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This study introduces a novel, energy-efficient severe plastic deformation (SPD) technique
termed equal channel angular pulling (ECAP-Pull). This method replaces the conventional
pressing action with a tensile force, enabling the continuous processing of long strips.
Commercial purity AA1050 aluminum strips were successfully processed for up to eight
passes using this method. Quantitative microstructural analysis revealed a remarkable grain
refinement, with the average grain size reduced from an initial 77.76 um to 21.28 um and
10.72 um after four and eight passes, respectively, corresponding to an 86% total reduction.
This refinement produced a microstructure ideally suited for superplastic forming, dominated
by high-angle grain boundaries. Subsequent uniaxial tensile tests demonstrated exceptional
superplasticity, with maximum elongations to failure of 340% and 580% achieved at 683 K
and a strain rate of 2x10™* s for the four-pass and eight-pass samples, respectively. The
eight-pass sample also exhibited a lower flow stress, confirming a transition of the dominant
deformation mechanism to grain boundary sliding. The ECAP-Pull process represents a
significant advancement by overcoming the batch-processing bottleneck of traditional SPD
methods, offering a scalable and industrially viable route for producing superplastic sheet

materials.

© Shiraz University, Shiraz, Iran, 2026

1. Introduction

enhancing the strength of metallic alloys, as described

Improving the physical and mechanical properties of
alloy components is essential for ensuring reliable
performance under anticipated loading and temperature
conditions, as well as for reducing secondary costs. In
this regard, refinement of the average grain size through
severe plastic deformation (SPD) techniques has

emerged as one of the most effective strategies for
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by the Hall-Petch relationship:
oy =09+ kd"? (1)

where g, represents the yield stress, oo is the friction
stress, k, is the material’s yield constant, and d denotes
the average grain size. Beyond improving strength, grain

refinement via SPD also promotes the formation of fine,
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equiaxed microstructures, which facilitate grain
boundary sliding during high-temperature deformation,
thereby significantly enhancing the alloy’s formability.

Valiev [1] reported remarkable improvements in the
physical and mechanical properties of various metals
and alloys subjected to SPD, including enhanced
superplasticity, mechanical strength, formability, and
fatigue resistance. Horita et al. [2] refined the grain size
of a magnesium-based alloy to approximately 1 um
through a two-step process involving direct extrusion
(extrusion ratio of 1:36) followed by hot ECAP,
achieving a fourfold increase in elongation during
uniaxial tensile testing. Yang et al. [3] examined the
superplastic behavior of the LA91 magnesium alloy
under a two-step uniaxial tensile testing procedure. Their
results demonstrated that an initial tensile stage with a
constant strain rate, followed by a tensile stage involving
strain rate sensitivity optimization, significantly
improveed the alloy’s plastic deformation capability,
thereby facilitating the fabrication of components with
complex geometries. Azizi and Mahmoudi [4] observed
considerable grain refinement and expansion of
dynamically recrystallized regions in Mg-xGd alloys
after six-pass multidirectional forging, confirming the
process’s potential for superplasticity with a strain-rate
sensitivity (m) of 0.48.

Yang et al. [5] examined the effect of strain-rate
sensitivity and temperature on Mg—-9Li-1Al alloys,
finding that maximum elongation was achieved after
eight ECAP passes at peak sensitivity, while exceeding
the permissible processing temperature led to oxidation
and unstable microstructures. Sergueeva et al. [6]
reported significant pre-fracture elongation in Ti-6Al-
4V alloys refined via high-pressure torsion (HPT),
highlighting HPT’s
production of high-performance parts. Alizadeh et al. [7]
compared HPT, ECAP, and extrusion in Mg-Gd-Y-Zr
alloys and identified HPT as the most effective method

suitability for low-volume

for enhancing superplasticity due to superior grain
refinement, energy efficiency, and high tensile
elongation with minimal fracture. Xu et al. [§]
determined optimal ECAP passes for 2024 and 7034

aluminum alloys to achieve the best superplastic
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behavior during uniaxial tensile testing.

Further studies demonstrated the influence of high-
pressure and temperature-assisted processes on
superplasticity in various alloys. Takizawa et al. [9]
achieved 400% elongation in Inconel 718 using high-
pressure sliding at room temperature, while Islamgaliev
et al. [10] emphasized that, besides grain refinement, the
presence of precipitates, high-angle grain boundaries,
and precise temperature control are essential
prerequisites in achieving superplasticity in 1420 and
1421 aluminum alloys. Kawasaki and Langdon [11]
reported that the highest elongation of Zn-22%Al alloy
strips occurred at a strain rate of 1x1072 s™! after eight
ECAP passes, with grain boundary sliding as the
controlling deformation mechanism. Musin et al. [12]
observed two distinct fracture mechanisms in an Al-Mg-
Sc alloy: ductile necking at low temperatures/high strain
rates, and brittle fracture without necking at elevated
temperatures/low strain rates.

Post-ECAP rolling was found to further enhance
superplasticity. Park et al. [13] demonstrated that a
combination of four ECAP passes with a 70% thickness
reduction in aluminum 5154 achieved a similar high-
strain-rate superplasticity as eight ECAP passes alone.
Nikulin et al. [14] showed that isothermal rolling at
250 °C after ECAP increased the number of high-angle
grain boundaries in aluminum 7055, improving its
plastic properties. Islamgaliev et al. [15] reported that
optimal grain refinement (0.3-0.4 pm) in aluminum
1421 was achieved at 370 °C, yielding a maximum
elongation of 1500% during uniaxial tensile testing at
400 °C. Turba et al. [16] observed submicron particle
formation and high strain-rate sensitivity (m > 0.6) in an
Al-Mg-Zr-Sc alloy after ECAP, attributed to the stability
of Als(Zr«Sci—) precipitates.

Several studies focused on aluminum-magnesium-
scandium alloys. Komura et al. [17] optimized ECAP
processing of Al-3%Mg-0.2%Sc alloys, achieving true
strains of at least 8 after eight passes, which led to
improved formability and homogeneous high-angle
grain boundaries. Miyahara et al. [18] reported that
extrusion at 623 K (ratio 1:36) followed by two-stage
ECAP at 473K and subsequent annealing ensured
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microstructural stability in Zr-containing Mg-7.5%Al-
0.2%Zr alloys. Matsubara et al. [19] investigated the
microstructural refinement of the Mg-9%Al alloy using
a combined extrusion and equal channel angular
pressing (EX-ECAP) process. Their analysis indicated
that due to the occurrence of concurrent grain growth
and excessive grain boundary sliding during the process,
it is recommended that the ECAP procedure be
performed at a temperature below 573 K for this specific
alloy. Figueiredo and Langdon [20] identified an
optimal strain rate of 2x10~ s for superplasticity in the
ZK60 magnesium alloy, with deviations reducing
elongation. Higashi [21] highlighted the role of grain
refinement, microstructural stability, and soft or
amorphous phases in mitigating stress concentrations at
high strain rates. Mikhaylovskaya et al. [22] confirmed
that superplastic deformation in an Al-(3.5-4.5)Zn-(3.5-
4.5)Mg-(0.7-0.9)Cu-(1.0-3.0)Ni-(0.25-0.30)Zr ~ alloy
with an average grain size of 1.8 um, can be achieved at
380-480 °C and strain rates of 0.002-0.1 s
Perevezentsev et al. [23] achieved superplasticity in
the 1570 aluminum alloy via five HPT passes at 400 °C,
while Sakai et al. [24] processed disk-shaped samples of
the Al-3%Mg-0.2% Sc alloy through five passes of HPT
under a pressure of 6 GPa. The results of hot tensile
testing indicated that the material achieved ultimate
strength and elongation comparable to that obtained by
the ECAP process at 673 K and a strain rate of 3.3x1072
s’ Kim et al. [25] determined that eight to twelve 90°
ECAP passes optimized superplasticity in 6061
aluminum. Avtokratova et al. [26] obtained ultra-high
elongation (4100%) in an AI-5Mg-0.18Mn-0.2Sc-
0.08Zr-0.01Fe-0.01Si alloy at 450 °C and a strain rate of
0.056 s7! with an average grain size of 1 pm. Bobruk et
al. [27] achieved 240% elongation with a strain-rate
sensitivity of 0.31 in 6061 aluminum strips processed via
ECAP at 160-250 °C. Mogucheva et al. [28] reported
1440% elongation in 5024 aluminum using ECAP and
cold rolling at 400—450 °C with strain rates of 0.014—
0.56s7!. Soliman and Abo-Elkhier [29] studied the
superplastic behavior of the 7475 aluminum alloy with
an average grain size of 10 pm, obtained through

thermomechanical processing, using high-temperature

tensile testing. They observed that increasing strain rate
enhanced strain-hardening in 7475 aluminum at constant
temperature, whereas increasing temperature at a
constant strain rate reduced flow stress.

However, the widespread industrial adoption of these
SPD techniques is constrained by significant scalability
Methods

(HPT) are inherently limited to small, discrete samples

challenges. like high-pressure  torsion
[6, 7], while the more versatile equal channel angular
pressing remains a batch process. The requirement to
process individual billets in ECAP leads to low
production rates, high energy consumption per unit
volume, and difficulties in achieving microstructural
homogeneity over long lengths, preventing its seamless
integration into continuous manufacturing lines. This
highlights a critical gap for a deformation strategy that
retains the fundamental grain-refining shear mechanics
of SPD while enabling a more practical, scalable
processing route for industrial-scale components. To
address these scalability limitations, the ECAP-
Pull technique has been developed. This method
replaces the pressing action with a pulling mechanism,
which is particularly suited for processing sheet or strip
material in a more continuous fashion, thereby
overcoming the batch-processing bottleneck of
conventional ECAP. Moreover, given the limited studies
on the superplastic behavior of aluminum 1050, the
present work investigates the superplastic properties of

this alloy processed via the proposed SPD method.

2. Materials and Method

In the proposed SPD method, unlike the conventional
ECAP process [30, 31], the sample is subjected to tensile
rather than compressive loading to apply force and guide
it through the die. In other words, the aforementioned
process has been modified into the ECAP-Pull method.
This modification simplifies the procedure, eliminates
certain common issues encountered in traditional ECAP
processes enhances efficiency in specific cases, increases
the service life of the die, and-most importantly-reduces
the required power consumption and energy losses

during the process.
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2.1. Material preparation

In the present study, strips of commercial aluminum alloy
AA1050, with a high purity of 99.5% and dimensions of
1 mm x 20 mm x 1100 mm, were used as test specimens.
The results of the quantitative chemical composition
analysis and the mechanical properties of the selected
alloy are presented in Tables 1 and 2, respectively.

Several important factors were considered in
selecting the sample dimensions:

* The width of the processed specimen (regardless of
its composition) must be less than 20 mm with
appropriate tolerances, corresponding to the width of the
fabricated die channel.

* Determining the sample thickness is crucial, as it
depends directly on the die channel thickness and angles,
the tensile strength of the strip, the maximum load-
bearing capacity of the die, and the power capability of

the tensile system used.
* The sample length must be chosen according to the

maximum stroke length of the process.
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2.2. Die design

Fig. 1(a) illustrates the schematic drawing of the
designed die. As shown, the die consists of three channels
intersecting at an angle of 90°, through which the
aluminum strip is drawn through. Fig. 1(b) shows the two
halves of the die. Initially, the alloy strip must be bent
according to the shape of the die channel and then
positioned inside the channel. Subsequently, other half of
the die was placed, and the die was firmly fastened using
seventeen semi-threaded bolts. The primary function of
these bolts is to withstand the load applied to the billets
from the lateral surfaces of the metal strip.

The schematic of the alloy grain refinement process
is shown in Fig. 1(c). After the complete assembly of the
die, it is secured to a rigid support (the blue component)
using a simple pin. Simultaneously, the alloy strip is

pulled through the die by a tensile force applied from the

side opposite to the locking pin.

Fig. 1. (a) Drawing of the die, (b) lower and upper halves of the manufactured die, and (c) schematic of the process.
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Table 1. Chemical composition of aluminum alloy 1050 (wt.%)

Si Fe Cu Mn Mg Zn Ti
0.10154 0.25277 0.00672 0.04187 0.01537 0.02269 0.04327
Cr Ni Pb \Y Sb Al
0.00120 0.00406 0.00828 0.00001 0.01198 0.00967 99.4999

Table 2. Mechanical properties of aluminum alloy 1050 [32]

Parameter Value
Young’s modulus (E) 69 GPa
Poisson’s ratio (v) 0.33
Density (p) 2700 kg/m?
Thickness (t) 1 mm

It is crucial that the applied force on the metallic strip
be aligned with the line passing through the central axis
of the die’s outlet channel and the center of the locking
pin. It should be noted that when multiple processing
passes are required, the strip should not be completely
withdrawn from the die; a few centimeters of the strip
must remain outside on the inlet side.

For additional processing passes, it is necessary to
release the die from both the pulling device and the
locking pin, rotate the die 180° about the vertical axis,
secure it again by the pin on the previously used outlet
side, and pull the strip outward from the remaining excess
length produced in the previous pass.

In the present study, alloy strips with dimensions of
20 mm x 1100 mm were processed using this method-
one strip through four passes and another through eight
passes. It should be emphasized that, unlike the
conventional single-pass ECAP process [33, 34], this
method does not require the material to be processed
through different routes to achieve a homogeneous
structure across the specimen’s cross-section, since in
each pass, both lateral surfaces of the strip remain in
contact with the die channel corners.

This methodology confers several distinct advantages.
Primarily, it eliminates the need for sample reorientation
between successive processing passes, as each corner of
the die maintains in continuous contact with a lateral
surface of the strip. Furthermore, the process obviates the
use of a punch, thereby circumventing the challenges
associated with its fabrication and implementation. The
absence of hydrostatic pressure within the die channel
leads to a reduction in the power required for processing.

Additionally, die wear is minimized due to reduced

energy consumption and the optimal direction of the
applied force. This not only extends the service life of the
die but also permits its construction from less wear-
resistant materials, yielding significant cost savings in
raw materials and manufacturing. The technique also
eliminates the necessity for precise alignment between
the sample's longitudinal axis and the die channel or the
applied force. A notable increase in the speed of the
ECAP process is achieved by transforming it into a
continuous SPD (CSPD) operation, which can be
performed without specialized high-pressure equipment.
There are no constraints on the length of the sample,
allowing for the processing of extensive strips. The
significant reduction in the wear area and friction at the
sample-die interface considerably enhances die longevity

and reduces parasitic power loss.

2.3. Superplastic behavior
After completing the microstructural refinement process,
dog-bone tensile specimens were machined from the
central region of the strips processed through four- and
eight-pass conditions. Tensile specimens were prepared
according to Fig. 2, with a gauge length of 10 mm,
aligned parallel to the processing direction. Sample
fabrication was carried out using wire -electrical
discharge machining (EDM).

Based on the optimized test conditions reported in
previous studies on the superplastic behavior of
commercial 1050 aluminum alloy [35], each billet of

o
Q
W)

18.00

800 | 1000 _| 800 |

Fig. 2. Dog-bone specimens’ dimensions (mm).

IJMF, Iranian Journal of Materials Forming, 2026, Volume 13, Number 2



52

dog-bone specimens, processed through four or eight
passes via the proposed method, was evaluated using a
uniaxial hot tensile testing machine. To investigate the
superplastic behavior tests were conducted at
temperatures of 663 °C and 683 °C with constant true
strain rates of 2x10~* s! and 2x1073 s™' [36]. In order to
ensure uniform temperature distribution throughout the
gauge section, each specimen was held in a preheated
furnace for 10 minutes prior to the start of the tensile

tests.

2.4. Microstructural characterization

After processing, the samples underwent a sequence of
metallographic preparation steps. First, a small hole was
drilled into each sample to accommodate a copper wire
for  electrical connection during  subsequent
electrochemical steps. Both ends of the hole were then
soldered to seal the interface; this critical step prevents
polyester mounting resin from infiltrating the hole and
disrupting the electrical contact. Following this, the
samples were mounted in polyester resin.

The mounted samples were then mechanically
ground using progressively finer silicon carbide
sandpaper, starting from 100 grit and proceeding to 2500
grit. The grinding direction was rotated 90° between each
grit change to ensure uniform material removal and to
eliminate scratches from the previous stage.

Next, the samples were electropolished to achieve a
smooth, deformation-free surface and to suitable them
for etching. Electropolishing utilized the electrolyte
specified in Table 3. A DC power supply was set to 25
V, with the sample as the anode and a 304 stainless steel
plate as the cathode. The process duration was 20
seconds. After electropolishing, the samples were rinsed
with ethanol and dried thoroughly.

Subsequently,  electrochemical etching  was
conducted to reveal the grain structure. The setup was
identical to that used for electropolishing (25 V, 304
stainless steel cathode), but a different electrolyte (Table
4) and a longer duration of 3 minutes were employed.
Throughout both electrochemical steps, care was taken to
maintain precise parallel alignment between the sample

(anode) and the cathode. After etching, the samples were
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again rinsed with ethanol and dried.

Finally, the microstructures were examined using an
optical microscope (Olympus PMG3). The grain size
distribution was quantitatively analyzed according to the
ASTM E112 standard. This was achieved by applying the
linear intercept method to the micrographs using ImageJ
software to determine the average grain size after each

stage of processing [37].

Table 3. Composition of the electrolyte solution in the electro-

polish step
Ethanol HCIO4
40 160 Required amount

(ml)

Table 4. Composition of the electrolyte solution in electro-
chemical etching step
Deionized water HBF4

2 100

Required amount
(ml)

3. Results and Discussion

3.1. Grain refinement

For the initial alloy strips (Fig. 3(a)), the largest measured
grain size was 320.08 pm, with an average grain size of
77.76 pm. Approximately 21% of the observed grains in
the image were smaller than 25 um. The grain density
was calculated to be 210.677 [1/mm?]. The initial coarse
grain size of the 1050 aluminum alloy is primarily
attributed to the prior cold rolling and the partial
thickness reduction to obtain a 1 mm sheet.

After four passes (Fig. 3(b)), the average grain size in
the processed strip decreased to 21.28 um, representing a
72.63% reduction compared to the initial specimen. The
largest observed grain measured 205.78 um, and the
grain density in the unit area reached 2813.112 [1/mm?].
Notably, 71% of the grains after four passes had sizes
below 25 um.

After processing, the metallographic images of the
eight-pass processed 1050 aluminum specimens (Fig.
3(c)) show that approximately 98% of the grains are
smaller than 25 um. The maximum recorded grain size is
95.14 um, and the average size of the ultrafine grains is
measured at 10.72 um, corresponding to an 86.21%
reduction compared to the initial sample. The grain

density in the unit area is 11085.13 [1/mm?]. The reported
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Fig. 3. Metallographic images and statistical processing obtained for (a) the initial specimens, (b) four-pass and (c) eight-pass
processed strips.

average grain sizes now include the standard deviation
for initial: 77.76 + 100.83 um, 21.28 £ 29.77 um, 10.72
+11.12 pm.

An important observation, based on Figs. 3(c) and
3(b) as well as statistical processing charts, is that
increasing the number of processing passes does not
significantly affect the further refinement of the smallest
grains. However, the number of coarse grains decreases
noticeably after each pass, and their refinement tends to
align more homogeneously along the processing
direction (Table 5).

3.2. Analysis of the superplastic behavior of processed
samples

Fig. 4 presents the deformed specimens of commercial
aluminum alloy 1050 after superplastic deformation

tests, together with the corresponding experimental

parameters and measured elongations. The results
demonstrate that the maximum elongation to failure
reached approximately 580% and 340% for the eight-
pass (Fig. 4(b)) and four-pass (Fig. 4(a)) processed
samples, respectively, when tested at a strain rate of
2x10*s! and a temperature of 683 K.

In contrast, the four-pass processed sample tested at a
higher strain rate of 1x107 s™ and a temperature of 663
K exhibited an elongation of only 190%, which falls
below the generally accepted threshold of 200% required
to confirm superplasticity under uniaxial tensile
conditions.

As observed in Fig. 4, deformation occurred
uniformly along the entire gauge length, resulting in a
fully homogeneous elongation without the appearance of
localized necking. Such uniform deformation behavior is

indicative of a stable superplastic flow regime. To
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Table 5. Grain size distribution

Count Min (pnm) Max (um) Average (nm) Std
Initial 4369 0.89 320.08 77.76 103?'8
4-pass 4809 0.89 205.78 21.28 26.77
8-pass 6815 0.89 95.14 10.72 11.12
Undeformed Gadebonned
1E-3 [1/5], 663 [K] 190 % 3 [1/5], 663 [K] A J 240 %
1E-3 [1/s] , 683 [K] - 230 % IE-3 [1/s]., 683 [K] ! s 270 %
2E-4[1/s], 663 [K] - 250 % 2E-4[1/s], 663 [K] | o —4‘1-. 330 %
2E-4[1/5], 683 [K] | [ — 340 % — 2E4[1/s), 683 (K] [ 3l s80% P
10 mm e . 10 mm

(a)

(b)

Fig. 4. Hot tensile tests results of samples after (a) four-passes and (b) eight-passes of processing.

achieve large tensile strains in uniaxial testing, the
presence of an equiaxed microstructure with a high
fraction of high-angle grain boundaries (HAGBs, 6 >
16°) is essential. These boundaries play a critical role in
promoting superplasticity, as material flow during this
process is predominantly governed by the grain boundary
sliding (GBS) mechanism.

Stress—strain curves obtained from the uniaxial
tensile tests of the commercial aluminum alloy 1050 are
presented in Fig. 5. As can be seen, due to the occurrence
of strain softening within the deformation region under
critical temperature conditions, the peak flow stress prior
to fracture decreases with an increasing number of
processing passes. Moreover, a reduction in temperature
and an increase in strain rate during tensile testing lead to
an enhancement in the maximum flow stress.

The reduction in peak flow stress and the significant
enhancement in elongation after eight passes, as shown
in Figs. 4 and 5, can be attributed to the more refined and
stable ultrafine-grained microstructure (Fig. 3(c)). The
higher number of passes leads to a greater accumulation
of high-angle grain boundaries (HAGBs). A higher

fraction of HAGBs is crucial for enabling grain boundary

sliding (GBS), which is the primary mechanism of
superplastic deformation. Consequently, the eight-pass
sample accommodates strain more efficiently through
GBS at a lower flow stress, resulting in superior ductility.
In contrast, the four-pass sample, with a coarser
microstructure and fewer HAGBs, exhibits a higher
resistance to deformation (higher flow stress) and a
reduced capacity for GBS, leading to lower elongation.

Based on the range of experimental variables
examined, the optimum parameters for achieving the
maximum uniaxial superplastic elongation in aluminum
alloy 1050 can be identified as a temperature of 683 K, a
strain rate of 2x107* s, and microstructural refinement
achieved through eight processing passes.

The superplastic behavior of the processed AA1050
alloy exhibits a strong dependence on both strain rate and
temperature, which is characteristic of a deformation
mechanism controlled by grain boundary sliding (GBS).
The significant increase in elongation from 190% (at
1x1073 s7') to 340% and 580% (at 2x107* s!') for the
four-pass and eight-pass samples, respectively, can be
rationalized by the strain rate sensitivity index (m-value).

A higher m-value indicates a greater resistance to
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Fig. 5. Stress—strain curves: (a) four-pass and (b) eight-pass processed samples.

necking and is a fingerprint of superplasticity. The lower
strain rate (2x10* s') allows sufficient time for
diffusional processes (accommodation mechanisms) to
operate at grain boundaries, facilitating sustained GBS
without premature void formation or fracture.
Conversely, at the higher strain rate (1x1073 s™'), these
accommodation processes cannot keep pace with the
imposed deformation, leading to stress concentrations,
limited GBS, and consequently, lower ductility.

A detailed strain rate sensitivity analysis was
performed. The m-values were determined from the
slopes of linear regressions fitted to In (o) vs. In (&) plots
for each processing condition (four and eight passes) at
the two testing temperatures.

As shown in the newly added Fig. 6, the m-values
exhibit a clear dependence on both the number of passes
and the temperature. For the eight-pass samples, the m-
values are 0.35 at 683 K and 0.21 at 663 K, confirming
that the material enters the superplastic regime (m > 0.3)
at the higher temperature after sufficient grain
refinement. For the four-pass samples, the corresponding
m-values drop to 0.16 at 683 K and 0.08 at 663 K,
indicating that the microstructure after four passes is still

predominantly deformed by dislocation-based mechanisms,

Y= 0.08x+3.8565 , o -1
- — .
p—— 2T Y = 0.158x + 43109 3.2
/ J
¥ =10.2092x + 4.7098 P ’
— 7’ 2.8
2 4 8pass, 663[K
= P pass, 663[K]
" 4 — = Spass, 683[K] 2.6
s’ =« dpass, 663|K]
¥=0.3462x + 5.4172 24
------- 4pass, 683[K]
2.2
%
-9 -8 -7 ' -6 -5
In(é)
Fig. 6. In (o) vs. In (&) plots for different passes and
temperatures.

with only limited contribution from grain-boundary
sliding.

These results quantitatively support our earlier
observations. The superior superplastic elongation
(=580 %) of the eight-pass sample at 683 K is directly
linked to its higher strain-rate sensitivity (m=0.35),
which suppresses necking and promotes homogeneous

deformation.

4. Conclusions

In the present work, based on the fundamental principles
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and previous studies, the necessity of developing
practical solutions to facilitate processing, reduce energy
consumption, and improve efficiency in one of the most
conventional and long-established SPD techniques,
namely ECAP, was identified. Accordingly, an
innovative approach was introduced that involves
fundamental modifications to the die design and
operational mechanism, aimed at enhancing the overall
performance of the process. Ultimately, the superplastic
behavior of aluminum alloy 1050 strips processed by the
newly proposed ECAP-Pull method was analyzed from
both metallurgical and mechanical perspectives.

The main findings can be summarized as follows:

The average grain size of the 1 mm-thick aluminum
1050 alloy strip was reduced by 70.26% and 86.26%,
achieving mean grain sizes of 21.28 pm and 10.72 pm
after four and eight passes, respectively.

The ECAP process was simplified through the
reduction of die geometric parameters, the elimination of
the plunger, and the removal of route-changing steps in
consecutive passes. Furthermore, the process no longer
requires high-pressure loading equipment, nor the use of
complex or high-strength materials for die fabrication.

The processing speed was improved by transforming
the conventional SPD method into a continuous SPD
system, enabling the processing of long aluminum strips
within a short period of time.

The proposed method offers the capability to extend
applicability to materials with different mechanical
properties and thicknesses by designing adaptive dies
with adjustable channel angles.

The maximum elongations of 580% and 340% were
obtained during uniaxial tensile testing of the processed
aluminum alloy 1050 at a constant strain rate of 2x107*
s and a temperature of 683 K, corresponding to the
samples processed through eight and four passes,
respectively.

The formability and ductility of the alloy at elevated
temperatures were significantly improved owing to
uniform grain refinement and the formation of high-
angle grain boundaries (HAGBs) induced by the process,
which facilitated grain boundary sliding and

consequently enhanced superplastic deformation.
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