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Abstract
The effects of the working temperatures (260 °C, 200 °C and 130 °C) on microstructure formation in the AA 6063 alloy, 
processed upto ten passes by cyclic expansion extrusion (CEE) was studied. The microstructures of the CEE-processed 
specimens in the convergent and extrusion regions (center and edge) were examined after every two passes. The EBSD 
analysis revealed a decrease in the average grain size from 22 ± 5 µm to 2 ± 0.5 µm after four passes, with a simultaneous 
presence of a large fraction of HAGBs (45%) at 130 °C processing temperature. The TEM observations also confirmed the 
presence of nano-grains of sizes in the range of 50–100 nm. The CEE-processed specimen showed the highest improvement 
in hardness and ultimate tensile strength from 38 ± 3.4 HV and 118 ± 6 MPa to 122 ± 1 HV and 267 ± 2 MPa, respectively, 
after four passes at 130 °C. The specimens processed at 260 °C (ten passes), and 200 °C (four passes) showed moderate 
improvement in strength of 184 ± 3 MPa and 216 ± 3 MPa, respectively. On further straining (at 200 °C and 130 °C after six 
to ten passes), continuous dynamic recovery and dynamic re-crystallization took place which led to grain growth during SPD 
and, as a result, the alloy lost its strain hardening capacity and there was a decrease in the mechanical properties. At higher 
number of passes, the grains were elongated and coarsened, i.e., a non-equiaxed microstructure was seen after ten passes at 
200 °C and 130 °C. In contrast, the specimen processed at 260 °C after ten passes, showed a homogeneous microstructure 
with near-equiaxed grains with 38% of HAGBs. A lower processing temperature produced a microstructure with a fine grain 
size distribution after a lower number of passes.

Keywords  Cyclic expansion extrusion · AA 6063 · Microstructure · Severe plastic deformation · Grain refinement · 
Mechanical properties

1  Introduction

6xxx aluminum alloys are extensively used as rods/bars for 
structural applications on account of their good mechani-
cal properties, in addition to their high corrosion resistance, 
superior weldability and lower cost compared with the 2xxx 
and 7xxx aluminum alloys [1, 2] 6xxx aluminum alloys are 
precipitation hardenable, as they contain solute elements 
such as Mg, Si, Fe, Ti and Cu. The precipitates can pin dis-
locations/grain boundaries and reduce the rate of dynamic 

recovery during severe plastic deformation (SPD) at rela-
tively low temperatures [2]. The recent work of Babu et al. 
[2] demonstrated that the Mg2Si precipitates suppressed the 
dynamic recovery in AA 6063 alloy during SPD.

Ultrafine-grained (UFG)/Nano-structured materials 
(NSMs) are produced using the bottom–up or top–down 
approaches. The bottom–up approach is used for producing 
specimens of limited dimensions. In the top–down approach, 
the coarse grains of polycrystalline solids are subjected 
to severe plastic deformation to enable the production of 
ultrafine-grain/nano-structure in bulk materials. Many 
researchers, Zhu et al. [3], Bay et al. [4], Hughes and Hansen 
[5] and Liu et al. [6], have reported difficulty in produc-
ing UFG in Al alloys through traditional routes due to their 
high stocking fault energy and low driving force needed for 
re-crystallization. Efficient grain refinement based on SPD 
has gained in popularity. Panigrahi et al. [7] demonstrated 
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improvement in mechanical properties of AA 6063 using 
cryorolling, a SPD technique.

UFG materials are produced using several SPD tech-
niques [8] that include equal channel angular pressing 
(ECAP)/equal channel angular extrusion (ECAE) [9], high 
pressure torsion (HPT) [10], multi-directional forging 
(MDF) [11], and accumulative roll-bonding (ARB) [12]. 
Design complexities and high tooling cost are the major 
challenges. Yet, these methods are used for the production 
of UFG microstructures due to their grain refining ability. 
Estrin and Vinogradov [13] reported that the age-hardenable 
alloys are most responsive to SPD processing and showed 
improvement in strength, hardness, toughness and fatigue 
strength. Cyclic-expansion-extrusion-based SPD techniques 
are of recent origin. Babu et al. [14] studied the efficiency 
of this process in achieving uniform grain refinement and 
also studied the effect of strain rate of deformation on the 
grain refinement in Al–Mg–Si alloy. Here, severe grain size 
reduction is achieved by the use of three-dimensional com-
pressive stresses. Consequently, new extrusion-based SPD 
techniques, such as repetitive upsetting extrusion (RUE) 
[15], and twist extrusion (TE) [16] have been used for the 
production of bulk UFG/NS materials. Cyclic expansion 
extrusion (CEE), which involves simple tooling, has been 
shown to be one of the most efficient methods. Babu et al. 
[17] studied the effect of different temperature and num-
ber of passes on the mechanical properties of Al–Mg alloy 
and reported that lower processing temperature favors for 
excellent grain refinement. Cyclic multi-straining by CEE 
results in a homogeneous microstructure with near-equiaxed 
grains and improved properties. The microstructural aspects 
of SPD in Al alloys are well documented. Sitdikov et al. [18] 
reported the influence of temperature on the refinement in 
AA 7475 alloy. At the temperature range of 573–673 K, the 
UFG structure formed near grain boundaries. The formation 
of new grains during SPD by a transformation of low-angle 
boundaries (LAGBs) into high-angle boundaries (HAGBs) 
is a result of dynamic recovery. Thangapandian et al. [19] 
reported the transformation of LAGBs to HAGBs due to 
severe straining at room temperature processing of AA 5083 
using RCS process. Working temperature is one of the most 
important, but least studied, experimental variables. As a 
result, the factors that control the development of micro-
structures at high temperatures have remained unidentified.

Pardis et al. [20] have presented the mechanical properties 
of AA 1050 after CEE. An increase in the hardness value 
was seen from ~ 28 HV to ~ 47 HV, along with a homogene-
ous microstructure after the first pass of CEE. Later, Pardis 

et al. [21] investigated the effect of CEE on grain refinement 
in an AA 1050 alloy strip. A substantial increase in hard-
ness from 29 HV to 53.7 HV with a fine grain structure was 
observed after four CEE passes. The effect of temperature 
on CEE was studied in none of the several studies.

In view of severe deformation of the specimen, warm 
working temperatures are found suitable for deformation. 
Working above the re-crystallization temperature leads to 
faster dislocation annihilation. Therefore, grain refinement 
may not be very effective above 0.5Tm. In this paper, the 
effects on the microstructure and mechanical properties of 
AA 6063 alloy of three CEE processing temperatures (below 
the re-crystallization temperature), viz., 260 °C, 200 °C, and 
130 °C (0.4Tm, 0.3Tm and 0.2Tm, where Tm is the melting 
temperature of the alloy on the absolute scale) and the num-
ber of passes to which the alloy is subjected, are described.

2 � Material and experimental work

The work material used was 6063 commercial aluminum 
alloy (AA 6063)—T6, which has a chemical composition as 
shown in Table 1. Cylindrical specimens with dimensions 
of 18-mm diameter and 130-mm length were annealed at 
480 °C for 3 h in an electric furnace and then furnace cooled 
to room temperature.

The CEE process was employed upto 10 passes at three 
processing temperatures, viz., 260 °C, 200 °C, and 130 °C 
using a cylindrical split die extrusion setup consisting of two 
similar semi-die halves of angle (α) equal to 22.5° (Fig. 1). 
All the three processing temperatures selected were in the 
warm working range. The cylindrical split dies had dimen-
sions of 100 mm diameter and length of 162 mm (i.e., 
2 × split die halves with dimensions (100 mm × 81 mm). The 
punch and the extrusion chamber of the die had identical 
dimensions (diameter (D

o
) ~ 18 mm). The expansion region 

of the die had a diameter (D
m
) of 27 mm.

The schematic representations of the CEE process and 
the die profile are shown in Fig. 1a [17] and b, respectively. 
The extrusion chamber and the specimen were lubricated 
with MoS2 before placing the specimen inside the die. The 
specimen, along with the die, was heated to the specified 
temperature and pressed into the CEE die cavity at a con-
stant punch velocity of 0.2 mm s−1. The CEE process was 
carried out on a hydraulic press of 50-ton capacity. The spec-
imen experienced radial flow and assumed a barrel shape 
(step-I)—Fig. 1a. At this stage, the stopper block (base plate 
with plunger) was removed from the die. The die was turned 

Table 1   Chemical composition 
of the AA 606 alloy

Elements Si Mg Cu Fe Mn Cr Zn Ti Al

Percentage (wt%) 0.444 0.574 0.017 0.213 0.095 0.001 0.011 0.067 Balance
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upside down (step-II) and the punch was allowed to press 
the specimen again allowing the material to flow into the die 
cavity in the opposite direction. This inward and outward 
flow of material together is considered as constituting a sin-
gle pass. The whole cylindrical die was again turned upside 
down without removing the specimen. This procedure was 
repeated for every temperature (260 °C, 200 °C and 130 °C) 
upto 10 passes.

The strain (equivalent strain) induced in every pass for the 
present setup is given by the following equation:

Using Eq. (1), the strain after the first pass was calcu-
lated as ε ≈ 1.7, which is considerably greater than the strain 
induced in other SPD techniques [20].

The parent AA 6063 (annealed) and CEE-processed spec-
imens (2–10 passes) are shown in Fig. 2a. The strain values 
in different regions (L1–L3) of the specimen are strongly 
dependent on the geometry of the die. The evaluation of the 
microstructure at three critical regions, namely, convergent 

(1)� = ln
D

2

m

D2

o

− ln
D

2

o

D2

m

= 4 ln
D

m
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o

.

region (L1) and extrusion regions [center (L2) and edge 
(L3)] of the specimen was carried out, as shown in Fig. 2b, 
c. TEM (JEOL JEM 2100) was used for a detailed charac-
terization of the microstructure. Conventional polishing and 
wet polishing were done using 0.04 μm colloidal silica. Thin 

Fig. 1   a Experimental procedure for the CEE process, and b line diagram of the die profile (half of the split die) [17]

Fig. 2   a Parent AA 6063 [annealed (P)] and CEE-processed speci-
mens (2–10 passes), b R1, R2, and R3 regions identified for hardness 
measurements, and c L1, L2, and L3 regions in the CEE-processed 
specimens considered for microstructure examination
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foil specimens (along the extrusion direction) were prepared 
for TEM by jet polishing.

The specimens were characterized after the 2nd, 4th, 6th, 
8th and 10th passes. Hardness readings were taken at regions 
R1, R2 and R3 in the CEE-processed specimens (Fig. 2b). 
A Vickers hardness (Wilson Wolpert, Germany) machine 
with an applied load of 500 g and a dwell time of 15 s was 
used for the hardness measurement. Prior to the measure-
ment, polishing was done using SiC emery papers having 
200, 400, 800, and 1200 grit sizes. The parent (annealed) 
and CEE-processed specimens were prepared according to 
ASTM E8M-89b standard [22] for the tensile testing on a 
50 kN INSTRON testing machine at a constant velocity of 
0.05 mm s−1.

Microstructure evolution depends on the strain imparted 
during processing, which, to a large extent, is controlled by 
the semi-die angle (α) (22.5° in this case). The influence of 
the working temperature and the number of passes on grain 
refinement was analyzed using EBSD. The orientation map, 
grain size distribution and misorientation angles between 
the grain boundaries were compared among the specimens 
subjected to SPD by different degrees and with those present 
in the parent (annealed) material.

3 � Results

3.1 � EBSD characterization

3.1.1 � Parent material

The EBSD results of the annealed AA 6063 are presented in 
Fig. 3 [2]. The orientation map shown in Fig. 3a consists of 
coarse grains of an average size of 22 ± 5 µm. Figure 3b pre-
sents the grain size distribution and variations in the grain 
size from 1 to 76 μm are seen. 68% of the grains were greater 
than 33 µm in size. Figure 3c reveals that > 87% of the grain 
boundaries are of the low-angle type (misorientation angle 
between grain boundaries < 15°).

3.1.2 � CEE‑processed material

The EBSD orientation maps for the CEE-processed speci-
mens at 260 °C, 200 °C and 130 °C are shown in Figs. 4a–i, 
5a–i and 6a–i, respectively. The orientation maps were taken 
at three critical regions of the CEE-processed specimens 
[i.e., convergent region (L1), extrusion region center (L2) 
and an edge region (L3)] in the extrusion direction (please 
see Fig. 2c).

After CEE processing at 260 °C, some large grains were 
seen in the three regions (Fig. 4a–c). The grain boundary 
segregation of the solutes was insignificant. Precipitation 
hardening and dislocation multiplication effects were limited 

after 2 passes of CEE at 260 °C, indicative of dynamic 
recovery. There was evidence of grain growth and develop-
ment of an inhomogeneous microstructure in the specimen 
processed at 260 °C. The similar observation was reported 
by Málek et al. [23] in Al–Zn–Mg–Cu alloy which was 
subjected to ECAP process at higher temperature. During 

Fig. 3   EBSD pictures of parent AA 6063 material: a orientation map, 
b grain size distribution, and c histogram of misorientation angle 
between grain boundaries [2]
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CEE, the material flow in every subsequent pass was in the 
reverse direction to that of the previous pass. As a result, the 
elongated grain structure got broken after 4 passes and the 
grain size got refined in the subsequent passes (Fig. 4d–f). 
The grain size was homogeneous after 10 passes at 260 °C 
(Fig. 4g–i).

The microstructures of the specimens processed at tem-
peratures of 200 °C and 130 °C indicate the grains having 
become finer than when the processing was done at 260 °C. 
The fine grain size achieved by processing at these tem-
peratures permitted shear band formation. The formation of 
shear bands was significant at lower processing temperatures 
and, based on an interaction between strain hardening, tem-
perature softening, dynamic recovery and dynamic re-crys-
tallization, grain refinement and subsequent grain growth 

appeared. After 2 passes, the microstructure looked similar 
at both 200 °C and 130 °C. The formation of finer grains 
through a decrease in the SPD temperature is consistent with 
the results reported for other metals and alloys as reported 
by Yamashita et al. [24], Goloborodko et al. [25] and Wang 
et al. [26]. Yamashita et al. [24] achieved very finer grain 
size in pure Al and Al-3%Mg alloy at 573 K using ECAP. 
Goloborodko et al. [25] demonstrated the formation of UFG 
structure in AA 7475 alloy using ECAP after 8 passes. 
Wang et al. [26] also studied the effect of temperature on 
the microstructure of pure aluminum subjected to ECAP. At 
298 K temperature, the grain refinement was significant. Fig-
ure 5a–c reveal the elongation of the grains in the extrusion 
direction after 2 passes at 200 °C. The microstructure had 
a large number of non-equiaxed grains, but there was also 

Fig. 4   EBSD orientation maps of AA 6063 alloy taken in different regions in the specimen deformed at 260 °C: a–c after 2 passes, d–f after 4 
passes, and g–i after 10 passes in the L1, L2, and L3 regions, respectively
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reasonable grain size reduction. A small fraction (2.77%) of 
dynamically re-crystallized grains surrounded by HAGBs 
was also seen—Fig. 5d–f. Multiple shearing along different 
directions initiated by CEE helped the formation of new sub-
grains in the interior of the elongated grains, leading to the 
eventual spread of a new equiaxed microstructure through-
out the specimen. (The new grain boundaries formed inside 
the coarse grains are visible in the EBSD orientation maps).

CEE processing at 130 °C led to an increase in UFG 
formation. In regions L1, L2, L3, the microstructure and 
substructure consisting of cells and sub-grains (a small frac-
tion) were formed after 2 passes—Fig. 6a–c. Figure 6d–f 
shows fine grains produced after 4 passes. The orientation 
images reveal significant grain refinement and a homogene-
ous, largely equiaxed microstructure. The number of fine 

grains formed at 130 °C was high after 4 passes. A major-
ity of sub-grains, within the grains elongated in the shear 
direction, was equiaxed after 4 passes. The microstructure 
comprised a reasonable number of nano- to micron-sized 
grains. The microstructures of AA 6063 after 10 passes 
(Figs. 5g–i and 6g–i) display a slightly elongated grain size 
and the formation of ultrafine grains also decreased in com-
parison with a less number of passes (4 passes), which dem-
onstrates the importance of dynamic recovery and dynamic 
re-crystallization.

3.1.3 � Grain size distribution

The grain size distributions in the CEE-processed specimens 
at 260 °C, 200 °C and 130 °C were derived from the pole 

Fig. 5   EBSD orientation maps of AA 6063 alloy taken in different regions in the specimen deformed at 200 °C: a–c after 2 passes, d–f after 4 
passes, and g–i after 10 passes in the L1, L2, and L3 regions, respectively
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figures obtained from regions L1, L2 and L3. The average 
grain size and the fraction of grains of size less than 1 μm 
calculated from the grain size distributions are presented in 
Table 2.

Figure  4a–c, corresponding to 260  °C, displays the 
microstructures found after 2 passes of CEE, which con-
sists of a small fraction of elongated and some coarsened 
grains. The average grain sizes in regions L1, L2 and L3 
were 17 ± 3 µm, 14 ± 3 µm, and 13 ± 3 µm, respectively. The 
grain size details, presented in Table 2, show grain sizes 
smaller than 1 μm as 0.21%, 0.41% and 0.18%, respectively, 
in the three regions. The rest of the grains had sizes in the 
range of 1–10 μm. Sub-grain formation was noticed after 
four passes. There was a large decrease in the average grain 
sizes which were 8 ± 2 µm, 9 ± 2 µm, and 8 ± 2 µm in the L1, 

L2, and L3 regions, respectively. The presence of ultrafine 
grains (< 1 μm) had increased to 0.43%, 0.70%, and 0.70% 
in the L1, L2, and L3 regions, respectively (Table 2). A 
smaller fraction (0.70%) of fine grains was observed. A 
reduction in the average grain size to 7 ± 2 µm (L2 and L3) 
after 10 passes of CEE was also noticed at this tempera-
ture (Fig. 4d–f). There was an increase in the presence of 
ultrafine grains (< 1 μm) after 10 passes (1.37%)—Fig. 4g–i. 
With an increase in the number of passes, the grain sizes in 
the different regions of the specimen became more homo-
geneous due to the stabilization of structure.

The grain size data of the CEE-processed specimens at 
200 °C after 2 passes revealed the average grain sizes as 
6 ± 2 µm, 7 ± 3 µm, and 6 ± 2 µm in the L1, L2, and L3 
regions, respectively, Fig. 5a–c. Grains with sizes less than 

Fig. 6   EBSD orientation maps of alloy AA 6063 taken in different regions in the specimen deformed at 130 °C: a–c after 2 passes, d–f after 4 
passes, and g–i after 10 passes in the L1, L2, and L3 regions, respectively
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1 μm had increased to 0.91%, 1.18% and 1.24% in the L1, 
L2, and L3 regions, respectively. Figure 5d–f display the 
microstructures found after 4 passes of CEE, which con-
sisted of a small fraction (1.57%) of elongated grains aligned 
in the extrusion direction. After 4 passes, a reduction in the 
average grain sizes to about 6 ± 3 µm, 5 ± 2 µm, and 5 ± 2 µm 
in the L1, L2, and L3 regions, respectively, was seen. The 
ultrafine grains occupied about 1.57%, 2.77% and 2.82% in 
the L1, L2, and L3 regions, respectively. The grains were 
slightly coarsened, and increases in the average grain sizes 
to 8 ± 3 µm, 12 ± 4 µm, and 8 ± 3 µm in the L1, L2 and L3 
regions, respectively, were seen after 10 passes (Fig. 5g–i).

The specimen processed at 130 °C showed reasonable 
evidence of UFG formation. The grains were highly refined 
and the average grain sizes were reduced to 7 ± 3  µm, 
7 ± 3 µm, and 6 ± 2 µm in the L1, L2 and L3 regions, respec-
tively, after 2 passes (Fig. 6a–c). A grain size < 1 μm covered 
an area of about 0.84%, 1.45% and 1.17% in the L1, L2 and 
L3 regions, respectively, after 2 passes at 130 °C. Further, 
with an increase in the number of passes, fine grain forma-
tion had become very high after 4 CEE passes (Fig. 6d–f). 
The average grain size was reduced to 2 ± 0.5 μm after 4 
passes of CEE in all the three regions. Ultrafine grains after 
4 passes of CEE constitute about 5.21%, 6.25%, and 7.74% 
in the L1, L2 and L3 regions, respectively, see also Table 2. 
However, the grain size distribution after 10 passes shifted 
toward larger grain sizes and these values were 5 ± 3 µm, 
8 ± 3 µm and 5 ± 2 µm in the L1, L2 and L3 regions, respec-
tively (Fig. 6g–i).

3.1.4 � Grain boundary misorientations

The grain boundary misorientation details of the CEE speci-
mens processed at 260 °C, 200 °C and 130 °C are presented 
in Figs. 7, 8, and 9, respectively. Grain boundary misorien-
tation angle fractions obtained from the EBSD data for the 
specimens subjected to 2, 4, and 10 passes at 260 °C are 
shown in Fig. 7a–i. The high-angle grain boundary (HAGB) 
fractions after 2 passes were around 17%, 16%, and 8% in the 
L1, L2, and L3 regions, respectively, as shown in Fig. 7a–c. 
With increasing strain, after 4 passes, the high-angle grain 
boundary (HAGB) fractions had increased to 48%, 43% 
and 40% in the L1, L2, and L3 regions, respectively (see 
Fig. 7d–f). After 10 passes, slight decreases in the HAGB 
fractions were seen (Fig. 7g–i), which are about 33%, 49% 
and 38% in the L1, L2, and L3 regions, respectively.

Boundary misorientation angles for the specimens sub-
jected to 2, 4, and 10 passes at 200 °C are presented in 
Fig. 8a–i. The specimens after 2 passes, contained HAGB 
fractions of about 47%, 30%, and 44% in the L1, L2, and L3 
regions, respectively, Fig. 8a–c. After 4 passes, the HAGB 
fractions were about 44%, 35%, and 40% in the L1, L2, 
and L3 regions, respectively, as seen in Fig. 8d–f. After 10 Ta
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passes, increases in the HAGB fractions were observed as 
48%, 37%, and 40% in the L1, L2, and L3 regions, respec-
tively, see Fig. 8g–i.

Figure 9a–i presents the boundary misorientations angle 
fractions in the specimens processed at 130 °C. After 2 
passes, the HAGB fractions were about 17%, 18% and 20% 
in the L1, L2, and L3 regions, respectively, Fig. 9a–c. The 
specimens after 4 passes had HAGB fractions of ~ 36%, 
44% and 45% in the L1, L2, and L3 regions, respectively, 
as shown in Fig. 9d–f. However, after 10 passes, the HAGB 
fractions seen of ~ 23%, 12% and 9% in the L1, L2, and L3 
regions, respectively, were once again smaller (Fig. 9g–i).

3.1.5 � TEM characterization

Transmission electron micrographs (TEM) of the parent 
(annealed) and CEE-processed specimens subjected to 2, 
4 and 10 CEE passes at 260 °C, 200 °C, and 130 °C are 

presented in Figs. 10 and 11a–i, respectively. The TEM 
images were taken at the extrusion [center (L2)] region of 
the CEE-processed specimens in the direction of extrusion 
(see Fig. 2c). Figure 10 displays a TEM image of the par-
ent AA 6063, which consists mainly of coarse grains and 
very few dislocations. Figure 11a–c, d–f and g–i corresponds 
to the TEM images of AA 6063 CEE-processed at 260 °C, 
200 °C, and 130 °C by 2, 4 and 10 passes, respectively. 
The severely strained sub-grains (Fig. 11a–i) under differ-
ent conditions (i.e., different temperatures and number of 
passes) are evident from these figures. Some undeformed 
large grains were also seen. Figure 11a reveals the pres-
ence of elongated coarse grains (enclosed by big arrows) 
with a few dislocations after 2 passes. A heavily deformed 
microstructure was observed in the 260 °C specimen with 
non-uniform grain sizes—Fig. 11b. The TEM image of the 
CEE-processed specimen shows evidence of the presence of 
UFG structure (Fig. 11c).

Fig. 7   EBSD misorientation angle fractions of boundaries in AA 6063 alloy CEE processed at 260 °C: a–c after 2 passes, d–f after 4 passes, and 
g–i after 10 passes in the L1, L2, and L3 regions, respectively
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CEE-processed specimens at 200 °C and 130 °C after 2 
passes displayed dislocation cells, dense dislocation walls 
and dislocation tangled zones (Fig. 11d, g), respectively. 
However, a much lower dislocation density with ill-defined 
sub-grains was observed in the 260 °C alloy specimen. The 
TEM examination revealed the presence of elongated grains 
(enclosed inside arrows), large dislocation rings and elon-
gated sub-grains  (Fig. 11g). Dislocation tangles as observed 
at 200 °C and 130 °C alloy specimens were rarely seen in the 
260 °C specimen (Fig. 11e, h). The activation of different 
slip systems converted grains into sub-grains, which led to a 
homogeneous structure at 200 °C after 4 passes—Fig. 11e. 
In the 130 °C specimen after 4 passes, equiaxed sub-grains 
with well-defined boundaries were observed. Figure 11h 
presents a microstructure characterized by small dislocation 
cell blocks formed after 4 CEE passes by many intersecting 
elongated boundaries along different directions as a result 

of the activation of different slip systems. Notwithstanding 
the above, a deformed microstructure with some elongated 
sub-grains was observed in the 200 °C and 130 °C speci-
mens (Fig. 11f, i).

3.2 � Tensile strength

Figures 12, 13, and 14 display the stress–strain curves for 
specimens processed at 260 °C, 200 °C and 130 °C and 
subjected to different number of passes (parent and 2–10 
passes), respectively. The ultimate tensile strength (UTS) 
at 260 °C increased from 118 ± 6 MPa to 162 ± 3 MPa, 
170 ± 4 MPa, 176 ± 3 MPa, 180 ± 2 Mpa, and 184 ± 2 MPa 
after 2, 4, 6, 8 and 10 passes of CEE which were 37%, 44%, 
49%, 53% and 56% more, respectively, compared with the 
parent (annealed) material—see Fig. 12.

Fig. 8   EBSD boundary misorientation angle fractions in the AA 6063 alloy CEE processed at 200 °C: a–c after 2 passes, d–f after 4 passes, and 
g–i after 10 passes in the L1, L2, and L3 regions, respectively
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Figures  13 and 14 show that a maximum UTS of 
216 ± 2 Mpa, and 267 ± 2 MPa is seen after 4 passes at 
200 °C and 130 °C, respectively. Significant increases 
in the UTS values were seen after 2 and 4 passes at 
200 °C and 130 °C. However, there was a slight decrease 
[(185 ± 3 MPa, 189 ± 2 MPa, and 195 ± 2 MPa at 200 °C) 
and (212 ± 2  MPa, 219 ± 2  MPa, and 229 ± 2  MPa at 
130 °C)] in the UTS values after 6, 8, and 10 passes of 
CEE at these temperatures, which, however, were higher 
than what is seen in the parent material. The AA 6063 
specimens CEE processed at 130 °C exhibited the low-
est ductility (14%) compared with an 18% elongation 
seen after 4 passes at 200 °C. The specimen processed 
at 260 °C showed good ductility (22%) after 10 passes 
and the ductility was about 23% in the parent (annealed) 
material.

3.3 � Hardness

Details of hardness measurement in three different regions 
R1, R2 and R3 at regular intervals of 1 mm on the CEE-
processed specimens are shown in Fig. 2b. The values cor-
responding to different processing conditions are presented 
in Fig. 15a–c. Increase in hardness with every pass is seen 
Fig. 15a. Significant variations in hardness values were 
seen. These were caused by differences in grain size and 
strain. However, the hardness of the CEE-processed speci-
mens was always greater than that of the parent material. 
The scatter in the results decreased with increasing strain 
due to deformation becoming more homogeneous with 
an increase in the test temperature. Grain size variation 
was minimal after 10 passes and the hardness value was 
nearly constant. The variations in hardness values closely 

Fig. 9   EBSD boundary misorientation angle fractions in the AA 6063 alloy CEE processed at 130 °C: a–c after 2 passes, d–f after 4 passes, and 
g–i after 10 passes in the L1, L2, and L3 regions, respectively
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parallel the variations in the strength properties (YS and 
UTS) and the reasons for the same are similar (hardness 
and yield stress are directly related; in fact (hardness/3) ≈ 
yield stress [14].

The parent (annealed) AA 6063 showed an average hard-
ness value of 38 ± 3.4 HV. At 260 °C, the hardness value 
marginally increased (75 ± 1.9 HV, 83 ± 2.9 HV, 88 ± 3.9 
HV and 90 ± 3.6 HV after 2, 4, 6 and 8 passes, respectively) 
all the way upto ending at 95 ± 1 HV after 10 passes. There 
was only marginal improvement after every pass. The graph 
showing the deviation in the hardness values in the speci-
mens after 10 passes at 260 °C proves that the strain imposed 
during higher temperature processing is more homogeneous 
at higher number of passes (Fig. 15a).

The specimens processed at 200 °C, in contrast, displayed 
a considerable increase in hardness 105 ± 1.4 HV up to 4 
passes. Slight decrease in hardness at this processing tem-
perature after every pass (6–10 passes) was seen. After 6–10 
passes (95 ± 2.6 HV, 96 ± 1.5 HV and 98 ± 1.1 HV, respec-
tively), there was no significant difference in the hardness 
between the processed alloy specimens at this temperature 
(Fig. 15b). Similarly, there was a considerable increase in 
hardness of 122 ± 1 HV upto 4 passes at 130 °C. After every 
pass (6–10 passes), there was a slight decrease in hardness 
at this processing temperature. After 6–10 passes (104 ± 1.5 
HV, 106 ± 2 HV and 108 ± 1.5 HV, respectively), there was 
no significant difference in the hardness values at this tem-
perature (Fig. 15c). However, the increase in hardness was 
significant after higher number of passes compared with the 
parent alloy.

4 � Discussion

Many reports, Babu et al., Das et al., and Rao et al. [2, 
10, 11] have examined the relationship between the 
mechanical properties and microstructures in materi-
als subjected to SPD. The final grain size is achieved by 
a dynamic balance between grain refinement and grain 
growth. Experimental results suggest that lower recovery 
rates in the CEE-processed alloys facilitate the develop-
ment of homogeneous microstructures. The microstructure 
of the annealed (Parent) AA 6063 was equiaxed, but had 
only a small percentage (13%) of HAGBs (see Fig. 3c). 
The CEE-processed AA 6063 showed significant differ-
ences in the microstructure after each pass. A comparison 
between the microstructures seen at 260 °C, 200 °C, and 
130 °C leads to the conclusion that the grain size becomes 
coarser with an increase in the temperature of CEE pro-
cessing. After 2 passes (a low strain), higher fractions of 
low-angle grain boundaries (LAGBs) were observed at all 
three temperatures—Figs. 7a–c, 8a–c, and 9a–c. With an 
increase in strain (beyond 4 passes), a marked decrease 
in the LAGBs and a corresponding increase in the high-
angle grain boundaries (HAGBs) were observed in all 
three cases—Figs. 7d–f, 8d–f, and 9d–f. The fraction of 
LAGBs observed was higher in the 130 °C specimen at 
low strains (2 passes) compared with those corresponding 
to the 200 °C and 130 °C specimens. But, in the range of 
4–10 passes, the proportion of HAGBs had increased in 
all three cases—Figs. 7d–i, 8d–i, and 9d–i. The migration 
of solutes to GBs upto 4 passes increased with the number 
of passes (Fig. 11d–i).

The TEM images revealed the presence of precipitates 
at the grain boundaries—Fig. 11a–c. The dislocations 
formed a ring-like structure inside the elongated grains 
(enclosed by arrows)—Fig. 11b. Shear bands of width 
of 500–800 nm in the cross-section and elongated grains 
were also seen at 260 °C (Fig. 11c). The precipitates pin 
the GBs and restrict grain growth. With an increase in the 
number of passes, a significant grain refinement led to 
improvements in the tensile strength and hardness values 
(Hall–Petch effect)—Figs. 12 and 15a. The microstruc-
ture displayed a lamellar boundary (arrowed), ring-like 
dislocation networks and elongated sub-grains (Fig. 11d). 
After 4 passes, the formation of equiaxed fine grains was 
also seen. UFGs in the range of 200–400 nm sizes could 
also be observed after 4 passes at 200 °C (enclosed inside 
arrows in Fig. 11e). A relatively homogeneous structure 
with HAGBs was obtained after 4 passes. Nano-grains in 
the range of 50–100 nm size were also observed (arrowed) 
after 4 passes at 130 °C—Fig. 11h. The second phase (pre-
cipitate) particles developed into points of stress concen-
tration, facilitating dislocation generation. They also act as 

Fig. 10   TEM image of parent AA 6063 (annealed) material [2]
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obstacles to dislocation motion, seen in the form of tangles 
around these precipitates as reported by Thangapandian 
et al. [19]. A further increase in the number of CEE passes 
(6–10 passes) at 200 °C and 130 °C caused a decrease in 
fine grain formation—again, a result of dynamic recov-
ery. The above considerations ensured maximum grain 
refinement after 4 passes during processing at 130 °C—
Fig. 6e, f. As a result, there was an increase in the ten-
sile strength by about 56, 83, and 126% (184 ± 3, 216 ± 3, 

and 267 ± 2 MPa) for specimens processed at 260 °C (10 
passes), 200 °C (4 passes) and 130 °C (4 passes), respec-
tively. The UTS of the parent (annealed) specimen was 
118 ± 6 MPa. This is consistent with the known fact of 
dynamic recovery and dynamic re-crystallization becom-
ing more dominant with increasing temperature. Further 
straining (6–10 passes) led to grain growth during SPD 
and, as a result, the alloy lost its strain hardening capac-
ity. This led to a decrease in hardness and the ultimate 

Fig. 11   TEM pictures of AA 6063 alloy specimens CEE processed a–c after 2, 4 and 10 passes at 260 °C; d–f after 2, 4 and 10 passes, respec-
tively, at 200 °C; g–i after 2, 4 and 10 passes, respectively, at 130 °C
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tensile strength—Figs. 13, 14, and 15b, c. The ultimate 
tensile strength (UTS) was higher after CEE processing 
by 4 passes at 130 °C due to the dominance of disloca-
tion multiplication over dynamic recovery as reported by 
Shaeri et al. [27]. The formation of fine grains was the 
result of a transformation of LAGBs to HAGBs arising as 
a result of continued deformation. This indicates a lower 
temperature (130 °C) favoring the conversion of LAGBs 
into HAGBs with a minimal number of passes, which also 
accounts for the observed grain refinement. Evidently, all 
the observations based on the microstructural measure-
ments are consistent with the conclusions drawn based on 
the measurements of the mechanical properties.

Figure 15a–c shows the effect of an increase in tempera-
ture in the range 260–130 °C on the evolution of hardness in 
all the three regions (R1–R3). The rate of increase of hard-
ness with strain at 130 °C was the highest, while a homo-
geneous hardness distribution was obtained at 200 °C and 
130 °C (Fig. 15b, c). There was a decrease in hardness with 
increasing number of passes in the range of 6–10 passes, as 
the dislocation density and structural evolution got saturated 
at the higher strains as reported by Valiev and Langdon [8]. 
In the AA 6063 (4 passes at 200 °C and 130 °C), a significant 
amount of Mg was in solid solution, leading to solid solution 
hardening as reported by Babu et al. [14]. At 130 °C, the 
strain was uniform and grain refinement was maximal (c.f. 
Figs. 14 and 15c)—Figs. 12, 13 and 15a, b. Consequently, 
the strength properties were the highest. The imposed strain 
plays a major role in determining the structural refinement 
and mechanical properties. Evidently, the mechanical prop-
erties were not only affected by the refinement of grains, but 
also by strain hardening. The precipitates were seen pinning 
the dislocations and reducing the rate of dynamic recovery. 
This effect was the highest at the lowest temperature, where 
the precipitate growth is likely to be the least. This strength 
increase is in accordance with the Hall–Petch effect. This 
effect is reduced at 260 °C and 200 °C due to dynamic recov-
ery and dynamic re-crystallization (see Figs. 12 and 14). The 
specimens processed at 260 °C demonstrated good ductility 
(22%) after 10 passes and an 18% decrease after 4 passes 
at 200 °C. The ductility (14%) was the least at 130 °C, as 
against 23% in the parent (annealed) material.

The microstructure and mechanical properties studies 
enable the recommendation of 130 °C as the optimal tem-
perature for imparting the required strain without fracture of/
cracks in the specimen. A significant rise in hardness after 

Fig. 12   Stress vs. strain curves for the AA 6063 alloy processed at 
260 °C. Data concerning the parent (annealed) as well as CEE-pro-
cessed AA 6063 alloy after 2, 4, 6, 8 and 10 passes are presented

Fig. 13   Stress vs. strain curves for the AA 6063 alloy processed at 
200 °C. Data concerning the parent (annealed) as well as CEE-pro-
cessed AA 6063 alloy after 2, 4, 6, 8 and 10 passes are presented

Fig. 14   Stress vs. strain curves for the AA 6063 alloy processed at 
130 °C. Data concerning the parent (annealed) as well as CEE-pro-
cessed AA 6063 alloy after 2, 4, 6, 8 and 10 passes are presented
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4 passes was evident. Plastic deformation at 130 °C allowed 
shear band formation due to the absence of recovery and 
re-crystallization. However, this feature did not continue in 
the range of 6–10 passes, where the curve became flat. In 
addition, the conversion of LAGBs into HAGBs with strain 
was facilitated (4 passes at 130 °C). Dynamic recovery and 
the formation of dislocation bands can be balanced well by 
processing at 130 °C.

The mechanical properties of a similar alloy processed 
through twist extrusion (TE) by Zendehdel and Hassani [16] 
displayed a much smaller improvement in the properties. 

This was because in CEE processing, the imposed strain 
value was as high as ~ 1.7. Therefore, the mechanical prop-
erties at 130 °C were higher compared with those obtained 
in the TE and CEC alloy. The present combination of a 
semi-die angle (α) of 22.5°, a low temperature and pressing 
velocity, and the use of a lubricant helped in getting better 
properties in a smaller number of passes (4 passes). How-
ever, a gradual reduction in the rate of increase in strength 
and a decrease in elongation (8–10%) were observed earlier 
[16]. However, in this investigation, the reduction in ductil-
ity was 14%. Further improvement is possible by optimizing 
the process variables, viz. the design of the die (semi-die 
angle), processing temperature, pressing velocity and choice 
of lubricant.

5 � Conclusion

A study on the influence of temperature and degree of strain 
on AA 6063, subjected to the cyclic expansion extrusion 
(CEE) process with a semi-die angle (α) of 22.5° at three 
temperatures of 260 °C, 200 °C, and 130 °C was made. 
Microstructure evolution was followed using EBSD and 
TEM analyses. Mechanical properties corresponding to dif-
ferent experimental conditions were measured. The follow-
ing conclusions were drawn.

1.	 In the specimen processed at 260 °C, the TEM images 
reveal the formation of some equiaxed, re-crystallized 
UFGs of sizes in the range of 500–800 nm and a low 
fraction of fine grains (1.37%), with a comparatively 
high fraction of HAGBs (38%). The ultimate tensile 
strength (UTS) increased by about 56% at the end of 10 
passes of CEE. The specimen exhibited an elongation of 
22% after 10 passes as against that of the parent material 
exhibiting a value of 23%.

2.	 The specimen processed at 200 °C after 4 CEE passes 
displayed a higher fraction of UFGs (2.82%), with a 
fairly high fraction of HAGBs (40%). The TEM images 
reveal the formation of some equiaxed, re-crystallized 
UFGs of sizes in the range of 200–400 nm. The ultimate 
tensile strength (UTS) increased strongly by about 83%. 
The AA 6063 specimen displayed a reduction in elon-
gation after 4 passes and the corresponding figure was 
18%.

3.	 The specimen processed at 130 °C, displayed the for-
mation of equiaxed, re-crystallized nano-grains of sizes 
in the range of 50-100 nm after 4 passes of CEE. A 
comparatively higher fraction of HAGBs (45%) and a 
higher fraction of fine grains (< 1 μm) (7.74%) were 
seen. Among the three different temperature conditions, 
processing of the alloy at 130 °C by 4 passes leads to the 
highest hardness (122 ± 1 HV) due to a near-absence of 

Fig. 15   Hardness of the AA 6063 alloy measured indifferent regions 
of the specimens processed at a 260  °C, b 200  °C, and c 130  °C: 
average hardness at R1, R2 and R3 regions vs. number of passes are 
plotted
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recovery. In contrast, at 260 °C, the hardness decreased 
as a result of grain growth following dynamic recovery 
and dynamic re-crystallization.

4.	 The specimen processed at 130 °C, possesses an ulti-
mate tensile strength (UTS) after 4 passes that is higher 
by about 126% compared with that of the unprocessed 
material due to the limited significance of recovery. As a 
base value, the UTS of the parent (annealed) specimen is 
118 ± 6 MPa. The AA 6063 specimens after 4 passes at 
130 °C displayed an elongation at fracture of 14%, i.e., 
a notable reduction compared with the 23% elongation 
of the unprocessed material. However, the ductility loss 
is significantly less than that seen in the other SPD tech-
niques, which gives rise to the possibility of producing 
UFG rods of high strength and ductility using the CEE 
technique.
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