast to the A5 and A10 alloy. This is owing to the increase in the quantity of rod or
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Figure 15. TEM-EDS analysis of the precipitates after four passes (a) A5 alloy, (b) A10 alloy and (c) A15 alloy.

Table 2. Mechanical properties of the alloys in different conditions.

A5 alloy A10 alloy Al5alloy

Hardness (Hv) UTS (MPa) Hardness (Hv) UTS (MPa) Hardness (Hv) UTS (MPa)
Cast 90 + 8 120 £ 12 144 + 8 140 + 10 173 £ 7 166 + 12
Homogenized 105 + 8 132 + 12 155 + 6 156 + 10 189 + 6 180 £+ 11
One pass 158 £ 6 218 £ 11 204 + 6 280 + 9 239 + 6 340 + 9
Two pass 175 + 6 244 + 9 223 +£5 318 £ 9 261 + 6 372+ 7
Three pass 184 + 6 256 =7 232 £ 5 342 + 8 274+ 5 392 £ 6
Four pass 188 + 4 266 + 6 240 + 4 355+ 6 274 +£ 5 396 + 6

flake shaped MgZn, precipitate in A15 alloy compared to A5 and A10 alloy. Increase in the quantity of MgZn,
precipitate with increase in the zinc volume could be identified in the TEM micrographs presented in

figures 6(a), 8(a) and 10(a). In all three alloys, marginal enhancement in the mechanical properties was perceived
after homogenization treatment. But, in all three alloys, noticeable enhancement in the mechanical properties
was perceived after ECAP. In all three alloys, after first pass, significant enhancement in the mechanical
properties was observed in contrast to later passes. This is owing to the substantial grain refinement occurring in
the first pass compared to later passes. After first pass formation of large quantity of sub-grains within the large
size grains could be identified in the OM micrographs shown in figures 2(c), 3(c) and 4(c). Even after four passes,
A10 alloy possess superior mechanical properties compared to A5 alloy. This is owing to the increase in the
quantity of spherical shaped precipitate MgZn, precipitate in A10 alloy compared to A5 alloy which is

substantially fragmented and uniformly distributed in the alloy. This could be identified in TEM

micrograph shown in figure 8(f). Also, after four passes, A15 alloy possess superior mechanical properties in
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contrast to the A5 and A10 alloys. This is owing to the increase in the quantity of spherical shaped precipitate
MgZn, precipitate in A15 alloy in contrast to the A5 and A10 alloy which is substantially fragmented and evenly
distributed in the alloy. This could be identified in TEM micrograph shown in figure 10(f). It is deduced that,
along with increase in the rate of precipitation due to higher zinc content and increase in the dislocation density
could be the reason for A15 alloy to possess highest mechanical properties after ECAP processing in contrast to
A5and A10 alloys.

Enhancement in the mechanical properties of the alloys after ECAP is owing to the different strengthening
mechanisms. They are (a) grain refinement strengthening due to Hall-Petch effect (b) strain or work hardening
of the material due to generation of high density dislocations (c) precipitation strengthening. To understand the
effect of each mechanism, these mechanisms are discussed in detail.

(a) Grain refinement strengthening: In this case, coarse grains are cut by different shear bands directly into fine
grains and also by the formation of high angle grain boundaries. Formation of fine grains by the intersection of
shear bands could be identified in the TEM micrographs presented in figures 5(f), 7(f) and 9(f). The SAED
patterns included in the TEM micrographs indicates that, misorientations across the grain boundaries are
increased with increase in the number of passes.

(b) Strain or work hardening effect: The major advantage of ECAP processing is the possibility of multiple
passes, so the same strain can be accumulated in each pass through the die. During processing, shear
deformation will takes place. Dislocation networks formed during shearing deformation improves the strength
of material. Since the moving dislocations are enforced to slice the regions of high dislocation density, with
increase in the amount of strain, group of tangles gradually grows into sub-grain boundaries. With increase in
the plastic strain, disorientation and sharpening of these sub-grains take place with respect to the neighbouring
sub-grains.

(c) Precipitation strengthening: Since, ECAP processing lead to development of large amount dislocations in
the material and these dislocations acts as nucleation sites for precipitate growth. Large amount of fine size
spherical shaped precipitates growth had taken place at this dislocation networks. Also, these precipitates are
homogenously distributed in the alloy. This could be clearly identified in TEM micrographs shown in

figures 6(f), 8(f) and 10(f).

5. Conclusions

In the present work, experimental results are presented for precipitates evolution, thermal stability and
mechanical properties of Al-Zn-Mg alloys (different compositions) subjected to ECAP processing in route B¢ at
200 °C. The major outcomes of the present work are summarized as follows-

(1) In cast condition, rod or flake shaped precipitates were perceived in all three alloys and size of these rod or
flake shaped precipitates were increased with increase in the zinc quantity in the alloy. After four passes,
spherical shaped finer size precipitates were perceived in all three alloys and these precipitates were evenly
distributed in the grains and near the grain boundaries.

(2) ECAP processing leads to development of structures having equiaxed finer grains with high density
dislocations and high angle of misorientation between the grains. ECAP processing leads to accelerate the
precipitation kinetics by changing the morphology of the precipitates. Both the precipitation in the alloys
and formation of high angle misorientation between the grains were enhanced with increase in the ECAP
passes.

(3) From the DSC analysis, it was confirmed that, through ECAP processing structure having stable 1 phase
precipitates could be achieved without the occurrence of GP zones and intermediate 17’ phase precipitates.
The peaks in the DSC thermographs were broadened with rise in the zinc volume in the alloy. Melting
temperature of the alloys was reduced with increase in the zinc volume in the alloy.

(4) In cast condition, poor mechanical properties were perceived in all three alloys. Whereas, ECAP processing
leads to achieve superior mechanical properties in all three alloys. The mechanical properties of the alloys
were more influenced by first pass compared to successive ECAP passes. Both in cast condition and after 4
passes, highest mechanical properties were perceived in A15 alloy in contrast to the A5 and A10 alloys.
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