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Abstract: Repeated unidirectional bending (RUB) was carried out to improve the texture of commercial AZ31B magnesium alloy
sheets. All specimens were prepared in the rolling direction. The forming limit diagrams (FLDs) of AZ31B magnesium alloy sheet
were determined experimentally by conducting stretch-forming tests at room temperature, 100, 200 and 300 °C. Compared with the
as-received sheet, the lowest limited strain of AZ31B magnesium alloy sheet with tilted texture in the FLD increased by 79% at room
temperature and 104% at 100 °C. The texture also affected the extension of the forming limit curves (FLC) in the FLD. However, the
FLCs of two kinds of sheets almost overlapped at temperature above 200 °C. It can be concluded that the reduction of (0002) texture
intensity is effective to the improvement of formability not only at room temperature but also at low-and-medium temperature. The
effect of texture on FLDs becomes weak with increasing temperature.
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1 Introduction

As the lightest metal structural material, magnesium
alloys have been widely used for automotive and
electronics industries because of their advantages, such
as high specific strength, high specific stiffness, and high
electromagnetic shielding. But magnesium alloys have
poor formability at room temperature due to their
hexagonal closed-packed crystal structure, few slip
systems and a strong (0002) basal plane texture[1—3].
The formability is largely improved by heating between
200 and 300 °C[4-5], therefore most products are press
formed over 250 °C with solid lubricants[6—8]. However,
complex high temperature forming tool systems, poor
surface quality and high cost limit the applications of
wrought magnesium alloy sheets. YUKUTAKE et al[9]
and HUANG et al[10] reported that the press formability
of magnesium alloy sheets is strongly affected by the
texture and it can be improved by reduction of basal
texture intensity. IWANAGA et al[11] reported that the

reduction of (0002) basal plane texture dramatically
improves the formability at room temperature and brings
good deep drawability from room temperature to warm
temperature below 175 °C. CHINO et al[12] showed that
the (0002) basal plane texture control has more effects on
the press formability at lower temperature. Therefore, it
is very important to enhance the press formability at
low-and-middle temperature by improving or weakening
the basal texture.

Since KEELER and BACKOFEN[13] introduced
the concept of forming limit diagram (FLD) in 1963, it
has subsequently been widely referenced in the sheet
metal forming industry. Now it is a standard criterion for
fracture prediction in the sheet-metal forming. Previous
studies investigated the effects of temperature[14—17],
strain rate[18—19] and samples with different fiber
orientations[20] and some others on the FLDs of
magnesium alloys. However, up to now, few researchers
have made efforts to study the effect of texture on FLDs
of AZ31B magnesium alloys sheets. In this work, the
investigation was carried out to analyze its effects on
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FLDs at different temperatures.
2 Experimental

As-received AZ31B magnesium alloy (Mg-3%Al-
1%Zn) (mass fraction) sheets with a thickness of 0.6 mm,
which were cut into 1 000 mm % 200 mm (lengthxwidth)
pieces, were used in the experiments. Figure 1 shows an
abridged general view of the repeated unidirectional
bending (RUB) process, where the magnesium alloy
sheet was bent on a cylindrical support under a constant
force F with a constant speed v. The bend direction was
parallel to the RD direction of sheet. The radius of the
cylindrical support was 1 mm and the bending angle was
90°. In the experiment, six-pass bending was used. The
sheets that had undergone the RUB process were
annealed at 260 °C for 60 min.

Mg she/ct

Fig.1 Schematic illustration of apparatus for RUB

In the experimental work, all specimens were
prepared in the rolling direction. Seven kinds of
specimens shown in Fig.2 were machined from AZ31B
magnesium alloy sheets and ground with 2.5 mm-
diameter circles. To determine the FLDs, the forming
limit tests were carried out on a CMT6305-300KN
electronic universal testing machine at room temperature,
100, 200 and 300 °C. The punch speed was set to 10
mm/min and the blank-holder force was set to 10 kN. A
graphite grease as a lubricant was pasted on only center
part of the specimens. The schematic diagram and
geometry dimension of mold are shown in Fig.3.

The microstructure was observed by a
metallographic microscope and (0002) pole figure of
AZ31B magnesium alloy sheets in the center was
investigated by XRD.

3 Results

3.1 Texture evolution and microstructures

Previous studies[3, 21-22] have investigated the
texture evolution of AZ31B magnesium alloy sheets after
RUB processing. Figure 4 shows {0002} pole figures of
as-received magnesium alloy sheet and RUB processed
sheet. Strong pole intensity existed within 10° which was
the angle between normal direction (ND) of sheet and
c-axis of grain. Texture components of the RUB
processed  specimens  (Fig.4(b)) became more
dispersive with more pole peaks appearing, and basal
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Fig.2 Dimensions of specimens used for forming limit tests (unit: mm)
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Fig.3 Schematic diagram of mold (r,=50 mm; rs=13 mm;
L4=53 mm)
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Fig.4 {0002} pole figures of as-received sheet (a) and RUB
processed + 260 °C annealed sheet (b)

texture intensity was weakened because the Cc-axis
became inclined from the ND towards the RD.

Figure 5 shows the microstructures of as-received
AZ31B magnesium alloy sheets and the sheets that had
undergone RUB process and annealed at 260 °C for 60
min. It can be seen that the fine equiaxial grains

distributed in the as-received sheet. However, the grains
near the surface of the sheet grew obviously, while those
in the central region had little growth in the RUB
processed magnesium alloy sheet; and the average grain
sizes were 7.2 um and 7.5 pum, respectively. The amount
of deformation of the region near the surface was higher
than that in the center, which made it possible to produce
the gradient microstructure with the coarse-grained
surface layer and the fine-grained layer in the middle of
the sheet[23].

processed + 260 °C annealed (b) sheet

The microstructures of the specimens stretch-
formed to failure from room temperature to 300 °C are
shown in Fig.6, where the microstructure of the RD-ND
plane at the top part of the stretch-formed specimen was
observed. The microstructural observations show that
there were more twins in the RUB processed sheet than
in the as-received sheet at room temperature and 100 °C.
The number of twins gradually decreased with increasing
deformation temperature. It can be seen that the
microstructures of dynamic recrystallized grains
appeared in two kinds of sheets at 200 °C. This is due to
small strain rate; there is enough time for dynamic
recrystallization.  Both  the  grains and  the
recrystallized grains became coarse at 300 °C, as shown
in Figs.6(g) and (h). The deformation time is longer
under the same strain rate because of its high ductility at
300 °C. So there is enough time for dynamic

recrystallization nucleation and growth.
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as shown in Fig.7. Temperature dependence

of the press formability in the present research agreed
with previous studies. It should be noted that the LDH of

sheet with titled texture was larger than that of

>

temperature

3.2 Forming limit of AZ31B magnesium alloy sheet

3.2.1 Limit dome height (LDH)

The LDH obtained with specimens of 180 mm x

increasing

increased dramatically with

180 mm
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as-received sheets at various temperatures. Especially at
room temperature and 100 °C, the LDH of sheet with
titled texture was improved more significantly compared
to the as-received sheets, increased by 49% and 37%,
respectively. However, the LDHs of two kinds of sheets
were almost the same at higher temperature.
322 FLD

Figure 8 shows a group of fracture samples after the
forming limit tests. The etched circles were distorted into
ellipses and/or larger circles during deforming. For each

/Mccl\'cd

= — RUB processed

45

B
=}

fad
un

(]
uh
T

Limit dome height/mm
o
=

=]
=
T

—
L

200 300
Temperature/°C

0 100 400

Fig.7 Limit dome height of different sheets at various
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specimen the major and minor limited strains were
measured from the major and minor axes of the
deformed grid circles that were located at the nearest
distance to the necking zone. The forming limit curves
(FLCs) were drawn by plotting the minor strain in
abscissa and corresponding major strain in ordinate and
by drawing a curve which separated the safe region from
the unsafe region.

Figure 9 shows the FLDs of two kinds of sheets at
different temperatures. The FLC moved upward with
increasing temperature. In FLD, the higher the forming
limit curve, the better the stretch formability. This means
that sheet is not easy to fracture at high temperature and

Fig.8 Fracture samples after forming limit tests
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Fig.9 FLDs of different sheets at different temperatures: (a) Room temperature; (b) 100 °C; (c) 200 °C; (d) 300 °C
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has better formability. The FLCs of AZ31B magnesium
alloy sheets with tilted texture were higher than those of
the as-received sheets at different temperatures, as shown
in Fig.9. Especially at room temperature and 100 °C, the
lowest limited strains of sheet with titled texture in the
FLD increased by 79% and 104%, respectively (Figs.9(a)
and (b)). It is noteworthy to observe that the texture also
affected the extension of the forming limit curves in the
FLD. Figure 9 also shows that the FLCs obtained from
RUB processed sheets had a larger extension than the
ones obtained from as-received sheet. However, the
FLCs of two kinds of sheets almost overlapped when the
temperature was above 200 °C. The trend showing the
forming limit test results agreed very well with the result
of LDH.

4 Discussion

According to above results, the average grain sizes
were almost the same, thus the initial texture was an
important factor for the difference of FLD in two kinds
of sheets. At lower temperature, the CRSS of non-basal
slip systems is much higher than that of the basal plane,
so it is harder to activate the non-basal plane slip system.
For as-received sheet with a strong (0002) basal plane
texture, the Schmid factor of the basal plane slip system
is smaller, thus it is more difficult to activate the basal
slip during deformation. However, after RUB, the basal
plane textural intensity decreases because C-axis
becomes inclined from the ND towards the RD;
meanwhile, the average Schmid factor has an increase
from 0.25 to 0.30[22]. As a result, the basal plane slip
system starts up more easily, the AZ31B magnesium
alloy sheet with lower texture intensity of (0002) plane
exhibits higher formability and the FLCs move upwards
at lower temperature.

For the RUB processed AZ31B magnesium alloy, it
is easier to activate the {10T2} twin at the early stage
of tensile deformation[3]. There are more twins in the
RUB processed sheet than in the as-received sheet at
room temperature and 100 °C from the microstructural
observations (Figs.6(a)-(d)). Mechanical twinning can
influence the deformation of Mg in two different ways,
which was demonstrated in many studies[24—27]. On the
one hand, the twin boundaries that have formed act as
barriers to dislocation motion and transform glissile
dislocations into sessile dislocations within the twin
interiors via the Basinski mechanism, leading to an
increase in the work hardening rate. On the other hand,
the lattice rotation introduced by twinning can enhance
or reduce work hardening, depending on the type of
twins formed. Recently, some researches[28—30]
reported that {1012} twinning, which gives extension
along the c-axis in magnesium and its alloys, appears to

increase the uniform elongation, decrease the proof
strength and induce the increase in work hardening rate.
DEL VALLE et al[31] thought that the hardening rate
controls the ductility in magnesium alloy at room
temperature. Therefore, the improving of formability at
lower temperature may be related to much more twins in
sheet with tilted texture.

Additionally, compared with the as-received sheets,
the RUB processed sheets exhibit a smaller Lankford
values (r-value) and a larger strain hardening exponent
(n-value) at room temperature[32]. Previous studies[10,
33] showed that the larger Erichsen value and excellent
stretch formability for the sheets with larger n-value and
smaller r-value can be attributed to lower (0002) texture
intensity. In the present study, the results of LDHs and
FLDs at lower temperature agree well with the results in
the previous researches.

Dynamic recrystallized grains appeared in two
kinds of sheets at temperature above 200 °C, as shown in
Fig.6. Dynamic recrystallization has obvious softening
effect during deformation with the increase of
deformation temperature. The activation of prismatic slip,
first-order pyramidal slip and second-order pyramidal
slip requires temperature beyond 177, 350 and 300 °C,
respectively[34]. Because the difference in the CRSS
between the basal slip and the non-basal slip decreases
with increasing temperature, the potential non-basal slip
systems, such as prismatic slip and pyramidal slip, can
contribute to plastic deformation by thermal activation.
According to the reported data[35], the CRSS of basal
slip at room temperature is approximately 1/55 that of
non-basal slip, and becomes 1/12 at 250 °C. Thus, the
contribution of basal slip tends to decrease with the
increase of deformation temperature. But the (0002)
basal texture has only a greater influence on the basal
slip. Therefore, the effect of (0002) basal texture on the
improvement of formability becomes weak and the FLCs
of two kinds of sheets almost overlap when the
temperature is above 200 °C.

5 Conclusions

1) The LDH increases with increasing temperature.
The LDH of sheet with tilted texture is much larger than
that of as-received sheet at various temperatures. The
LDH increases by 49% at room temperature and 37% at
100 °C. However, the LDH of two kinds of sheets is
almost the same at temperature above 200 °C.

2) The FLCs move upwards with increasing
temperature. The FLCs of sheet with tilted texture are
higher than that of as-received sheet at different
temperatures. The lowest limited strain increases by 79%
at room temperature and 104% at 100 °C. However, the
FLDs of two kinds of sheets almost overlap at
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temperature above 200 °C.

3) The reduction of (0002) texture intensity is
effective to the improvement of formability not only at
room temperature but also at low-and-medium
temperature. The effect of texture on FLCs becomes
weak with increasing temperature.
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