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Abstract: The effects of grain size on the shift of neutral layer of AZ31 magnesium alloy sheets with different grain sizes ranging
from 12.1 to 34.7 um were investigated by the 90° V-bending tests at 150 °C. The results show that the neutral layer tends to shift to
outer region of the sheets and the coefficient of neutral layer value (k-value) increases with the increasing grain size. This
phenomenon is mainly owing to the enhanced asymmetry between the outer tension region and inner compression region with the

increase of grain size. Twinning dominates the deformation in inner region while slips dominate the deformation in outer region.
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1 Introduction

Due to the high specific strength, high stiffness and
low density, magnesium alloy has been attracted by
many industries, such as electron and automobile [1].
However, magnesium alloy has a hexagonal close-
packed (HCP) crystal structure, so it performs a poor
formability. According to von Mises criterion, it needs
five independent slip systems to activate the
deformation. Nevertheless, the basal plane is the main
slip plane which can only provide two basal slips and the
non-basal slip systems cannot be activated at low
temperature [2]. So, there are few slip systems to
coordinate the deformation along the c-axial direction,
thus twins play an important role in the deformation.
Recently researches have shown that high frequency of
twinning is the reason for the tension—compression yield
asymmetry of wrought magnesium alloys [3]. This limits
the application of magnesium alloys. Many works were
devoted to improve the property and weaken the
tension-compression asymmetry of magnesium alloys.
Texture, grain size and alloy element are mainly focused,
especially the grain size [4]. WANG et al [5] found the

tension—compression yield asymmetry originated from
different twinned grain fractions at various grain sizes.
BARBETT et al [6] suggested that the compression yield
stress, strain hardening rate and twinned grain fraction
changed remarkably with grain size. YIN et al [3]
indicated that grain-coarsening promoted twinning in
tension along extrusion axis and could not reduce the
yield asymmetry. YIN et al [4] pointed out that the yield
asymmetry of magnesium alloys could be alleviated by
refining the grain size.

As well known, magnesium alloys express an
asymmetry during bending process. The outer region is
under tensile deformation while the inner region is under
compressive deformation, which leads to the shift of
neutral layer that is the zero strain layer. AVEDESIAN
and BAKER [7] indicated that the neutral layer of
magnesium alloy shifted to the tensile zone which was
different from common metal material, such as aluminum
alloy. The shift of neutral layer of magnesium alloy has a
great influence on the springback during stamping
process. Besides, it plays an important role in the
punching accuracy. So, researching the shift of neutral
layer of magnesium alloy is significant for controlling
the working accuracy of magnesium alloy sheet.
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To date, the effects of grain size on the tension—
compression asymmetry of magnesium alloy were
investigated by many researchers [3—8]. However, few
reports that refer to the effect of grain size on the shift of
neutral layer were found. Therefore, the present work
aims to research the shift of neutral layer of magnesium
alloy with different grain sizes during bending.

2 Experimental

As-rolled AZ31B (Mg—3%Al-1%Zn) magnesium
alloy sheet with a thickness of 3 mm was used in this
work. Magnesium alloy sheets with different grain sizes
were obtained by rolling and subsequent annealing. The
microstructure  evolution was measured with a
metallographic microscope. The optical microstructures
of the obtained magnesium alloy sheets are shown in
Fig. 1. The average grain sizes of the obtained four kinds
of sheets were 12.1, 18.2, 25.6 and 34.7 pm, respectively.

During the 90° V-bending test, magnesium alloy
sheets with different grain sizes were cut into rectangular
specimens with 80 mm in length and 30 mm in width.
Due to the poor formability of magnesium alloy, the
fracture  will during V-bending at room
temperature. Moreover, above 200 °C, DRX would
appear which should have an impact on the twinning
during bending. In order to avoid DRX and fracture, the
V-bending test with an angle of 90° was carried out at
150 °C [9]. The initial punch speed was 3 mm/min. The
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Fig. 1 Optical micrographs of rolled AZ31B alloy sheets with different grain sizes: (a) 12.1 um; (b) 18.2 um; (c) 25.6 pm;
(d) 34.7 um

coefficient of neutral layer (k) was the standard of offset
of neutral layer. The bigger the k was, the further away
shifting of neutral layer from geometrical middle layer. If
k is less than 0.5, it means that the neutral layer shifts to
compressive region during bending. If it exceeds 0.5,
neutral layer shifts to the outer tensile region accordingly.
For the calculation of %, the thickness at different
locations in the fillet region of specimens after unloading
was measured and the average value was used in
calculation. The inside bending radius (R;) was obtained
by geometrical calculation. According to a theory of
stamping process manual [10], the computational
formula of the k is shown as follows:

k=0.58"—(1-B)Ry/t (1)

where £, R; and ¢ are the coefficient of incrassation, the
inside bending radius and the original thickness,
respectively.

After the bending tests, the evolution of
microstructure was measured by a metallographic
microscope and optical micrographs.

To examine the relation between the shift of neutral
layer of AZ31 magnesium alloy sheets with different
grain sizes and tension—compression yield asymmetry,
mechanical test specimens were machined from the
treated AZ31B magnesium alloy sheets which are the
same sheets in bending tests with four kinds of grain size.
The tensile and compression specimens were in form of
sheet with a gauge length of 37 mm and a gauge width of
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12.5 mm. The uniaxial tensile and compression tests
were also carried out at 150 °C. The specimens deformed
to a true tensile and compression direction strain of 5%.
The V-bending tests, tensile and compression tests were
carried out on a CMT6305-300 kN electronic universal
testing machine.

3 Results and discussion

Figure 2 shows the load—stroke curves of
magnesium alloy sheets with different grain sizes. It is
obviously seen that the bending load decreases with the
increasing grain size, which is due to the fine grain
strengthening. The curves of springback angle and & of
magnesium alloy sheets with different grain sizes are
shown in Fig. 3. The springback angle slightly decreases
with the increasing grain size. The springback angle is
mainly attributed to the elastic anisotropy of surface
grains and the reduction of grains along the thickness
direction [11]. However, the grains in the edge of sheets
are not evenly distributed, which leads to the
small difference of the four grain sizes in the edge. So,
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Fig. 2 Load-stroke curves of magnesium alloy sheets with
different grain sizes
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Fig. 3 Springback angles and & of magnesium alloy sheets with

different grain sizes

the springback angle slightly decreases with larger grain
size. The effect of grain size on the & is totally opposed
to its effect on the springback angle. The result shows
that the k& exceeds 0.5 in magnesium alloy sheets with
different grain sizes. The phenomenon indicates that the
neutral layer shifts to the outer tension region and the
magnesium alloy sheets become thicker after V-bending.

Figure 4 shows the optical micrographs of V-bended
specimens with different grain sizes in the filet regions.
It can be seen that there are a large amount of twins
appearing in the inner region, while fewer twins in the
outer region. And a clear twinning dividing is found in
the middle region. This is because the grains in the outer
region are subjected to tensile stress, while the grains in
inner region are subjected to compressive stress during
bending. The operating deformation mechanism between
the outer region and the inner region is different. LV
et al [8] proposed that {1, 0, —1, 2} extension twinning is
easily activated by a compressive stress perpendicular to
the c-axis of grains or a tensile stress parallel to the
c-axis when the axial ratio is less than 1.732:1, while the
magnesium alloys have an axial ratio (c/a) of around
1.633:1. Our research group verified that the twins
formed in the inner region during bending were
{1, 0, -1, 2} extension twins by EBSD data [12].
Therefore, the {1, 0, —1, 2} twinning is the main reason
leading to the tension—compression asymmetry. WANG
and HUANG [13] showed that {1, 0, —1, 2} twinning
could be activated rather easily when compression was
perpendicular to c-axis or tension was along c-axis.
Hence, the twinning contributes to large plastic
deformation in the inner region of specimen under
compression. But the c-axis of some grains tended to
rotate toward the directions perpendicular to the tensile
direction during tensile deformation [14]. YIN et al [4]
indicated that tensile deformation was dominated by slip
under tensile load along c-axis. So, dislocation slips
dominated the larger plastic deformation in the outer
region of specimen during bending. A strong basal
texture in rolled magnesium alloys can provide a
preferred loading condition for the {1, 0, —1, 2}
extension twins in the compression region. The texture
also results in tension—compression yield asymmetry,
making the compression yield stress only 1/2 or 3/4 of
the tension yield stress along the rolling direction [3,15].
Consequently, the tension—compression asymmetry of
magnesium alloy sheet during bending results in the
neutral layer shifting to the tension region.

The k increases with the increasing grain size,
which means that the tension—compression asymmetry
increases. MEYERS et al [16] suggested that the
twinning has larger grain size dependence than slip and
the Hall-Petch slope for twinning dominates the flow
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Fig. 4 Optical micrographs of V-bended specimens with different grain sizes in filet regions

stress compared with that for slip. In other words, the
yield strength increases with the decrease of grain size,
and the increasing rate of twinning stress is larger than
that of slip. This makes it more difficult for twinning to
activate than slip in smaller grain size range. In order to
investigate the grain size effect on the tension—
compression asymmetry, tension and compression tests
were carried out along rolled direction. The curves of
tension and compression of magnesium alloy sheets with
different grain sizes are shown in Fig. 5. It is found that
both tension and compression true stresses increase with
the decrease of grain size, showing obvious fine-grain
strengthening. The yield stress of tension is significantly
greater than that of compression. The decreasing rate of
compression yield stress with increasing grain size is
faster than that of tension yield stress. Consequently, the
tension—compression asymmetry becomes weaker with
the decrease of grain size. YIN et al [3] also obtained the
same result, which was, the tension—compression

asymmetry of magnesium alloy increased with the
increase of grain size.

As mentioned, the shift of neutral layer was closely
related to the twins. Twinning was easy to occur in large
grains as a complementary deformation mechanism
[17,18]. This is because the dislocation glide stroke is
larger in coarse-grain. The stress concentration at the
grain boundaries is serious, which is conducive to twin
nucleation. Because of the short dislocation glide stroke
and the release of stress concentration by cross-slip, non-
basal slip, grain boundary sliding and dynamic recovery
in fine grain, the strain cannot meet the requirements of
twinning nucleation [16—19]. So, the nucleation and
growth of twins are limited by the grain size. It has been
reported that the volume fraction of twins increased with
the increase of grain size in annealed AZ31 sheet [20].
When the grain size is refined to some extent, the stress
required for activating the twins is larger than that for
activating the slip according to the Hall-Petch law [4],
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Fig.5 Effect of grain size on tension (a) and compression (b) of
magnesium alloy sheets

which means that the slip will dominate the deformation
and the yield asymmetry will disappear. BARBETT
et al [6] also suggested that a transition from twinning to
slip dominated flow occurs with the decrease of grain
size and is accompanied by lowering the Hall-Petch
slope for the yield stress. As shown in Fig. 3, the &
gradually approaches 0.5 with the decrease of grain size.
But maybe the increased degree of twinning stress is not
enough for the transition from twinning to slip in the
grain size range of 12.1-34.7 um for the present
experimental results. Many twins are still found in the
inner region of sample with the grain size of 12.1 um
during bending. Therefore, the effects of grain size on
the shift of neutral layer of magnesium alloy are not
ignored.

4 Conclusions

1) The shift of neutral layer of AZ31B alloy sheets
with different grain sizes was analyzed by 90° V-bending
tests at 150 °C. The results show that the neutral layer
tends to shift to the outer region with the increase of
grain size. This is mainly owing to the asymmetry of
tension and compression.

2) The {1, 0, —1, 2} tensile twining controls the
deformation mechanism in the inner compression region
and the slip is the main deformation mechanism in the
outer tension region. The tension—compression
asymmetry becomes weaker with the decrease of grain
size, so k decreases with the decreasing grain size.
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