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ARTICLE INFO ABSTRACT

Constrained groove pressing (CGP) is an effective severe plastic deformation (SPD)
technique used to strengthen metals by refining their microstructure, resulting in enhanced
material strength but reduced formability. The forming limit diagram (FLD) is a critical tool
for representing the deformability of sheet metals under various loading conditions before
necking occurs. Despite its significance, the effects of CGP parameters on FLD diagrams
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Keywords: have not been thoroughly investigated. This study examines the influence of CGP passes on
CGP the FLD and mechanical properties of Al-1050 aluminum sheets. The results reveal that the
FLD yield strength increased from 133 MPa after the first pass to 140 MPa and 160 MPa after the
E(I)(;nmgaat;ii:)i;y second and third passes, respectively. The ultimate tensile strength (UTS) initially rose to

185 MPa after the first pass, representing a 26% improvement compared to the as-received
material, but then slightly decreased by 3.9% and 4.3% after the second and third passes,
respectively. Elongation exhibited a sharp 45% reduction following the first pass but
improved by 18% in the second and third passes compared to the first pass. These mechanical
property trends can be attributed to grain refinement, the evolution of ultra-fine grains,
reduced strain hardening, and an increased rate of cell formation during the CGP process.
The FLD showed a significant 50% reduction after the first pass relative to the as-received
limit diagrams. Iranian Journal condition, but gradually increased with subsequent passes, improving by 8% and 25% after
of Materials Forming, 12(2), 58- the second and third passes, respectively. Furthermore, an increase in the number of passes

67. significantly reduced planar anisotropy variation.
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1. Introduction

Investigations into materials with a high strength-to-
weight ratio play a critical role in to reducing vehicle
weight and, consequently, fuel consumption. Studies
have shown that aluminum accounts for approximately
30% of materials used in the automotive industry, with
one-third of this utilized in sheet metal forming.
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Research suggests that a 10% reduction in vehicle
weight can lead to an 8-10% decrease in fuel
consumption [1]. Despite competition from other
lightweight materials such as advanced high-strength
steel, magnesium alloys, and reinforced plastics,
aluminum remains a preferred choice due to its favorable
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characteristics, including accessibility, recyclability, and
cost-effective mass production.

Severe plastic deformation (SPD) is a top-down
technique used to produce nano-structured metals [2, 3].
It has evolved to enable the application of higher strain
levels to materials [4-11]. Various SPD methods include
equal channel angular pressing (ECAP) [2], high
pressure torsion (HPT) [12], constrained equal
channeling (CEC) [9], and twist extrusion (TE) [4]. For
sheet metals, techniques such as accumulative roll
bonding (ARB) [11], friction stir processing (FSP) [8],
repetitive corrugation and straightening (RCS) [5-7],
continuous gradient rolling (CGR) [6], and constrained
groove pressing (CGP) [10] have been proposed.

ARB and CGP methods are known as considerable
approaches for SPD of sheet metal components. The
ARB method was proposed by Saito et al. [13, 14], and
is achieved by repetitive bonding between metal layers.
If proper bonding does not occur, the non-deformed
areas cannot contribute to improving the properties.
However, this limitation is not present in the CGP
process (Fig. 1). This method [15] is capable of creating
higher and more homogenous strain [16, 17]. During
CGP operation, the deformation region appears under a
pure shear stress state. Each pass consists of four stages
(two bending and two flattening stages) which can
impose an effective strain of up to 1.16, as illustrated in
Fig. 2. Recently, various metals have been processed
using the CGP technique [15, 17-19], including copper
[20, 21], nickel [22], and low carbon steel [23, 24]. In
the CGP process, a pair of corrugating and flattening dies
is used to induce sever plastic deformation on the sheet
(Fig. 1). Each pass involves four stages, two corrugating
and two flattening stages (Fig. 2). By applying a 180°
rotation between stages, a higher degree of uniformity in
microstructural and mechanical properties can be
achieved.

The forming limit diagram (FLD) is a well-known
method to predict the plastic deformation limit of sheet
samples. FLD can detect the limiting surface strains that
sheet samples can tolerate before localized necking
occurs. It shows the combinations of major and minor
surface strains that result in damage of the sample. The

plots for FLD can be calculated both theoretically [25]
and experimentally. FLD was first proposed by Keeler
Goodwin [26] to indicate defects such as necking and
fracture behavior in sheet metals. Marciniak and
Kuczynski [27] expanded this theory and extracted a
model for predicting localized necking. They figured out
that failure in sheet metal forming does not take place
suddenly, but rather the inhomogeneity and
heterogeneity in the constituent microstructure of the
material lead to localized thinning and ultimately failure.
This behavior results in a groove dividing the sheet
surface into homogeneous and heterogeneous regions.
Zahedi and colleagues [28] predicted the necking and
fracture limit diagrams for AI-Cu two-layer sheets
during the cup drawing test. They used a modified
Gurson-Tvergaard damage model and a time-dependent
model to predict the numerical values of the necking
limit diagrams. They also experimentally demonstrated
that cracks initiate and propagate from the outer layer.
Alizad Kamran and Mollaei Dariani [29] investigated
the capability of the BBC2008 (16 and 8 parameter)
yield models and the Hill-48 yield model in extracting
limit strain diagrams for sheet AA3003-H19
theoretically using the M-K model. They concluded that
all three models, BBC2008 (16 and 8 parameters) and
the Hill-48 yield model, predict the left side of the limit
strain diagram in good agreement with experimental
data. Lee and colleagues [30] conducted an accumulative
roll bonding process on AA6061 for 8 cycles.
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Fig. 1. Schematic representation of dies of CGP method.
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Fig. 2. Schematic representation of corrugating and flattening
stages of CGP process.
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The results obtained show that very fine grains with
clear boundaries appear from the third cycle and
encompass the entire structure in the eighth cycle. The
tensile strength increases with the number of cycles,
reaching 363 MPa in the eighth cycle, which is nearly
three times the initial value. On the other hand, the
elongation increases abruptly in the first cycle and then
decreases in the subsequent cycles.

The literature suggests that mechanical processing
offers a promising approach to enhancing the strength
and microstructure of pure aluminum, making it a
valuable material for the automotive industry. CGP, a
straightforward severe plastic deformation technique,
has gained significant attention for its ability to produce
ultra-fine grain structures in sheet metals. Additionally,
as mentioned earlier, FLDs are effective tools for
analyzing the fracture behavior of sheet metals. While
FLDs have been extensively studied in some SPD
processes, such as ARB, a review of the existing studies
reveals a notable gap regarding FLDs for CGP-
processed samples. Therefore, this paper experimentally
investigates the influence of the number of CGP passes
on the FLD of AI-1050 aluminum sheets.

2. Experimental Procedure

The samples of 90 x 90 mm with thicknesses of 2 mm
were prepared from AI-1050 rolled sheets in room
temperature condition. The chemical composition of the
Al-1050 was achieved by inductively coupled plasma
mass spectroscopy (ICP-MS) as stated in Table 1. The
ram speed of 5 mm/min was used during the process, and
the dry condition was selected for the contact surface
between die and sample in this study. The CGP samples
were performed along the rolling direction. A schematic
of the investigated sheet directions is shown in Fig. 3.
After applying different passes of CGP, the resultant
samples were considered for FLD operation. To extract
the tensile test, the strain rate of 0.01 1/s was set by the
test machine on cold condition.

A. Motallebi et al.

Each pass of the CGP process includes four stages:
according to Fig. 4, in each stage, a die with a groove
angle 6 = 45° imposes a shear strain value of 1:

Ax R
Yxy = E=tan45 =1

According to the von Mises criterion, the effective
strain can be calculated using the following relation:

Cers = jé [(x =202 + (&g —£)* + (er — &)2] + % (et +e+ezl (1)

Yxy

By considering &, = = and the assuming pure

shear during deformation with no strain along length and
width (g, = &, = &, = ¢, = &, = 0), the effective
strain in each stage is:

1

Eeff = 5 =0-98 @

This strain is exerted on the sheet twice in each pass.
Therefore, one pass creates an effective strain of 1.16
throughout the sheet [31]. This value is approximately
constant across the entire sheet.

32 R6

Fig. 3. (a) Rolling and transverse directions in the examined
sheet samples, (b) samples extracted from processed
specimen in the current study for the CGP process, and (c)
dimensions of tensile test specimen (mm).

Lower die

Fig. 4. Geometrical parameters of the CGP process.

Table 1. Chemical composition of Al-105 determined by ASTM E1251

Element Al Fe Si

Mn Sb Ti P

wt.% 988 0570 0.375 0.0827 0.0284 0.0148 0.0133
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By repeating this process, a very large plastic strain
can be created in the specimen, and an ultrafine-grained
structure can be obtained without changing the initial
dimensions. Fig. 5 shows the CGP dies and equipment.

Finally, in order to investigate the fracture and obtain
FLD diagrams, the FLD tests were carried out by the
Nakazima test (Fig. 6) on CGPed samples of Al-1050 to
develop the fracture strain. The tests were carried out for
various passes of CGP process. The ram with a specific
radius for FLD was designed and then manufactured. In
the Nakazima test, biaxial stretch-forming tests are
applied for FLDs. Various samples with different groove
dimensions were used for FLD, as illustrated in Fig. 7(a).
The specimens were cut by wire-cut machine from
CGPed and as-received sheet samples with a diameter of
93 mm. An electro-chemical procedure was applied to
create the circular grid (2.5 mm diameter and a depth of
1 micrometer) on the surface of the as-received and
CGPed samples. A Santam 100-ton constant speed
hydraulic press machine equipped with a displacement—
force curve monitor was used to carry out the
experimental tests. Typical undeformed (circular grid)
and deformed (elliptical grid) samples for Nakazima test
are illustrated in Fig. 7. After the test, the circular grids
were deformed into elliptical geometry by the tests. Egs.
(3) and (4) were used to measure the major and minor
engineering strains, respectively, and then stated in the

Fig. 5. CGP digs: (a) grooving die, (b) flattening dies, (c)
CGP dies under press (groove angle 6 = 45°, groove width
=2 mm, and die dimension = 96 x 96 mm).

true strain relation:
a—d
Cmajor (%) = a4 x 100, Emajor = In(1 + emajor) (3)
b—-d
Cminor (%) = 4 X 100, &minor = In(1 + eminor ) (4)

a, b and d introduce the ellipse’s major and minor
diameters and the initial circle diameter, respectively.
Emajor AN Eminoyr ShOW the true major and minor strains,
respectively. To obtain the specimens for tensile test, the
samples were cut along RD and TD directions (Fig. 3)
according to ASTM-E8M, as shown in Figs. 7(c) and
7(d). Room temperature was applied, using a constant
cross-head velocity and an initial strain rate of 4 x 107*
s

(©)
]
1135404593  L:61015

(e) ®

Fig. 7. Samples for FLD: Nakazima samples; (a) before the
test, (b) after the test, tension samples; (c) before the test,
(d) after the test, (e) dimension of tension samples, and (f)

dimensions of Nakazima samples.
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3. Results and Discussion

3.1. Mechanical properties

The as-received sample (Al-1050) showed the minimum
yield tensile strength (YS) (118 MPa) and elongation of
nearly 20%, and the ultimate tensile strength (UTS) of
about 147 MPa was measured, as illustrated in Fig. 8.
The results also showed that 0.2% vyield strength was
enhanced after the first pass of the CGP process,
reaching 140 and 160 MPa for the second and third
passes, respectively. Compared to the as-received
sample, the ultimate tensile strength for the first pass
increased to 185 MPa (with a 26% increase). However,
with the rising the number of passes from one to three,
the ultimate tensile strength began to decrease, dropping
by 3.9% and 4.3% for the second and third passes,
respectively. Dislocation accumulation and grain
refinement are two major mechanisms responsible for
strengthening during CGP process [32-34]. The increase
in ultimate strength after the first pass is attributed to
strain hardening and cold work. However, the decrease
in UTS after the first pass is attributed to the combined
effects of grain refinement, reduced work hardening, and
strain hardening saturation. Also, the findings disclosed
that for the third pass, the influence of cold working was
reduced, and grain refinement was observed [35]. At
higher passes, possibly due to texture evolution and the
emergence of misorientated planes, condition for higher
ductility with lower strength may be formed. In the first
pass of CGP, the FLD region without damage was
significantly reduced because of the appearance of cold
work in the sample. With the increase in the number of
CGP passes, this region began to grow, which can be
related to the reduction of strain hardening, the break of
grain boundaries and the reduction of separation of sheet
layers.

The ultimate tensile strength, 0.2% yield strength,
and elongation for different CGP passes and the as-
received sample were obtained, as illustrated in Fig. 9. It
shows that the elongation exhibits a sharp decrease after
the first pass compared to as-received sample, where the
maximum difference reaches up to 45%. However, the
elongation improves with additional CGP passes, for the
second and third passes, an improvement of about 18%

A. Motallebi et al.

is observed compared to the first pass. The enhancement
in elongation after the first pass can be attributed to grain
refinement, the gradual formation of ultra-fine grains,
reduction in strain hardening and the higher rate of cell
formation, which consequently leads to increased
nucleation at grain boundaries. From the first to the third
pass, the ultimate tensile strength continues to decrease,
due to ongoing grain refinement and a higher recovery
rate during the deformation process. However, the yield
strength exhibits a steady upward trend from the as-
received state to the third pass, with increases of the
13%, 18% and 36% for the first pass, second and third
passes, respectively, compared to the as-received
sample.

Fig. 10 shows the diagram of the number of passes
versus Vickers hardness for the CGP process of Al-1050.
It shows that as the number of passes rises, the hardness
value increases, reaching 75 V at the third pass, showing
an increase of 21, 17 and 5 V with respect to the as-
received, pass 1 and pass 2 samples, respectively.
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Fig. 8. True stress-strain curves for as-received and CGPed
samples.
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Fig. 9. Diagrams of ultimate tensile strength (UCS), yield
strength (CYS), and elongation for the as-received sample
and CGPed Al-1050 after different numbers of passes.
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Fig. 10. Variations of hardness versus number of passes in the
CGP process.

3.2. Forming limit diagrams and anisotropy

Fig. 11 shows the FLD for the as-received sample and
CGP-processed samples. Major and minor strain points
are shown, where blue and orange indicate the safe and
fracture strain zones, respectively. It should be
mentioned that the criterion used for identifying necking
in FLD specimen was a sudden decrease in the load-
stroke diagram. According to Fig. 11(b), formability
decreased sharply in the first CGP pass compared to the
as-received sample, for FLD,, a reduction of about 50%
is observed. Then, it was enhanced slightly and increased
steadily after the first pass with the increase of the
number of CGP passes, where it rose by 8% and 25% for
the second and third passes, respectively (Figs. 11(c) and
11(d). The reduction in FLD is due to strain hardening
which restricts the movement of dislocations [36]. The
improvement of FLDs with increasing CGP passes can
be attributed to the diminishing influence of strain
hardening, grain refinement and the dominance of the
grain refinement mechanism. In summary, the decrease
in formability from the as-received to the first pass can
be attributed to strain hardening and accumulated
dislocations behind deformed grain boundaries. On the
other hand, the increase in formability at higher CGP
passes can be described by reduced strain hardening
effects and enhanced grain refinement.

The FLDy, mechanical properties, and anisotropy
coefficients obtained for the AI-1050 samples are
illustrated in Table 2, as a function of CGP passes and
for as-received samples. Sheet metals generally exhibit
a variation in mechanical properties depending on
direction due to the forming processes. The variation in
their plastic behavior is described by a characteristic

called the anisotropy coefficient. The anisotropy
coefficient (R) is determined by uniaxial tension tests on
sheet samples and is defined by Eq. (5):

R="%/ ®)

Where ¢, and e are transverse direction
(perpendicular to the rolling direction) and thickness
direction strains, respectively, which are determined by
Eqgs. (6) and (7):

aw =In("/w,) (6)
e =) @)

Where w, wy, t, and t, represent the final width,
initial width, final thickness and initial thickness,
respectively. The anisotropy coefficient is equal to one
for an isotropic material. The coefficient of normal
anisotropy (R) is the average of the R-values obtained
for different directions in the plane of the sheet metal and
is determined by:

Ro + 2R45 + Ry

E:
4

®)
Where Ry, R,s, and Ry, are the R-values obtained in
the longitudinal direction (rolling), transverse direction
(perpendicular to the rolling direction) and 45°,
respectively. Planar anisotropy is a measure of the
variation of normal anisotropy with the angle to the
rolling direction and is determined by the Eq. (9):

AR = Rog — 2R4s + Rog ©)
2

The results of R and AR for as-received and the three
different passes have been shown in Table 2. It shows
that AR for the first pass decreased compared to the as-
received sample by about 2.2%, however, it further
dropped by up to 36% for the second pass. In the third
pass, again a decree of about 5 times has been appeared
compared to the second pass. For R, there is a steady
declining trend until the first pass, where it reached
0.441, with a 21% reduction compared to the as-received
samples. However, after the first pass, there is an
increase for the second and the third passes, with values
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of 0.691 and 0.629, respectively. Table 2 also shows the
n and k values for the as-received and different passes.
The results demonstrated that the values of k increased
as the number of passes went up compared to the as-
received sample (with k = 79.15), where for the first,
second and third passes, k was calculated as 235, 229 and
243.33, respectively. Moreover, the values of n are also
shown in Table 2. The results revealed that n was
reduced in the first pass compared to the as-received
state (with n = 0.1977), then increased in the second and

A. Motallebi et al.

third passes. The findings demonstrate that the trend of
the n-value closely aligns with the changes in
formability. Initially, n decreases sharply after the first
CGP pass but gradually transitions into an upward trend,
a pattern that is similarly reflected in the FLD.

In order to validate the accuracy of the FLD tests, a
deep drawing test was carried out on three-pass CGP-
processed Al-1050 sheet samples using a punch with a
flat head. The deep drawing test was conducted, and the
resultant samples were obtained, as shown on Fig. 12(a).

Table 2. Mechanical properties, FLDo, and anisotropy coefficients for the as-received sample and different CGP passes

C':\Iég]gggs%fs UTS(MPa)  YS(MPa)  Elongation (%) FLDo(%) n k R AR

As-received 147 118 20 24 01977  79.15 0559  0.4065
Pass 1 185 133 11 12 01046 235 0441  0.3976
Pass 2 178 140 13 13 01146  229.8 0691  0.2545
Pass 3 177 160 13 16 01358  243.33 0.629 0.043
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Fig. 11. FLD diagrams for the as-received and CGPed Al-1050 samples after various numbers of passes: (a) as-received, (b) pass
1, (c) pass 2, and (d) pass 3.
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Fig. 12. (a) Sample achieved from deep drawing test, (b) major and minor strain values in the fractured zone of the sample plotted
on the FLD diagram.
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It is seen that the sample exhibits cracking in the
regions near the punch radius. Moreover, the major and
minor strains were measured for the samples and are
shown in Fig. 12(b). It is shown that these points fall
above the FLD curve, which validates the accuracy of
the FLD results.

4. Conclusions

Due to the lack of studies considering FLD and
anisotropy properties of Al-1050 for CGP-processed
samples, this study aimed to investigate the CGP process
for AI-1050. FLDs, mechanical properties and
anisotropy coefficients were experimentally evaluated
for CGPed samples. The key findings are summarized as
follows:

e Compared to the as-received material, the yield
strength of CGPed sample was enhanced and
continued to increase with the number of passes.
However, the ultimate tensile strength peaked at 185
MPa after the first pass (an 26% increase), and then
decreased as the number of passes increased from
one to three.

¢ Elongation decreased sharply after the first CGP pass
compared to the as-received condition. However,
with continued CGP processing, elongation
improved. An 18% increase was observed for the
second and third passes compared to the first pass.

e FLD results showed that formability dropped
significantly after the first CGP pass, but subsequent
passes led to continuous improvement, with
increases of 8% and 25% for the second and third
passes, respectively.

e The CGP process and increased number of passes
significantly reduced the planar anisotropy.

o Hardness increased consistently with the number of
CGP passes.

e The deep drawing test on CGP processed sheet metal
confirmed the validity of the FLD results.
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