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Abstract: Low-temperature slow rate extrusion (LTSRE) and electrical pulse treatment (EPT) were used to obtain the AZ91

Mg alloy with bimodal microstructure. Results show that the alloy consists of coarse unrecrystallized grains of 20~60 pm and

fine recrystallized grains of ~200 nm. The bimodal grains contribute to the inhomogeneous deformation under LTSRE and the

acceleration effect of the static recrystallization of the deformed AZ91 magnesium alloy under EPT. In addition, the growth of

the recrystallized grains is effectively restrained due to the notably low recrystallization temperature and short processing time,

compared with those of the conventional static recrystallization by heat treatment. Meanwhile, abundant Mg;;Al;» phases with

an average size of 200 nm and regular shapes are precipitated during EPT. Consequently, the yield strength of 463 MPa and

ultimate tensile strength of 527 MPa were acquired for the bimodal AZ91 alloy, which can be primarily attributed to the

bimodal microstructure as well as the combined effect of fine grain strengthening, precipitation strengthening and work

hardening.
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Due to the high specific strength, specific modulus and
other advantages, magnesium alloys have the potential to be
applied in the fields of automobile, aviation and electronics,
etc!'!. However, the comprehensive mechanical properties
of magnesium alloys are still lower than those of the steel
and aluminum alloys, which restricts the wider industrial
application of magnesium alloys as structural materials™*.

Recently, bimodal microstructures have been proved as a
successful route to improve simultaneously the strength and
ductility of Mg alloys. In common, bimodal microstructure al-
loys are prepared by some special deformation techniques,
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such as equal channel angular pressing (ECAP) ™", accumula-
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tive roll bonding (ARB) ™ and hard-plate rolling (HPR)™, and
consist of the fine dynamic recrystallization (DRX) grains
and the coarse unDRXed grains. The ultrafine grains pro-
vide a high strength and the coarser grains are responsible
for the ductility'""*. Wang et al'”*! reported a bimodal grain
structure in AZ91 alloy by hard-plate rolling and obtained
simultaneously high strength and uniform ductility of ~371
MPa and ~23%, respectively. By hot extrusion at 320 C,
Rong et al™ investigated the effect of bimodal-grain
structure on the strength of Mg-15Gd-1Zn-0.4Zr (wt%) al-
loys, which exhibit ultra-high yield strength and tensile
strength of 465 and 524 MPa, respectively.
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Compared with dynamic recrystallization, it is easier for
the static recrystallization to control the deformation strain,
deformation temperature and recrystallization parameters,
which is beneficial to acquire the expected microstructure.
However, the detailed investigation on relationships be-
tween the bimodal microstructures and the static recrystal-
lization of Mg alloys is barely reported. In our previous
work, electrical pulse treatment (EPT) is helpful to acceler-
ate the static recrystallization of the deformed Mg alloy at

low temperatures for the grain refinement!>'®

. A simple
and effective route to prepare bimodal grain structure for
AZ91 alloy by the combined processing of low-temperature
slow rate extrusion (LTSRE) and EPT was proposed in this
research. During the LTSRE process, materials underwent
large deformation to achieve the inhomogeneous deformed
microstructure without obvious dynamic recrystallization.
Then, the bimodal microstructures were obtained by static
recrystallization under EPT with appropriate parameters. In
addition, the microstructure and mechanical properties of
the AZ91 magnesium alloys were analyzed systematically.

1 Experiment

AZ91 magnesium alloy cast sheets were cut with the
diameter of 40 mm and the height of 20 mm, and then solu-
tion treated at 653 K for 2 h followed by another treatment
at 688 K for 22 h (T4 treatment). After solution treatment,
the samples were extruded at 523 K with the extrusion ratio
of 12:1 and the extrusion rate of 0.1 mm/s. The final
cross-section of the extruded product is 10 mmx10 mm.
The tensile specimens with a length of 15 mm and a
cross-section size of 2 mmx1 mm were machined from the
extruded samples for EPT. During EPT, the pulse duration
and processing time were important parameters, represent-
ing the energy of the single pulse and the energy accumula-

tion of multiple pulses, respectively. The typical square
electropulsing wave is shown in Fig.1"'".. Therefore, the ef-
fect of pulse duration and processing time of EPT on mi-
crostructures of deformed AZ91 alloy was investigated with
the constant frequency and electric current of 100 Hz and
6.4x10° A, respectively. The temperature variation of the
samples during EPT was measured at different positions
(point A to point D in Fig.1) on the surfaces of samples to
estimate the thermal effect of EPT. The specific EPT pa-
rameters are shown in Table 1. In this investigation, optical
microscope (OM), X-ray diffraction (XRD), scanning elec-
tron microscope (SEM) and transmission electron micro-
scope (TEM) were used to observe the microstructures of
AZ91 alloys at different states. Samples for OM and SEM
observation were ground and subjected to different degrees
of corrosion. The observed plane was vertical to the die
casting direction and parallel to the extrusion direction, and
the etching agent consisted of 5 mL acetic acid, 6 g picric
acid, 10 mL H,0, and 100 mL ethanol. The volume fraction
of precipitated phase and recrystallization degree were ob-
tained through the statistical analysis by Image Pro-plus
software. The tensile tests were carried out on an AG-Xplus
test machine with the constant speed of 0.6 mm/min at
room temperature.

2 Results and Discussion

2.1 Microstructural evolution and mechanical prop-
erties

Fig.2 shows the microstructure of AZ91 magnesium al-
loys before and after solution treatment. From Fig.2a, the
as-cast magnesium alloy is composed of a-Mg matrix and
o+y eutectic. After T4 treatment, the grains are coarse and
nonuniform with an average grain size of about 98.5 pm.
Fig.3 shows the microstructure after extrusion deformation.

Electricpulse

generator

Electricpulse Pulse duration=50 ps

generator === 220V

Frequency=100 Hz

Copper electrodes

Sample

Fig.1 Schematic diagram of EPT process
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Table 1 EPT parameters of different samples

Duration/ Duty ra- Processing  Average tem-
Sample : . .
us tio time/min perature/K
EPT1 30 0.003 10 333
EPT2 40 0.004 3 373
EPT3 40 0.004 20 365
EPT4 60 0.006 3 473

The equiaxed grains transform into the deformed micro-
structure. The matrix grains are elongated along the extru-
sion direction (ED) while a small amount of deformation
twins appear. Due to the coarse grains and the different
grain orientations, the strains induced by extrusion are ex-
tremely inhomogeneous. A small amount of Mg;,Al;,
phases are precipitated at the grain boundary of deformed
grains (Fig.3b). The strain and dislocation density in the
deformation zones and at grain boundaries are higher than
those in the undeformed zone!”’.

XRD patterns of the extruded sample and EPT3 sample are
shown in Fig.4. With the introduction of EPT, the peaks of the
Mg,,Al;, phase occur, implying that the Mg;;Al;, phase are
precipitated gradually during EPT. Fig.5 shows the micro-
structure of alloys after EPT with different parameters. Region
1 consists of coarse deformed grains and a few Mg;;Al;, pre-
cipitation phases. Region 2 is composed of ultrafine recrystal-
lized grains and abundant Mg;;Al;, precipitation phases. Re-
gion 3 consists of completely recrystallized grains and moder-
ate Mg;,Al;, precipitation phases. In region 2 and 3, recrystal-
lized grains are covered by a large number of Mg;;Al;, phases
and are difficult to identify. The degree of recrystallization
becomes higher with the increase of pulse duration and proc-
essing time. Therefore, it can be seen from Fig.5a, 5d, and 5g

that the microstructures exhibit bimodal structure including
coarse unrecrystallized grains and ultrafine recrystallized
grains at the same time. There are more ultrafine grains in
EPT3 by comparison. The volume fractions of recrystallized
grains are 49%, 55% and 71% for EPT1, EPT2 and EPT3, re-
spectively. As the pulse duration and processing time are 60 s
and 3 min, respectively, the bimodal structure is completely
displaced by the homogenous and fine recrystallized grains.
Besides, the average size of the fine grains in the bimodal
grain structures of EPT1, EPT2 and EPT3 is about 200 nm
(Fig.6b~6d) while the average grain size of the completely re-
crystallized grains in EPT4 is about 900 nm (Fig.6e). The
above results imply that the pulse duration of EPT accelerates
the static recrystallization of the deformed microstructure more
effectively than the processing time.

It is worth mentioning that a large number of Mg;;Al;,
phases are precipitated at grain boundaries and inside the
grains and the precipitation of Mg;;Al;, phases is closely
related to EPT (Fig.4 and Fig.6). The amount of Mg;;Al;,
phases increases firstly with the increase of pulse duration
and processing time (Fig.5b, 5e and 5h), and then decreases
as the pulse duration continually increases to 60 ps (EPT4,
Fig.5k). For EPT3, the content of the precipitated phase
reaches the maximum value. The volume fraction of
Mg,,Al;, phase is 20%, 29%, 46% and 41% for EPTI,
EPT2, EPT3 and EPT4, respectively. In addition, as shown
in Fig.6, the average size of Mg;;Al;, phase in EPT1 and
EPT2 is about 100 nm. With the improvement of the proc-
essing time of 20 min, the average size of Mg;,Al;, phase in
EPT3 increases to about 200 nm. Furthermore, the average
size of Mg;;Al;, phase in EPT4 rises to about 300 nm when
the pulse duration continually increases to 60 ps.

T

Fig.3 OM (a) and SEM (b) microstructures of extruded AZ91 alloy



810 Wu Hongfei et al. / Rare Metal Materials and Engineering, 2021, 50(3): 0807-0815

= = Magnesium During the EPT, the high-speed electrons collide with the

@ Mg Al,
metal atoms in the magnesium alloy to enhance the ampli-

tude of the atomic vibration. The energy of the high-speed

% 'I ] T = mp ) electron prope'tgates in the for.m of heat and then causes the
g As-extruded temperature rise of the materials. The surface temperatures
g of samples treated under different EPT conditions were
measured by a thermometer. The highest measured tem-
e j:__.ll A perature of each sample is shown in Fig.7b. As the pulse
30 20 5'ng3 60 70 80 duration increases, the more Joule heat is generated by EPT
20/ and the Joule heat is more sensitive to the pulse duration
Fig.4 XRD patterns of as-extruded sample and EPT3 rather than the processing time.

Fig.5 SEM images of samples under different EPT conditions: (a) EPT1; (b, ¢) high magnification of region 2 in Fig.5a; (d) EPT2;
(e, f) high magnification of region 2 in Fig.5d; (g) EPT3; (h, i) high magnification of region 2 in Fig.5g; (j) EPT4; (k, 1) high mag-
nification of region 3 in Fig.5j) (region 1, 2 and 3 represent the precipitate free region, high-density precipitate region and uniform

precipitate region, respectively)
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Fig.7 Microstructure of sample heated at 473 K for 60 min (a); surface temperatures of samples under different annealing conditions (b)

It can be seen from Fig.7a that the sample is not completely
recrystallized even after being heated to 473 K for 60 min.
The sample still maintains deformed microstructure with
obvious twins and massive elongated grains. The proportion
of recrystallization is less under this condition than that at
the same temperature under EPT with processing time of 3
min. This phenomenon indicates that EPT is not a simple
heating process. In addition to thermal effect, the athermal
effect also promotes the recrystallization process.

The mechanical properties of AZ91 magnesium alloy at dif-
ferent states are shown in Fig.8. Due to the work hardening,
the ultimate tensile strength (UTS) and 0.2% proof stress (YS)
of the LTSREed sample greatly increase to 443 and 389 MPa,
respectively. After EPT, the tensile properties of samples with
bimodal structures improve, compared with the LTSREed
sample, and EPT3 with duration of 40 ps and processing time
of 20 min shows the best comprehensive properties of 463
MPa in YS, 527 MPa in UTS and 5.7% in elongation. Before

the static recrystallization is completed, the improvement of
YS and UTS positively related to the degree of recrystalliza-
tion and the volume fraction of Mg;;Al;, phase. In addition,
EPT4 with completely recrystallized structure shows lower
UTS (450 MPa) and YS (320 MPa), but higher elongation
(10%) than those of samples with the bimodal structures and
the LTSREed sample. The tensile properties in this research
are prominent for the conventional AZ91 alloy. Fig.9 shows
the typical fractures of as-extruded and EPTed AZ91 alloys
after tensile test. The as-extruded sample tends to fail brittlely
by cleavage fracture or quasi-cleavage fracture due to the de-
formed microstructure, as shown in Fig.9a. After EPT, the
specimen EPT4 shows ductile failure, which is evidently at-
tributed to the grain refinement. It is noted that the amount of
dimples in Fig.9c is much more than that in Fig.9a, and some
spherical features appear on the fracture surface which is re-
lated with the fine second phases embedded in the matrix.
Fig.9b and 9d show the SEM micrograph near the fracture of
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Fig.8 Strength (a) and elongation (b) of samples under different conditions

NONE

Fig.9 SEM morphologies of as-extruded AZ91 alloy (a, b) and EPT4 (c, d) near fracture location (a, ¢) and at fracture surface (b, d)

as-extruded sample and EPT4. It can be found that deformed
region and DRX region with abundant Mg;;Al;, phases near
the fracture. After EPT, the microstructure transforms to com-
plete static recrystallized grains with some spherical Mg;,;Al,
phases, as shown in Fig.9d.
2.2  Microstructure formation and strengthening
mechanisms

The deformed microstructure is usually at non-equilibrium
state due to residual stress and strain. It has a spontaneous
recrystallization tendency to reduce the free energy of the

system[”]

. But it is difficult to transform into the equilib-
rium state because of the kinetic barrier at low temperature.
Generally, the recrystallization of AZ91 alloy occurs at the
annealing temperature of more than 573 K!'®. However, in
this research, the deformed AZ91 alloy can complete re-
crystallization at 473 K after EPT. As a new approach to
optimize microstructure, EPT can provide additional free

energy to reduce the barrier of recrystallization process!'”.

Besides, EPT plays a significant role to promote precipita-
tion and spheroidizing of Mg,;Al,, phase in the process. In
addition, the extent and direction of the EPT effects depend
on not only the EPT parameters (density of current, dura-
tion and processing time), but also the composition and
prior treatment of the magnesium alloy.

Generally, EPT is always accompanied with thermal ef-
fect and athermal effect!'”?”. Therefore, the additional
Gibbs free energy of EPT AG® can be expressed as follows:

AG=AG+AGy, N
where AG;, is the thermal effect and AG;, is the athermal
effect. In our previous study''®’ the influence of the thermal
effect and the athermal effect of EPT on the diffusion flux
of atoms and vacancies were investigated and the result re-
vealed that the promotional effect of the athermal effect is
14.8 times higher than that of the thermal effect. Moreover,
the applying electric current accelerates the microstructure
transformation of deformed metals and reduces the transi-
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tion starting temperatures due to the enhancement of diffu-
sion of solute atoms and the mobility of vacancies''**' .
Additionally, growths of the recrystallized grains and the
precipitated phase are effectively suppressed due to the low
temperature (333~373 K) and short processing time (3~20
min), compared with the statement of alloy after conven-
tional heat treatment. Besides, the regular and spherical
shape of Mg,,;Al,, particles imply that EPT accelerates the
spheroidizing of Mg;,Al,, particles™™.

The schematic diagram of microstructure transformation
process during the extrusion and EPT is shown in Fig.10.
The basal slips occur more easily in grains with beneficial
orientations™. It is speculated that grains with the favorable
orientations undergo large plastic deformation during ex-
trusion and have high stored energy. The regions with
higher strain are more prone to experience static recrystal-
lization and phase precipitation during EPT. In contrast, the
grains with unfavorable orientations lack stored energy to
initiate static recrystallization. When the duration is low,
the additional Gibbs free energy provided by EPT is also
insufficient to promote recrystallization of the low-strain
regions. As a result, the bimodal structure with ultrafine re-
crystallized grains (consist of abundant precipitation phases)
and unrecrystallized coarse grains (consist of a large num-
ber of dislocations) is obtained by LTSRE+EPT processing.

Generally, the increase in YS caused by grain refinement
can be expressed by the Hall-Petch relationship!>*>*:

o=oytkd ' 2)
where o, is the YS, o, is the material constant, k is the
Hall-Petch slopes of 0.13 MPa-m'?, and d is the average
grain size. In the present study, the increased YS results
from grain refinement after extrusion and EPT can be cal-
culated using follow equation.

AGyanpech =k(d."? —d."") 3)
where d, and d, are the average grain size of EPT and cast state,
respectively; k is positively correlated with the Taylor coeftfi-
cient, which is related to the crystal structure and the number
of slip systems. Therefore, the grain refinement has a signifi-
cant effect on improving the mechanical properties of magne-
sium alloys due to the large & value. Accordingly, the increased
Y, due to grain refinement, is calculated as 135, 152, 196 and

124 MPa for EPT1, EPT2, EPT3 and EPT4, respectively.

After EPT, the average size of precipitated Mg;,Al;,
phase is less than 1 um. Dislocation is pinned by the pre-
cipitation phase, and Orowan strengthening mechanism
plays the important role. Therefore, the improvement in YS
caused by Orowan strengthening can be expressed by the
following equation*”:

0441,b In(d /b) (4)

A H

where A is the Mg;,Al,, phase spacing estimated by Eq.(5);
[ is the strengthening coefficient of 1.25; u,, is the shear
modulus of 16.5 GPa obtained by the equation
Un=E/2(1+vy,); E and v, are the elastic modulus and Pois-
son’s ration of matrix of 44.6 GPa and 0.35, respectively; b
is the Burgers vector of 0.32 nm.

=dlJzrar -1) (5)

where d is the average diameter of Mg;,;Al;, phase, f'is the
volume fraction of Mg;,;Al;, phase. Combining Eq.(4) and
Eq.(5), it can be concluded tha_t AOorowan 1NCreases with the
increase of fand decrease of d . The increment of YS ow-
ing to Orowan strengthening is 60, 92.4, 111 and 62 MPa
for EPT1, EPT2, EPT3 and EPT4, respectively.

Because of the work hardening of polycrystals, the mag-

ACy e =B

nitude of the flow stress is closely related to the dislocation
density inside the grains. The dislocations are hindered dur-
ing the slipping process, which increases the dislocation den-
sity and causes the stress concentration. Therefore, the in-

crease in the YS can be calculated by formula®® as follows:
Ao = Maubr/Ap (6)

where M is the average Taylor factor, with M=3 for the
polycrystalline magnesium alloy; « is the material constant
of 0.2; u is the shear modulus; b is the Berners vector; Ap is
the difference between the dislocation densities before and
after deformation calculated by Williamson-Hall method™".
The improvement of YS due to work hardening is 51.5, 45.4
and 29.3 MPa for EPT1, EPT2 and EPT3, respectively.
Fig.11 displays the contributions of grain refinement,
Orowan strengthening and work hardening on improving
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Fig.10 Schematic diagrams of microstructure transformation during extrusion and EPT
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YS of EPTed alloys under different conditions. From Fig.11a,
it can be concluded that the grain refinement effect shows the
greatest contribution to the improvement of EPTed samples’
properties. Before the static recrystallization is completed, the
grain refinement effect and Orowan strengthening effect in-
crease with the increase of recrystallization degree and

l:lAO'Hau-pmh
I Aorowan
Ao hardening

N
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Fig.12 Comparison of mechanical properties of samples in this

study and samples processed by other methods

3 Conclusions

1) The bimodal microstructure with ultrafine recrystal-
lized grains of about 200 nm and coarse deformed grains of
20~60 pm were obtained by low-temperature slow rate ex-
trusion (LTSRE) and electrical pulse treatment (EPT). In
addition, a large amount of Mg;;Al;, phases of about 200
nm are precipitated during EPT process.

2) The tensile properties with YS of 463 MPa, UTS of
527 MPa and elongation of 5.7% are acquired for the proc-
essed AZ91 alloy. The improved mechanical properties are
attributed to not only the grain refinement and work hard-
ening due to the typical bimodal grain structure, but also the
Orowan strengthening effect resulting from the abundant
spherical Mg;,Al;, precipitated particles.

3) EPT can accelerate the static recrystallization and
phase precipitation of deformed AZ91 magnesium alloy and
decrease the microstructure transformation starting tem-

Mg,;Al;, phase volume fraction, respectively. However, the
contribution of work hardening decreases with the increase of
duration and processing time. Fig.11b demonstrates that the
theoretic value of Ao is close to the experimental value. Fig.12
shows the excellent mechanical properties in this study, com-
pared with those of samples processed by other methods.

400

s -Alf‘n]wy b
350 IAG gerinen
% 300}
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Theoretic increment of the yield strength (YS) based on different effects (a); comparison of theoretic and experimental YS of dif-

perature. Additionally, the growths of the recrystallized
grains and the precipitated phases were effectively sup-
pressed due to the low temperature and short processing
time, compared with the properties of samples processed by
conventional heat treatment.
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