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Abstract: The Al-Mg alloy with high Mg addition (Al-9.2Mg—0.8Mn—0.2Zr-0.15Ti, in wt.%) was subjected to
different passes (1, 2 and 4) of high strain rate rolling (HSRR), with the total thickness reduction of 72%, the rolling
temperature of 400 °C and strain rate of 8.6 s~'. The microstructure evolution was studied by optical microscope (OM),
scanning electron microscope (SEM), electron backscattered diffraction (EBSD) and transmission electron microscope
(TEM). The alloy that undergoes 2 passes of HSRR exhibits an obvious bimodal grain structure, in which the average
grain sizes of the fine dynamic recrystallization (DRX) grains and the coarse non-DRX regions are 6.4 and 47.7 um,
respectively. The high strength ((507+£9) MPa) and the large ductility ((24.9£1.3)%) are obtained in the alloy containing
the bimodal grain distribution. The discontinuous dynamic recrystallization (DDRX) mechanism is the prominent grain

refinement mechanism in the alloy subjected to 2 passes of HSRR.
Key words: Al-Mg alloy; high strain rate rolling; bimodal grain structure; dynamic recrystallization

1 Introduction

Recrystallization affected by the initial grain
size, precipitation, the processing condition and
stacking fault energy has mainly determined the
final microstructure and mechanical properties of
the alloys [1—-3]. There is an increasing interest and
significance in understanding the recrystallization
behavior and the grain refinement mechanism of
alloys [4—6].

The DRX mechanisms of the alloy during
deformation contain DDRX, continuous dynamic
recrystallization (CDRX) and geometric dynamic
recrystallization [1,7-10]. In addition, the
mechanisms are not constant and the change in
the deformation condition will bring about the

transformation of the mechanism of grain
refinement [7,11-14]. YANUSHKEVICH et al [7]
have investigated the microstructure characteristics
of the austenitic stainless steel rolled at 500—
1000 °C and have revealed that the new grains are
generated at 800—1000 °C through the CDRX
mechanism by the progressively increasing in the
misorientation of the LAGBs, while the grain
refinement is achieved through the CDRX
mechanism by the formation of microbands at
500—-700 °C. GALIYEV et al [11] have shown that
the temperature range increasing from 200—250 to
300—450 °C brings about the transformation from
CDRX to DDRX in the Mg—5.8Zn—0.65Zr alloy.
The change of the initial grain size can also affect
the DRX mechanism in the 304 austenitic stainless
steel deformed by the torsion and the reduced initial
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grain size leads to the evolution from DDRX to
CDRX [12]. DDRX and CDRX have occurred
simultaneously in the high Mg alloyed Al-Mg
alloy during HSRR [13], and the strain-induced
deformation bands related to the high strain rate and
the high Mg content play a major role. The high
strain rate has similar effect as the high Mg content
and the low temperature on enhancing the
formation of the deformation bands. The Al-7Mg
alloy subjected to the dynamic plastic deformation
at low temperature experiences the CDRX
process [14].

The addition of alloying element in the matrix
can introduce the second phases during the casting,
solution treatment and deformation processes. The
reinforcement or the impediment of DRX is
determined by the particle size [2,3]. NIKULIN
et al [3] have revealed that Al¢Mn particles with the
size of ~25nm promote the grain refinement
through CDRX, while the coarse plate-like AlgMn
particles with the average length of ~150 nm and
the width size of ~60 nm result in inhomogeneous
grains due to the deficiency in the Zener drag
pressure after 12 passes of equal channel angular
pressing (ECAP) using route B.. VETRANO et al [2]
have shown that DRX can be enhanced by particle
stimulated nucleation when the size of AlgMn
particles is above 0.75 um, but DRX can be
effectively retarded with the introduction of the
fine, coherent Al;Sc and Al;Zr precipitates since
these precipitates can strongly inhibit the movement
of dislocations and grain boundaries. Accordingly,
the recrystallization temperature is noticeably
increased. Therefore, the Al-Mg—X (X=Sc, Zr, Ti,
Er) alloys have been widely studied to gain high
strain rate superplasticity since the nano-size
particles can effectively stabilize the microstructure
even at high temperature [2,15,16].

The plastic anisotropy of the alloys has been
basically determined by the crystallographic texture
while the mechanical properties of metals and
alloys have been controlled by the grain
structure [17,18]. The texture evolution is closely
related to the recrystallization behavior which plays
the role in randomizing the texture components and
weakening texture intensity [19—21]. GATTI and
BHATTACHARIJEE [19] have revealed that the
Al-2.5Mg alloy subjected to the cold rolling shows
an obvious copper texture or fS-type fiber texture,
while the cube texture (recrystallization texture)

becomes enhanced with the higher annealing
temperature and the texture intensity decreases. The
recrystallization texture components are related
to the recrystallization nuclei, such as grain
boundaries, shear bands, and second-phase
particles [20]. LIN et al [22] have shown that the
microstructure refinement should be responsible for
the high ductility of the alloy deformed by the
cyclic extrusion compression and the texture
randomization is in favor of the increasing
elongation.

Many investigations have been conducted in
adjusting the process condition, precipitation and
stacking fault energy and so on to control the
recrystallization behaviors so as to obtain the
desirable grain structure and properties in the
Al-Mg alloys [23-25]. SITDIKOV et al [16,23]
have explored the effect of temperature on the grain
refinement and mechanical behaviors of the
Al-6Mg—0.4Mn—0.3Sc alloy subjected to ECAP.
The alloy deformed at 450 °C exhibits a homo-
geneous fine-grained structure with the mean grain
size of 2.8 um, which is beneficial to achieving
superior plasticity at high strain rate as the grain
boundary sliding is enhanced [16], while the alloy
subjected to ECAP at 300 °C shows a bimodal
microstructure in which the grain sizes of the
fine grains and coarse grains are 1 and 8 um,
respectively [23]. The ECAP process at room
temperature for 3 passes can generate the bimodal
grain distribution in the Al-7Mg alloys with the
fine grains formed along the grain boundaries by
the gradual evolution from LAGBs to HAGBs. The
high strength and the large ductility are obtained,
with the ultimate strength of ~507 MPa and the
ductility of ~11% [24]. JIN and LLOYD [26] have
achieved high strength and considerable elongation
in the Al-3.1Mg—0.3Mn alloy with the bimodal
grain distribution by asymmetric rolling and
annealing, with the strength of ~250 MPa and the
ductility of ~23%.

It is of great importance to understand the
recrystallization behavior of the 5xxx series
aluminum alloys during deformation with the
increasing attention on the Al-Mg alloys due to
their good weldability, high strength, low density
and so on [23,24]. More attention should be focused
on the Al-Mg alloy with high Mg content since
the stacking fault energy is strongly decreased with
the increased Mg content and the tendency to
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recrystallization is increased [27-29]. The Al-Mg
alloys with the fibrous structure always exhibit
high strength but low ductility, while the alloys
featured with the fine-grained homogenous
microstructure generally show high elongations at
the expense of strength [30]. Achieving a favorable
balance between the strength and ductility by
controlling the recrystallization behavior and the
texture components
attention [25,26]. However, most efforts are focused
on the Al-Mg alloys with the Mg content
lower than 5 wt.% [2,10,24]. The recrystallization
mechanism and behavior of the AlI-Mg alloys with
higher Mg contents are rarely reported, the studies
on the correlation between the microstructure
characteristics and mechanical properties of the
high Mg content Al-Mg alloy during HSRR are few.
In the present study, the recrystallization behavior,
texture evolution and mechanical properties of the
Al-9.2Mg—0.8Mn—0.2Zr—0.15Ti (in wt.%) alloy
deformed by different passes of HSRR were
explored and the effect of the second phase particles
on the recrystallization behavior was also studied.

attracts more and more

2 Experimental

The direct-chill Al-9.2Mg—0.8Mn—0.2Zr—
0.15Ti alloy castings were subjected to the
homogenization treatment (400 °C, 24 h) followed
by water quenching at room temperature. The
homogenized alloys with of 90 mm x
60 mm x 10 mm were then subjected to different
passes (1, 2 and 4) of high strain rate rolling at
400 °C and the inter-pass holding time of 5 min.
The data of the inter-pass rolling reduction during
deformation are shown in Table 1. The strain rate
& was calculated by

é:H—h v
H JR(H—h)

sizes

where H, h, v and R are critical thickness, final
thickness, roll circumferential speed and roll radius,
respectively. Thus, we can control the v to make the
rolling strain rate constant, i.e. 8.6 s”'. The alloys
subjected to 1 pass, 2 passes, and 4 passes of HSRR
were labeled as 1P, 2P and 4P samples, respectively.
It should be noted that severe cracks occur in the 1P
sample, which is possibly related to the Mg
segregation at the grain boundaries or the stress
release [31]. The alloy deformed by 4 passes of

conventional selected for

comparison.

rolling (CR) was

Tablel Data of inter-pass thickness reduction

Sample Thick'ness Total th?ckness
reduction/% reduction/%
1P 72 7
2pP 40, 53 7
4P 20, 25, 33,30 7

The as-rolled samples were observed by OM
after etching by the Keller reagent (1 mL HF +
1.5mL HCI + 2.5 mL HNO; + 95 mL H,0). The
samples for EBSD and TEM observations were
subjected to the twin-jet electro-polishing, with
the solution of 30vol.%HNO;+70vol.%CH;0H, the
measured voltage of 13V, the temperature of
—30 °C and the time of 2—3 min. The TEM analysis
was performed by a Titan G2 60—300 transmission
electron microscope. The EBSD observation was
undertaken by a ZEISS EVO MAI10 scanning
electron microscope (SEM) equipped with the
Oxford EBSD detector, with the performed voltage
of 20 kV, the tilt angle of 70° and the scanning step
of 0.8 um. It should be noted that the 4P sample
was subjected to a low-temperature annealing
treatment (250 °C for 30 min) before the EBSD
testing since the low intensities of the Kikuchi
diffraction patterns related to the high internal stress
make the EBSD observation difficult. Therefore,
the EBSD result is discounted to express the
as-deformed microstructure of the 4P sample. The
tensile samples with the gauge section of 25 mm x
6 mm x 2.8 mm were cut along the rolling direction
and tested at room temperature with the tensile
strain rate of 2 x 107 s

3 Results and discussion

3.1 Microstructures

The TEM, SEM images and EDS results of the
second phases in the homogenized alloys are shown
in Fig. 1. The homogenized alloy mostly consists of
o(Al), AlgMn and some coarse Alg(Fe,Mn) phases.
Alg(Fe,Mn) phase during the
homogenization treatment is ascribed to its high
melting point. The alloy contains rod-like AlgMn
particles with the length of (144+30) nm and width
of (74+12) nm. The orthorhombic AlgMn phases
have been detected in the aluminum implanted with

The remnant
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(0-3.5)at.% Mn and followed by annealing
treatment at 460 °C for 4 h [32]. The transformation
among Al¢Mn, a-Al;;Mn;Si and quasicrystalline
phases related to the impurity Si element, Mn
content and annealing temperature has been
observed in the Mn-bearing aluminum based
alloys during the annealing treatment [33,34].
NIKULIN et al [3] have revealed that the
Al-5.4Mg—0.5Mn—0.1Zr alloy homogenized at
360 °C for 6 h is featured with fine Al¢Mn particles
with the size of ~25nm, whereas the alloy
homogenized at (440 °C, 12 h) + (500 °C, 12 h)
contains the coarser plate-like Al¢Mn particles.

The microstructures of the alloys rolled in
different states are shown in Fig. 2. No new DRX
grains are detected in the CR and 4P sample and the
grains are strongly elongated along the rolling
direction (RD), which reveals that only recovery
occurs during the rolling processes. The 2P sample
contains more complicated grain structure in
comparison with the 4P sample and is composed of
the coarse DRX grains along the initial grain
boundaries, some fine-grained bands and the non-
DRX regions. The 1P sample exhibits a distinct
duplex grain distribution, with the average size of
the honeycomb-like DRX grains of (3.1+0.7) um

I

5 A I
Fig. 1 TEM (a) and SEM (c) images, and EDS results (b, d) of second phases in homogenized alloys

and the island-like DRX grains of (1.2+0.3) pum.

The fraction of the DRX grains increases with
the decreased rolling pass during HSRR, namely,
the higher rolling reduction can effectively improve
the DRX. NAM et al [35] have studied the
corrosion behaviors of hot-extruded AlI-Mg alloys
and have found that an increase in Mg content can
lead to finer grains and better pitting resistance.
CHOI et al [36] have revealed the behavior of S
phase (Al;Mg;) in AAS5083 during friction stir
welding and have shown that the transformation of
the elongated coarse grains into the fine DRX
grains can effectively impede the precipitation of
Al;Mg, phases. The uniform, fine DRX grains in 1P
sample have potential to enhance the elongation and
corrosion resistance. Different DRX grain structures
in the 1P and 2P samples are possibly due to
different nucleation points or different grain
refinement mechanisms. WU et al [37] have shown
a horseshoe-like grain structure in the ZK60 alloy
subjected to multiple forging. The fine DRX grains
occur at the initial grain cores owing to the
twin-induced DRX mechanism, while the coarse
DRX grains are generated along the original
grain boundaries due to the grain rotation DRX
mechanism.

(b)

20 30 40

E/keV
(d)
Element wt.% at.%
Al 7712  87.34
Mn 15.27 8.50
Fe 7.61 4.16
Fe
Mn
As . . .
6 8 10 12 14
E/keV
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The EBSD images and the corresponding
overall boundary misorientation distributions of the
alloys in different states are shown in Fig. 3. The
fraction of HAGBs (Fuagss) and the average
sub-boundary misorientation (6y) increase with the
decreased rolling passes. The Fyagpsincreases from
7.2% to 95.6% with the rolling pass decreasing
from 4 to 1, while the value of O,y increases from
5.5° to 39.6°. The peaks in the misorientation angle

S 2%

Fig. 2 Microstructures of alloys r
is the transverse direction)

distribution of the alloy in different states are also
different and the peak of 30°-60° is detected in
the 1P sample, indicating that a nearly random
orientation is developed in the alloy. The 4P sample
shows the elongated and flat grain structure and
almost no new grains are observed.

With less rolling passes, the fraction of
DRX grains increases and more homogenous
grain distribution occurs. A uniform fine-grained

50 50 50
(d) (e) 6]
< 40 Fiages=7-2% < 40 Fiiagss=39.6% < 40 Fiagps=95.6%
= =) = = L
g 3 iR AGS=6.4 um g0 AGS=2.8 um
Q Q Q
£ 200, ~55° E20 o 20 0,y=39.6°
Opy=17.7
10k / 10 10t |
0 1 L L L 1 0 L . [ SRR
10 20 30 40 50 60

10 20 30 40 50 60
Misorientation angle/(°)

10 20 30 40 50 60

Misorientation angle/(°) Misorientation angle/(°)
Fig. 3 EBSD images (a—c) and overall boundary misorientation distributions (d—f) of alloys rolled in different states:

(a, d) 4P; (b, e) 2P; (c, f) 1P (The white and black lines depict differences between neighboring grid points 0°<6<15°
and 6>15°, respectively; AGS is the average size of the DRX grains)
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microstructure with the average DRX grain size of
2.8 um is detected in the 1P sample. It is worth
noting that an obvious bimodal grain structure is
developed in the 2P sample, in which the fine DRX
grains with the average size of 6.4 um and the
coarse non-DRX regions with the average size
of 47.7 um are formed. It can be observed that the
coarse non-DRX regions contain many structures
with low angle grain boundaries, indicating that the
high dislocation density is involved in the non-DRX
regions. Some incomplete grain boundaries with
HAGBs are also detected in the interior of the
non-DRX regions, revealing that the high fraction
DRX grains are formed as the deformation
proceeds.

Generating a bimodal grain structure has been
the core of the investigation to gain both high
strength and large ductility since the ultrafine or
nanostructure grains can provide high strength by
grain boundary strengthening and the coarse
grains can supply the required work hardening
ability [24,38]. However, the bimodal grain
structure with the fine grains in micron-scale in the
Al-Mg alloy has been rarely reported since the
strength is not sensitive for the alloy with the grains
in the micro-scale size related to the low
Hall-Petch slope [39]. KAIBYSHEV et al [40]
have shown that the higher strength and the larger
ductility are obtained in the Al-5Mg—0.18Mn—
0.2Sc—0.08Zr alloy with the bimodal structure (with
the grain size of 1.6 um) than that with the uniform
fine-gained microstructure (with the average grain
size of 1.2 um). The high strength is ascribed to
the high dislocation density. The fine grains are
beneficial to achieving high elongation and high
strain rate super-plasticity due to the high work
hardening ability and the enhanced grain boundary
sliding [15,41]. The alloy contains a bimodal
structure, in which the fine grains are in micron-
scale size, resulting in high strength and satisfactory
ductility.

3.2 Texture characteristics

To understand the texture components of the
alloys deformed by different passes of HSRR, the
ODFs of the alloy in different states are conducted
and shown in Fig. 4. The 4P sample exhibits the
distinct deformation texture components, i.e. f fiber
texture which runs from the brass (B) texture
{011}(211) through the S texture {123}(634) to the

copper (C) texture {112}(111). The cube texture
{001}(100) is the dominant texture component in
the 2P sample, while the texture is close to the
random state in the 1P sample. The maximum
values of the texture intensity of the 4P, 2P and 1P
samples are 9.55, 3.31 and 1.65, respectively. XIAO
et al [42] have revealed that the alloys with fine
grains in random orientation are beneficial to the
uniform stress distribution when the loading is
applied and the higher external loading is required
to yield the fine grains and achieve the ductility
improvement. A nearly random texture component
has been generally reported in the annealed or
homogenized states since the weak texture always
indicates the low dislocation density and the weak
mechanical property anisotropy in the alloy [43].
The DRX grains developed by severe plastic
deformation processes are usually in a non-
equilibrium state since high stored energy or high
dislocation density is involved with the grains [44].
The nearly random texture component in the 1P
sample should be ascribed to the enhanced DRX by
HSRR with the high rolling reduction.

3.3 Dislocation structure and precipitation

The TEM images of the alloys in different
states are shown in Fig. 5. The HAADF-STEM
image and elemental mapping of the 2P sample are
shown in Fig. 6. The dislocation tangles and the
ill-defined (sub)grain boundaries containing dense
dislocations are detected in 4P sample, while the
well-defined sub-grains and DRX grains with lower
dislocation density are obviously shown in the 2P
and 1P samples. This means that the increased
rolling reduction in HSRR can enhance the DRX
process. The fine AlgMn precipitates are observed
along the grain (sub-grain) boundaries or in the
grain interiors, which can effectively pin the grain
(sub-grain) boundaries and dislocations due to
the strong Zener drag pressure. The incoherent
equiaxed AlgMn particles with the average size of
~25 nm exert higher Zener drag pressure than the
coarse plate-like AlgMn particles with the average
sizes of ~150 nm and ~60 nm in the longitudinal
and transversal directions, respectively. The grain
growth occurs owing to the weak Zener drag
pressure of the particles [3].

To understand the effect of the first-pass
rolling deformation and inter-pass annealing on the
DRX behavior in the 2P sample, the sheet subjected
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Fig. 4 ODFs of ¢,=0°, 45° and 65° sections of alloys in different states

Fig. 5 TEM images of alloys rolled in different states: (a) 4P; (b) 2P; (c) 1P

to HSRR with the rolling reduction of 40% The hardness decreases with the longer
underwent an annealing treatment at 400 °C. The annealing time and is nearly stable when the
Vickers hardness—annealing time curve and the annealing time is not less than 30 min. The new
corresponding OM images are shown in Fig. 7. grains are not detected in the OM images of the
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images of HSRRed sheet (b), sheet subjected to annealing treatment at 400 °C for 5 min (c) and 40 min (d)

HSRRed sheet and the sheet subjected to annealing
treatment at 400 °C for 5 min, while finer grains are
observed in the sheet subjected to annealing
treatment for 40 min. The hardness decrease is
closely related to the occurrence of recovery and
recrystallization as the both softening processes can
consume stored energy and dislocations [45]. The
obvious hardness decrease in the sheet subjected to
annealing treatment for 40 min is closely related to
the static recrystallization process, while the slight
hardness decrease in the sheet subjected to
annealing treatment for 5 min is ascribed to the
recovery process. The absence of the new grains

during annealing treatment for 5 min is mainly
attributed to the low storage energy generated
during the deformation and the Zener drag pressure
of the precipitation on the dislocations and grain
boundaries. Thus, only recovery occurs during the
reheating process and the new grains developed in
the 2P sample are due to DRX instead of static
recrystallization.

As shown in Fig. 2(c) and Fig. 3(b), the DRX
grains are primarily formed along the initial grain
boundaries and the obvious necklace-like structure
is detected, indicating that the DDRX mechanism
plays the significant role in the alloy subjected to 2
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passes of HSRR. The TEM images showing the
sub-grains, precipitates and dislocations of the 2P
sample are shown in Fig. 8.

The bulging of the part of the pre-existing
grain boundary and the formation of sub-grains
along the grain boundary are shown in Figs. 8(a)
and (b), and both of which are the distinctive
features of the occurrence of DDRX [1]. The
dislocations can be effectively captured by HAGBs
and the accumulation of dislocation or a lot of
misorientation gradients develop near the grain
boundary. The formation of sub-grains and new
grains occur along the original boundary due to the
enough driving force [1,11]. The fine-grained bands
in the 2P sample probably result from DRX by
introducing the deformation bands at high strain
and high strain rate. The formation of deformation
bands is primarily decided by the grain orientation.
The grains with the multiple slip orientation are
stable against the lattice rotations and can
undergo the uniform plastic deformation without
subdivision, while the grain refinement or the

200 nm
-

2893

interior deformation bands occur to accommodate
the deformation strain in the grains lack of cross
slip [14].

The relationship between dislocations and
precipitates is shown in Figs. 8(c) and (d). The
particles can impede the movement of dislocations
owing to the efficient Zener drag pressure, and the
dislocations can bypass or cut the particles when
the loading is applied. The Al¢Mn precipitates with
the size less than 200 nm do not enhance the
DRX processes by particle stimulated nucleation
(PSN) [46]. But they can improve the accumulation
of dislocations by hindering the movement of
dislocations or dynamic recovery, which can
promote the development of DRX to some degree.
The fine Al¢Mn precipitates can provide high
strength due to precipitation strengthening [46,47].
The coarse Alg(Fe,Mn) particles with sizes above
1 pm are impurity phases and the number is small.
A majority of Mn atoms exist in the AlgMn phase in
the alloy, and the role of the Al¢(Fe,Mn) particles on
the DRX is limited.

s i

Dislocations e
- h‘& 200 nm
1 T

Fig. 8 TEM images showing sub-grain, precipitates and dislocations of 2P sample: (a, b) Sub-grains along initial grain

boundaries; (c, d) Relationship between dislocations and precipitates
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3.4 Mechanical properties

The engineering stress—engineering strain, true
stress—true strain and work hardening rate—true
strain curves of the alloys in different states are
shown in Fig.9. The mechanical properties
of the as-studied alloys in different states and
other Al-Mg alloys subjected to diverse plastic
deformation are shown in Table 2 [24,39,48,49].

600 @
500 |

<

S

S 400 F

8

an 300

£

S —CP
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(b)
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400 |
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Work hardening rate/GPa

0 O.I()S O.IIO 0.I15 O.I20 0.25
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Fig. 9 Engineering stress—engineering strain (a), true

stress—true strain (b), and work hardening rate—true

strain (c) curves of alloys rolled in different states

The 4P sheet exhibits the highest strength but
lower ductility, while the 1P alloy shows the highest

elongation to failure at the expense of strength. The
alloy subjected to 2 passes of HSRR exhibits good
combination of mechanical properties, with
ultimate tensile strength (UTS) of (507+9) MPa and
the elongation to failure of (24.9+1.3)%. The 4P
sample shows slightly higher strength than the CR
sample since the high strain rate can enhance the
generation of dislocations and thus a higher work
hardening is obtained. The effects of strain and
strain rate on the microstructure evolution and
mechanical properties of metals and alloys are
weakened with the increasing deformation
temperature since the recovery process is
enhanced [50].

Being a softening mechanism, DRX can
immensely consume the free energy of the alloy
generated during the plastic deformation, and
thus the dislocation density or work hardening
decreases [1,25,40]. The face-centered cubic (FCC)
and body-centered cubic (BCC) metals show
smaller effect of grain size on the yield strength
than the hexagonal close-packed (HCP) metals due
to their low Hall-Petch slopes [40,51]. Thus, the
micron-sized fine grains cannot contribute enough
strength in the 1P sample. But the occurrence of
DRX can effectively weaken the texture and
dislocation tangles, which is indicated by Fig. 4 and
Fig. 5. The texture intensity decreases from 9.55 to
1.65 with the HSRR passes ranging from 4 to 1, and
a nearly random orientation develops with the
annihilation of the g fiber texture. The dislocation
tangles disappear and are replaced by the equiaxed
DRX grains with a few dislocations in the 1P alloy.
The stress concentration is delayed in the alloy with
the weak texture intensity since a uniform stress
distribution occurs during the tensile testing [42]. A
full DRX microstructure is obtained in the 1P
sample, which is mainly related to the continuous
dynamic recrystallization. As shown in Fig. 9(c),
the fine grains can afford enough dislocation
storage ability and thus the high work hardening
rate is realized at the higher strain. Therefore, the
high ductility is achieved. The weak texture and
fine grains are mainly attributed to the higher
ductility in the 1P alloy.

The bimodal structure containing fine DRX
grains and coarse non-DRX regions can
commendably alleviate the inconsistency between
ductility and strength, as the existence of fine DRX
grains is beneficial to the ductility improvement
related to the increasing fraction of HAGBs and
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Table 2 Deformation conditions and tensile properties of AI-Mg alloys

Alloy Process UTS/MPa YS/MPa % Source
CR (4P) 53116 35041 10.0£2.0
. HSRR (4P) 550+£3 36844 13.5+1.1 .
Al-9.2Mg—0.8Mn—0.2Zr—0.15Ti This study
HSRR (2P) 5079 30846 24.9+1.3
HSRR (1P) 462+11 288+13 27.2+1.1
Al-7Mg ECAP ~507 ~446 ~14 [24]
Al-5.4Mg—0.5Mn ECAP (300 °C) 415 335 24 [39]
Al-6.5Mg—0.5Sc Extrusion (420 °C) 430 260 15 [48]
Al-7Mg—0.8Mn Rapid solidification 436 270 25 [49]

stress relaxation. The 4P sample contains a high
dislocation density as the recovery is the only
softening process during the rolling process. The
dislocation density in the 4P sample will quickly
reach saturation during the tensile test. The work
hardening rate drops obviously with the increased
strain, and the stress concentration occurs rapidly,
resulting in the low ductility. In comparison with
the 4P sample, the 2P sample has the higher fraction
of DRX, which is mainly related to the dis-
continuous dynamic recrystallization, and thus a
higher work hardening rate with the strain above
0.06 is achieved. This reveals that a uniform stress
distribution is obtained during the tensile test and
the higher ductility is achieved. The non-DRX
regions with high dislocation density provide
enough dislocation strengthening and the fine
AlgMn precipitates are also responsible for the
high strength. The bimodal microstructure has been
reported in the AI-Mg alloy and can simultaneously
obtain high strength and large elongation. The high
strength is ascribed to the ultrafine grains and the
high ductility is due to the coarse grains relaxing
the stress concentration [26,38].

To gain the ultrafine or nanostructured
grains in Al alloy at elevated temperature is very
difficult due to the active dynamic recovery. The
deformation at room or low temperature and high
strain accumulated by the multi-passes severe
plastic deformation (SPD) processes 1is in-
appropriate to the Al-Mg alloy with high Mg
content, i.e. 7% [14,24]. The plastic deformation
followed by annealing is hard to obtain DRX
grains with the size less than 10 um by static
recrystallization [52]. The annealing treatment
also results in energy consumption and cost
improvement. Therefore, achieving the bimodal
structure by multi-passes of HSRR can act as an

available method to achieve good balance of high
strength and large ductility.

4 Conclusions

(1) The higher rolling reduction can effectively
enhance the DRX process of the Al-9.2Mg—
0.8Mn—0.2Zr-0.15Ti alloy. An elongated grain
structure is formed in the alloy subjected to 4 passes
of HSRR. An obvious bimodal grain distribution
occurs in the alloy subjected to 2 passes of HSRR,
in which the fine DRX grains with the average size
of 6.4 um and the coarse non-DRX regions with the
average size of 47.7 um are formed. The full DRX
grain structure with the average grain size of
2.8 um develops in the alloy subjected to 1 pass of
HSRR.

(2) The improvement of 6,y from 5.5° to 39.6°
and the enhancement of the HAGBs fraction from
7.2% to 95.6% occur with the rolling pass ranging
from 4 to 1. The texture intensity decreases from
9.55 to 1.65 with the HSRR pass ranging from 4 to
1 and a nearly random orientation develops with the
annihilation of S-type fiber texture in the 1P alloy.

(3) The 4P alloy exhibits the highest strength
but the lowest ductility, while the 1P alloy shows
the largest elongation at the expense of strength.
The 2P sample with the bimodal structure gains
both high strength and large ductility, with the UTS
of (507£9) MPa and the elongation to failure of
(24.9£1.3)%. The formation of DRX grains and the
weaker texture intensity are beneficial to the high
ductility, which are related to the increasing fraction
of HAGBs and stress relaxation. The high strength
is mainly ascribed to dislocation strengthening due
to the high dislocation density in the non-DRX
regions and precipitation strengthening associated
with the fine AlgMn particles.
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& Mg &8 Al-Mg & &/ R IR E ST T
AR, SRR

#AF 2, ABEY, HEEV, FaE P Faa0 5 KD R s

1. WIR R MER2ES TR, Kb 410082;
2. MR IR DU R SR E AT E, KD 410082;
3. FRRE MK BEEFESLEE, K7 410083

# E: & Mg & Al-Mg 54:(A1-9.2Mg—0.8Mn—0.2Zr—0.15Ti, FiE0H, %)#TAFEEXRA, 2 F 4)5 8
AT EL AT, KB E. LR E RS EE RN 72%. 400 °C 1 8.6 s'. RADEF Bigs. Hfifik
B BT EBURATHBARTE S BB A G &NALUEE ., &84 2 8K PR HE LT 53153 A 121 X
ML, HA AN FEEE ah SRR AR B S 2RI RS 4090008 6.4 F1 47.7 pme &8 A mHTR R E((507+9) MPa)
MK ZE(24.9+1.3)%) . 7F 2 IR R PR E R LGRS B, St AREL AL & & & F Z L5 LT .
KR A-Mg G4 mNAREERELM WEHL FEHEL R

(Edited by Wei-ping CHEN)



