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The present study examines the bending behavior of coarse and fine-grained
AZ31 magnesium alloy. The corresponding deformation mechanisms are
ascertained via tensile, compression, and bending tests in combination with
digital image correlation and electron backscatter diffraction. It is shown that
grain refinement from 60 lm to 3 lm significantly improves tensile ductility,
while forming limits in compression and bending show no obvious effect of
grain size. Analysis of the microstructure revealed a high density of twin
bands in the compression zones of the bent samples. Interestingly, the fine-
grained material experienced failure in the compression zone. The fracture
strain in bending appears limited by the material ductility in both tension and
compression. The outcome of this study is that in magnesium alloys grain
refinement may not always be an effective method for the improvement of
ductility, particularly when bending of the type considered here is dominant.

INTRODUCTION

Magnesium and its alloys are the lightest metallic
structural materials with high specific strength and
bending stiffness.1 However, magnesium has a low
number of active slip systems due to its hexagonal
close-packed (HCP) crystal structure, resulting in
low room temperature formability.2 Bending is one
of the major deformation modes in sheet forming.3,4

The bend limit of magnesium alloys, which is the
ratio of the minimum bent radius to the sheet
thickness, is often reported to fall in the range 3–
5.5,6 It has also been found that the bend limit of
magnesium alloys depends on the crystallographic
texture,7–12 strain rate10,13 and temperature.14–16

Recent work17,18 showed that the cumulative bend-
ability of AZ31 can be improved by annealing.
However, the low bendability of magnesium alloys
can still limit its application. Datsko’s work5 sug-
gested a relationship between the reduction in area
in a tensile test and the bendability of metals such
that alloys with higher reduction in area possess
higher bendability (a lower bend limit). Grain
refinement generally improves the tensile ductility
(e.g., reduction in area) and strength simultane-
ously in many magnesium alloys.6,19–30 However, its
influence on bendability is still unclear.

While tensile ductility has been widely exam-
ined, bendability has received much less attention.
In particular, the influence of grain size on the
bending limit appears not to have been explicitly
investigated. The present study seeks to determine
the role of grain size on the bendability of AZ31 Mg
alloy.

MATERIALS AND METHODS

Materials

As-received AZ31 alloy31 was cut into 10-mm-
thick plate and hot-rolled at 300�C in 4 clock-rolling
passes with a reduction in thickness of 33% in each
pass, using a 2000 kN rolling mill. The plate was
reheated for 5 min between each pass. The 2-mm
sheet produced was annealed at 230�C for 1 h and
500�C for 24 h in an argon atmosphere controlled
muffle furnace. Final sheets with average grain
sizes of 3 lm and 60 lm and a typical basal texture
were produced (Fig. 1). The normalized grain size
distributions can be seen in Fig. 1e and f. Both
materials contain Al-Mn second-phase particles,31

with their volume fractions and sizes being approx-
imately the same between the coarse- and the fine-
grained alloy.
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Fig. 1. Initial microstructures (a–d) showing grains (a, b) and second-phase particles (c, d), grain size distribution (e, f), and texture (g, h) of the
materials with average grain sizes of 60 lm and 3 lm.
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Mechanical Testing

Tensile specimens were prepared along the
transversal direction (TD) with a gauge length of
25 mm according to ASTM-B557M.3 Cube shaped
compression samples of 4 mm 9 2 mm 9 2 mm
were machined from the sheet materials using
electrical-discharge machining.32 Tensile and com-
pression tests were carried out along the TD using
30-kN and 5-kN Instron machines, respectively, at a
strain rate of 1 9 10�3 s�1 and using a video
extensometer to measure strain. A three-point
bending test was conducted on specimens of
100 9 20 9 2 mm along the TD (bending line par-
allel to TD) in an Erichsen sheet metal tester with a
specially designed fixture and a sharp punch radius
of 0.2 mm (Fig. 2a). The GOM-ARAMIS system was
employed for the in situ measurement of principal
bending strain.

The GOM-ARAMIS system was employed to
measure the principal bending strain on the outer
surface of the bent specimen (Fig. 2b). To measure
the outer bend radius a cylinder was fitted to the
bent area. The radius at the maximum punch force
(Ro) was employed to calculate the bend limit5 as
follows:

Bend limit ¼ Ri

t
ð1Þ

where t is the thickness of the sheet and Ri is
bending radius of the inner surface at maximum
force (obtained by Ri ¼ Ro � t).

Microstructure Analysis

Samples were ground with 1200 grit SiC paper
followed by mechanical polishing with diamond
paste from 9 to 6 lm to 3 lm with a final polish of
colloidal silica slurry. After this, the samples were
immersed in acetic picral solution (100 mL ethanol,
10 mL H2O, 6 g picric acid, 5 mL acetic acid) for 5–
15 s. The as-polished samples were evaluated by
electron backscatter diffraction (EBSD) to deter-
mine the average grain size, the crystallographic
orientation and the twinning systems. Oxford HKL
channel 5 software was used to analyze the EBSD
maps. The average grain size was measured on
8000 grains, based on the linear intercept method2

with a critical misorientation angle of 15�. The
crystallographic textures were determined from
electron-backscattered diffraction maps of � 8000
grains. To evaluate the second-phase particles,
approximately 2.5 mm2 area (about 1000 particles)
of each sample was examined. In this examination,
only particles that were larger than 1 lm were
taken into account.

RESULTS

Mechanical Response

Figure 3 and Table I show the mechanical prop-
erties of the present samples in tension, compres-
sion and bending. Both materials show similar
plastic anisotropy rvalueð Þ and strain hardening
nvalueð Þ of 3 ± 0.4 and 0.2 ± 0.01, respectively. The

tensile and compressive yield and peak strengths

Fig. 2. (a) Schematic of the three-point bending test implemented in an Erichsen sheet metal tester in combination with a GOM-ARAMIS system,
and (b) an example of the principal bending strain map of the outer bend surface at the maximum bending force and the fitted cylinder shape to
measure the outer radius (Ro).

Azghandi, Weiss, and Barnett2588



increase with grain refinement. This leads to higher
punch forces when bending the fine-grained alloy
compared to the coarse-grained material (Fig. 3b).
The yield asymmetry rY;T=rY;C

� �
reduces from 2.8 to

1.7 with decreasing grain size from 60 lm to 3 lm.
The tensile ductility (eu;T, ef ;T, RA) significantly
improves with grain refinement. In contrast to this
the ductility in compression (ef ;C) and the fracture
limit strain in bending (emax;B), i.e., the bendability
ðRi=tÞ do not change with grain refinement.

Strain Analysis

The strain distribution on the outer surface of the
coarse- and fine-grained materials during bending
can be observed in Fig. 4a and b, respectively. The
corresponding force values are highlighted by red
dots in Fig. 4c. Strain localization occurs in the
middle of the sheet. The evolution of strain shows
an almost linear trend followed by an abrupt
increase in strain when Fmax is reached (Fig. 4c).
This abrupt increase is likely due to flow localiza-
tion followed by crack initiation just after the
maximum bend force is reached. The strain maps
show that this occurs in the mid-section of the strip,
where the strain most closely approaches plane
strain.

The bending strain at maximum force is 0.115
and 0.105 in the coarse- and fine-grained materials,
respectively. Figure 5 shows the appearance of the
speckle pattern just after reaching the maximum
force. These images reveal irregularities of the
surface that mark the onset of surface failure. The
strain at maximum bending force is taken as the
maximum bending strain. The bending curve of
fine-grained alloy shows two stages, corresponding
to elastic and plastic regions. However, the coarse-
grained material yields at low loads and thus a clear

elastic region is not easily distinguished. In addi-
tion, the tensile data show that the coarse-grained
alloy displays smooth yielding and this is accentu-
ated in bending.

Microstructure

In the coarse-grained material, fracture initiates
only on the outer surface (tension zone), while the
fine-grained material experiences failure in both the
outer and inner surfaces (Fig. 6). The mid cross
section images show the propagated cracks beyond
the point of maximum bend force (the corresponding
force–time relationship can be seen in Fig. 5c).

Figure 7 shows the deformed microstructures of
samples bent close to the maximum force. In the
tension zone of the coarse-grained material, twin
bands are seen near the outer surface and

10�11
� �

10�12
� �

double twin and 10�11
� �

compression
twin boundaries can be detected (Fig. 7a1). In the
tension zone of the fine-grained material, the highly
distorted microstructure includes fine twins close to
the outer surface (white arrows Fig. 7b1). Traces of

10�11
� �

compression twins and 10�11
� �

10�12
� �

dou-
ble twins were also observed. The local strain is e ¼
0:09 in the tension zone of both materials. A higher
number density of twins and coarser twins were
observed in the coarse-grained material, compared
to the fine-grained counterpart.

In the compression zone, 10�12
� �

tension twin
boundaries were found (Fig. 7a2 and b2) in combi-
nation with a second twin boundary type (high-
lighted in green). This type showed rotation axes of
01�10 and an angle of 58� which correspond to
boundaries formed by twin–twin interaction
between different 10�12

� �
twin variants.33 Very

close to the inner surface, twin bands were revealed

Fig. 3. (a) True stress–strain curves in tension and compression and (b) bending force–displacement curves of the materials with grain sizes of
60 lm and 3 lm.
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with traces of 10�11
� �

10�12
� �

double twin bound-
aries. As would be expected, the deformed textures
in the tension and compression zones are different.
In the tension zones, both materials retained the
basal texture ( 0001f g basal plane parallel to sheet
plane); similar to an undeformed texture. In the
compression zone, both materials developed a prism
texture ( 10�10

� �
plane parallel to the sheet plane).

This was related to a high activity of 10�12
� �

tension
twinning in the compression zone, which led to a
rotation of the basal plane by approximately 86�
(Fig. S1 in supplementary material).

Figure 8 shows the microstructure of the bent
samples after crack formation. Importantly, very
little void formation was observed outside of the
shear localizations. In the tension zone (Fig. 8a1
and b1) cracks initiated along twin bands which
were composed of double twin and compression twin
boundaries. The calculated Schmid factor of the
basal slip in the double twinned regions was
markedly higher (� 0:46) than in the untwinned
neighboring matrix (Fig. S2 and Table S1 in sup-
plementary material). In some cases, high Schmid
factors were also found in the compression twins.
The orientation of the double twinned regions was
more favorable for basal slip, which can assist
damage initiation through step formation. The twin
bands are distinguished in two orientations; parallel
and approximately perpendicular to the initiated
cracks, which leads to a zigzag pattern of crack
propagation.

In the compression zones (Fig. 8a2 and b2), twin
bands are also evident and there is evidence of

10�11
� �

10�12
� �

double twinning. Cracking in the
inner bend surface was only observed in the fine-
grained material. Figure 8b2 shows that here the
crack initiated and propagated along the twin
bands, which includes 10�11

� �
10�12

� �
double twins.

The bands of twins were formed at a prior defor-
mation stage. It may be that the high loads in the
fine-grained material lead to the initiation of local-
ization, at least in the compression zone, at lower
strains.

DISCUSSION

Grain refinement influences the bending behavior
of the AZ31 magnesium alloy such that the bending
strength increases with reducing grain size. This
can be rationalized by the increase of both tensile
and compressive strength with grain refinement.

However, the maximum bending strain and
bendability Ri=tð Þ do not show a pronounced
change with the grain size. There are two key
points to be made that help to explain this
observation. The first is that grain refinement is
seen to lead to a higher ductility in tension tests
and not in compression tests (Fig. 3a). Because
bending involves both compression and tension, it
is to be expected that it reflects at least a
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combination of the grain size phenomena seen in
the tension and compression tests. However, in the
present study the failure on the outer tension side
of the bend appears to occur at more or less the
same strain for the two grain sizes. There is some
uncertainty associated with this observation,

because the strain is localizing rapidly at the
peak load. For this reason it is difficult to be
completely sure of the local strain that precisely
correlates with material failure. However, there is
no evidence of a significant difference in failure
strain.

Fig. 4. DIC results of the coarse- and fine-grained materials during the bending test; (a, b) strain distribution of the outer surface of the bent sheet
(the corresponding time and em , the average strain of points 1, 2, 3 are shown) and (c) the corresponding force and local strain versus time (local
strain is the average strain of points 1, 2, and 3).
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Interestingly, there is also no significant evidence
of void formation outside of the localized regions in
any of the samples. This differs from tension
testing, where it appears that void formation is
involved in the triggering of macroscopic flow
localization (void sheeting). We have recently sug-
gested that the impact of grain size on the ductility
in tension relates to the impact of grain size on void
size.31 This is evidently a mechanism that is not
present in bending, given that void formation
clearly follows macroscopic localization of flow and

does not contribute materially to it. Finally, the
similarity of the failure strains in compression for
the two grain sizes shows that when the driving
force for localization is sufficiently high, the grain
boundaries present no real obstacle to its propaga-
tion and hence the grain size exerts little effect,
even though the grain size is known to impact on
twinning and twinning is involved in the present
localization. The result is that the localization
driven failure in bending displays negligible grain
size sensitivity.

Fig. 5. Speckle patterns of the outer layer at different bending stages (a, b) and the corresponding force–time curves (c) in the coarse- and fine-
grained materials (speckle irregularities show crack initiation just after reaching peak force).
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Flow localization and subsequent crack propaga-
tion occurs preferentially along twin bands. The
twin bands in the fine-grained material are nar-
rower and shorter compared to those of the coarse-
grained counterpart. This is associated with a
reduction in twinning activity with grain refine-
ment.34,35 However, this does not seem to influence
crack initiation and propagation in bending. It
should be mentioned that the secondary electron

images in Fig. 8b still show that the twin number
density is higher than evident in the EBSD maps.
This is due to indexing issues, which are more
prevalent at smaller grain sizes. Evidently, only a
few cracks form so only a relatively small number of
twins, specifically double twins, maybe required for
failure. More work is needed to be sure. The stress
concentration at the tip of a crack also produces new
twin boundaries, which can be consumed through

Fig. 6. Outer and inner surfaces and mid cross section (polished surfaces) of the bent samples with average grain sizes of 60 lm and 3 lm,
showing crack formation (punch mark shown by white arrows in the inner surface should be distinguished from cracks shown by black arrows).
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crack propagation. This propagation occurs in a
zigzag path due to the activity of twin bands with
two different orientations, which leads to the
switching from one type to the other.

CONCLUSION

This study characterized bending behavior of a
coarse- and fine-grained AZ31 magnesium alloy and
the corresponding deformation micro-mechanisms.
Microstructural and damage analysis leads to the
following conclusions:

1. In the present tests, the bend forming limit of
magnesium AZ31 does not improve with grain
refinement. It remains to be seen how the
present findings translate to larger punch radii.

2. The ductility in compression of wrought magne-
sium is insensitive to grain refinement. This
impacts on the bend ductility because the inner
‘side’ of a bend experiences compression. Indeed,
failure in the compression zone of bends was
observed in the present study, for the fine-
grained material.

Fig. 7. Microstructures of the middle cross section of the highly bend deformed coarse-grained material (a) and fine-grained material (b) in
tension zone (1) and compression zone (2) close to maximum force. The corresponding EBSD maps with step size of 0.1 lm in the tension and
the compression zone show activity of various twinning systems. The examined area is shown in the schematic.
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3. Bend failure was seen to be controlled by flow
localization and, unlike tension testing, void
formation appeared not to be involved in the
formation of shear localizations. Thus, the
impact of grain size on void size that appears
to be important in tension tests does not man-
ifest itself in bending.

4. It appears that in bending and in compression
testing, the grain size has a negligible impact on
the strain required for macroscopic flow local-
ization to occur and that this is the critical
condition controlling material failure.

5. Twin bands consisting of 10�11
� �

10�12
� �

double
twin boundaries appear to be responsible for
flow localization and crack initiation in both the
tension and the compression zones.
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