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Abstract: A novel continuous plastic process employed on AZ31 Mg alloy called closed forging extrusion (CFE) was
presented. The optical microscopy, scanning electron microscopy, electron back-scatter diffraction and tensile and
compressive tests were employed to investigate the microstructure evolution and strengthening mechanism. The results
indicated that the CFE-process can promote dynamic recrystallization (DRX), eliminate the coarsen unDRXed grain
regions, refine the grains effectively, and improve the strength, plasticity and anisotropy of the alloy. The grain
refinement was mainly attributed to the stress, which facilitated the nucleation of recrystallization and refined the
microstructure via the CFE. The fully DRXed ultrafine grained structure improved the strength and plasticity
simultaneously. After 60 s closed forging and continuous extrusion, the alloy exhibits relatively high TYS, UTS, CYS,
elongation and yield asymmetry of 305 MPa, 337 MPa, 295 MPa, 27% and 0.97, respectively.
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1 Introduction

In recent decades, Mg alloys have gained more
and more research attention as a promising
structural material with respect of their excellent
stiffness, special strength and low density [1,2]. At
room temperature, unlike other alloys with
face-centered, cubic structure or body-centered
cubic structure, Mg alloys with a hexagonal close
packed structure have not enough active systems to
accommodate the deformation, which causes the
poor formability and plasticity [3]. Meanwhile, the

strong basal texture will form after plasticity
process, which leads to heavy mechanical
anisotropy and thus restricts the application of
wrought Mg alloys [4]. Developing high strength,
ductility and low anisotropy wrought is very
crucial.

Dynamic recrystallization (DRX) usually
occurs during the thermomechanical process of Mg
alloys at elevated temperatures, which is an
important mechanism for the workability and refine
grains [5]. One DRX, named discontinuous dynamic
recrystallization (DDRX), is made up of two stages:
nucleation at serrated high angle grain boundaries
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(HAGBs) by bulging and grain growth through
grain boundaries migration [6]. The other DRX is
continuous dynamic recrystallization (CDRX)
according to the classified standard of nucleation
and growth characteristics. CDRX is a process,
which involves the absorption of dislocation in low
angle grain boundaries (LAGBs), transformation of
LAGBs to HAGBs and thus formation of new
DRXed grains [6].
happens during the thermomechanical process,
DRX has an effect on microstructural development
and final properties of Mg alloys. For instance,
the strong basal texture and coarse unDRXed
grains formed after extrusion will cause heavy
anisotropy [7].

Many attempts have been done to reduce the
unDRXed field and refine grains. ZHENG et al [8]
has successfully obtained the fully recrystallized
ultrafine grained structure with an average grain
size of about 100 nm by conducting the high
pressure torsion (HPT) process on Mg—Zn—Zr—Ca
alloy. They found that compared to the as-solution
treated specimen, the yield strength is greatly
enhanced from (107+4) to (311+3) MPa and the
grain size is reduced from 570 to 100 nm after the
HPT process by 360° rotation. However, the tensile
ductility is sharply dropped from (13.9+0.5)% to
(1.2+0.1)% before subsequent annealing at 300 °C
for 1 min. KIM et al [9] found that DRX in the high
temperature extrusion develops more completely
than it does in the low temperature extrusion
through studying ZK60 Mg alloy. However, for the
specimen extruded at 180 °C with the average grain
size of 1.9 pm, the yield strength is 53 MPa higher
than that of extruded specimen at 290 °C with an
average grain size of 8.2 um, which is caused
by grain growth at elevated temperatures. ZHOU
et al [10] reported that plenty of second phase
particles, such as W-Mg3;Y»>Zn3 phase at grain
boundaries and MgZn, phase in grains, exit in
the microstructure due to the addition of Y and
Zn in Mg—4.3Li—4.1Zn—1.4Y alloy, which easily
promotes inhomogeneous nucleation of DRXed
grains on the basis of particle-stimulated nucleation
(PSN) mechanism. Generally, removing unDRXed
regions can weaken the basal texture, refine grains,
improve anisotropy, and finally enhance the overall
performance. Those methods can be summarized as
follows.

(1) Alloying: Alloy elements dissolved in the

No matter what mechanism

matrix increase the storage energy of deformed
metal and hinder the grain boundary movement to
refine the grains [11—-13].

(2) Controlling temperature: The nucleation
and growth of DRXed nucleus need diffusion of
atoms [14]. The actual heated temperature must be
greater than DRXed temperature, which can induce
the operation of DRX process [15]. Nevertheless,
too high heated temperature will cause to form the
coarsen DRXed grains, and therefore it is very
critical to control temperature parameter during
deformation.

(3) Increasing plastic strain: It is well known
that the reduction in storage energy is the driving
force inducing DRX process. The larger the degree
of deformation, the more the storage energy is, and
the greater the driving force becomes [16,17].

Accumulative roll bonding (ARB) [18,19],
cyclic extrusion compression (CEC) [20,21],
high-pressure torsion (HPT) [22,23] and several
other plastic deformation methods have been
applied to increasing the deformation, henceforth
boosting the DRXed fraction and finally refining
grain in Mg alloys [24,25]. In this work, a novel
extrusion method called closed forging extrusion
(CFE) was employed to the commercial AZ31 Mg
alloy. The primary purpose of this work is to reduce
unDRXed regions, refine DRXed grains based on
the increase of nucleation rate, and thereby
improving the mechanical properties of final alloy.

2 Experimental

The raw material used in this work is as-
cast Mg—3.18A1-1.00Zn—0.06Mn(wt.%), termed as
AZ31 Mg alloy. Cylindrical billets with size of
80 mm in diameter and 50 mm in height were
prepared for extrusion at 300 °C using direct
extrusion under a ram rate of 1.0 m/min and an
extrusion ratio of 20:1. There are some differences
between the extrusion method used in this work and
the conventional direct extrusion method. In this
work, the extrusion die exit was firstly plugged
using a baffle without hole to make the extrusion
container as a closed space. When the extruded
pressure reached 20 MPa, the samples were forged
for 20 and 60 s respectively. Then the traditional
positive extrusion was applied after using a mold
with a hole to replace the baffle. The schematic
diagram of closed forging extrusion is shown in
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Fig. 1. Like the samples, the baffle and the mold
were preheated at 300 °C. The extruded samples
were defined as SO, S20 and S60 respectively with
respect to forging holding time at 20 MPa. The
sample of SO was directly extruded without holding
at 20 MPa. The novel processing method can be
defined as closed forging extrusion.

Specimens for microstructural observation
were cut from extruded bar with the size of 16 mm
in diameter and ground with 400#, 800#, 1000#,
and 2000# SiC grit papers. The specimens for
optical microscope (OM) were etched with a
corrosive mixture liquid containing 0.85 g picric
acid, 2 mL glacial acetic acid, 4 mL water, and
14 mL alcohol after grinding.

Specimens for electron back-scatter diffraction
(EBSD) test were prepared by electro-polishing at
20 V and —20 °C for 35 s using AC; solution and
then the EBSD test was conducted on a JEOL
7800F field-emission scanning electron microscope,
using a scan step-size of 0.2 pum. The size of
specimens for EBSD observation was 3 mm X
5mm x 7 mm in which the plane of 3 mm x 5 mm
perpendicular to extrusion direction (ED) was
observed.

Mechanical properties of the extruded alloy
were characterized by compression and tension
tests. For the tension tests, tension specimens were
prepared with the size of 25 mm in gage length and
cross section of 6 mm x 3 mm. The specimens used
for the compression tests were 6 mm in diameter
and 9 mm in height. Tensile and compress tests
were implemented at an initial strain rate of
1.5%107s7™".

3 Results

3.1 Microstructures of extruded alloys

Figure 2 shows the OM image of the sample
before extrusion. The alloy consists of dendrites,
which is typical of the microstructure of as-cast Mg
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Fig. 1 Schematic diagram of closed forging extrusion

alloys. Figure 3 shows the optical micrographs of
S0, S20 and S60 AZ31 alloys from the center to
edge. It can be observed in Fig. 3(a) that the SO
sample consists of many coarse grains and fine
equiaxed grains, representing the incomplete DRX.
The unDRXed fraction is ~47% and the maximum
of coarsen unDRXed grain size is ~1 mm. With the
increase of forging time at a pressure of 20 MPa
before extrusion, the grains of extruded alloys are
refined and unDRXed regions are apparently
reduced to ~8%, as shown in Fig. 3(b),
corresponding to the extruded S20 sample. In S60
sample, the grains are significantly refined and the
unDRXed field decreases to 5%. It can be noted
that the closed forging process before extrusion can
reduce unDRXed regions, promoting the DRX
process and thus refining the grains.

The inverse pole figure (IPF) maps and
textures are obtained from cross-sectional planes by
conducting EBSD method on the three different
samples, as shown in Fig. 4. The low angle grain
boundaries (LAGBs), misorientation between 2°
and 10°, are indicated by white lines, and the high
angle grain boundaries (HAGBs), misorientation
above 10°, are marked by black lines. The textures
are displayed by (0001) pole figures of the SO, S20
and S60 samples, respectively. There are some
coarse grains and fine DRXed grains in SO sample
with the average grain size of 2.34 um, which is
consistent with the former OM observation.
Meanwhile, plenty of LAGBs can be observed
within the coarse grains. The blue coarse grains are
believed as unDRXed structures. In addition, the
structure remains fine grain size ranging from
1.89 um in S20 to 1.74 pm in S60 and more DRXed
grains form. The DRX fraction is ~50% in SO and
finally goes up to ~98% in S60.

From the corresponding (0001) pole figures of
samples, it can be observed that the maximal
texture intensity is remarkably weakened from 9.01
to 3.75 with the prolongation of forging time at the
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certain pressure prior to extrusion. Meanwhile, the
shapes of pole figure also change with different
holding time, from the typical ring-shaped texture
at the beginning to an increasingly random
texture [26]. The unDRXed area generally has a
very strong basal texture [27], and thus reducing the
unDRXed area can weaken the basal texture [13].
The treatment of closed forging process prior to
extrusion significantly reduces the unDRXed area
of the alloy, promotes the recrystallization, and
finally not only refines the grains but also weakens
the basal texture.
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Fig. 4 Inverse pole figure (IPF) maps and corresponding (0001) pole figure: (a) SO; (b) S20; (c) S60
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3.2 Mechanical properties

The tension and compression stress—strain
curves of the extruded samples at room temperature
are shown in Fig. 5. The detailed numerical values
of mechanical properties obtained from the curves
are shown in Table 1. For the specimen SO, the
tensile yield stress (TYS), ultimate tensile strength
(UTS), and fracture elongation (o) are ~309 MPa,
~341 MPa, and ~19%, respectively. Compared to
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Fig. 5 Tensile engineering stress—strain curves (a),

compressive engineering stress—strain curves (b), and
yield stress—strain curves (c)

Table 1 Mechanical properties and yield asymmetry of
extruded samples

campe TYS UTS. cvs
am
Pl MPa  MPa  MPa °

SO 309 341 256 19 0.83
S20 291 330 275 25 0.94
S60 305 337 295 27 0.97

ocys/oTys

S0, the TYS and UTS of the S20 decrease by
~18 MPa and ~11 MPa, respectively. Severally,
while the fracture elongation increases from 19% to
25%. The S60 sample exhibits relatively high TYS
and fracture elongation of ~305 MPa and ~27%,
respectively. From the compressive stress—strain
curves, the compressive yield strength (CYS)
increases with the prolongation of holding time.
The compressive yield strength of S60 sample is
295 MPa, which is about 40 MPa higher than that
of SO sample. In addition, the values of yield
asymmetry (ocys/otys) of SO also rise from 0.83 to
0.97 (for S60), indicating that yield asymmetry is
improved. Totally, the sample S60 represents the
best combination of elongation and tension—
compression yield asymmetry. Yield strength and
tensile failure strains of typical severe plastic
deformation AZ31 alloys, including present CFE
samples, conventional extrusion [33,34], and the
reported SPD AZ31 alloys including ECAP [10],
CEC [14] and DSR [13,35], have been compared as
shown in Fig. 5(c). The comparison shows that the
present CFE AZ31 alloys via PFE-process are in a
region of high yield strength and elongation.

4 Discussion

4.1 Microstructure evolution

In order to clarify the
evolution during CFE, the interrupted extrusion
method based on the closed forging process of
holding time at 20 MPa before extrusion was
conducted on AZ3l alloy in this work. The
interrupted extruded samples were defined as I1SO
and IS60 according to the holding forging time of
0 and 60 s, respectively.

Figure 6(a) shows the schematic diagram of
the interrupted extrusion samples on central section
parallel to the ED. The microstructure observations
of the interrupted extrusion samples were carried
out at different locations below the extrusion die, as

microstructural
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Fig. 6 Schematic diagram of microstructure observation locations for interrupted extrusion samples on central section

parallel to ED (a), and microstructures of interrupted extrusion samples at different locations below extrusion die:
(b) IS0-0; (c) IS0-10; (d) IS0-25; (e) IS0-35; (f) IS60-0; (g) IS60-10; (h) IS60-25; (i) IS60-35

presented by black dots, combined with OM and
EBSD method. Figures 6(b—i) show the micro-
structures of the ISO and IS60 at different locations
below the extrusion die, respectively. A few lenticular
twin-like morphologies are observed in 1S0-35 due
to the small degree of deformation gained at the
locations away from the extrusion die. With further
deformation, as the twins disappear, more and more
shear bands can be found at 25 mm. At 10 mm,
the new DRXed grains conspicuously increase
and finer DRXed grains form, leading to the
development of a typical bimodal microstructure
consisting of fine DRXed and coarse unDRXed
grains with further deformation at 0 mm. In other
words, the unDRXed regions gradually decrease
from the location of 35 mm to that of 0 mm due to
the fact that the locations closer to the extrusion die
present encounter greater deformation, as shown in
Figs. 6(b—e), respectively. Notably, compared to the
samples of IS0, more fine gains form along the
boundaries at the same observed location in IS60,
which indicates the further development of DRX
process. Undoubtedly, it is the treatment of closed
forging process before extrusion that accelerates the
DRX process in this work.

The EBSD results of the interrupted extrusion
samples are shown in Fig. 7. At 25 mm in ISO
sample (Fig. 7(a)),
morphologies and fine grains can be observed. In
addition, most of fine grains nucleate along the
HAGBs, while several grains form within the
original deformed grains and along the twin
boundaries, which demonstrate the operations of
DDRX process and twin-induced DRX process.
The same coarsen deformed grain presents different
colors marked in IPF map, uncovering the

a few lenticular twin-like

continuous orientation change of unDRXed grains.
Meanwhile, combined with Fig. 7(b), it can be
intuitively observed that some complete DRXed
grains and subgrains form within the deformed
grains, amply manifesting that CDRX mechanism
occurs in this case. Compared with IS0, finer
DRXed gains are found in IS60 (Fig. 7(d)), which is
in conformity with former OM observation. More
HAGBs as well as LAGBs are found and the
majorities of fine DRXed grains nucleate and grow
at serrated pre-existing HAGBs by bulging, which
can adequately demonstrate the operation of DDRX
process in IS60. With further straining, most of
LAGBs resulting from the accumulation of
dislocation in the deformed structure can transform
into HAGBs due to trapping of dislocation. Finally,
making subgrains into new DRXed grains can be
also proved by Fig. 4.

The distribution of local stain concentration
for interrupted extrusion samples is characterized
by the kernel average misorientation (KAM)
maps [34], as shown in Figs. 7(c) and (f). The KAM
maps reveal that the high local remaining strain
mainly concentrates on the HAGBs, which stores a
large amount of energy to facilitate the nucleation
and growth of DRXed grains. The higher proportion
of high local strain is observed with the
prolongation of holding time starting from 20 MPa
in IS60, indicating that more DRXed grains will
form along the boundaries. Meanwhile, the regional
stress in the recrystallization nucleation has been
released, as shown in blue in Fig. 7(f). As the
extrusion processing goes on, IS60 will undergo
more dynamic recrystallization, thus forming a
more uniform structure. It is difficult to obtain
uniform recrystallization structure in ISO due to
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Fig. 7 EBSD results of interrupted extrusion samples at 25 mm below extrusion die: IPF maps of IS0 (a) and IS60 (d),
DRX maps of IS0 (b) and IS60 (e), and KAM maps of IS0 (c) and I1S60 (f)

insufficient  recrystallization nucleation.  The
decreasing of unDRXed regions can weaken the
texture, as shown in (0001) pole figures that
the max intensity of texture decreases from 9.01 to
3.75. Apparently, compared to traditional positive
extrusion, the greater stress can be gained via
closed forging process before extrusion, which can
facilitate the nucleation of recrystallization,
accelerate the recrystallization process, and obtain
uniform and fine structure.

4.2 Mechanical properties

It is well known that the unDRXed region
owns hard orientation, which can make a positive
contribution to the tensile yield strength [35]. Yield
strength is related to the average gain size [36].
Besides, the yield strength is also associated
with orientation of grains. The relationship can be
expressed by [16]

o, =7/m

where oy is the yield strength, 7 is the critical shear
stress, and m is the orientation factor or schmid
factor. The value of the critical shear stress depends
on the crystal structure, purity, processing state, test
temperature, and loading speed of the metal. When
the conditions are constant, the critical shear stress
of each crystal has a fixed value, regardless of the
magnitude, direction, and mode of action of the
external force. Thus, oy will change with orientation
factor m. Slip is the easiest in metal when the

orientation factor has a maximum value of 0.5,
defined as soft orientation, while the crystal cannot
slip at all when the orientation factor has a
minimum value of 0, defined as hard orientation.
In other words, greater oy is caused by the smaller
orientation factor closer to 0, which means that
large tensile stress is required for the crystal to
operate slip and cause plastic deformation.

Figure 8 shows Schmid factor maps of the
basal plane of extruded alloys. The most of coarse
unDRXed grains present blue and the average SF is
in SO sample, indicating that the basal plane is
difficult to slide due to the existence of many
grains with hard orientation. The unDRXed regions
owning the harder orientations are difficult to
deform when performing a tensile test, which may
lead to the larger tensile yield strength [37]. That is
the reason why the tensile yield strength does not
enhance, but minish although the average grain size
reduces from SO to S20 sample. With further
straining, the yield strength is smaller than that of
SO and bigger than that of S20 and S60 samples
with a view to the coefficient effect of unDRXed
regions and average gain size. In addition, the fine
grains with random orientations produce a high
Schmid factor value and thus improve the ductility.

The previous experimental results as well as
the analysis show that the extruded samples at
300 °C have high strength and the S60 sample has
excellent overall performance. In this section,
the theoretical contribution of various strengthening
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Fig. 8 Schmid factor maps of extruded alloys: (a) SO; (b) S20; (c) S60

mechanisms to the tensile yield strength of
the extruded deformed samples at 300 °C will be
calculated with specific values.

In extruded alloys, the main strengthening
factors are grain size, residual dislocations, and
uniformly distributed second-phase particles [38].
For a typical AZ31 commercial Mg alloy, few
second-phase particles are generated during
extrusion, and the contribution to the strength is
negligible. As a result of the 60 s pre-die forging,
the extruded alloy grains were significantly refined,
making the contribution of grain size to strength
significantly higher than that of the samples without
the closed forging treatment. S60 samples had
fewer coarse unDRXed regions, but their
dislocation density was still higher than that of SO
sample, mainly because the pre-die forging for 60 s
before extrusion introduced a larger strain and more
dislocations were generated. However, the residual
dislocation strength is related to the Schmidt factor
and the undynamic recrystallization fraction in
addition to the dislocation density inside the
material, and these factors together lead to a higher
contribution of residual dislocations to the strength
in the SO sample than that in the S20 and S60
samples.

In order to reveal the compression quality, the
pre-compressed tests are conducted on the extruded
alloys. Figure 9 shows the OM images of
pre-compressed samples. We can see that, many
tensile twins easily caused by pre-compression

Fig. 9 OM images of pre-compressed alloys: (a) SO;
(b) S20; (c) S60

along extrusion direction (ED) are observed within
the unDRXed regions in SO and reduce gradually
with further the extension of closed forging time
before extrusion. EBSD results of the unDRXed
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grain are shown in Fig. 10. The unDRXed region
with the lower SF is hard orientation indicated by
blue color (Fig. 10(b)). The c-axis of the unDRXed
region is perpendicular to the extrusion direction
(Fig. 10(c)). Therefore, the c-axis is under tensile
stress when the compressive stress is applied, which
is very easy to generate tensile twins [39]. In other
words, the operation of twin becomes very difficult
with decrement of unDRXed region, which can
promote the enhancement of compressive yield
strength. The strength  is
improved drastically in S60, caused by the effect of
decrease in twin and average grain size. The S60
sample thus has a good overall performance in
consideration of yield strength, ductility, and
isotropy.

compressive yield

ND

{0001}

TD

SF: 0.04
@ (b) ©

Fig. 10 EBSD results of unDRXed grain: (a) IPF map;
(b) Schmid factor map; (c) (0001) pole figure

5 Conclusions

(1) After 60 s closed froging and continuous
extrusion, the grains are significantly refined and
the unDRXed field decreases to 5%. The average
grain size of S60 sample is ~1.7 um.

(2) The S60 sample exhibits relatively high
TYS, UTS, CYS, elongation and yield asymmetry
(ocys/orys) of 305 MPa, 337 MPa, 295 MPa, 27%,
and 0.97, respectively.

(3) The highly uniformed fine-grained
structure of CFE is attributed to facilitate the
nucleation of recrystallization, and accelerate the
recrystallization process caused by the closed
forging before extrusion.
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