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Abstract: A preparation process of high performance 5083 aluminum alloy sheet was proposed. The process is severe
plastic deformation process of alternate ring-groove pressing and torsion based on cyclic stress state under warm
conditions. The results show that when the temperature is 200 °C, the grain refinement effect after secondary
deformation is the best, and the average grain size is refined from 24 to 12.5 um. When the temperature is 300 °C, the
mechanical properties of the sheet after one deformation are the best. Compared with those of the original sheet, the
tensile strength (397 MPa) and breaking elongation (28.3%) are increased by 30% and 60%, respectively. The second
phase particles and recrystallized grains improve the strength of the material by second phase strengthening and fine
grain strengthening. The equiaxed recrystallized grains improve the plasticity and toughness of the material.
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1 Introduction

One of the methods to improve the mechanical
properties of materials is to refine the grains
(nanometer or submicron level). The decrease in
grain size will improve the strength and toughness
of the material at room temperature. Moreover,
good formability and superplasticity may be
obtained [1,2]. Severe plastic deformation is a
better grain refinement process. Many severe
plastic deformation methods, such as equal channel
angular pressing [3], high-pressure torsion [4,5],
roll-bonding (ARB) [6], and
constrained groove pressing (CGP) [7], have been
proposed. Among them, ARB [8] and CGP [9] are
the maturer sheet grain refinement processes. The
characteristic of ARB and CGP is that although the

accumulative

grains and lattice of material will be strongly
fragmented and distorted after severe plastic
deformation, the macroscopic size of the material
even will keep unchanged state. The formation of
a sub-crystalline structure with high dislocation
density and defect density effectively refines the
grains.

POURALIAKBAR et al [10—13] carried out
restricted compression molding on stress-relieved
Al-Mn—Si samples at the strains of 0.47, 0.80, and
1.27, respectively. The deformed sheets were
subjected to isothermal heat treatment at 150, 250,
and 350 °C, respectively. The cold rolled samples
with a strain of 0.80 after two-pass die pressing
and flattening had better performance, and the
maximum uniform elongation was 22.96% after
annealing at 350 °C. However, the strength
decreased greatly because of subsequent annealing.
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KOTOBI et al [14,15] used the elastic-plastic
relationship to estimate the deformation force in the
restrictive molding process. The estimation results
were compared with the experimental data and
finite element simulation results. According to the
results, the relationship can be used to predict the
deformation force in the process of restrictive die
pressing with different materials and different
geometries. They compared von Mises yield
criterion with that of Teresca and found that von
Mises yield criterion can better estimate the
deformation force in the restrictive molding
process. WANG et al [9] studied the effects of
groove width and angle on the properties of
commercial pure nickel sheet in the CGP process
through experiments and numerical simulation.
They showed that the mechanical properties of a
sheet sample with a thickness of 2 mm can be
optimized through two-pass CGP with a groove
width of 2 mm and a groove angle of 45°. The yield
strength and tensile strength were 476.3 and
532.3 MPa, respectively; the elongation at break
was 10.6%; the average hardness was HV 218.9.
They found that the forming load of the CGP mold
decreased exponentially with the groove width but
was not affected by the groove angle.

5083 aluminum alloy has good plasticity,
processability, moderate strength, excellent weld-
ability and good corrosion resistance [16—18]. In
this work, we proposed a new preparation process
for high-performance 5083
alternate ring-groove pressing and torsion based on
cyclic stress state at cold and warm temperatures.
The process uses two sets of ring-groove mold and
a set of flattening mold. Cold processing at room
temperature can improve the strength of the

aluminum alloy:

sheet [19—21], and warm processing can keep the
plasticity of the sheet [22]. In this process, the
grain size of the sheet is refined by applying
repeated tension—compression—torsion cyclic stress.
The aluminum alloy sheet with fine-grained
structure prepared by the process realizes the dual
increase in strength and elongation.

2 Experimental

The experimental material was a 5083
aluminum alloy sheet with a thickness of 1.2 mm.
Element compositions of 5083 aluminum alloy are
shown in Table 1. In this experiment, a circular
sheet with a diameter of 74 mm was cut by wire
cutting. Cyclic compression—torsion test was
carried out on a 500T hydraulic press with self-
designed and manufactured torsion frock. The
designed ring-groove molds are shown in Fig. 1.
The center waves of ring-groove molds I and II
have the same phase, whereas the rest of the ring-
grooves have a certain phase difference. The trough
and peak of ring-groove mold I correspond to the
joint of the trough and peak of ring-groove mold II,
respectively.

The proposed warm ring-groove with repeated
molding—torsion process is shown in Fig. 2. The
one-pass deformation process is as follows:
molding with ring-groove mold I, torsion, torsion
and flattening at room temperature; molding with
ring-groove mold II, torsion, torsion and flattening
at room temperature. Three temperature conditions
(200, 250, and 300 °C) were used in the warm
flattening process. Three test processes were set
according to these temperatures (Process 1:
flattening at 200 °C, 1-2 passes; Process 2: flattening

Table 1 Element compositions of 5083 aluminum alloy (wt.%)

Al Mg Mn Si

Zn Cr Ti Cu

Bal. 4.0-4.9 0.4-1.0 0.40

0.25 0.05-0.25 0.15 0.1

Fig. 1 Two sets of ring-groove mold: (a) Ring-groove mold I; (b) Ring-groove mold 11
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Fig. 2 Experimental procedure of annular-corrugation repetitive molding process: 1—Upper ring-groove mold I;

2—Lower ring-groove mold I; 3—Upper flattening mold; 4—Lower flattening mold; 5—Upper ring-groove mold II;

6—Lower ring-groove mold II; 7—Sheet

at 250°C, 1-2 passes; Process 3: flattening at
300 °C, 1-2 passes). The symbolic representation of
various processes is shown in Table 2.

Wire cutting was performed to cut the 5083
aluminum alloy sheets after different processes. Six
Smm X 5 mm samples were obtained from the
center to the outside of the circular sheet. The
sampling positions are shown in Fig.3. The
samples were ground, polished, corroded, and
then analyzed with a Zeiss Axio Scope Al
metallographic microscope. An MVS—1000D1
microhardness tester was used for hardness
analysis. A wire cutting machine was used to cut
tensile specimens in the tangential direction on the
sheets processed by different processes, and the
location is shown in Fig. 3. The electronic universal
tensile testing machine was used to test the
mechanical properties, and the tensile rate was
£=3.64x10"* s!. The tensile fracture morphology
of the 5083 aluminum alloy sheets treated by
different processes was analyzed by a Hitachi
TM3030 scanning electron microscope.

Table 2 Symbolic representation of various processes

Pass
Process No.
1 2
1 (200 °C) 1-1 1-2
2 (250 °C) 2-1 2-2
3 (300 °C) 3-1 3-2

(a) Tensile sample (C)
(tangential) 13
2.0 il &
o[ —
£
On‘éinal Processed  Lonsile e
sample o
" (radial)

Fig. 3 Deformation zone and sampling position of sheet:
(a) Original plate; (b) Sampling position; (c) Size
diagram of tensile specimen (unit: mm)

3 Results and discussion

3.1 Microstructure

Commercial 5083 aluminum alloy sheet was
adopted as the original sheet and then rolled and
annealed in multiple passes during the production
process. The microstructure of the original sheet
is shown in Fig. 4. The average grain size of the

TR g
)

Fig. 4 Microstructure of original 5083 aluminum alloy
sheet
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original sheet is about 24 um, but the grain size is
not uniform with remarkable differences.

Six metallographic samples, numbered 1-6,
were obtained from the center outward of the
sheet. The metallographic structures under different
molding torsion process conditions are shown as
follows.

The metallographic structure of the sheet
treated by Process 1-1 is shown in Fig. 5. Compared
with the flattened tissue at room temperature,
the vacancy diffusion, dislocation sliding, and
dislocation rearrangement are obvious. Cross slip
occurs under the interaction of thermal activation
and stress. Thus, a cellular structure is formed
with a grain size of 0.5—1 um. Based on the

metallographic situation reflected in each figure, the
main softening mechanism is dynamic recovery
because of insufficient thermal activation. The grain
size of the dynamic recovery structure is between
10 and 20 pm, and the grains are equiaxed.

The dynamic recrystallization and dynamic
recovery of the materials are thermal activation
processes. However, the activation energy required
for the directional migration of atoms for dynamic
recrystallization is much higher than that required
for dynamic recovery, which is caused by vacancy
diffusion, edge dislocation climbing, and screw
dislocation slippage [23—25].

The metallographic structure of the sheet
processed by Process 2-1 is shown in Fig. 6. When

Fig. 5 Metallographic structure of sheet processed by Process 1-1: (a) Position 1; (b) Position 2; (c) Position 3;

(d) Position 4; (e) Position 5; (f) Position 6
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Fig. 6 Metallographic structure of sheet processed by Process 2-1: (a) Position 1; (b) Position 2; (c) Position 3;

(d) Position 4; (e) Position 5; (f) Position 6

the final flattening temperature reaches 250 °C,
about 20% of the dynamically recrystallized grains
can be obtained. At this time, partial dynamic
recrystallization is still in the initial stage of growth,
and the grain size is small and belongs to the state
of sub-dynamic recrystallization. The activation
energy at 250 °C is enough to make the dislocation
move to the sub-grain boundary in a short time.
The S phase is preferentially precipitated at the
intersection point between the sub-grain boundary
and grain boundary. The S phase has a relatively
uniform point-like distribution in the figure. At this
time, the material softens under the coordinated
action of dynamic recovery, recrystallization, and

other processes. As a result, the average grain size
reaches 15.5 pm.

The metallographic structure of the sheet
processed by Process 3-1 is shown in Fig. 7. The
average size of sheet grains reaches 18 um. This
occurrence is due to the moderate deformation of
the material and the high temperature environment
after one-pass alternate ring-groove pressing
and torsion. Thus, dynamic recrystallization can
proceed better and reduce the density of material
defects. Proper deformation combined with proper
deformation temperature can greatly improve the
degree of recrystallization of the material, and
increase the proportion of recrystallized structure to
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Fig. 7 Metallographic structure of sheet processed by Process 3-1: (a) Position 1; (b) Position 2; (c) Position 3;

(d) Position 4; (e) Position 5; (f) Position 6

about 80%. The average grain size grows. The S
phase further precipitates at the intersection point
of the sub-grain boundary and grain boundary.
Precipitation is also found inside the crystal grains.
The location of S phase precipitation gradually
expands from the grain boundary to the inside
of a phase matrix as the heating temperature
increases.

The metallographic structure of the sheet
processed by Process 1-2 is shown in Fig. 8.
Compared with one-pass deformation, the crystal
grains become more equiaxed after two-pass
heating and flattening at 200 °C. At this time,
the main softening mechanism of the material is

dynamic recovery, and a large number of sub-
crystalline structures are still present. However,
a small number of dynamic recrystallization
structures have appeared in the material, and the
overall average grain size is 12.5 pm. This finding
shows that when the warm flattening temperature is
low, increasing the amount of strain through strong
deformation can also promote the occurrence of
local dynamic recrystallization.

The metallographic structure of the sheet
processed by Process 2-2 is shown in Fig. 9.
Compared with the one-pass process, the number of
recrystallized grains has increased, but a large
number of sub-crystals are still present at the grain
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Fig. 8 Metallographic structure of sheet processed by Process 1-2: (a) Position 1; (b) Position 2; (c) Position 3;

(d) Position 4; (e) Position 5; (f) Position 6

boundaries of the recrystallized grains. The size
difference between the two kinds of crystal grains
is relatively large; thus, a bimodal grain structure
is formed. The recrystallized grain size reaches
22.8 pm.

The metallographic structure of the sheet
processed by Process 3-2 is shown in Fig. 10. The
precipitate amount of the second phase is obviously
increased, and the recrystallization effect is
obviously enhanced. This outcome is due to the
large amount of torsional deformation and
heating, which promotes the precipitation of the
second phase and the occurrence of dynamic
recrystallization. The size of the recrystallization

nucleus is about 1 um (dislocation cells, spores).
Process 3-2 is a two-pass alternate ring-groove
pressing and torsion and strong deformation at
300 °C. The grain refinement is more obvious
and the average grain size reaches 13.5 um
because the temperature and the number of passes
have increased. Grain size is remarkably refined
compared with the morphology of the two-pass
flattening treatment at 250 °C.

3.2 Mechanical properties

The true stress—strain curves of the sheets
subjected to alternate ring-groove pressing and
torsion are shown in Figs. 11 and 12. Compared
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Fig. 9 Metallographic structure of sheet processed by Process 2-2: (a) Position 1; (b) Position 2; (c) Position 3;

(d) Position 4; (e) Position 5; (f) Position 6

with the original sheet, the deformed sheet
processed with one-pass deformation at 200 °C
has a remarkable improvement in performance.
Specifically, the yield strength of the sheet
increased by about 110% to 233 MPa, and the
tensile strength increased by about 20% to 376 MPa,
but the elongation at break was unchanged.
Compared with one-pass deformation, the yield
strength of the deformed material after two-pass
deformation reached 230 MPa, and the tensile
strength decreased to 355 MPa, but the fracture
elongation increased to 20.5% by a large margin.
Compared with torsion at room temperature, the
deformation strength after one-pass processing was

greatly improved, but the elongation was the same.
The deformation strength and elongation after
two-pass processing were greatly improved. The
result shows that the softening effect of dynamic
recovery leads to the increase of elongation.
Moreover, the phenomenon of strong deformation
hardening leads to a slight increase in strength on
the basis of high elongation compared with
flattening and torsion at room temperature.

The performance of the deformed sheet
processed by one-pass processing at 250 °C was
markedly improved compared with the original
sheet. After one-pass deformation, yield strength
increased to 205 MPa, tensile strength increased by
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Fig. 10 Metallographic structure of sheet processed by Process 3-2: (a) Position 1; (b) Position 2; (c) Position 3;

(d) Position 4; (e) Position 5; (f) Position 6
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Fig. 11 True stress—strain tensile curves of one-pass
alternate ring-groove pressing and torsion
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Fig. 12 True stress—strain tensile curves of two-pass

alternate ring-groove pressing and torsion
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about 20% to 374 MPa, and the elongation at break
increased remarkably by about 45% to a value
of 25.2%. Compared with one-pass deformation,
two-pass deformation did not remarkably change
the yield strength of the deformed sheet. The yield
strength did not change much and reached
193 MPa, and the tensile strength was slightly
reduced to 363 MPa. The elongation at break was
reduced to 22.4%, which was still about 30% higher
than that of the original material. Compared with
flattening and torsion at 200 °C, the strength of the
material under this process was basically unchanged
and the elongation was further improved.

The performance of the deformed sheet
processed by one-pass processing at 300 °C was
greatly improved compared with that of the original
sheet. After one-pass deformation, the tensile
strength increased by about 30% to a value of
393 MPa, and the elongation at break increased
substantially by about 60% to a value of 28.3%.
The synergistic effect of the grain refinement
strengthening and dynamic recrystallization is
remarkable. Compared with the one-pass
deformation, the yield strength of the sheet after
two-pass deformation does not change much, and
the tensile strength and elongation at break are
reduced. This is mainly due to the sufficient
recrystallization of the sheet under the condition of
one-pass flattening at 300 °C. However, with the
number of passes the effect of
recrystallization on the performance of the sheet
cannot be further enhanced. The comprehensive
performance of the sheet that is deformed by
repeated molding and torsion at 300 °C for one pass
is the best compared with that of the sheet flattened
and twisted by two passes at 250 °C. This is mainly
because the temperature and pass make the
recrystallization and strong deformation, leading to
the comprehensive effect of hardening to achieve
the best effect.

When the passes are the same and the
temperature increases, the elongation and strength
of the mechanical properties increase. It can be seen
that the performance of the board is affected by
the heating temperature. Dynamic recrystallization
improves the microstructure morphology, thereby
improving the mechanical properties of the
material. Compared with the original performance,
the strength of the sheet treated in the same pass has
greatly been improved. But the increase in strength

increasing,

is not obvious as the temperature rises. The
elongation of the sheet treated in the same pass has
greatly been improved, and the elongation increased
significantly with the increase of temperature. It can
be seen that the coupling effect of temperature is of
great significance for improving the strength and
plasticity of materials by alternate ring-groove
pressing and torsion.

3.3 Morphology of tensile fracture at room
temperature

The sheet was prepared by two-pass repeated
molding, torsion and flattening with ring-
groove molds at different temperatures. The high
magnification SEM images of the tensile fracture of
the sheet are shown in Fig. 13. The dimples of the
fracture are shallow and the direction of the tearing
edge tends to be the same at 25°C. When the
flattening temperature increases to 200 °C, the
dimple depth increases, and a small number of
micropores accumulate near the tearing edge. When
the flattening temperature increases to 250 °C, the
dimples gradually show equiaxed shape, and the
number of tearing edges increases. When the
flattening temperature increases to 300 °C, the
dimple presents equiaxed shape, and there are a
large number of fine and uniform equiaxed
micropores near the dimple, which indicates that
the plasticity and toughness of the material have
been improved, and it is consistent with the test
results of mechanical properties [26].

Figure 14 shows the TEM microstructure of
the sheet prepared by alternate ring-groove pressing
and torsion at 300 °C. It can be seen from Figs. 14(a)
and (b) that a large number of fine and uniform
second phases with a size between 100 and 400 nm
precipitated during the processing. Figures 14(c)
and (d) show the diffraction patterns of the matrix
and the second phase, respectively, indicating that
the second phase is Als(MnFe). At the same time,
due to the large amount of torsional deformation
and the increase of deformation temperature, the
recrystallization is strengthened. A large number of
particles with an average size less than 1 um are
produced on the original grain boundary, but the
recrystallization is still insufficient. Figure 14(e)
shows the initial state of recrystallized grain
formation. A large number of dislocations are
generated at the grain boundary and a large number
of fine subcrystals are formed. Figure 14(f) shows
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Fig. 13 High magnification SEM images of tensile fracture of sheet prepared by two-pass torsion and flattening at
different temperatures: (a) 25 °C; (b) 200 °C; (c¢) 250 °C; (d) 300 °C
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Alg(MnFe): [012]
Fig. 14 Microstructure of sheet prepared by alternate ring-groove pressing and torsion at 300 °C: (a) TEM image in
initial state of processing; (b) TEM image in later period of processing; (c) Matrix diffraction pattern; (d) Second phase
diffraction pattern; (e) Initial state of recrystallized grain formation; (f) Metallography of fully recrystallized sheet

that a large number of equiaxed recrystallized particles and a large number of recrystallized grains
grains have been formed at the grain boundary. The can improve the strength of the material through the
formation of fine and uniform second phase two effects of second phase strengthening and
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fine grain strengthening [27]. At the same time, the
large amount of torsional deformation and high
deformation temperature promote the occurrence of
recrystallization. The phase difference between the
subcrystals increases and disappears, and some of
them are gradually transformed into high angle
grain boundaries. The migration of high angle
grain boundaries removes some dislocations and
promotes the occurrence of recrystallization, which
improves the plasticity and toughness of the
material.

4 Conclusions

(1) After plastic deformation by alternate
ring-groove pressing and torsion method, the grain
of 5083 aluminum alloy sheet was refined, for
instance, the average grain size of the aluminum
alloy was reduced from 24 to 12.5 ym before and
after plastic deformation at 200 °C.

(2) The tensile strength and elongation of 5083
aluminum alloy sheet were increased for about 30%
and 60%, respectively, after plastic deformation
under 300 °C condition by utilizing alternate ring-
groove pressing and torsion method.

(3) The formation of fine and uniform second
phase particles and a large number of recrystallized
grains can improve the strength of the material
through the effects of second phase
strengthening and fine grain strengthening. At the

two

same time, the large amount of torsional
deformation and high deformation temperature
promote the occurrence of recrystallization, which
improves the plasticity and toughness of the

material.
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K R EREMAGET ZHIES1EEE 5083 246
B I SRR RAAEL IR 12

L #l R et Bk B R R A H A M E AL E, REH 066004;
R WA B S AR SR EFX EGLRE, REH 066004

He
2. Jat

B OE: R TERE 5083 SR A S RM IHIE T 2. % T E NIRRT I TI8ER R PR AT 1 I B A i —
WA TR SRR 200 CH, ZURATE G SR A RO R, T35 RURST M 24 um 48403
12.5 pm; 2R E Y 300 T, —RATEJE IR 1 S22 R iR . HLhriR)E (397 MPa) MM 2K #2(28.3%) 73 7l EL
JEARER R 30%F1 60%. 55— AHKE T FE 45 5 b d 3o 8 AR SR AL RN G SRR AR S AR SR . S A A O
R i 7 AR B AT
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