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Abstract: Continuous bending (CB) process along rolling direction was performed to improve the formability of AZ31 magnesium
alloy sheets. The microstructure and texture evolutions were characterized by optical microscopy (OM) and electronic backscatter
diffraction (EBSD). The results reveal that the basal texture intensity of continuously bent and annealed (CBA) sample is drastically
weakened. A large number of twins are induced on the concave surface by the 1st pass bending and the density of twins obviously
declines during the 2nd pass bending owing to the occurrence of detwinning. Due to the asymmetric tension—compression strain
states between the outer and inner regions during V-bending, twinning and detwinning are generated alternatively during the CB
process. The Erichsen value is 5.2 mm which increases by 41% compared with that of as-received sample. This obvious
improvement of formability can be attributed to the weakened basal texture, which leads to a smaller plastic strain ratio (r-value)

together with a larger strain-hardening exponent (n-value).

Key words: AZ31 magnesium alloy; continuous bending; twinning; detwinning; microstructure; formability

1 Introduction

Magnesium (Mg) alloys have great potential as
lightweight structural materials substituting for steel and
aluminum particular in automotive application, due to
their low density, high specific strength, high stiffness
and good machinability [1-3]. At present, the most
commonly used magnesium alloys are produced by
thixo-casting or die-casting process with some casting
defects such as porosity and inclusions [4—6]. Although
wrought magnesium alloys possess better mechanical
properties than cast alloys, structural applications of
them are still very scarce due to the poor formability at
lower temperatures. The studies have shown that the low
formability is caused by their hexagonal close packed
(HCP) crystal structure, leading to limited deformation
modes [7—9]. Basal slip dominates the deformation at
room temperature due to its low critical residual shear

stress (CRSS) [10]. Nevertheless, (0002) basal plane can
provide only two independent slip systems, which cannot
meet the requirement of five independent slip systems by
von Mises criterion for sufficient deformation [11—13].
Furthermore, rolled and extruded
magnesium alloy exhibits a typical basal texture with

conventionally

c-axis of majority of grains parallel to the normal
direction of the sheets. This texture results in a poor
capability of sheet thinning, and consequently leads to a
limited stretch formability [1].

CHINO et al [14] reported that the ductility and
formability of magnesium alloys are strongly affected by
the texture and can be enhanced greatly by basal texture
weakening. Recently, different speed rolling (DSR) [1],
equal-channel angular pressing (ECAP) [15,16], and
cross rolling [14] have been developed to modify the
basal texture with the purpose of improving formability.
During the DSR process, a weakened basal texture
with inclined basal pole can be obtained, which greatly
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enhanced the formability of magnesium alloys [1]. SUH
et al [15] revealed that the drawing depth of the ECAP-
treated sheet was improved by more than 50% owing to
the texture modification of the orientation of basal planes.
Cross-rolling was an effective method to enhance the
ductility of magnesium alloys with the basal texture
inclining to rolling direction [14]. Thus, the formability
of magnesium alloys at room temperature can be
improved by texture control.

The previous research [17] reported that repeated
unidirectional bending (RUB) was a good approach to
improve the formability of AZ31 magnesium alloy
sheets. However, they focused on the invariable stress
states during the RUB processes which ignored the
mechanism differences between inner and outer regions
of V-bending. Besides, little experimental work has been
done on changing stress states under V-bending of
AZ31 magnesium alloy sheets. For this reason,
BRYUKHANOV et al [18,19] proposed the method of
reverse bending (RB) with the alternation of tension and
compression during processing. They also investigated
the effects of RB on the mechanical properties of AZ31
alloy sheets. However, the texture and formability were
not taken into account. RUB and RB processes cannot be
used for industrial application due to their discontinuous
production. Thus, this work applies a new novel method
of continuous bending (CB) to modify the texture of Mg
alloy sheet and realize industrial continuous manufacture,
which contains the virtues of RUB and RB processes.
Specially, the influences of microstructure and texture on
the formability were investigated through tensile and
Erichsen tests.

2 Experimental
As-received AZ31 (Mg—3%Al-1%Zn) (mass

fraction) rolled magnesium alloy sheets with an initial
thickness of 0.6 mm were machined to the samples with

Support

dimensions of 1000 mm (RD) x 130 mm (TD) x 0.6 mm
(ND), where RD, TD and ND represent the rolling,
transverse and normal directions, respectively. Then, the
samples machined were continuously bent along RD.
The schematic diagram of a continuous bending device is
shown in Fig. 1. The radius of the cylindrical support is
1 mm and the bending angle is 144°. The bending speed
v is constant. Totally 8 passes were conducted, i.c., 4
passes for one direction and the other 4 passes for the
inverse direction. After CB process, the samples were
annealed at 533 K for 60 min. The continuously bent and
subsequently annealed samples were marked as CB and
CBA samples, respectively.

After CB processing, the microstructures of samples
were observed by optical microscopy (OM). Electronic
backscatter diffraction (EBSD) analysis was carried out
on an FEI Nova 400 field emission gun-scanning
electron microscope to analyze the deformation behavior.
Furthermore, the samples for the EBSD study were
prepared by mechanical grinding followed by
mechanical polishing. Thereafter, the electronic
polishing was achieved with an AC2 solution, using a
voltage of 20 V for 120 s, under a controlled temperature
of =30 °C.

The tensile samples with a gauge length of 40 mm,
a width of 10 mm and a thickness of 0.6 mm were
machined along the RD, TD and 45° by wire-cutting.
The wuniaxial tensile tests were carried out on a
CMT6305—-300kN electronic universal testing machine

! at room

with an initial strain rate of 1x107° s
temperature. The tensile test was repeated 3 times to
obtain representative results. In addition, Lankford
values (r-value) were measured using the samples
deformed to a true tensile-direction strain of 10%. The
strain-hardening exponents (n-value) were obtained from
the uniform plastic deformation region of the tensile
stress—strain curves. The Erichsen tests were carried

out to investigate the press formability of AZ31 Mg alloy

144°

AZ31 Mg sheet

Fig. 1 Schematic diagram of cyclic bending device
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sheets at room temperature. The Erichsen tests were
conducted on the rectangular samples with gauge sizes of
50 mm X 50 mm using a hemispherical punch with a
diameter of 20 mm, and the Erichsen values were the
punch stroke at fracture initiation. The punch speed and
the blank holder force were 3 mm/min and 10 kN,
respectively. Graphite grease was used as a lubricant.

3 Results and discussion

3.1 Microstructures and texture evolution

Figure 2 shows the optical microstructures of
magnesium alloy sheets after different passes bending
without annealing. The concave of the 1st pass bending

o

RD

Fig. 2 Upper surfaces (by, by, ¢y, ¢y, di, di, €1, €;) and lower surfaces (b, c3, d;, e3) microstructures of different samples without
annealing: (a) As-received; (b;—b;) 1 pass bending; (c;—c3) 2 passes bending; (d;—d;) 4 passes bending; (e;—e3) 8 passes bending
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sheet was defined as upper surface and the convex was
defined as lower surface. The grain sizes were measured
by a mean line-intercept method to analyze its change.
For the as-received sample, the equiaxed grains
distribute in the microstructure and the average grain size
is 8.7 pm, as shown in Fig. 2(a). The average grain sizes
of 1, 2, 4 and 8 passes samples are 8.5, 8.8, 8.7 and
8.9 um, respectively. In Figs. 2(b;)—(bs), a large number
of twins are induced on upper surface (the concave) after
the 1st pass bending. While almost no twins are found in
the microstructure of center and lower surface (the
convex). At the 1st pass bending state, lower surface (the
convex) is afflicted by tension stress along RD, in favor
of the generation of {1011}
However, due to higher CRSS of compression twinning
than that of prismatic slip, the prismatic slip dominates
the deformation [20]. On the other hand, upper surface
(the concave) was subjected to compression stress along
RD, and this stress state could activate {1012}
extension twins easily. The emergence of extension twins
results in the reorientation of basal plane by almost 90°,
and c-axis is parallel to RD [21]. It is interesting to note
that in the 2nd pass bending sample, twins are found on

compression twins.

upper and lower surfaces and no twins in the center
(Figs. 2(ci)—(c3)). But the density of twins on upper
surface obviously declines compared with that after the
Ist pass bending. As is well known, dynamic
recrystallization (DRX) happens above 473 K. Thus, the
decline of twins density on upper surface may be
attributed to the occurrence of detwinning facilitated by
alternate tension and compression stress. In general, the
pre-twins activated by compression could detwin during

Levels
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reloading along the inverse direction. Further deformed
to the 2nd pass, the concave surface is transformed into
convex surface. The orientation of twinned upper surface
becomes favorable for twinning owing to tension load
parallel to the c-axis of the hexagonal unit cells during
the 2nd pass bending, which leads to the occurrence of
detwinning. WU et al [22] also indicated that the
detwinning behavior happened when the load was
applied in the inverse direction. The phenomenon retains
even after bending for 4 passes, and less twins are found
on the two surfaces compared with that after the 2nd pass
bending (Figs. 2(d;)—(d;)). When bending for 8 passes,
as shown in Figs. 2(e;)—(e3), the twins disappear fully.
Moreover, because of the cyclic changing of orientation
and stress states of the grains, the twinning and
detwinning dominate the deformation alternately during
CB process.

The inverse pole figure (IPF) maps and (0001) pole
figures of as-received and CBA samples are shown in
Fig. 3. The average grain size of CBA sample is 9.5 pm,
which is similar to that of the as-received sample.
Different grain assigned to different
crystallographic orientations defined in the inverse pole

colors are
figures. As the basal planes in the as-received sample
parallel to the RD, it is remarkable to note that after CB
process, the color becomes lighter and some new pink
grains emerge, indicating that grain orientations appear
to change. As shown in (0001) pole figures, the
as-received sample exhibits a typical basal texture with
the maximum texture intensity of 9.87. In the as-received
sample, the majority of grains are oriented with the
c-axis parallel to ND. The magnesium alloy sheets with

0001 1210
ND
0110
25 um
Levels

Max: 7.55

Fig. 3 IPF maps and (0001) pole figures of as-received (a) and CBA (b) samples
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the strong basal texture are unfavorable for the activation
of basal slip during the plastic deformation. For the CBA
sample, the texture does not change too much but the
basal texture becomes weak and random with the
intensity of 7.55, and the basal poles of CBA sample
incline toward the RD.

3.2 Tensile properties and stretch formability

Figure 4 shows the true stress—strain curves of
as-received and CBA samples obtained under annealed
condition. The yield strength (YS), ultimate tensile
strength (UTS), fracture elongation (FE), r-value and
n-value are summarized in Table 1. Because the samples
have almost the same grain size, the differences in
mechanical properties can be mainly attributed to the
texture modification by the CB process. Compared with
the as-received sample, the tensile strength of CBA
decreases slightly from 280 to 273 MPa, while the yield
strength decreases obviously from 159 to 135 MPa and
the fracture elongation increases from 12.3% to 14.6%.
These results indicate that the CB process is an effective
approach to modify the yield strength and fracture
elongation but not the tensile strength. According to the
previous data [23], the CRSS of basal slip at room
temperature is approximately 1/55 that of non-basal slip,
indicating that the basal slip affects the yield strength and
fracture elongation. Lower yield strength and higher
uniform elongation can be attributed to the c-axis of
some grains inclining from ND to RD and basal texture
weakening. The inclination of c-axis and texture
weakening can result in a larger Schmid factor for basal
(a) slip and lead to further deformation before fracture.
The low yield strength is beneficial for restricting
spring-back after shape forming, which is a serious
problem for magnesium alloy sheets due to their smaller
elastic modulus [1]. In addition, the CBA sample shows a
larger FE than the as-received sample, which is attributed
to larger Schmid factor owing to the significantly

300
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Fig. 4 True stress—strain curves of as-received and CBA

samples

Table 1 Mechanical properties of various samples.

YS/ UTS/

MPa MPa

As-received  159+3  280+5 123 2.8 0.25
CBA 135£2 27343 14.6 1.6 0.29

Sample FE/% r-value n-value

weakened texture intensity. For the samples with smaller
Schmid factor, it is more difficult to activate the basal
slip during deformation, resulting in strain localization
and premature shear failure [24]. Larger n-value is
another factor enhancing the fracture elongation, since
the n-value is usually considered as an index whether
sheets are deformed uniformly or not [25]. KANG
et al [26] reported that the high elongation had a close
relationship with larger n-value for magnesium alloys at
room temperature.

It can be seen from Table 1 that, CBA sample with a
weakened basal texture exhibits a smaller r-value (1.6)
and larger n-value (0.29) than the as-received sample
with an average r-value of 2.8 and an average n-value of
0.25. It is well known that there is a close relationship
between r-value and texture. As r=g,/g, where ¢, and ¢,
are the true strains along width and thickness directions,
respectively. The normal rolled AZ31 magnesium alloy
sheets often exhibit a higher r-value at room temperature.
The high r-value is caused by large width strain [27]
or small thickness strain [14]. AGNEW and
DUYGULU [24] indicated that the width strain can be
generated by prismatic (a) slip for magnesium alloy
sheets with a strong basal texture, which brought about a
large width strain of rolled magnesium alloys. They also
reported that the thickness strain can be generated by
pyramidal (cta) slip with the largest CRSS in the slip
systems. When the basal planes are aligned parallel to the
tensile direction, the basal and prismatic slips cannot
play a vital role in the thickness strain. The activation of
{IOTZ} extension may be restricted due to the tensile
strain parallel to the c-axis of grains for the sheets with
strong basal texture [28]. While the thickness strain of
magnesium alloy sheets with a weakened basal texture
can be dominated by basal (a) slip. The (a) basal slip can
be activated more easily in the random texture because
the CRSS of basal slip is far below that of non-basal slip,
which results in a decrease of r-value. It is demonstrated
that the press formability of sheets at room temperature
is strongly affected by r-value. Smaller r-value of CBA
sample indicates that sheet thinning can easily occur
during in-plane deformation. TANG et al [29] also
pointed out that low r-value close to 1 enhanced the
formability by promoting sheet shinning, meaning that
the thickness strain was almost the same as the width
strain. In addition, n-value is one of important factors
controlling the plastic instability in sheet forming [27].
The n-value of the CB-processed sheet after annealing is
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0.29, which is significantly larger than that of the
as-received (0.25). The increase of n-value can be
originated by weakened basal texture. Also, the
inclination of c-axis may increase the n-value owing to
restricted dynamic recovery and activated {IOTZ}
extension twinning [30]. KANG et al [26] suggested that
AZ31 magnesium alloy with a random texture showed a
high n-value, since a large number of grains placed in a
favorable orientation for deformation. The high n-value
results in a low sensitivity to strain localization in the
form of necking and is responsible for the increase of
uniform elongation. Therefore, the AZ31 magnesium
alloy sheets exhibit a smaller r-value and larger n-value
underwent CB process followed by annealing, which is
due to the texture modification.

Figure 5 shows the results of Erichsen tests on the
as-received and CBA samples. During the Erichsen tests,
the magnesium sheets continue thinning until the
occurrence of fracture [27]. The black arrows indicate
the macroscopic cracks of Erichsen tested samples. The
as-received sample exhibits a lower Erichsen value (IE)
of 3.7 mm, mainly due to the strong basal texture. A
strong texture means that majority of grains are in a hard
orientation which is difficult to deform, leading to poor
formability of magnesium alloy sheets. The IE of CBA
sample is 5.2 mm and the stretch formability is enhanced
remarkably by 41%. For the sheet CB processed
followed by annealing, the superior stretch formability
can mainly attribute to the texture effect, which is
consistent with the previous studies [1,14,31]. For
magnesium alloys with a lower basal texture, the number
of soft-oriented grains of basal slip significantly
increases and larger grains will be favorably oriented for
deformation, which results in the improvement of
formability [23]. Additionally, it is important to note that
the r-value related to the texture is the dominant factor to
enhance the formability of AZ31 magnesium alloy. The
width strain can contribute to the total strain for uniaxial
tensile extension, while the thickness strain is most
necessary at a biaxial tension stress state of stretch
forming [32]. A smaller r-value may enhance the
deformation capacity of sheet thinning [33]. Moreover,
n-value is one of the important factors suppressing
instability during forming. The high n-value related to
texture results in a lower sensitivity to strain localization
in the form of necking and increases the elongation
before failure. In this respect, it is confirmed that CB
process is an effective process to modify the basal
texture and allows that the magnesium sheets processed
by CB process exhibit superior formability with lower
yield strength, higher fracture elongation and smaller
r-value together with a larger n-value, which are the
dominant factors enhancing the formability.

IE is 3.7 mm IE is 5.2 mm
(a) (b)

Fig. 5 Average values of IE of as-received (a) and CBA (b)

samples
4 Conclusions

1) The twinning—detwinning is found during CB
process at room temperature. At the 1st pass bending, a
large number of twins are induced on upper surface and
the density of twins obviously declines during the 2nd
pass bending. When bending for 8 passes, the
microstructure exhibits well-equiaxed grains without
twins and the disappearance of twins can be related to
the occurrence of detwinning. Due to the asymmetric
tension—compression strain states between the two
surfaces during V-bending, twinning and detwinning
generate alternatively during the continuous bending
process.

2) The formability of AZ31 magnesium alloy sheets
underwent CB process followed by annealing is greatly
enhanced. Compared with the as-received sample, the
basal texture of CBA sample is significantly weakened.
The IE of CBA sample is 5.2 mm, increased by 41%,
which is attributed to the weakened basal texture.
Furthermore, the low basal texture intensity results in a
lower yield strength and a higher fracture elongation.
Smaller r-value and larger n-value owing to the
weakened texture may enhance the stretch formability as
well.
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AZ31 HEEWMMETEETSHTRE
ERBLAFIRTERERVEL

SRR 2, O M, EapR Y, ZAER Y, RRA D, HLA

1. R K MEFRSE TR VUESIE X E LSRG E, #ER 400044;
2. EIRKRY ERSESESMEITRERIIR O, EK 400044,
3. ERBHER AT ARG SR EIEE R L, B 401123

O Eid RAHESE M(CB) LR AZ31 S8 SBM IN B RE . 805 B3 (OM) A L 715 #iUi 4%
R(EBSD)F T A SR I BAEH SRR AL . di R &id CB AR IR K 5 T 4R 5 B B 2 I 55

F—EXEMAEN RIS AERENZS, BTES B R AR, R HERE TR, T vIESH
) AR AR B R AR RS AR FR M, SELEZS i R rp e A R AR AR I SRR A L, Bl st
M A EARA AR TRAEDY 5.2 mm, 2T 41%, X ETR B TREPMRIENL, UM TS E00E N W ENE
AR L ()RR BN LA AR (n 1H) -

KRR AZ31 BEG 4 FELREM, 24 IBERAE; WARHLR; BURTERE
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