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Abstract: This study explores the influence of multidirectional forging (MDF) on the mechanical strength and superplastic behavior of AA7075
aluminum alloy. The material, initially processed by hot extrusion, underwent severe plastic deformation (SPD) through MDF. Evaluations
of mechanical enhancement were performed using both microhardness and tensile tests. After completing three and four MDF cycles, the
alloy exhibited microhardness improvements of 48% and 60%, respectively. Corresponding increases in tensile strength were 22.45% and
40.8% relative to the untreated samples. Superplastic deformation experiments were carried out at 530 °C using strain rates of 107*s™",
1073s7", and 1072s™". The superplastic characteristics were assessed through the measurement of elongation and flow stress during tensile
loading. The best performance was achieved after four MDF passes at a strain rate of 1072s™", yielding a maximum elongation of 350% and
a flow stress of 9 MPa. These findings highlight the effectiveness of MDF in improving the strength and ductility of high-performance
aluminum alloys while preserving their capacity for extensive plastic deformation.
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1. INTRODUCTION

The AA7075 aluminum alloy is extensively employed in struc-
tural and aerospace applications due to its notable strength and in-
herent corrosion resistance [1,2]. Despite these favorable charac-
teristics, it is categorized among the ultra-high strength aluminum
alloys, exhibiting significant resistance to both stress and defor-
mation. This feature, while beneficial for service performance, pre-
sents considerable challenges in formability, thereby limiting its ap-
plication in complex-shaped components [3,4]. To enhance the in-
dustrial applicability of AA7075, there is a growing demand for ma-
terials that exhibit both superior strength and adequate plastic de-
formability. In response, several innovative approaches have been
explored. Among them, the integration of severe plastic defor-
mation (SPD) techniques with superplastic deformation (SP) has
emerged as a particularly promising strategy [5,6].

SPD methods induce substantial plastic strain in metallic mate-
rials, leading to the development of the UFG structures through dis-
location multiplication and the formation of sub-grain boundaries
[7,8]. These techniques facilitate grain refinement, thereby improv-
ing the mechanical properties of processed materials. Common
SPD techniques include equal channel angular pressing (ECAP)
[9,10], high-pressure torsion (HPT) [11,12], cyclic expansion-extru-
sion (CEE) [13,14], and multidirectional forging (MDF) [15,16]. UFG
materials produced by these processes typically exhibit enhanced
strength, hardness, and wear resistance. However, such materials
often suffer from drawbacks like microstructural instability and re-
duced ductility under plastic deformation conditions [17,18].

In one notable study, Seungwon Lee et al. [19] applied the high-
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pressure sliding (HPS) process to improve the mechanical perfor-
mance of AA7075. Post-processing, the alloy achieved a tensile
strength of approximately 600 MPa with an elongation of 4%. Nev-
ertheless, the method demands high-pressure equipment, whichiin-
creases investment and operational costs. Another study by Seyed
Mahmoud Ghalehbandi et al. [20] evaluated the influence of post-
ECAP aging on AA7075 alloy. Their findings indicated a marked
enhancement in both tensile strength and elongation, although the
ECAP process is limited by tool wear and significant material loss
per cycle. Among SPD methods, MDF has gained particular atten-
tion due to its operational simplicity and lower equipment cost [21-
23]. Furthermore, MDF subjects materials to high hydrostatic pres-
sure during deformation, promoting grain refinement and the for-
mation of UFGs, which consequently enhance mechanical proper-
ties [24,25].

In parallel, superplasticity refers to the capacity of certain alloys
to undergo extensive elongation under appropriate conditions of
grain size, temperature, and strain rate, while subjected to minimal
flow stresses [26-28]. This phenomenon typically occurs in materi-
als with grain sizes below 15 um. During superplastic deformation,
grain growth is minimal, provided the temperature-ranging between
0.5T,, to 0.9Ty, (Ty: melting point in Kelvin)-is maintained uni-
formly across the specimen. Moreover, the strain rate must be op-
timized to balance diffusion activation and grain coarsening. Super-
plasticity is generally observed at strain rates between 10~* s™" and
1072s™". SPD processes are therefore ideal for generating the UFG
structures required for superplastic behavior.

Based on this background, the present study experimentally in-
vestigates the mechanical performance and superplastic response
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of AA7075 alloy processed via MDF. Hot-extruded AA7075 sam-
ples were subjected to the MDF process as a form of SPD. Me-
chanical characterization included hardness measurements and
tensile testing, while superplasticity was evaluated through tensile
deformation conducted at various strain rates. Parameters such as
elongation to failure and flow stress were used to assess super-
plastic behavior. The results aim to demonstrate the combined ben-
efits of MDF and superplastic deformation in simultaneously
achieving high strength and superior plasticity in AA7075 alloy.

2. MATERIALS AND METHODS

In this investigation, hot-extruded AA7075 aluminum alloy was
selected as the experimental material. The alloy's chemical compo-
sition (in wt.%) comprises 5.35% Zn, 2.34% Mg, 1.32% Cu, 0.3%
Fe, 0.05% Si, 0.024% Mn, 0.22% Cr, 0.04% Ti, with the remainder
being Al. Rectangular specimens with dimensions of 17 mm x 17
mm x 25 mm (height x width x length) were precisely machined for
the MDF process, as illustrated in Figure 1(a). The surface quality
of the prepared samples corresponds to a roughness grade of 7,
with an Ra value of 1.25 pm. A schematic representation of the
MDF processing steps is depicted in Figure 1(b). Each MDF cycle
consists of three deformation steps interspersed with three orthog-
onal rotations of the sample by 90° about the Z-, Y-, and X-axes,
respectively. The deformation was applied using a YH32/100 hy-
draulic press with a maximum loading capacity of 100 tons. The
average strain rate during the MDF process was maintained at ap-
proximately 107" s™". The die and punch were fabricated from
SKD61 tool steel (JIS G4404:2015), heat-treated to achieve a hard-
ness of 50-55 HRC.

The MDF process was conducted over one to four cycles at a
constant die and sample temperature of 530 °C. The entire forming
setup, including the sample and die assembly, was heated in a re-
sistance furnace to ensure temperature uniformity during pressing.
Immediately after each MDF cycle, the specimens were quenched
in water to preserve the deformation-induced microstructural fea-
tures.
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Fig. 1. Original sample (a) and MDF process diagram with 1 cycle in
three sample directions (b)

Subsequent to processing, the initial and deformed microstruc-
tures were characterized and compared. Mechanical properties of
both as-received and MDFed samples were assessed through
Vickers microhardness measurements and uniaxial tensile testing
conducted at ambient conditions. To evaluate the superplastic re-
sponse, additional tensile tests were performed on the MDFed
samples at 530 °C, corresponding to the forming temperature, un-
der varying strain rates of 10™*s™, 107 s™*, and 1072 s™" [29,30].
These tests were carried out on specimens machined in accord-
ance with ISO 6892-1:2016 specifications.
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Chemical composition verification of the AA7075 alloy was con-
ducted using a LAB LAVM11 optical emission spectrometer. Micro-
structural observations were carried out with an AXIOVERT-25C
optical microscope. For metallographic examination, the samples
were etched using an etchant composed of 95 mL distilled water,
2.5mL HNO3, 1.5 mL HCI, and 1.0 mL HF. Vickers microhardness
was measured using a Mitutoyo hardness testing device. Tensile
tests were performed on a Devotrans DVT FU/RDNN 50 kN-CKS
universal testing machine equipped with continuously adjustable
strain rate control. To ensure precise thermal conditions during
high-temperature deformation, a Nabertherm B180 resistance fur-
nace was employed.

3. RESULTS AND DISCUSSION

The microstructural characteristics of the as-extruded AA7075
aluminum alloy are presented in Figure 2(a). As observed, the ma-
terial exhibits elongated grains with second-phase particles pre-
dominantly aligned in the direction of extrusion. This directional
grain structure reflects a typical deformation-induced anisotropy
that tends to reduce the alloy’'s mechanical efficiency, particularly
in terms of ductility and strength. The anisotropic grain morphology
serves as a potential initiation site for stress concentration during
mechanical loading, which can impair the alloy's formability and fa-
tigue resistance. Mechanical characterization of the as-received
condition indicates a relatively low ductility, with an elongation of
approximately 8% at ambient temperature, along with a mean Vick-
ers microhardness of around 125 HV. These baseline properties
underscore the need for microstructural refinement to enhance me-
chanical performance for advanced applications.

To investigate the influence of severe plastic deformation on
microstructural evolution, the material was subjected to MDF for
multiple cycles. Specimens deformed through one to four passes
are designated as MDF-1, MDF-2, MDF-3, and MDF-4, respec-
tively. Microstructural observations of both the initial and MDF-pro-
cessed samples were carried out on the longitudinal-transverse
(LD-TD) plane, where LD and TD correspond to the longitudinal
(length) and transverse (width) directions, respectively. Figure 2(b)
to Figure 2(d) illustrate the microstructures developed after each
deformation stage. In the MDF-1 condition (Figure 2(b)), large and
irregularly distributed precipitates are observed along grain bound-
aries, signaling the initial stage of microstructural reorganization.
The applied compressive stress during MDF initiates grain bound-
ary sliding and promotes the nucleation of new grains along the di-
rection of plastic flow. At this stage, elongated grains start to frag-
ment, and subgrains begin to form due to the accumulation of dis-
locations and local misorientations.

Among the grain refinement mechanisms involved, continuous
dynamic recrystallization (CDRX) is considered the dominant pro-
cess during MDF processing [31]. As plastic deformation pro-
gresses with additional forging cycles, shear bands intersect due to
the change in loading direction, promoting the progressive subdivi-
sion of elongated grains into finer subgrains. These subgrains un-
dergo further refinement and coalesce into equiaxed UFGs through
successive recrystallization and enhanced strain hardening. The
multidirectional nature of the applied deformation plays a critical
role in disrupting the prior grain alignment and accelerating the
transformation toward an equiaxed structure.

Notably, with each additional MDF cycle, a significant reduction
in grain size is observed. For instance, in the MDF-3 sample (Figure
2(c)), the average grain size is refined to approximately 5 um. In the
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MDF-4 condition (Figure 2(d)), further grain fragmentation results
in an average grain size of about 3 um. This progressive micro-
structural refinement confirms the effectiveness of the MDF pro-
cess in promoting ultrafine-grained structures within the AA7075 al-
loy matrix. The substantial grain refinement is expected to signifi-
cantly improve the mechanical properties of the alloy, particularly
its strength, hardness, and potential superplastic behavior. There-
fore, the MDF technique offers a promising route for tailoring the
microstructure of high-strength aluminum alloys for use in aero-
space, defense, and other advanced engineering applications.

v
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original sample; b) the MDF-1 sample; c) the MDF-3 sample;
(d) the MDF-4 sample

The distribution of microhardness across specimens subjected
to MDF was systematically evaluated along both the longitudinal
and transverse directions at the mid-thickness plane. The results
obtained for MDF-3 and MDF-4 samples are illustrated in Figure
3(a) and Figure 3(b)), respectively. A clear non-uniformity in hard-
ness distribution was observed throughout the samples, revealing
higher microhardness values near the outer regions and relatively
lower values toward the central zones. This inhomogeneous profile
is primarily attributed to frictional interactions and thermal gradients
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that develop during the forging process. Specifically, the direct con-
tact between the specimen and the die surfaces leads to localized
cooling and elevated friction near the sample edges. These condi-
tions enhance strain localization and promote strain hardening in
those regions, thereby contributing to increased microhardness de-
spite the slightly lower processing temperatures.

As the number of MDF passes increases, the spatial variation
in microhardness becomes progressively less pronounced. This
behavior indicates an improvement in strain and temperature distri-
bution uniformity throughout the material during the later stages of
deformation. For instance, in the longitudinal direction (Figure 3(a)),
the disparity between maximum and minimum microhardness val-
ues was approximately 15% in MDF-3 and decreased markedly to
about 4% in MDF-4. A similar trend was noted in the transverse
direction (Figure 3(b)), where the variation reduced from 12% in
MDF-3 to around 5% in MDF-4. These reductions in variation con-
firm that multiple MDF cycles facilitate a more homogeneous defor-
mation process, both thermally and mechanically, across the entire
volume of the specimen.

This observed trend aligns with the theoretical equivalent strain
values, which increase substantially with each deformation cycle.
Specifically, the average equivalent strain rises from approximately
0.445 after the first MDF cycle to about 1.78 following four complete
cycles [16]. This enhanced strain accumulation directly correlates
with the rise in microhardness and its improved distribution. Given
the well-established relationship between plastic strain, dislocation
density, and microhardness, the results strongly support the con-
clusion that severe plastic deformation via MDF contributes signifi-
cantly to material hardening.

In terms of absolute values, the peak microhardness values
along the longitudinal axis were recorded at 185 HV for MDF-3 and
increased to 195 HV for MDF-4, corresponding to improvements of
60 HV and 70 HV, respectively, compared to the undeformed state
(125 HV). Inthe transverse direction, slightly higher maximum hard-
ness values were observed-185HV for MDF-3 and up to 205 HV
for MDF-4-reflecting total increases of 65 HV and 80 HV. These
findings underscore the effectiveness of MDF processing in not
only refining the grain structure but also enhancing the overall me-
chanical response of the AA7075 alloy. The substantial increase in
hardness and the concurrent reduction in property gradients con-
firm the potential of MDF as a viable route for producing high-per-
formance ultrafine-grained aluminum alloys with superior strength
and mechanical uniformity.
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Fig. 3. Change of microhardness determined at the mid-section positions with distance from the center of the MDFed sample in the length direction (a) and

width direction (b) for the MDF-3 sample and the MDF-4 sample
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Figure 4 presents the engineering stress-strain curves ob-
tained from uniaxial tensile tests conducted at room temperature
for the as-received AA7075 aluminum alloy and for specimens pro-
cessed through three and four passes of multidirectional forging
(MDF-3 and MDF-4, respectively). The undeformed sample exhib-
ited a tensile strength of approximately 490 MPa and a relatively
low elongation of about 8%, reflecting the typical behavior of
coarse-grained, hot-extruded 7xxx-series aluminum alloys. Follow-
ing three cycles of MDF processing, a substantial improvement was
observed: the tensile strength increased to approximately
600 MPa, accompanied by a ductility enhancement to 12%. Con-
tinued deformation with a fourth MDF cycle further elevated the ten-
sile strength to 690 MPa and elongation to 16.5%. These results
clearly demonstrate a consistent trend of simultaneous enhance-
ment in both strength and ductility with an increasing number of
MDF cycles.
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Fig. 4. Engineering stress-relative elongation curves of the original
sample, the MDF-3 sample, and the MDF-4 sample

The MDF-4 specimen, in particular, showed remarkable im-
provement compared to the as-received material, with a tensile
strength increment of 200 MPa and more than a twofold increase

Original sample ¢ "' rJ
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in elongation. Even when compared to the MDF-3 condition, the
additional forging cycle resulted in a further gain of 90 MPa in
strength and a 4.5% rise in ductility. These findings highlight the
effectiveness of MDF in not only increasing mechanical strength,
as often expected in SPD processes, but also enhancing the alloy’s
capacity for plastic deformation-a result that defies the conventional
strength-ductility trade-off.

The origin of this mechanical performance improvement lies pri-
marily in the extensive grain refinement introduced by the MDF
technique. As the number of forging passes increases, the average
grain size is significantly reduced, leading to the formation of a
dense network of grain boundaries. The increased grain boundary
area plays a vital role in governing mechanical behavior, as it acts
as an effective barrier to dislocation motion, thereby enhancing
strength. Simultaneously, grain boundaries also serve as active
sites for alternative deformation mechanisms, including grain
boundary sliding and grain rotation, which contribute to enhanced
ductility in UFG materials [32].

Additionally, the formation of a UFG structure modifies the ma-
terial’s internal lattice arrangement. The thin and highly dense in-
terfaces between grains lead to improved atomic packing, stronger
interatomic bonds, and a lower density of lattice defects. These
structural characteristics help suppress the formation of mi-
crocracks during tensile deformation, thus extending the material’s
ductility and delaying failure [6]. In polycrystalline metals, defor-
mation is typically accommodated through both intragranular slip
and grain boundary activities. In UFG materials produced by MDF,
the high grain boundary density facilitates distributed plasticity un-
der applied load, allowing for more uniform strain distribution and
enhancing the alloy’s overall formability.

In summary, the stress-strain behavior of AA7075 subjected to
MDF confirms that repeated multidirectional deformation effectively
tailors the microstructure, resulting in a well-balanced combination
of high strength and enhanced ductility. This positions MDF as a
promising processing technique for advanced applications requir-
ing lightweight, high-performance structural components.
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Fig. 5. Shape changes in the tensile samples of AA7075 alloy fabricated by MDF-3 sample and MDF-4 sample under the superplastic deformation

conditions (a); and dimension of the tensile samples (b)

This explanation also supports the observed trend in which rel-
ative elongation increases with decreasing average grain size in
MDF-processed samples. As presented in Figure 5 and , the tensile
behavior of AA7075 alloy subjected to 3 and 4 cycles of MDF under
SPD conditions reveals a clear distinction. When tested at identical
temperatures and strain rates, the specimens processed by four
MDF passes (MDF-4) consistently exhibit higher relative elongation
than those processed by three passes (MDF-3). Specifically, the

increase in elongation reaches 37.5%, 75%, and 28.6% at strain
rates of 10™* s™*, 107 s™, and 1072 s™, respectively. These en-
hancements are strongly associated with the reduced grain size of
the MDFed specimens. From a theoretical perspective, grain
boundary sliding (GBS) is considered the dominant mechanism
governing superplastic deformation. GBS facilitates large strain ac-
commaodation, retention of equiaxed grain structures, grain rotation,
and texture evolution. Experimental evidence of GBS includes the
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relative displacement of adjacent grains along their boundaries, ul-
timately leading to the replacement of neighboring grains-a phe-
nomenon characteristic of superplasticity that does not occur during
conventional plastic deformation [33].

Under superplastic deformation conditions, it is well established
that individual grains exhibit minimal morphological changes. Even
when some grains appear slightly elongated, the extent of their
elongation remains significantly lower than the overall relative elon-
gation of the specimen. The near-constant grain shape observed
within the superplastic strain rate regime implies that substantial
deformation arises primarily from the relative displacement be-
tween neighboring grains, leading to enhanced grain density along
the tensile direction. This behavior results in a high degree of elon-
gation. According to the GBS mechanism, deformation is predomi-
nantly localized at grain boundaries. Hence, a reduction in grain
size increases the total grain boundary area, which facilitates larger
relative elongation during tensile loading [34].

Tab.1. Tensile test results of the MDF-processed samples at different
strain rates

Elongations (%)
Samples Strain rate Strain rate Strain rate
107* (s-1) 1073 (s-1) 1072 (s-1)
MDF-3 160 200 140
MDF-4 220 350 180

The presence of the UFG in the microstructure of MDF-pro-
cessed samples confirms the manifestation of superplasticity in the
AAT7075 alloy, as evidenced by tensile tests conducted under su-
perplastic conditions. All tensile specimens displayed elongations
exceeding 140%, accompanied by relatively low flow stress levels.
A comparative analysis of the tensile behavior of samples extracted
from MDF-3 and MDF-4 specimens (as shown in Figure 5 and Fig-
ure 6) reveals a clear dependence on strain rate. As the strain rate
increases from 107 s™ to 107 s™, the relative elongation im-
proves. However, a further increase in strain rate to 1072 s™" results
in a decline in elongation (Figure 6 (c)).
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Fig. 6. The flow stress - relative elongation curves at 530 °C for the
MDF-3 sample (a), the MDF-4 sample (b) and the elongation and
the flow stress of the MDFed (c,d) with different strain rates

For MDF-4 specimens, the maximum elongations recorded at
strain rates of 107* s™, 1072 s™, and 1072 s™" were 220%, 350%,
and 180%, respectively. In contrast, the MDF-3 samples exhibited
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elongations of 160%, 200%, and 140% at the corresponding strain
rates. These findings underscore the strong influence of strain rate
on the superplastic response of UFG AA7075 alloy fabricated via
MDF. At strain rates below 10™* ™", excessive grain growth occurs
due to prolonged dynamic recrystallization (DRX) times, which in
turn induces premature necking and limits elongation [35,36]. Con-
versely, at strain rates exceeding 1072 s, the deformation rate sur-
passes the capacity for diffusion-assisted mechanisms to develop
favorable sliding interfaces, leading to increased flow stress and
reduced ductility [37,38]. In summary, among the tested strain
rates, the optimal superplastic response was observed at 107 s™.
The maximum relative elongations achieved at this rate were 200%
for MDF-3 samples and 350% for MDF-4 samples.

Additionally, Figure 6(d) highlights the combined effect of grain
size and superplastic strain rate on the maximum flow stress ob-
served during tensile testing. The MDF-4 specimens, which pos-
sess a finer grain structure, consistently exhibit lower flow stress
values than the MDF-3 specimens across all investigated strain
rates. Specifically, for MDF-4 samples, the flow stress values at
strain rates of 10™*s™*, 107 s™*, and 1072 s™" are 6.5 MPa, 9 MPa,
and 12 MPa, respectively. In comparison, the corresponding values
for MDF-3 samples are higher, at 8 MPa, 9.8 MPa, and 15 MPa,
respectively.

These differences can be attributed to the initial grain size of
the samples. The UFG microstructure of MDF-4 samples results in
a greater grain boundary area, which enhances grain boundary
sliding and promotes more uniform plastic flow, thereby lowering
the required flow stress. Furthermore, an increasing trend in flow
stress with increasing strain rate is clearly observed. At lower strain
rates and elevated temperatures, sufficient time is available for
atomic diffusion, which facilitates the formation of favorable slip
planes and reduces flow resistance. In contrast, higher strain rates
limit the diffusion processes, leading to an increase in flow stress
during deformation [39].

4. CONCLUSION

In this study, an experimental approach was employed to ex-
amine the evolution of mechanical strength and superplastic behav-
ior of AA7075 aluminum alloy subjected to the MDF technique. The
primary outcomes of the investigation are summarized as follows:

1. The MDF method demonstrated considerable effectiveness
in refining the grain structure and generating UFG microstructures.
The process was performed at an elevated temperature of 530 °C
over multiple deformation cycles. The resulting average grain sizes
were approximately 5 ym and 3 pm for the MDF-3 and MDF-4
specimens, respectively. These refined grain sizes fulfill the micro-
structural prerequisites for enabling superplastic deformation.

2. Mechanical performance of the AA7075 alloy was substan-
tially enhanced following MDF processing. In particular, microhard-
ness measurements revealed increases of 48% and 60% for the
MDF-3 and MDF-4 samples, respectively, in comparison to the un-
deformed condition. Additionally, tensile test results indicated con-
current improvements in strength and ductility. For the MDF-3 sam-
ple, the tensile strength and total elongation were recorded at 600
MPa and 12%, respectively. In the case of the MDF-4 specimen,
tensile strength reached 690 MPa, accompanied by an elongation
of 16.5%. These values correspond to an improvement of 200 MPa
in tensile strength and an 8.5% increase in ductility compared to the
unprocessed alloy.
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3. Specimens processed through three and four MDF cycles

exhibited pronounced superplastic behavior when tested at 530 °C
across a range of strain rates (10™* s™*, 10 s™*, and 1072 s™). All
tested samples demonstrated elongation-to-failure exceeding
140%, coupled with low flow stress levels. The optimal superplastic
performance was observed in the MDF-4 sample at a strain rate of
107 s7", yielding @ maximum elongation of 350% and a corre-
sponding flow stress of only 9 MPa.
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