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Abstract: Mg—3Al-1Zn (AZ31) sheets were produced by transverse gradient extrusion (TGE) process. The flow behavior and dynamic re-
crystallization during extrusion were systematically analyzed. The microstructures, textures, and mechanical behavior of extruded AZ31 sheet
were also analyzed and compared with conventional extruded (CE) sheet. The results showed that fine grain structure and multi-type unique
textures were formed in TGE sheet because of the generation of extra flow velocity along transverse direction (TD) and flow velocity gradient
along extrusion direction (ED) during extrusion. The basal poles gradually deviated away normal direction (ND) from edge to center of the
TGE sheet along TD, and the largest inclination angle at center region reached around 65°. Furthermore, the basal poles inclined from ED to
TD 40°-63°, except for the center region of TGE sheet. The TGE sheet presented higher ductility and strain hardening exponent (n-value), but
lower yield strength and Lankford value (r-value) in comparison with the CE sheet. Both the basal <a> slip and tensile twins were easy to be
activated during deformation, and the largest elongation of 41% and the lowest yield strength of 86.5 MPa were obtained for the ED-center

sample in the TGE sheet.

Keywords: transverse gradient extrusion; multi-type unique textures; mechanical properties

1. Introduction

Mg alloys have attained increasingly attention in
aerospace and automobile industries as the structural alloys
due to the low density, high specific strength, and excellent
damping performance [1-4]. However, a few slip systems
can be activated under ambient temperature because of the
hexagonal close packed (hcp) structure, which leads to poor
ductility and formability [5—9]. Therefore, widely industrial
applicability of Mg alloys is limited [10—12].

According to previous researches, refining the micro-
structure and modifying the texture can effectively optimize
the tensile properties of Mg alloys [13—16] . Severe plastic
deformation (SPD) process including multi-directional for-
ging [17] and accumulative roll bonding (ARB) [18] has
been dedicated to achieving the goal of grain refining and
tensile property enhancement of Mg alloys [19]. Neverthe-
less, these technologies are hard to be continuous manufac-
tured and cost highly [20]. Hot extrusion is considered as the
most important way to fabricate thin Mg alloy sheets
[21-22]. Nevertheless, conventional extruded (CE) Mg al-
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loys sheets present intense basal texture. This phenomenon
leads to poor plasticity of Mg alloys at room temperature,
resulting in their limited applications [23]. At present, there
are two primary approaches to control texture during extru-
sion: (1) adding some alloying elements, especially rare earth
(RE) elements [24-29], and (2) designing processing method
such as asymmetric extrusion (AE) [30] and asymmetric
porthole die extrusion (APE)[14]. Although Mg alloys with
RE elements have been shown to reduce the basal texture,
their high cost still hinders the commercial application.
Changing the mold structure could offer low-cost solutions.
AE and APE [31] processes could provide additional shear
strain during extrusion to obtain weak or tilted textures of ex-
truded sheets, which contribute to the enhancement of tensile
properties. However, these extruded Mg alloy sheets still
present a single type of basal texture characteristic, which is
very unfavorable for deformation along different directions
and limits the improvement of mechanical properties. In or-
der to coordinate the deformation along different directions
and greatly improve the tensile properties, it’s urgent to ex-
plore an extrusion process to obtain the Mg alloy sheet with
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different tilted texture types.

In our previous research, we proposed the transverse
gradient extrusion (TGE) process and found that a unique
texture tilted from normal direction (ND) to extrusion direc-
tion (ED) and elongated along transverse direction (TD) ap-
peared in the center of the extruded sheet, which led to a sig-
nificant improvement in the formability [32]. However, there
was no systematic investigation into the microstructure and
texture of extruded sheet along TD, and the tensile mechan-
ical properties have not been studied. Therefore, the present
work was concentrated on the effect of microstructures and
texture evolutions along TD during TGE process on the final
mechanical properties of Mg alloy sheet. It is expected that
the extruded sheet presents multi-type unique textures, and
provides a new idea for the texture control of extruded sheet,
so as to greatly optimize the tensile properties.

2. Experimental

Fig. 1(a) presents the schematic diagram of TGE die. Cyl-
indrical specimens with 60 mm in height and 80 mm in dia-
meter were machined from the as-cast ingot of commercial
Mg-2.95A1-0.87Zn (wt%) alloy. The cast billet was homo-
genized at 400°C for 24 h followed by cooling in air. After
preheating at a temperature of 400°C for 1 h, the prepared
cylindrical samples were extruded at 400°C by TGE and CE
processes. The extrusion ratio and ram speed were 51:1 and
0.35 mm/s, respectively. The obtained sheets had the dimen-
sion with 2 mm in thickness and 56 mm in width.

Observed area

Fig. 1. (a) Schematic diagram of TGE die; (b) sample prepar-
ations for tension tests and microstructural observations in the
TGE sheet.

Microstructural was examined by electron backscattered
diffraction (EBSD) analyses (SEM, JEOL JSM-7800F). The
specimens for EBSD analysis were mechanically polished,
followed by electro-polishing in an AC2 electrolyte at 20 V
for 95 s. All EBSD data were post-processed using the Chan-
nel Five software. For the tensile tests, dogbone specimens
with 14 mm initial gauge length and 6 mm width were ma-
chined from the sheet by cutting along ED and TD. Tensile

tests were performed on the CMT6305-300 KN testing ma-
chine at a cross-head speed of 2 mm-min™". Every tensile test
was performed three times to guarantee accuracy of experi-
ments. Due to the change of TGE die structure along TD, the
microstructure at center, 3/8 edge, 1/4 edge, and 1/8 edge re-
gions of the TGE sheet were examined (termed as TGE-cen-
ter, TGE-3/8 edge, TGE-1/4 edge, and TGE-1/8 edge re-
gions samples, respectively). The ED tensile specimens of
TGE sheet were machined from different positions along TD,
entitled as ED-center and ED-edge samples, respectively, as
shown in Fig. 1(b).

3. Results
3.1. Microstructure and texture

Fig. 2 shows the inverse pole figure (IPF) maps, pole fig-
ures, and the tilting angle distribution of (0002) poles away
from ND for CE, TGE-center, TGE-3/8 edge, TGE-1/4 edge,
and TGE-1/8 edge regions samples. The CE sheet presents
bimodal microstructures containing fine dynamic recrystal-
lized (DRXed) grains and coarse (unDRXed) grains. In con-
trast, fine and homogeneous microstructure is obtained in the
TGE sheet. The average grain sizes of CE, TGE-center,
TGE-3/8 edge, TGE-1/4 edge, and TGE-1/8 edge regions
samples are approximately 11.8, 6.3, 6.8, 7.3, and 7.8 um, re-
spectively. The maximum intensities of TGE sheet do not
change significantly compared with the CE sheet, while the
orientation distributions exhibit evidently different. The CE
sheet has typical basal texture with basal poles largely paral-
lel to ND, while the TGE sheet shows different texture char-
acteristics in different regions. The basal texture component
completely disappears for the TGE-center region sample, and
the elongated basal poles tilt away from ND to ED. Except
for the center region, the basal poles of TGE sheet incline
away from ED to TD. The basal poles for the TGE-3/8 and
TGE-1/4 edge regions samples tilt 40°—63° from ED to TD.
The TGE-1/8 edge region sample exhibits basal texture
elongating and inclining about 57° away from ED to TD. To
the author’s knowledge, this multi-type unique textures fea-
ture in TGE sheet has not been reported in extruded Mg alloy
sheet. The inclinations of (0002) poles away from ND for the
TGE-center, TGE-3/8 edge, TGE-1/4 edge, and TGE-1/8
edge regions samples are also analyzed, and they are differ-
ent from each other. The smallest inclination appeared in the
TGE-1/8 region sample ([0002] peak around 25°), while the
largest inclination emerged in the TGE-center region sample
([0002] peak around 65°). The inclinations of basal poles
away from ND in the TGE sheet gradually decrease from
center to edge region.

As mentioned above, the TGE sheet exhibits multi-type
unique textures along TD, and these texture characteristics
are different from CE sheet. Thus, the microstructure and
texture evolutions at center and 1/4 edge regions of extruded
sheet during TGE process are investigated. The microstruc-
ture evolutions of workpieces at center region before sheet
forming during TGE process are presented in Fig. 3. At the
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Fig. 2. IPF maps, pole figures, and the tilting angle distribution of (0002) poles away from the ND for CE, TGE-center, TGE-3/8

edge, TGE-1/4 edge, and TGE-1/8 edge regions samples.

early stage of extrusion (at location A), the microstructure is
composed of coarse unDRXed and fine DRXed grains. With
further deformation, coarse grains gradually change into fine
grains due to DRX. At locations C and D, the microstruc-
tures are composed of fine uniform DRXed grains. From loc-
ation A to C, the maximum pole intensities gradually de-
crease from 16.7 to 8.6 due to the increased DRXed grains.
The orientations of unDRXed grains mainly concentrate on
the center or adjacent to center in the (0002) pole figures,
whereas the DRXed grains distribute randomly [33]. At loca-

tion B, the sample exhibits TD-tilted texture. Meanwhile, the
basal texture components begin to appear. At location C, the
basal texture component increases. From location C to D, the
maximum pole intensity decreases further because the basal
poles are elongated along TD. It is worth noting that this tex-
ture characteristic (at location D) is quite different from that
of the final extruded TGE sheet.

The microstructure evolutions of workpieces at center re-
gion after sheet forming during TGE process are investig-
ated, as shown in Fig. 4. It is obvious that the sample in each
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Fig. 3. Microstructure evolutions of workpieces at center region near the extrusion die exit before sheet forming during TGE process.

region is composed of fine and uniform microstructure. The
sample at location E shows basal texture characteristic and
the texture component along TD decreases in comparison
with the sample at location D (Fig. 3), but new texture com-
ponent along ED appears. At location F, the basal texture

Location E Location F

component decreases, while the texture component along ED
increases. From location G to H, the basal poles incline away
from ND to ED. Therefore, the similar texture characteristic
is formed in the TGE sheet. The results are consistent with
our previous reports [32].

Location G

Location H

ED

(0002)
TD

— 0 WL —

Max =10.9
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T EFGH
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(0170)

Fig. 4. Microstructure evolutions of workpieces at center region near the extrusion die exit after sheet forming during TGE process.

The microstructure evolutions of workpieces at 1/4 edge
region of extruded sheet near the extrusion die exit during
TGE process are analyzed, and the results are shown in
Fig. 5. Moreover, the microstructure and (0002) pole figures
of DRXed grains are also investigated. It can be clearly ob-
served that the microstructures become fine and uniform.
Due to the increase of DRXed grains, the maximum intensity
of basal poles gradually decreases from 14.7 (location A) to
9.7 (location D). The prismatic orientation grains are gradu-
ally replaced by those grains with basal poles parallel to ND
because basal slips are activated during extrusion. The cor-
responding DRXed grains have low basal pole intensity. The
basal poles of DRXed grains for the sample at location D are
elongated and inclined away from ED to TD, which is simil-
ar to the final texture feature of extruded sheet.

3.2. Mechanical properties

Fig. 6 shows true stress (o)-strain (&) curves of CE and
TGE sheets along ED and TD at room temperature. The yield
strength (Y'S), ultimate strength (UTS), elongation to failure
(EI), strain hardening exponent (n-value), and Lankford

value (r-value) are summarized in Table 1. The n-value is
calculated from o = Ke" [34], and the r-value is measured at
engineering strain of 8%. The ED-center tensile sample ex-
hibits the lowest YS of 86.5 MPa and the highest EI of
41.0%. However, for the ED-edge tensile sample, the YS in-
creases to 210.3 MPa and the EI decreases to 22.1%. The YS
value of ED tensile sample in CE sheet is between those of
ED-center and ED-edge tensile samples, but the EI is lower
than those of ED-center and ED-edge tensile samples. The
TD tensile sample of CE sheet shows the highest YS of 213.2
MPa, but the lowest EI of 18.2%. Meanwhile, the Y'S for TD
sample of TGE sheet decreases to 117.2 MPa, whereas the EI
increases to 26.5%. The TGE sheet exhibits higher n-values
than the CE sheet, and the n-value reaches the highest value
of 0.66 for the ED-center tensile sample. The lower r-values
(close to 1) are measured in the ED-center and TD tensile
samples for the TGE sheet, compared with those of the CE
sheet.

The fracture surface of ED-center tensile sample in the
TGE sheet after stretched to failure is investigated, compared
with the ED tensile sample in the CE sheet (Fig. 7). The CE
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Fig. 6. True stress—strain curves of the CE and TGE sheets.

Table 1. Tensile properties and Lankford values of the CE
and TGE sheets at room temperature
Sample YS/MPa EI/% UTS/MPa n-value r-value
ED 176.1 18.4 325.9 024 1.72
TD 2132 182 330.5 020  3.06
ED-center  86.5 41.0 357.8 0.66 —0.72
TGE ED-edge 2103  22.1 350.1 026 2.85
TD 1172 26.5 350.7 045 1.30

CE

sample exhibits a typical quasi-cleavage characteristic,
meaning poor ductility [30]. Large numbers of dimples come
out in the ED-center tensile sample, and the volume of cleav-

&

L Eew
p e

o &

}:
'SiE
e

CE sample, (b) higher magnification in (a), (c) the TGE sample,
and (d) higher magnification in (c).

age surface decreases obviously, indicating the fracture
mechanism of extruded sheet during tensile fracture tests
changes. Namely, ductile fracture becomes the fracture mode
for the ED-center sample [35].

4. Discussion

The TGE process is analyzed by finite element simulation
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(FEM). Fig. 8(a) shows the velocity distribution of work-
piece near the die outlet obtained from ED-TD plane. The
flow velocity direction tilts from ED to TD during extrusion
except for center region of extruded sheet, resulting in forma-
tion of flow velocities along ED (Vgp) and TD (V1p). Thus,
the extra velocity along TD (Vrp) is formed during TGE pro-
cess, except for the center region, which might be the reason
for the basal poles of TGE sheet tilted away from ED to TD.
The velocity evolutions at center (P1), 3/8 edge (P2), 1/4
edge (P3), 1/8 edge (P4), and edge (P5) regions of workpiece
along ED (Vgp) during TGE process are investigated, as
presented in Fig. 8(b). The velocity decreases from the cen-

ter to edge region of extruded sheet. Thus, an evident velo-
city gradient is formed along TD. The generation of velocity
gradient during extrusion process can form shear stress, lead-
ing to the grains with the c-axis tilting away from the ND
[30]. In addition, the velocity decreases from the center to
edge region of extruded sheet during extrusion, which means
the velocity gradient relative to the edge region of the alloy
decreases. Correspondingly, the basal poles deviation from
ND decreases. The basal poles tilt away from ND reaches the
maximum ([0002] peak around 65°) for the center region
sample and the minimum ([0002] peak around 25°) for the
1/8 edge region sample, respectively.

Time /s

Fig. 8. (a) Flow velocity distribution near the die outlet of workpiece obtained from ED-TD plane, (b) the flow velocity evolutions of
P1, P2, P3, P4, and PS5 points along ED (Vgp) in the black rectangle in (a) during the TGE processes.

The mechanical properties are mainly affected by the mi-
crostructures. The CE sheet exhibits a heterogeneous struc-
ture and strong basal texture, while TGE sheet has fine uni-
form microstructure and multi-type unique textures (Fig. 2).
Both the ductility and strength of Mg alloys are mainly af-
fected by the grain sizes and textures [36-37].

As described by the standard Hall-Petch relationship,
grain refinement can enhance the YS of Mg alloys. There-
fore, the YS of ED-edge sample for the TGE sheet with finer
microstructure increases compared to that of the CE sheet.
However, the YS of ED-center and TD samples for the TGE
sheet does not abide by the classical Hall-Petch relationship
[38—41]. As the texture modification also plays a significant
role in the determination of Y'S [42]. Since basal <a> slip is
the main deformation mode for Mg alloys under normal tem-
perature [43—46], the Schmid factors for basal <a> slip (SFy,s.1)
of the CE, TGE-center, TGE-3/8 edge, TGE-1/4 edge, and
TGE-1/8 edge regions samples tensioned along the ED and
TD are shown in Fig. 9. When tensioned along ED, the SF,.,
of CE sample is lower than those of the TGE-center and
TGE-3/8 edge regions samples, but higher than those of
TGE-1/4 and TGE-1/8 edge region samples. The SFy,, in-
creases gradually from edge to center region of the TGE
sheet, which means that the basal <a> slip for the ED-center
tensile sample is easily to be activated. Hence, the ED-center
tensile sample exhibits a lower YS than ED-edge and CE

tensile samples. Obviously, the average SF,, for the TGE
sheet tensioned along TD are higher than that of the CE sheet,
especially for the TGE-3/8 edge region sample. The higher
SFy.a Of the TGE sheet leads to lower YS than the CE sheet
when tensioned along the TD.

0.45

0.40 | a = SF-ED
g B e SF-TD
80351 .
E 0.30 | »
é )
:, 0.25 4
8 020F " -
< . -

0.15F

0.10 2 : : : :

< s v v Y
Q)/Cz m)\oo \\B \\%
AN AN AN

Fig. 9. Average Schmid factors for basal slip of CE, TGE-cen-
ter, TGE-3/8 edge, TGE-1/4 edge, and TGE-1/8 edge regions
samples.

The TGE sheet exhibits higher EI than CE sheet, which is
associated with grain sizes and textures. The grain refine-
ment can effectively enhance grain boundaries collaborating
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ability during deformation [47]. Macro-deformation is ac-
companied by micro-dislocation movement because of the
basal <a> slip activity. A great number of dislocations are
formed and interact with each other, resulting in the enhance-
ment of local strain hardening behavior [48]. Thus, the EI is
ameliorated. The TGE sheet has basal poles leaned away
from the ND, which is good for the basal <a> slip activity.
Consequently, the TGE sheet exhibits low r-value and high
n-value [49].

The ED-center tensile sample for the TGE sheet exhibits
the lowest YS of 86.5 MPa and the highest EI of 41.0%. In
order to better understand the reason, the microstructure and
texture evolutions after tensile deformation to a strain of 8%
are investigated and compared with ED sample for the CE
sheet, as shown in Fig. 10. Compared with the un-stretched
CE sample (Fig. 2), the angular distribution of the basal poles
becomes narrow toward to ND and the maximum pole in-

T_". ED (0001)

,.q. (1210) 109 um

(0170)
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tensity increases (Fig. 10(a)). However, the maximum pole
intensity decreases and the distribution of basal poles be-
comes scattered for the TGE sample. In addition, more
{1012} tension twins are observed in the TGE samples than
CE one, which implies that the tensile twins are more easily
activated during deformation. Intragranular misorientation
axis (IGMA) analysis is an effective method to distinguish
the dislocation slip type of hcp metals. The grains within a
misorientation of 1°-3° are used for analysis. The pyramidal
dislocation slips with the highest critical resolved shear stress
(CRSS) can be hardly activated in AZ31 alloy at room tem-
perature [50-51]. Thus, non-basal dislocation is considered
as a prismatic dislocation. For CE sheet, the misorientation
axis tends to have a concentration close to <0001>, indicat-
ing the prismatic <a> slip is the dominant deformation mech-
anism [52]. In the case of TGE sheet, the <uv0> distribution
is associated with the activation of basal <a> slip.

(0001) (2110)
D ™=

(0123-2.0%  (1010)

Max =13.0
ED (d)

(0001) (2110)
i .
== thTO)

{1012}-16.4%

Max = 8.2

Fig. 10. (a, ¢) EBSD IPF maps and (b, d) IGMA distribution of various tensile samples at a strain of 8%: (a, b) ED sample in the

CE sheet; (c, d) ED-center sample in the TGE sheet.

5. Conclusions

In this work, we researched the effect of TGE and CE pro-
cesses on the microstructures, textures, and mechanical prop-
erties of AZ31 sheet. The flow behavior and dynamic recrys-
tallization during TGE process were investigated. The con-
clusions are summarized as follows:

(1) The extra flow velocity along TD and velocity gradi-
ent along ED could be effectively introduced during TGE
process, which resulted in fine grain size and multi-type
unique textures obtained in TGE sheet. From edge to center
of the TGE sheet, the basal poles gradually deviated from the
ND. The largest inclination for the sample at center region
reached around 65°. Furthermore, the basal poles inclined
from ED to TD 40°-63°, except for the center region of TGE
sheet.

(2) Compared with CE sheet, the TGE sheet with fine
grain microstructure and multi-type unique textures showed
higher ductility and n-value, but lower yield strength and 7-
value. As the tension twins and basal <a> slip are easy to be

activated during deformation, the largest elongation of 41%
and the lowest yield strength of 86.5 MPa were obtained in
the ED-center sample for the TGE sheet.
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