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Abstract: An equal channel reciprocating extrusion (ECRE) was proposed first to obtain a severe plastic deformation
(SPD) of 7005 alloy. The microstructure and mechanical properties of one-pass ECREed (ECRE processed) 7005 alloy
were investigated. The results show that SPD occurring in ECRE leads to a mixed microstructure. ECREed 7005 alloy
exhibits a significant improvement of ultimate tensile strength (UTS) and elongation. Mechanical properties in the
region undergoing a complete ECRE process are higher than those in the region undergoing an incomplete ECRE
process due to larger dislocation strengthening effect. Yield strength (YS) and UTS first decrease and then increase with
an increase of extrusion temperature. The YS of 359.2 MPa, UTS of 490 MPa and elongation of 17.7% are obtained
after T6 treatment. Fine-grain strengthening, dislocation strengthening and precipitation strengthening in the T6-treated

ECREed sample all play important roles in improving the mechanical properties.
Key words: 7005 aluminum alloy; equal channel reciprocating extrusion; microstructure; mechanical properties

1 Introduction

As a typical method to obtain nanometer or
submicron grain-sized materials, equal channel
angular extrusion (ECAE) or equal channel angular
pressing (ECAP) has exhibited wide applications in
aluminum alloys [1-5], magnesium alloys [6—8],
copper alloys [9,10], titanium alloys [11,12], zinc
alloys [13] and metal matrix composites [14,15].
Aluminum alloys have been the hottest materials
among these metal materials since a large amount
of research on ECAE or ECAP has been focused on
the aluminum alloys. ECAP was applied to 1050
aluminum alloy [16], 7075 aluminum alloy [17],
5083 aluminum alloy [18], 7055 aluminum
alloy [19] and Al-5wt.%Fe aluminum alloy [20] to
obtain a strong refinement of microstructure and an
significant improvement of mechanical properties.
Besides hot extrusion, hot rolling and hot forging,

ECAE was also a good strain-induced technology
due to severe plastic deformation (SPD) obtained
via shear deformation [21—-23].

Actually, ECAE was not only used as a
technology to obtain ultra-fine grained material, but
also employed to obtain a good strain-induced
effect for a fabrication of semisolid slurry of
magnesium alloy [24—26]. Applications of ECAE to
magnesium alloys have exhibited the feasibility of
ECAE as a strain-induced method [27—30]. Besides
magnesium alloys, ECAE also showed an effective
severe plastic deformation on the aluminum
alloys [31-34].

However, the good strain-induced effect was
obtained after at least two-pass ECAE (or ECAP)
was carried out on magnesium alloys and aluminum
alloys. This indicates that multi-pass ECAE process
had to be performed to obtain a good strain-induced
effect. As a consequence, it increases the operating
difficulties in performing the second extrusion and
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the production cost of the semisolid slurry.
SPUSKANYUK et al [35] developed double-angle
equal-channel angular hydroextrusion (ECAH) to
solve the above-mentioned difficulty. In their
research, the intersecting angle of two channels (®)
was 120°, the angle subtended by the arc of
curvature at the point of intersection (%) was 0° and
the diameter of the channel was 16 mm.

In the present research, we develop a novel
technology called equal channel reciprocating
extrusion (ECRE) to realize a severe plastic
deformation via only one pass. The differences
between ECAH and ECRE are the intersecting
angle of two channels, the angle subtended by the
arc of curvature at the point of intersection and the
diameter of two channels. Research on SPD of 7005
aluminum alloy was reported little. Therefore, a
new SPD method will be applied to this material in
the present research. Two-pass ECAE was realized
only via one ECRE process. It will avoid the second
extrusion during ECAE process, and decrease the
cost in fabricating fine-grain material. In addition,
a larger deformation degree can be obtained via

ECRE as compared to conventional open blank
forging. To evaluate the effect of one-pass ECRE on
7005 alloy, we examine the microstructure and
mechanical properties of material processed by
one-pass ECRE.

2 Experimental

The 7005 commercial alloy was used as
experimental material. Its chemical composition
was measured via a PANalytical PW4400 X-ray
fluorescence spectrometer to contain 5.1Zn, 1.1 Mg,
0.49 Mn, 0.34 Si, 0.31 Fe, 0.1 Cr, 0.08 Cu, 0.04 Ti
and balanced Al (in wt.%). 7005 alloy was firstly
melted at 660 °C and then poured into a cylinder
cast ingot with a diameter of 58 mm. The cast
ingots were machined into cylindrical samples with
a diameter of 54.6 mm and a height of 100 mm. A
set of ECRE die with 55 mm in inner diameter of
two sectional female dies was designed and
manufactured, as shown in Fig. 1(a). The inter-
secting angle between two equal cross-sectional
channels (@) was 90°. Two sectional female dies

Fig. 1 Macrographs of two half-sectional dies (a) and whole die (b), schematic diagram of coordinate system (c), and

microstructural samples (d)



Ju-fu JIANG, et al/Trans. Nonferrous Met. Soc. China 31(2021) 609-625 611

were put in a square die sleeve with a resistant
heating device (Fig. 1(b)). The lubricant of water-
based graphite was sprayed on the surface of the
punch and the two sectional female die at 120 °C.
This reduced an adverse effect of friction on ECRE
process. The machined samples were heated to 360,
380, 400 and 420 °C, respectively, and then
extruded for one pass via the ECRE die. The ECRE
die was preheated to the same temperature with the
heated samples. The previous sample was firstly
extruded to a position of about 120 mm in distance
from the top surface of the two sectional female
dies. Then, the latter sample was put in the cavity
which was composed of the two sectional female
dies and then extruded. The rest samples were done
repeatedly in the same manner. A rectangular
coordinate system was established to describe the
microstructure accurately in various coordinate
planes (Fig. 1(c)). The macrograph of the cut
specimens was presented in Fig. 1(d).

The microstructure and mechanical properties
of cast ingots and ECREed 7005 alloy were
examined (Fig. 2(a)). Figure 2(b) shows a drawing
of tensile specimen according to the PRC National
Standard GB 6397 — 86 [36]. The incompletely

Microstructural samples

T
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ECREed 7005 alloy billets were taken out from the
die during the middle ECRE process. And the
microstructure and mechanical properties of
incompletely ECREed (ECRE processed) billet
were examined. The microstructural specimens of
incompletely ECREed 7005 alloy were cut from the
Locations 1 and 2 of Billet 1 (B1) and Locations 3,
4 and 5 of Billet 2 (B2), as shown in Fig. 2(c). The
tensile specimens of incompletely ECREed 7005
billet were cut from the Locations 6 and 7
(Fig. 2(d)).

The microstructural and tensile specimens of
completely ECREed 7005 alloy were cut from the
locations shown in Fig. 2(e). T6 heat treat involving
30 min solution treatment at 470°C and 24 h
artificial aging at 110 °C was conducted on the
completely ECREed 7005 alloy and the mechanical
properties of billet and those without T6 heat
treatment were compared.

The tensile tests were carried out on the
machined tensile samples by an AG-X Plus 250 kN
universe material testing machine at a rate of
1 mm/min. The tensile fracture was observed via a
Quanta 200FEG field emission scanning electron
microscope (SEM). The microstructural specimens
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Fig. 2 Sampling locations of microstructure and tensile specimens of cast ingot (a), drawing of tensile specimen (b) and

sampling locations of ECREed 7005 alloy (c—e¢)
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cut from the ECREed 7005 alloy were ground with
200, 400, 600, 800, 1200 and 2000 grit papers
and polished with 0.1 um diamond paste. Some
specimens were etched for about 10 s by Keller’s
reagent (4 mL HF, 6 mL HCI, 8 mL HNO; and
82 mL water) and wused as metallographic
observation samples via an Olympus GX71 optical
microscope (OM). The other specimens were
electrochemically polished with a mixed solution
of perchloric acid and absolute ethyl alcohol
(10 mL 70 vol.% HCIO4 and 90 mL C,HqO) and
used as electron backscattered diffusion (EBSD)
observation samples via a Quanta 200FEG field
emission SEM with orientation analysis system.
The wvoltage and current in electrochemical
polishing were 20 V and 0.3 A, respectively. The
time of electrochemical polishing was 35 s. A Talos
F200x transmission electron microscopy (TEM)
with an energy dispersive spectroscopy (EDS) was
employed to characterize the microstructure of the
ECREed 7005 alloy.

3 Results

3.1 Microstructure and mechanical properties of
incompletely ECREed 7005 alloy

The microstructures and engineering stress—
strain curves of 7005 alloy cast ingot are presented
in Figs. 3 and 4, respectively. As shown in Fig. 3,
obvious dendrite is found in the microstructure of
7005 alloy cast ingot. The grain size of the
microstructure on X coordinate plane (i.e.
longitudinal direction) is larger than 200 um
(Fig. 3(a)). The grain size of the microstructure on
Y coordinate plane (i.e. the other longitudinal
direction) is smaller than that on X coordinate plane
(Fig. 3(b)). The grain size of the microstructure on
the Z coordinate plane (i.e. transverse direction) is
close to that on X coordinate plane (Fig. 3(c)). The
dendrite morphology in three coordinate planes
illustrates that the microstructure is characterized
by a typical cast microstructure (i.e. dendrites). As
shown in Fig. 4, the yield strength (YS) of
(290.6+12.6) MPa, ultimate tensile strength (UTS)
of (307.1#8.2) MPa  and  elongation  of
(0.75+0.13)% are obtained from the engineering
stress—strain curve of cast ingot. The value of
elongation is very small, indicating that a brittle
fracture occurs during the tensile process of cast
ingot.

Fig. 3 Microstructures of cast ingot of 7005 aluminum
alloy: (a) On X coordinate plane; (b) On Y coordinate
plane; (c) On Z coordinate plane
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Fig. 4 Engineering stress—strain curves of cast ingot of
7005 aluminum alloy



Ju-fu JIANG, et al/Trans. Nonferrous Met. Soc. China 31(2021) 609-625 613

The longitudinal microstructures (X coordinate
plane) at various locations of 7005 alloy during the
middle ECRE process are shown in Fig.5. As
shown in Fig. 5, the microstructure at Locations
1-5 consists of elongated grains, equiaxed grains
and deformed dendrites. The size of the deformed
dendrites in the microstructure of ECREed 7005
alloy is less than that of the dendrite in cast ingot.
The grain sizes of the microstructure at Locations 3,
4 and 5 are larger than those at Locations 1 and 2.
More equiaxed grains are found at Location 2 as
compared with other locations. Figure 6 gives
transverse microstructures (Z coordinate plane) at
various locations during ECRE process of ECREed
7005 alloy. Similar to Figs. 5(a, b), the micro-
structures at Locations 1 and 2 consist of elongated
grains, equiaxed grains and deformed dendrites. In
addition, the grain size on Z coordinate plane is

P frd dndie P o

Equiaed grain §

=¥ Elongated grain

Deformed dendrite

8 Equiaxed grain FRESE

smaller than that on X coordinate plane. Figure 7
presents engineering stress—stress curves of
ECREed 7005 alloy, and YS, UTS and elongation at
Location 6 are 228.3 MPa, 430.9 MPa and 13.2%,
respectively.

As shown in Fig. 7, YS, UTS and elongation at
Location 7 are 226.3 MPa, 440.1 MPa and 18%,
respectively. The YS at Locations 6 and 7
decreases as compared to that of cast ingot.
However, the UTS and elongation at Locations 6
and 7 increase significantly compared to those of
cast ingot. The UTS values at Locations 6 and 7 are
increased by 40.3% and 43.3%, respectively.
Especially, the elongation values at Locations 6 and
7 are 16.6 and 23.0 times higher than that of cast
ingot. In addition, it can be noted that UTS and
elongation at Location 7 are higher than those at
Location 6.

Elongted grain
Equiaxed grain B ghd

: uiaxed grain SS9

Elongted grain

Fig. 5 Longitudinal microstructures (X coordinate plane) at various locations of 7005 alloy during middle ECRE

process: (a) Location 1; (b) Location 2; (c) Location 3; (d) Location 4; (e) Location 5
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Fig. 6 Transverse microstructures (Z coordinate plane) at various locations of 7005 alloy during middle ECRE process:
(a) Location 1; (b) Location 2; (c) Location 3; (d) Location 4; (e) Location 5
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Fig. 7 Engineering stress—strain curves of ECREed 7005
alloy samples obtained from Locations 6 and 7

3.2 Effect of extrusion temperature on micro-
structure and mechanical properties of one-
pass ECREed 7005 alloy
Figure 8 shows macrographs of one-pass

ECREed 7005 alloy at different

temperatures. It can be noted that the shape of the

one-pass ECREed 7005 alloy is obviously changed.

A cone shape is formed in the front zone after

one-pass ECRE process. This is attributed to the

effect of friction on ECRE process. The OM
microstructures on X coordinate plane of ECREed

7005 alloy at various extrusion temperatures are

presented in Fig.9. As shown in Fig. 9, the

microstructures consist of the elongated grains,
equiaxed grains and deformed dendrite. The size of

extrusion
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Fig. 8 Macrographs of one-pass ECREed 7005 alloy at different extrusion temperatures
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Fig. 9 Microstructures on X coordinate plane of ECREed 7005 alloy at various extrusion temperatures: (a) 360 °C;
(b) 380 °C; (c) 400 °C; (d) 420 °C

the deformed dendrites is smaller than that of the
dendrite in cast ingot. This is attributed to the effect
of severe plastic deformation caused by ECRE
process.

Figure 10 shows the microstructures on Z
coordinate plane of ECREed 7005 alloy at different
extrusion temperatures. Similar to Fig. 9, the
transverse microstructure involves elongated grain,
equiaxed grains and deformed dendrites. As
indicated in Fig. 11, the YS and UTS show a
decreased trend with an increase of extrusion
temperature from 360 to 400 °C, but they increase
again with an increase of extrusion temperature

Deformed dendrite

Elongated grain :
Equiaxed grain

Deformed dendrite /

.

Elongated grain

Deformed dendrite

N

Equiaxed grain
Y

z.]

from 400 to 420 °C. The elongation exhibits a peak
value at 400 °C. The highest YS of 288.9 MPa is
obtained at 360 °C. The highest UTS of 441.2 MPa
is achieved at 420 °C, and the highest elongation of
18.2% is obtained at 400 °C.

3.3 Effect of T6 treatment on microstructure and
mechanical properties of one-pass ECREed
7005 alloy

Figure 12 shows the OM microstructures of
cast ingot and one-pass ECREed 7005 alloy after

T6 treatment. As shown in Fig. 12(a), the micro-

structure of cast ingot with T6 treatment consists
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Fig. 10 Microstructures on Z coordinate plane of ECREed 7005 alloy at different extrusion temperatures: (a) 360 °C;

(b) 380 °C; (c) 400 °C; (d) 420 °C
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Fig. 11 Mechanical properties of one-pass ECREed 7005
alloy at different extrusion temperatures

of dendrites. Furthermore, it can be noticed that the
size of dendrites is larger than that of cast ingot
without T6 treatment (Fig. 3). The microstructure
of ECREed billet consists of elongated grains,
equiaxed grains and deformed dendrites
(Fig. 12(b)). The sizes of elongated grains, equiaxed
grains and deformed dendrites increase as compared
with those of the billet without T6 treatment. This is
attributed to grain growth caused by elevated
temperature during the solution treatment. In
addition, it can be noted that the grain boundary

Fig. 12 Microstructures of cast ingot (a) and one-pass
ECREed billet (b) of 7005 alloy after T6 treatment

of billet with T6 treatment becomes obscure as
compared to that of billet without T6 treatment. It is
due to the diffusion of alloying elements on the
grain boundary.
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As shown in Fig. 13, the mechanical properties
of cast ingot and ECREed 7005 alloy billet are
significantly improved as compared to those of the
billet without T6 treatment. The YS, UTS and
elongation of cast ingot with T6 treatment are
427.7 MPa, 455.6 MPa and 2.2%, respectively. The
YS, UTS and elongation of ECREed 7005 alloy
with T6 treatment are 359.2 MPa, 490 MPa and
17.7%, respectively. The YS, UTS and elongation
of cast ingot with T6 treatment are increased by
30.6%, 38.8% and 495%, respectively, as compared
to those of cast ingot without T6 treatment. The Y'S,
UTS and elongation of ECREed 7005 alloy with T6
treatment are increased by 38%, 16.7% and 71.8%,
respectively, as compared to those of ECREed 7005
alloy without T6 treatment. Similar to billet without
T6 treatment, the YS of cast ingot with T6
treatment is higher than that of ECREed 7005 alloy
billet with T6 treatment.

500

o H00F Cast ingot
=" _—
% 300+ Extruded billet
=
%D 200 UTS of cast ingot: 455.3 MPa
3 YS of cast ingot: 427.7 MPa
8 | Elongation of cast ingot: 2.2%
= 100 UTS of extruded billet: 359.2 MPa
= YS of extruded billet: 490 MPa

ot Elongation of extruded billet: 17.7%

6 5 lb 1I5 2‘0
Engineering strain/%
Fig. 13 Engineering stress—strain curves of cast ingot
and ECREed billet of 7005 alloy

4 Discussion

As shown in Fig.2, Locations 1 and 2
correspond to the Billet 1 that almost undergoes a
complete ECRE (i.e. two ECAE processes).
Location 3 corresponds to Billet 2, indicating a
complete ECAE process. So, the plastic degree at
Location 3 is less than that at Locations 1 and 2.
The material at Location 4 is just in the process of
ECAE, but the material at Location 5 does not
undergo ECAE deformation. Therefore, the micro-
structures at Locations 4 and 5 possess large-size
elongated grains and deformed dendrites (Fig. 5).
Formation of equiaxed grains is attributed to severe
plastic deformation and dynamic recrystallization

occurring in the ECRE process. More equiaxed
grains formed at Location 2 is due to larger plastic
deformation as compared to other locations. A
larger plastic deformation leads to more dislocation
pile-up, which can accelerate the nucleation of
dynamic recrystallization [37]. Dendrite arms at
Locations 1-5 are deformed severely and more
dislocations are created in the dendrites. These
deformed dendrites with a large number of
dislocations are beneficial to forming spheroidal
grains during the semisolid isothermal treatment
(SSIT) [38]. Furthermore, the plastic deformation
degree of the deformed dendrite at Locations 3—5 is
smaller than that at Locations 1 and 2 due to an
incomplete ECRE deformation. A similar law is
also noticed in the transverse microstructure due to
different plastic deformation degrees (Fig. 6).

Figure 14 gives statistics results of equiaxed
grains, deformed dendrite and elongated grains at
each location. As shown in Fig. 14, the numbers of
equiaxed grains at Locations 1—5 of the longitudinal
microstructure (X coordinate plane) are 24, 44, 21,
26 and 13, respectively. This also illustrates
quantitatively that the number of equiaxed grains at
Location 2 of the longitudinal microstructure is
much more than that at Locations 1, 3, 4 and 5. A
similar law is found in the transverse microstructure
(Z coordinate plane), as indicated in Fig. 14. This is
attributed to larger plastic deformation occurring at
Location 1 as compared to other locations.

As shown in Fig. 7, the YS at Location 7 is
close to that at Location 6, but UTS and elongation
at Location 7 are significantly higher than those
at Location 6. In particular, the elongation at

D mm Equiaxed grains
501 =3 Deformed dendrite
45t mm Elongated grains
40t '
35+
30
25+
20
15
10
s

Number

1 2 3 4 5 1 2 3 4 5

X coordinate plane Z coordinate plane

Location

Fig. 14 Statistics results of equiaxed grains, deformed
dendrite and elongated grains at each location
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Location 7 is 36% higher than that at Location 6.
This is attributed to larger plastic deformation at
Location 7. The material at Location 6 only
undergoes one ECAE process, but the material at
Location 7 undergoes two ECAE processes (i.e.
ECRE). The accumulative deformation in ECAE
process can be calculated by [39]

2cot(@/2+5V/2)+¥’cosec(d7/2+‘}’/2)

NE)

E=

(M
where ¢ is the accumulated deformation, N is the
extrusion pass, @ is the intersecting angle between
two equal cross-sectional channels and ¥ is the
angle subtended by the arc of curvature at the point
of intersection. Here, the @ and ¥ are all n/2. Hence,
Eq. (1) can be transformed into [7]:

e=0.9N (2

A complete ECRE process corresponds to
two complete ECAE processes. Therefore, the
accumulative deformation of a complete ECRE

Fraction

¥l 0.036
~.[]0.394
R 0570

(©)

Fraction

R 0.033
0,039
S g 0923

(c) Location 3; (d) Location 2; (e) Location 1

process can be derived from the accumulative
deformation formula of ECAE (i.e. Egs. (1) and (2)).
The accumulative deformation of a complete ECRE
process can be described as

e=1.8N (3)

Here, N is 1, so the accumulative deformation
of a complete ECRE process is 1.8. The total
deformation at Location 7 (i.e. equivalent strain of
3.6) is double that at Location 6. The deformation at
Location 7 is obviously larger than that at Location
6. Therefore, larger working hardening at Location
7 leads to an improvement of mechanical properties
at Location 7 as compared with those at Location 6.

Figure 15 shows EBSD results at various
locations of 7005 alloy during the middle ECRE
process. There are three kinds of typical micro-
structure: deformed structure (i.e. grain orientation
spread (GOS) more than 3.0°), substructure (i.e.
GOS between 1.8° and 3°) and recrystallized
structure (i.e. GOS less than 1.8°) in the 7005 alloy
during ECRE process. The fractions of deformed

Il Recrystallized structure
[] Substructure
Il Deformed structure
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structure, substructure and recrystallized structure at
Location 5 are 0.570, 0.394 and 0.036, respectively
(Fig. 15(a)). The fractions of deformed structure,
substructure and recrystallized structure at
Location 4 are 0.696, 0.296 and 0.008, respectively
(Fig. 15(b)). This illustrates that only a small
amount of dynamic recrystallization occurs during
the ECRE process. A large amount of low angle
grain boundary is formed due to SPD. With an
increase of deformation degree, SPD is still the
main deformation mechanism (Figs. 15(c—e)).

The fractions of the substructure at Locations
5, 4 and 2 are larger than those at Locations 1 and 3.
This indicates that more subgrains with GOS of
1.8°—3° are formed at Locations 5, 2 and 4. Fraction
of recrystallized structure at Locations 1, 2, 3 and 5
increases as compared with that at Location 4
(Fig. 15). This indicates that more recrystallized
grains are formed at these locations during the
ECRE process. To sum up, deformed structure
occupies the largest area at these locations,
implying that severe plastic deformation occurs
during ECRE process. This illustrates that the
working hardening (i.e. dislocation strengthening
mechanism) plays an important role in improving
the mechanical properties of one-pass ECREed
7005 alloy.

In addition, high density dislocations are
noticed at Locations 6 and 7 (Fig. 16). As indicated
in Fig. 16(a), dislocation and dislocation wall are
found in the TEM image at Location 6. An obvious
dislocation net is noticed in the TEM microstructure
at Location 7 (Fig. 16(b)). This illustrates that the
dislocation density at Location 7 is higher as
compared to that at Location 6. This further
confirms that larger plastic deformation occurs at
Location 7. As a consequence, the mechanical
properties of material at Location 7 are improved
due to higher dislocation density. Figure 17 also
gives a confirmation of the enhancement of UTS
and elongation of ECREed 7005 alloy as compared
to cast ingot. As shown in Fig. 17(a), an obvious
cleavage is found in the fracture microstructure of
cast ingot, indicating brittle fracture. In addition, a
crack is noticed in the fracture microstructure of
cast ingot. This also illustrates that the UTS and
elongation of cast ingot decrease significantly. A
large number of small-size dimples are created in
the fracture microstructure of ECREed 7005 alloy
(Figs. 17(b, ¢)). This indicates that the fracture of

ECREed 7005 alloy is characterized by ductile
fracture, leading to an improvement of UTS and
elongation.

i

Fig. 16 TEM images at different locations of 7005
alloy during middle ECRE process: (a) Location 6;
(b) Location 7

Friction has an important influence on the
flowing behavior of the material during ECRE
process. This leads to inhomogeneous plastic
deformation during the ECRE process (Fig. 8). The
flow velocity of the middle part of the ECREed
material is larger than that of the peripheral part
contacting the die due to smaller friction force. If
the sectional dimension of the processed billet is
less than 10 mm, the effect of shape change of the
processed billet is little [1,3]. However, in this
research, the sectional dimension is increased to
55 mm, and the effect of friction is more dominant,
leading to a cone shape after one-pass ECRE. The
AZ61 magnesium alloy with a large section size
also exhibited an obvious shape change [7]. The
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microstructure of one-pass ECREed 7005 alloy
at various extrusion temperatures is deformed
significantly as compared to that of cast ingot
(Fig. 9 and 10). The dendrite arms are elongated
along the flowing direction of material. Some
second dendrite arms are separated from the
primary dendrites to form some fine equiaxed
grains due to dynamic recrystallization.

Figure 18 shows the TEM images of one-
pass ECREed 7005 alloy at various extrusion

Ju-fu JIANG, et al/Trans. Nonferrous Met. Soc. China 31(2021) 609-625

temperatures. When the extrusion temperature is
360 °C, an obvious dislocation tangle is found in
the TEM image. This indicates a large dislocation
density at 360 °C (Fig. 18(a)). When extrusion
temperature reaches 380 °C, dislocation density
decreases slightly as compared to that at 360 °C.
Some dislocations move regularly to form the
dislocation walls, leading to a slight decrease of
dislocation density (Fig. 18(b)). In addition, new
grain boundary with little dislocation is found in the

NANAN 2
' Dislocation tangle

™i,

% Dislocation wall

Recrystallized grains

|

7 .

i%'

'
™ . A"

Second phases

r

Fig. 18 TEM images of one-pass ECREed 7005 alloy at various extrusion temperatures: (a) 360 °C; (b) 380 °C;
(c) 400 °C; (d) 420 °C
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TEM image. This illustrates that the dislocation
density is decreased at elevated
temperature, attributed to the dynamic recovery
occurring in ECRE process. As a result, the YS and
UTS of ECREed 7005 alloy at 380 °C decrease
and the elongation increases (Fig. 11). Some

extrusion

recrystallized grains are found in the microstructure.

This indicates that the dislocation density is further
decreased with an increase of extrusion temperature
(Fig. 18(c)).

There are still some dislocations in the
recrystallized grains. A similar phenomenon was
also found in the TEM image of pure aluminum
processed by ECAP-Conform technology [40]. A
further decrease of YS and UTS and an increase of
elongation occur at 400 °C (Fig. 11). However,
some obvious second phase and dislocations exist
together in the microstructure (Fig. 18(d)). The
second phase has an elliptical shape or strip shape.
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The size of the elliptical second phase is about 100
nm. The length of the strip second phase varies
from 150 to 300 nm. The formation of the second
phase may be due to the natural aging after ECRE
process. When 7005 alloy is deformed during
ECRE process, the severe deformation in ECRE
also enhances the precipitation of the second phase
during the following natural aging. Furthermore,
the interaction between the second phase and
dislocation is noticed in the TEM image. The
second phase hinders the motivation of the
dislocation during the deformation. In order to
make the dislocations move further, a larger force
must be applied. It could be the reason that the YS
and UTS increase again when the extrusion
temperature is increased from 400 to 420 °C
(Fig. 11).

Figure 19 shows the pole figure of ECREed
7005 alloy at various extrusion temperatures. As
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Fig. 19 Pole figures of ECREed 7005 alloy at various extrusion temperature (ND means Z direction and ED means Y

direction): (a) 360 °C; (b) 380 °C; (c) 400 °C; (d) 420 °C
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shown in Fig. 19, the texture intensity of ECREed
7005 alloy decreases obviously with the increase of
extrusion temperature from 360 to 400 °C. When
the extrusion temperature reaches 420 °C, the
texture intensity increases again. The decrease of
texture intensity with increasing extrusion
temperature from 360 to 400 °C is attributed to the
dynamic recovery and dynamic recrystallization in
the ECRE process. The increase of texture intensity
at 420°C could be due to the fact that the
interaction between the second phase and
dislocation hinders the dynamic recovery and
dynamic recrystallization. A decrease in the texture
intensity also leads to a decrease of YS and UTS
(Fig. 11). In addition, the (001) plane exhibits the
strongest texture, and the (110) plane shows the
weakest texture. The pole figure of 7075 alloy also
showed (111) and (100) textures [41,42], but the
texture intensity of one-pass and four-pass ECAEed
7075 alloy is smaller than that of this work.

Figure 20 shows bright field TEM images of
the as-cast and ECREed 7005 alloys at various
extrusion temperatures after T6 treatment. As
shown in Fig. 20(a), there are still some obvious
dislocations in the bright field image of TEM of the
as-cast 7005 alloy. When the liquid 7005 alloy is
poured into a metal mold, it solidifies quickly,
leading to a non-equilibrium solidification process.

As a result, some dislocations are created in
the as-cast 7005 alloy. Some dislocations remain in
the as-cast 7005 alloy although relative dynamic
recovery occurs in the T6 treatment. This could be
due to the remained dislocations that lead to larger
YS compared to the ECREed sample. When the
7005 alloy is processed by ECRE at 360 °C, some
obvious long dislocations are noticed in the bright
field image. It is attributed to relative dynamic
recovery occurring in the ECRE process, leading to
the orientation arrangement and the counteraction
of dislocation. When the extrusion temperature is

Fig. 20 Bright field TEM images of as-cast and ECREed 7005 alloys at various extrusion temperatures after T6

treatment: (a) 360 °C; (b) 380 °C; (¢) 400 °C; (d) 420 °C
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elevated to 380 and 400°C, dynamically
recrystallized grains are found in the TEM image
(Figs. 20(b, c)). The size of the dynamically
recrystallized grains varies from 0.9 to 2 pm.
Dislocation density decreases obviously in the TEM
image at 380 and 400 °C. However, there are still
some dislocations in the dynamically recrystallized
grains. This indicates that dislocation strengthening
and fine-grain strengthening mechanisms play a
role in improving the YS and UTS of the T6-treated
ECREed sample together. Similar to TEM image
of ECREed 7005 alloy without T6 treatment,
interaction between the second phase and
dislocation is noted in the TEM image of ECREed
7005 alloy after T6 treatment (Fig. 20(d)), which
will improve the YS and UTS.

5 Conclusions

(1) Severe plastic deformation occurring in
ECRE leads to a mixed microstructure including
elongated grains, equiaxed grains and deformed
dendrites instead of coarse dendrites of cast ingot.
In addition, it also leads to an obvious improvement
of the UTS and elongation of the deformed 7005
alloy via ECRE. Mechanical properties at Location
7 are higher than those at Location 6, because the
material at Location 7 undergoes two ECAE
deformation processes, but the material at Location
6 only undergoes one ECAE deformation process.

(2) Extrusion temperature has an important
influence on mechanical properties of one-pass
ECREed 7005 alloy. The YS and UTS decrease first
and then increase with the increase of extrusion
temperature from 360 to 420 °C. The highest YS of
288.9 MPa is obtained from the 7005 alloy ECREed
at 360 °C, but the highest UTS of 441.2 MPa is
achieved from the 7005 alloy ECREed at 420 °C.
The elongation exhibits a peak value of 18.2% at
400 °C. The change of dislocation density and
interaction between dislocation and the second
phase lead to these phenomena.

(3) To6
improvement of mechanical properties of cast ingot
and ECREed 7005 alloy. The YS of 359.2 MPa,
UTS of 490 MPa and elongation of 17.7% are
obtained after T6 treatment. The fine-grain
strengthening, dislocation strengthening and
precipitation strengthening together lead to a
significant enhancement of mechanical properties.

treatment leads to an obvious

The fracture of ECREed 7005 alloy is characterized
by a large number of small-size dimples, which also
illustrates that good mechanical properties are
obtained due to a ductile fracture. Brittle fracture
gives an illustration of low elongation of cast ingot.
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