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Abstract:  

This paper investigates the superplastic behavior of AA6061 aluminum alloy processed 

by cyclic expansion-extrusion, a severe plastic deformation method producing ultrafine-

grained structures. Cylindrical specimens underwent up to four cyclic expansion–

extrusion cycles at room temperature. The average grain size decreased from ~100 μm 

(annealed state) to 5–6 μm after four cycles, with nearly 75 % higher and more homoge-

neous microhardness. The refined microstructure fulfils conditions for superplasticity 

dominated by grain boundary sliding at elevated temperatures. Tensile tests showed 

a maximum elongation of ~330 % at 530 °C and strain rate 10−3 s−1, with a low maxi-

mum flow stress of 9.5 MPa. The results confirm cyclic expansion–extrusion as an 

effective route to enhance microhardness and enable superplastic forming of lightweight 

AA6061 alloys. 
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1 Introduction 

Aluminum alloys are among the most widely utilized lightweight structural materials 
in modern engineering applications, particularly in the aerospace, automotive, marine, 
and defense industries. Their favorable attributes include a high strength-to-weight 
ratio, good corrosion resistance, and relatively easy formability compared with steels. 
Among these alloys, the AA6061 series, belonging to the Al-Mg-Si family, has at-
tracted considerable attention due to its balanced combination of mechanical strength, 
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weldability, and corrosion resistance. These properties make AA6061 a promising 
candidate for components that demand both lightweight characteristics and durability 
under service conditions. Nevertheless, its formability under conventional processing 
conditions is limited. Typical tensile elongation at room temperature rarely exceeds 
10–15 %, and in certain tempers, the alloy exhibits elongations of only 5–8 % [1–3]. 
Such limited ductility imposes constraints on the use of AA6061 in the production of 
thin-walled or intricately shaped parts, where extensive plastic deformation is re-
quired. Therefore, strategies for enhancing both the strength and ductility of this alloy 
remain of significant technological interest. 

One effective approach to overcome these challenges is through the refinement of 
microstructures to the ultrafine-grained (UFG) regime, in which the average grain size 
is reduced below 10 µm. Materials with UFG microstructures often exhibit remarkable 
combinations of mechanical strength and plasticity [4, 5]. In particular, UFG alloys 
can display superplasticity – an exceptional capability to undergo very large elonga-
tions (usually above 200 %) at elevated temperatures without localized necking. This 
phenomenon, which is governed primarily by grain boundary sliding (GBS), occurs 
when a material satisfies several key conditions: fine and stable grains (generally 
< 10 µm), a testing temperature within 0.5–0.7 of the absolute melting point, and an 
optimized strain rate typically between 10−4 and 10−2 s−1 [6, 7]. When these criteria are 
fulfilled, deformation proceeds predominantly through cooperative grain boundary 
mechanisms rather than conventional dislocation glide, resulting in high elongation 
with relatively low flow stresses. Consequently, superplasticity has been exploited in 
SPF technologies to manufacture lightweight, complex-shaped components with re-
duced forming forces and enhanced design flexibility [8–10]. 

To generate UFG structures in bulk metallic materials, severe plastic deformation 
(SPD) methods have been extensively studied. These processes impose very high plas-
tic strains without substantially altering the overall geometry of the workpiece, thereby 
enabling the accumulation of large strain levels necessary for grain refinement [11, 
12]. Common SPD techniques include equal channel angular pressing (ECAP) [13], 
high pressure torsion (HPT) [14], multidirectional forging (MDF) [15], and cyclic 
extrusion compression (CEC) [16]. Each method has its own advantages and draw-
backs. ECAP can effectively produce uniform UFG microstructures but often suffers 
from tool wear and dimensional limitations. HPT enables extreme grain refinement 
down to the nanometer scale but is constrained to small specimen sizes and requires 
high pressure apparatus. MDF is relatively simple in equipment but requires repeated 
reorientation of the specimen, which is time-consuming. CEC, on the other hand, 
achieves significant refinement but involves complex die designs and difficulties in 
controlling back pressure. 

The cyclic expansion-extrusion CEE process has been proposed as a promising 
SPD method that combines the principles of upsetting and extrusion in a repetitive 
sequence. The technique involves transferring the specimen between expanded and 
contracted die cavities, thereby subjecting the material to alternating compressive and 
tensile stresses. Unlike CEC, the die geometry in CEE is relatively simple, and the 
material flow itself generates a back-pressure-like effect that promotes homogeneous 
deformation. Repeated CEE cycles gradually fragment coarse grains, induce high 
dislocation densities, and ultimately promote the formation of UFG microstructures 
through mechanisms such as continuous dynamic recrystallization. Previous studies 
have confirmed that CEE can refine the grain size of AA6061 from approximately 
100 µm in the annealed condition to below 10 µm after several cycles, along with 
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a marked increase in microhardness [17–19]. However, most of these investigations 
have focused on microstructural evolution and strengthening mechanisms, whereas the 
superplastic potential of AA6061 processed by CEE has received limited attention. 

Superplasticity in aluminum alloys has been extensively demonstrated in systems 
such as AA7075, Al-Mg-Sc-Zr, and Al-Cu alloys after SPD processing [20–22]. These 
alloys commonly exhibit elongations exceeding 200–300 % with flow stresses below 
15 MPa when tested under optimal superplastic conditions. The dominant mechanism 
in such cases is GBS assisted by diffusion and dynamic recovery processes, which 
allow grains to maintain an equiaxed morphology even at large strains. The potential 
to extend similar superplastic performance to AA6061 processed by CEE is highly 
attractive, since it would combine the alloy’s inherent corrosion resistance and welda-
bility with exceptional formability. This synergy could enable new applications in 
aerospace and automotive forming technologies, where lightweight components with 
complex geometries are increasingly demanded. 

Despite the growing recognition of CEE as an effective SPD route, systematic 
studies on the correlation between its grain refinement effect and the superplastic be-
havior of AA6061 are still scarce. Most existing research has concentrated either on 
the simulation of deformation fields during CEE or on microhardness evaluations after 
processing [17, 23]. Comprehensive experimental assessments of superplasticity such 
as elongation to failure and flow stress at different strain rates, have yet to be fully 
established. Therefore, there exists a research gap in understanding whether the UFG 
structures produced by CEE are capable of providing the grain stability and strain rate 
sensitivity required for superplastic deformation. 

In this paper, AA6061 specimens were processed through multiple cycles of CEE 
at room temperature, followed by a systematic evaluation of their microstructures and 
mechanical properties. The effectiveness of CEE in refining the microstructure and 
enhancing material strength was assessed through microstructural observations and 
microhardness measurements. The superplastic potential of the alloy was evaluated via 
deformation tests conducted under varying strain rates and temperatures. This study 
demonstrates that CEE not only improves the mechanical properties of AA6061 but 
also represents a promising processing route to unlock its superplastic capabilities for 
advanced forming applications. 

2 Materials and Methods 

The material used in this study was a commercial AA6061 aluminum alloy in the an-
nealed condition. Its nominal chemical composition, in accordance with standard 
specifications expressed in weight percent is depicted in Tab. 1.  

Cylindrical specimens were prepared with an initial diameter of 15 mm and 
a length of 80 mm. Prior to deformation, the specimen surfaces were polished to re-
move oxide layers and ensure uniform contact during processing. 

The grain refinement of the AA6061 alloy was achieved using the CEE method. 
CEE combines both upsetting and extrusion processes, wherein the workpiece is 
placed in a die comprising upper and lower chambers connected through an expansion 
cavity. A fixed blocking funnel restricts the position of the workpiece, ensuring con-
trolled metal flow during deformation. In each cycle, the main punch descends to 
extrude the material into the expansion cavity (Fig. 1a, b), after which the metal is 
pressed into the lower chamber once the blocking funnel is removed (Fig. 1c, d). The 
die can be rotated and the procedure can be repeated multiple times (Fig. 1e, f), allow-
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ing several cycles to be applied to the same workpiece. These repeated stages impart 
substantial plastic strain while maintaining the overall shape of the workpiece, making 
CEE an effective method for producing UFG structures in bulk metals. 

Tab. 1 Chemical composition of AA6061 

 Chemical composition of AA6061 (except for aluminum) 
Element Mg Si Cu Fe Mn Cr Zn Ti 
Weight ratio 
[%] 

1.004 0.59  0.26  0.371  0.097  0.141  0.066  0.037  

Spread 
[±%] 

 0.05 0.05 0.03 0.03 0.02 0.02 0.03 0.01 

 

Fig. 1 Combination of upsetting and extrusion processes in one CEE cycle 

Microstructural observations were carried out using an AXIO A2M optical mi-
croscope, which were performed after each cycle to evaluate the degree of grain 
refinement. Specimens were cut along the longitudinal axis, mechanically ground with 
SiC abrasive papers up to 2 000 grit, and polished with diamond suspension to obtain 
a reflective surface. Keller’s reagent was used as the etchant to reveal grain bounda-
ries. The average grain size was measured using the line-intercept method according to 
ASTM E112, based on at least five representative optical micrographs per processing 
condition. In this method, a set of test lines is superimposed on each micrograph, and 
the number of grain boundary intersections along these lines is counted to determine 
the mean intercept length. This value is then used to calculate the corresponding 
ASTM grain size number, providing a quantitative measure of the microstructure.  
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The mechanical response was examined by Vickers microhardness testing and 
uniaxial tensile testing. Microhardness measurements were performed under a load of 
100 g with a dwell time of 15 s, with at least ten indentations taken at different regions 
of each specimen to ensure reliability. Microhardness measurements were performed 
using a DURAJET microhardness tester. Tensile tests were conducted on flat speci-
mens machined from the specimens. A Devotrans DVT FU/RDNN 50 kN – CKS 
tensile testing machine was used for the tensile tests, featuring continuously adjustable 
loading speeds. Tests were carried out at 530 °C, with applied strain rates in the range 
of 10−4 to 10 −2 s−1. Elongation to failure and flow stress values were recorded to assess 
the superplastic response of the processed alloy. 

The combination of microstructural characterization and mechanical testing pro-
vides a comprehensive basis for evaluating the relationship between grain refinement 
by CEE and the resulting superplastic behavior of AA6061. 

3 Results and Discussion 

3.1 Forming Results of the CEE Process 

The CEE experiments were carried out on pre-machined AA6061 aluminum alloy 
specimens, following the die structure designed and optimized in the preceding simu-
lations. The expanded section of the die has a diameter of 23 mm, which was subjected 
to repeated deformation cycles using the YH32–100T hydraulic press (Fig. 2a, b). 
Each cycle consisted of extrusion through the expansion cavity and subsequent com-
pression, forming a continuous material flow between the upper and lower chambers 
of the die. After each CEE cycle, the specimens were carefully removed, cleaned, and 
visually examined. As shown in Fig. 2c, the deformed specimens maintained a nearly 
constant volume and overall geometry throughout the cycles, confirming that CEE 
imposes significant plastic strain without substantial material loss. However, minor 
forming defects such as flash formation and incomplete die filling were occasionally 
observed (Fig. 2d), particularly during the early cycles when frictional conditions and 
specimen alignment were not yet fully stabilized. These imperfections were effectively 
minimized through proper lubrication and adjustment of pressing parameters. 

After four CEE cycles, the experimental results demonstrated that the alloy spec-
imens could undergo repeated large plastic deformation without macroscopic cracking 
or delamination, highlighting the stability of the CEE die system and the suitability of 
AA6061 for SPD. The processed specimens exhibited uniform deformation zones, 
suggesting effective strain distribution within the specimen. The geometrical con-
sistency between cycles also indicates the feasibility of using the same die 
configuration for multiple passes without significant wear. The successful completion 
of four consecutive cycles under laboratory conditions provides a solid experimental 
basis for further investigation of the microstructural evolution, microhardness im-
provement, and superplastic response of the CEE-processed AA6061 alloy. 

3.2 Microstructure and Microhardness Evaluation 

The evaluation of the microstructure of AA6061 alloy subjected to CEE provides fun-
damental insight into the mechanisms by which this SPD process enhances both 
strength and superplastic potential. In the annealed condition, the alloy exhibits 
a coarse-grained microstructure with an average grain size of approximately 100 µm. 
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Such a grain morphology is typical for heat-treated AA6061 and is associated with 
limited ductility under conventional forming conditions. The microstructure of the 
AA6061 alloy after four consecutive CEE cycles was examined along both the hori-
zontal and vertical directions of the cylindrical specimen.  

 
Fig. 2 Specimen and forming equipment (a); the CEE die (b); the product after CEE 

cycles (c); the perfective products (d) 

In Fig. 3, microstructure of specimen after 1 CEE cycle is demonstrated. Despite 
considerable efforts using different etchants, the grain boundaries in the microstructur-
al images can only be revealed to extent shown in Fig. 3. The metallographic samples 
were taken from the barrel-bulged region of the specimen in both the longitudinal and 
transverse directions. This location experiences the highest level of deformation; 
therefore, the grain refinement is expected to be the most significant there.  

  

Fig. 3 Illustrative sample of microstructure in horizontal direction 

 of specimen after 1 CEE cycle 

Grain boundaries 
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The grain size was evaluated from optical micrographs using ImageJ software. 
Metallographic samples were etched with Keller’s reagent and observed under an 
optical microscope at a magnification of 200. The scale of each image was calibrated 
prior to measurement, and individual grains were measured in several representative 
regions of the micrograph. The average grain size was calculated from the measured 
grain dimensions for each deformation cycle. Grain sizes of specimen in horizontal 
and vertical directions for 1 to 4 CEE cycles are shown in Fig. 4.  

 

Fig. 4 Grain sizes of specimen after 1 to 4 CEE cycles along the horizontal  

and vertical direction 

After the first cycle of CEE, significant fragmentation of coarse grains is ob-
served, with the average grain size reduced to around (11–13) µm. This rapid 
reduction indicates that CEE imposes intense plastic strain during the initial passes, 
accelerating the subdivision of grains through mechanisms of dislocation accumulation 
and formation of subgrain boundaries. 

With successive CEE cycles, continued grain refinement occurs as the dislocation 
structures evolve into more stable, equiaxed subgrains. After two cycles, the grain size 
is refined further to approximately (9–10) µm, approaching the threshold typically 
required for the onset of superplasticity in aluminum alloys. Beyond this point, the 
refinement rate slows slightly, as the microstructure transitions from a heavily 
strained, heterogeneous state to a more stable UFG configuration. By the fourth CEE 
cycle, the microstructure stabilizes at an average grain size of about (5–6) µm, demon-
strating the effectiveness of CEE in generating UFG structures without the need for 
elevated-temperature processing. The resulting grains are equiaxed and uniformly 
distributed, which is crucial for ensuring homogeneous deformation during subsequent 
high-temperature testing. 

This progressive grain refinement can be attributed to continuous dynamic re-
crystallization (CDRX) [24, 25]. In CEE, the alternating compression and extrusion 
steps generate high dislocation densities that rearrange into low-angle boundaries. As 
strain accumulates, these boundaries gradually evolve into high-angle grain bounda-
ries, completing the transformation into new fine grains. Unlike static recrystallization, 
which requires thermal activation, CDRX occurs in situ during deformation, allowing 
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refinement even at room temperature. This mechanism explains the substantial micro-
structural stability observed in AA6061 after multiple CEE cycles. 

The microhardness evolution of AA6061 aluminum alloy was systematically in-
vestigated following successive CEE processing. The initial material exhibited 
a relatively coarse-grained microstructure with a Vickers microhardness of approxi-
mately 40 HV. This baseline characterization confirmed that the alloy possessed high 
strength, specific strength, and good wear resistance prior to severe plastic defor-
mation. The microhardness of the deformed specimens was measured along both the 
horizontal and vertical directions on their longitudinal cross-sections for specimens 
subjected to 1, 2, 3, and 4 CEE cycles. The measurement locations and procedure were 
carefully controlled to ensure consistency and reliability, allowing accurate compari-
son of microhardness variations across different cycles. The layout of the examined 
localities is shown in Fig. 5. 

 

Fig. 5 Microhardness measured along the horizontal (a) and vertical (b) directions 

relative to the specimen axis, for the original material and after 1 to 4 CEE cycles. 

The evolution of microhardness in AA6061 aluminum alloy subjected to CEE 
was systematically investigated, revealing a clear relationship between accumulated 
plastic strain and mechanical response. As shown in Fig. 5, the average microhardness 
of the specimens increased sharply after the first CEE cycle, rising from 40 HV to 
approximately 65 HV, indicating pronounced work hardening due to the initial plastic 
deformation. Following the second cycle, only a minor increase in microhardness was 
observed, while in subsequent cycles (third and fourth), the values stabilized around 
70 HV. This trend is consistent with microstructural evolution, where significant grain 
refinement occurs during the first cycles, but the rate of refinement decreases as the 
structure approaches a UFG configuration. The limited change in microhardness in 
later cycles reflects the saturation of accumulated strain and the transition from work-
hardening-dominated behavior to a more stable, fine-grained microstructure with en-
hanced ductility. These findings highlight a key characteristic of SPD techniques: the 
ability to rapidly increase hardness through initial deformation, followed by stabiliza-
tion as the material structure equilibrates. Overall, the results demonstrate the 
effectiveness of CEE in improving the mechanical properties of AA6061 through con-
trolled grain refinement, providing a balance between strength and ductility suitable 
for UFG aluminum alloys. 
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3.3 Superplastic Deformation Behavior of AA6061 Alloy after CEE 

The UFG structure generated in AA6061 through cyclic expansion–extrusion (CEE) 
provides favorable conditions for superplastic deformation. The refined microstructure 
achieved after four CEE cycles, with an average grain size of (5–6) µm, satisfies these 
microstructural requirements and enables grain boundary–controlled mechanisms to 
dominate during high-temperature deformation. The cylindrical specimens after 3 and 
4 CEE cycles (CEE-3 and CEE-4) were subjected to superplastic tensile tests at a tem-
perature of 530 °C with different strain rates of 10−4, 10−3, and 10−2 s−1. 

This observation also explains the trend in which relative elongation increases as 
the average grain size decreases in CEE-processed specimens. As shown in Tab. 2, the 
tensile response of AA6061 alloy subjected to 3 and 4 cycles of CEE demonstrates 
a clear distinction. When tested at the same temperatures and strain rates, specimens 
processed through four CEE cycles (CEE-4) consistently exhibit higher relative elon-
gation than those processed through three cycles (CEE-3). Specifically, the increase in 
elongation reaches ~30 %, 65 %, and 25 % at strain rates of 10−4 s−1, 10−3 s−1, and 
10−2 s−1, respectively. These improvements are closely linked to the reduced grain size 
achieved in the CEE-processed specimens. From a mechanistic perspective, GBS 
remains the dominant mechanism controlling superplastic deformation. GBS 
accommodates large strains while maintaining equiaxed grain structures, enabling 
grain rotation and texture evolution. Evidence of GBS is observed as relative 
displacement between adjacent grains along their boundaries, ultimately leading to the 
replacement of neighboring grains, a characteristic phenomenon of superplasticity 
absent in conventional plastic deformation [26, 27]. Under superplastic conditions, 
individual grains undergo minimal morphological changes. Even if some grains appear 
slightly elongated, their deformation is much smaller than the overall elongation of the 
specimen. The near-constant grain shape within the superplastic strain rate regime 
indicates that the majority of deformation arises from relative displacement between 
neighboring grains, enhancing grain density along the tensile direction and resulting in 
high elongation. According to the GBS mechanism, deformation is concentrated at 
grain boundaries. Therefore, reducing grain size increases total grain boundary area, 
facilitating higher relative elongation under tensile loading. 

Tab. 2 Tensile test results of the CEE-processed specimens at different strain rates 

Specimens 
Elongations [%] 

Strain rate 10−4 s−1 Strain rate 10−3 s−1 Strain rate 10−2 s−1 
CEE-3 180 200 160 
CEE-4 230 330 200 

 

The presence of ultrafine grains in CEE-processed specimens confirms the mani-
festation of superplasticity in AA6061 alloy, as verified by tensile tests under 
superplastic conditions. All specimens displayed elongations exceeding 150 % with 
relatively low flow stresses. Comparative analysis of tensile behavior of specimens 
from CEE-3 and CEE-4 (Tab. 2) reveals a strong dependence on strain rate. As the 
strain rate increases from 10−4 s−1 to 10−3 s−1, relative elongation improves, while fur-
ther increase to 10−2 s−1 leads to a decrease in elongation. For CEE-4 specimens, the 
maximum elongations at strain rates of 10−4 s−1, 10−3 s−1, and 10−2 s−1 were 230 %, 
330 %, and 200 %, respectively (Fig. 6a). In contrast, CEE-3 specimens exhibited 
elongations of 100 %, 200 %, and 160 % at corresponding strain rates (Fig. 6b). These 
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results highlight the strong influence of strain rate on the superplastic response of UFG 
AA6061 processed by CEE. At strain rates below 10−4 s−1, excessive grain growth due 
to CDRX induces premature necking, limiting elongation [26, 27]. Conversely, at 
strain rates above10−2 s−1, deformation occurs faster than diffusion-assisted mecha-
nisms can accommodate favorable sliding, leading to higher flow stress and reduced 
ductility [28, 29]. The optimal superplastic response was observed at a strain rate of 
10−3 s−1, achieving maximum elongations of 200 % for CEE-3 and 330 % for CEE-4 
specimens. 

 

Fig. 6 The flow stress – relative elongation curves at 530 °C for the CEE-3 specimens 

(a), the CEE-4 specimens (b) with different strain rates 

Fig. 6 also illustrates the combined effect of grain size and superplastic strain rate 
on maximum flow stress. CEE-4 specimens, with finer grains, consistently display 
lower flow stress than CEE-3 specimens across all tested strain rates. Specifically, 
flow stresses for CEE-4 specimens at 10−4 s−1, 10−3 s−1, and 10−2 s−1 are 7 MPa, 9.5 
MPa, and 13 MPa, compared to 8 MPa, 10.5 MPa, and 15.5 MPa for CEE-3 speci-
mens. These differences are attributed to the initial UFG microstructure in CEE-4, 
which increases grain boundary area, promoting GBS and more uniform plastic flow, 
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thereby reducing flow stress. Additionally, an increasing trend of flow stress with 
strain rate is observed: at low strain rates and high temperatures, sufficient atomic 
diffusion facilitates favorable slip planes, reducing flow resistance, whereas at higher 
strain rates, limited diffusion leads to increased flow stress. 

4 Conclusions 

In this study, the superplastic properties of UFG AA6061 aluminum alloy processed 
by CEE were investigated. Based on the experimental results and comparative analy-
sis, the following conclusions can be drawn: 

•  The CEE process successfully reduced the average grain size of AA6061 to 
~5-6 µm after four cycles, providing the essential structural condition for 
superplasticity. The refined and stable grain structure promotes GBS and 
supports CDRX during high-temperature deformation. 

•  The microhardness of AA6061 increased from about 40 HV to ~70 HV after 
four CEE cycles, indicating a 75 % enhancement. This improvement results 
from intense strain hardening and grain refinement, leading to a stable UFG 
structure with improved strength. 

•  Specimens subjected to three and four cycles of CEE exhibited evident super-
plastic characteristics when tested at 530 °C under various strain rates (10−4 s−1, 
10−3 s−1, and 10−2 s−1). All specimens showed elongations beyond 150 % with 
relatively low flow stresses. The most favorable superplastic response was 
obtained in the CEE-4 specimen at a strain rate of 10−3 s−1, achieving a 
maximum elongation of 330 % accompanied by a low flow stress of about 9.5 
MPa. 

•  The results confirm that CEE not only enhances the mechanical strength of 
AA6061 at room temperature but also provides a stable UFG microstructure 
suitable for SPF. This makes CEE-processed AA6061 a promising candidate for 
lightweight structural components requiring complex geometries and superior 
ductility. 

The superplastic forming capability of AA6061 aluminum alloy enables the 
production of lightweight structural components with complex geometries, making it 
suitable for applications such as UAV airframe parts, sensor housings, and protective 
covers in military systems. This approach allows for a reduction in the number of 
joints and overall structural weight while maintaining adequate mechanical 
performance.  
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