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Plastic anisotropy and fracture behavior of AZ31 magnesium alloy
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Abstract: The effects of texture and abnormal large grains on the plastic anisotropy and fracture behavior of hot-rolled AZ31
magnesium alloy were investigated. Uniaxial tensile deformation behaviors of samples with tensile axis tilting 0°, 15°, 30°, 45°, 60°,
75° and 90° to normal direction (ND) respectively were addressed. Tensile deformation anisotropy was observed for samples with
different angles to ND. The results show that the specimens with the angle from 0° to 30° exhibit relatively lower yielding strength
due to the {1012} extension twinning. However, basal slip and prismatic slip are the dominant deformation modes for the
specimens with angles larger than 45°. Macro-fractures are parallel to the length direction of abnormal large grains in the specimens

with angles less than 60°, while those are serrated fracture edge for specimens with angles 75° and 90°.
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1 Introduction

The increasing demand for low carbon economy
and high operating efficiency has prompted intensive
research  into  lightweight structural  materials.
Magnesium with a density of 1.74 g/cm’, two thirds of
the density of aluminum and one third of the density of
iron, offers great potential for automobile construction.
Many studies have been concentrated on the
characterization of texture formation and deformation
behavior of single crystals or polycrystalline wrought
alloys[1]. The limited number of active deformation
systems in hexagonal close packed metals and twinning
systems caused low formability of the magnesium alloys.
A few groups tried to establish a qualitative or
quantitative correlation among deformation mechanisms,
texture and mechanical anisotropy[2—4].

However, much less attention has been paid to the
effect of inhomogeneous microstructure on the plastic
deformation and fracture behavior of magnesium alloys.
The present study aims at investigating the effect of
texture and abnormal large grains on the plastic

anisotropy and fracture behaviors of an AZ31

magnesium alloy, which will depend on the
understanding on plastic deformation mechanism of
magnesium alloy and contribute to the development of

effective secondary processing techniques.
2 Experimental

The composition of material used in this study was
Mg-3Al-1Zn-0.3Mn (mass fraction, %) AZ31. The cast
alloys were homogenized at 500 °C for 12 h followed by
water quenching. The specimens were hot-rolled to a
sheet with dimensions of 1 200 cm x 600 cm X 70 cm.
The universal testing machine was used for tensile
testing at room temperature with a constant strain rate of
107%™, Tensile tests were carried out for the sheets in
seven types with tension direction tilting 0° 15°, 30°, 45°,
60°, 75° and 90° to ND, respectively, as illustrated in
Fig.1. Here, RD, ND and TD refer to rolling direction,
normal direction and transverse direction, respectively.
The dimensions of samples are 25 mm in gauge length, 2
mm in thickness and 10 mm in width. Extensometer was
used to measure the strain in length during the tests.

The microstructures of as-received materials
and deformed sample were monitored with optical
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Fig.1 Sketch showing sample tensile axis for tensile test

microscope. The average grain size was determined by
the intercept method. Crystal orientation (electron
backscatter diffraction, EBSD) measurements were
carried out using a FEI Nova400 field emission gun
(FEG) SEM equipped with an Oxford Instruments—HKL
Technology Nordlys EBSD system, using a step size of 2
um.

3 Results

The microstructure in the as-received AZ31
magnesium alloy in the transverse section (TD) is
demonstrated in Fig.2. The sample is characterized by
inhomogeneous microstructure with both abnormal large
grains (400 um in width and about 1 mm in length) and
fine grains (42 pm). The abnormal large grain is
elongated along RD. Figure 3 shows the stress—strain
curves of samples. At 0 °, 15° and 30°, samples have the
similar stress—strain curves with a terrace after yielding,
and the slope of curves increases with strain. At 45°, 60°,
75° and 90°, the terrace in strain — stress curves
disappears and the slope of curves decreases with strain,
which is more obvious at 75° and 90°. At 45°, specimen
exhibits higher stress level near the strain 0.2% than at 0°,
15° and 30°. Taking into account the error bar, 0.2%
stress is almost constant for sample at 0°, 15°, 30° and
45°, and increases fast when orientation angle is larger
than 45°, as shown in Fig.4. The yield strength of
specimen at 90° is more than 2 times that of specimen at
45°,
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Fig.2 Optical micrograph showing inhomogeneity of as-
received AZ31 magnesium alloy
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Fig.3 Representative stress—strain curves of samples with
different tensile types
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Fig.4 0.2% stress of samples with different tensile types

Figure 5 shows the EBSD microstructures of
samples with 4% elongation. The red lines represent
{IOTZ} extension twinning boundaries. At 0°, the twin
volume fraction is the highest and the twinning
microstructure is more complicate compared with that of
the other two samples. While at 90°, sample has a certain
amount of low angle boundaries, which implies that the
slip is the dominant deformation mechanism of sample at
90°. However, the sample at 90° has a small fraction of
twins too.

Figure 6 demonstrates the deformation traces on the
sample surfaces at the strain of 4%. These deformation
traces include the protuberances and lower-lying parts
appearing alternatively with a width of about 1 mm. At
the same time, the macro fracture angle is almost parallel
to these deformation traces in the samples with angles
less than 60°. The fracture angles almost linearly
increase with the increase tension angles of samples to
ND. There are small serrations on the macro-fracture
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Fig.5 Deformation microstructures of fine grains and abnormal large grains in samples at deformation strain of 4% at 0°(a, b), 45°(c,

d) and 90°(e, 1)

Fig.6 Micrograph showing deformation traces on surface of
samples with deformation strain of 4% (left) and macro-
fracture (right) (The tensile angles of samples from top to
bottom are 0°, 30°, 60° and 90°, respectively.)

surface of sample at 0° and the macro-fracture surface is
serrated in the sample at 90°. Figure 7 shows the

Fig.7 Microstructure in deformation traces of sample deformed
at 0° to deformation strain of 4 %

lower-lying parts of the deformation traces
corresponding to the abnormal large grains and the
protuberant parts are areas with small grains.
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Fig.8 Crack propagation along large grain
4 Discussion

The main deformation modes in magnesium and
magnesium alloys are basal slip, {1012} twin,
prismatic slip and (a+c) slip[3, 5]. The critical resolved
shear stress (CRSS) ratio between these deformation
modes is 1:0.7:2:15. Since Burgers vector of basal slip
lies in the basal plane, no plastic strain parallel to the
c-axis can be accommodated by this slip system.
However, such strain can be accommodated by {1012}
twinning and prismatic slip. {l012} twinning is the
easiest twinning that can be activated at room
temperature. Taking into account the prismatic slip
{1010} and {1120} observed in the deformed AZ31
magnesium alloy, the plastic deformation can be
estimated by calculating the CRSS ratio to mean
orientation factor (M), CRSS/M and the deformation
mechanism at yield points can be semi-quantitatively
inferred that the sample deforms mainly by basal slip,
{IOTZ} twinning and prismatic slip. Slight increase of
the yield stress for samples at 0°—45° is probably related
to the presence of {l012} tension twinning and its
lower CRSS [5]. The disappearance of the yielding
terrace from the orientation of 45° can be ascribed to
activation of other deformation mechanism. When the
angle between tensile axis and C axis of the grains is
around 35°, the CRSS/M values for {1012} twinning
and basal slip are almost identical and after that, the
CRSS/M for the basal slip is smaller, which means that
the basal slip is the major mode for plastic deformation
theoretically. When the orientation is equal to or larger
than 75°, prismatic slip is expected to be dominant in
tension deformation, which is in consistent with the
earlier report that 50% and 60% of the grains were
predicted to deform by the prismatic slip[5]. Flow curves
of samples at 0°, 15° and 30°run at a higher stress level
up to a total strain of about 0.08, 0.09, and 0.1,
respectively, where they intersect once again.

In order to understand detailed microstructure of the
protuberances and the lower-lying parts, the indents from

a micro-hardness tester were used to mark the
protuberant parts and lower-lying parts on sample
surfaces deformed to the deformation strain of 4%. The
microstructure was obtained by using optical microscope
and the results are presented in Fig.7. It indicates that the
protuberances and the lower-lying parts are caused by
inhomogeneity of the microstructure. The abnormal large
grains are the soft area in the microstructure where the
twinning is supposed to form easily. As observed in
macro features of fracture, the macro fractures in
samples at 0°, 30° and 60°are parallel to the length
direction of abnormal large grains, while are serrated in
sample at 90°. The small serrate on the fracture surfaces
is found to propagate along the twins, which is probably
linked up with the loss in the load-bearing capacity due
to void development in twins in the abnormal large
grains[6]. In samples at 30° and 60°, the length direction
of abnormal large grains is close to the maximum shear
stress direction during tension, so the macro-fracture
surface is much smoother, compared with that of
sample at 0°. In sample at 90°, however, the serrated
macro-fracture surface is composed of cracks both along
large twins in abnormal large grains and small twins in
adjacent small grains. These twins are connected due to
the complex local stress-strain state during the fracture,
the void development in twins in the abnormal large
grains and the localization of deformation within the
double twins is probably responsible for the initiation of
cracks[7]. In most of the samples, macroscopic cracks
along the grain boundary regions[8] were observed and
the failure of magnesium alloy is very sensitive to the
constraint[9]. Figure 8 shows the microstructure of the
crack propagation along the large grain in sample at 60°.
The white line is the crack which propagates along the
abnormal large grain. This mainly results from the strain
constrain between the small grains and the large grain.
After the crack is formed, it propagates along the high
strain direction.

5 Conclusions

1) Tensile anisotropy was observed due to the
different deformation mechanisms. For specimens at 0°
to 30°, {1012} extension twinning is the dominant
deformation mode, and for specimens at 75° and 90°, the
prismatic slip plays a major role in plastic deformation.

2) The macro-fractures are observed to be parallel
to the length direction of abnormal large grains in the
samples whose orientations are smaller than 60°, and are
serrated in  higher angle samples. While the
micro-fractures are parallel to the twinning directions
both in the abnormal large grains and the small grain
area.
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