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Abstract 

This study compares the deformation and fracture behavior of a basal-textured Mg AZ31 alloy sheet under uniaxial tension and biaxial 
stretching by using an in-plane biaxial test setup capable of observing and measuring the deformation at both meso (millimeter) and 
microstructure scales. Strain distributions at the mesoscale and accompanying fracture surfaces indicate a significant dependence on strain 
path. At the microscale, limited slip activity in biaxial case promotes contraction twins, where severe strain localizations ( ε max / ε mean ≈ 20) to 
the twins and their boundaries cause mainly transgranular fracture. This leads to a brittle, and a more pronounced shear-type fracture under 
biaxial stretching. In uniaxial case, considerable tensile twinning activity reorients the initial texture for slip activity. Strain localizations 
( ε max / ε mean ≈ 2) to the grain interiors and boundaries initiate mainly intergranular fracture. Samples fail by displaying both brittle and ductile 
fracture structures, with smaller shear lips compared to the biaxial case. 
© 2020 Published by Elsevier B.V. on behalf of Chongqing University. 
This is an open access article under the CC BY-NC-ND license. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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1. Introduction 

Formability of magnesium alloys is highly sensitive to the
loading conditions. In AZ31 magnesium alloys with a strong
basal texture and small grain size ( d < 10 μm), equivalent
fracture strains can be 5 times higher under uniaxial tension
compared to biaxial stretching [1] . The basal slip has zero
Schmid factor for the original basal-textured grains under uni-
axial tension, however it may be activated once the twins
rotate the grains into favorable orientations [2 , 3] . Prismatic
slip also contributes to the enhanced formability in the uni-
axial case [4 , 5] . Despite the strains are uniformly distributed
at the macroscale [4 , 6] , recent microstructure scale investiga-
tions reveal that there is a significant inhomogeneity in defor-
mation of magnesium alloys under uniaxial loading [7–10] .
Even when the prismatic slip is active, the number of active
slip systems do not satisfy the Taylor Criteria. Strain localizes
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t the favorably oriented grains, grain boundaries [8] , {10-11}
ontraction and {10-11}-{10-12} double twins [11] , creat-
ng a non-homogeneous deformation. While the exact sources
f fracture are unclear, post-fracture studies indicate double
wins as the primary candidate [11–13] . Recent in-situ elec-
ron microscopy studies show crack propagation along both
10-12} tension and contraction twins [14] . 

Lack of microscale studies for biaxial stretching limits the
dentification of deformation mechanisms and prevents the
orrelation of microstructural features to the poor formability.
s the equal transverse and longitudinal loads cancel each
ther during biaxial stretching, the prismatic slip becomes in-
ctive [15] . Contraction twins and some limited basal slip
ecome the only possible deformation mechanisms, yet some
tudies showed that the contribution of twinning is minimal
15–17] . Contraction twinning may have a critical role in bi-
xial stretching and enhance the formability by reorienting
he initial basal texture [1] . Despite being unfavorable under
ither biaxial or uniaxial loading, {10-12} tension twins have
lso been observed [1] . In addition to the ambiguity in the
. This is an open access article under the CC BY-NC-ND license. 
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Fig. 1. EBSD results of the as-received sheet: (a) orientation distribution map of the TD-RD plane, (b) grain boundary misorientation map, where black lines 
are grain boundaries: > 15 °, red lines are tensile twin boundaries: 86.4 ± 5 ° around < -12-10 > (c) (0001) pole figure of TD-RD plane. 
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ctive deformation mechanisms and their contribution, the mi-
rostructural origins of the strain localizations and the fracture
nder biaxial loading are also unclear. As the biaxial stress-
tate is dominant in most of the forming operations [16 , 17] ,
 systematic study is needed to understand the twinning be-
avior, and its relation with the strain localizations and the
ltimate failure of the material. 

In this study, deformation and fracture mechanisms of a
trongly basal-textured AZ31 magnesium alloy sheet are stud-
ed under uniaxial tension and biaxial stretching by a novel
n-plane biaxial testing setup, which can achieve large strains
nd multi-axial strain paths. The setup is also capable of in-
itu strain analyses in order to reveal the microstructural fea-
ures and deformation mechanisms responsible from the form-
ng behavior of the AZ31 alloy. For this purpose, the sheet
ith typical basal texture was tested until fracture, where the

oading was parallel to the plane of the sheet. 

. Materials and methods 

The microstructures and microtextures of the sheets before
nd after slight plastic deformation (2–3%) were character-
zed by the electron backscatter diffraction (EBSD) method.
amples were electropolished with a 800 ml ethanol, 18.5 ml
istilled water, 75 g citric acid, 15 ml perchloric acid solu-
ion at −30 °C and 30 V for 450 s. The diffraction data was
btained by a FEI Quanta 200 FX scanning electron micro-
cope equipped with EDAX EBSD camera. OIM software by
DAX was used for plotting the orientation maps, misorien-

ation angle maps, and pole figures. Only data points with
igh correlation index were presented (CI > 0.05), where the
lack regions in the misorientation maps correspond to the
mitted data points with low correlation index. The same mi-
roscope was also used to image the fracture surfaces of the
amples. In this case, the electropolished samples were further
hemically etched to reveal all the microstructural features. 

The as-received, 2 mm-thick AZ31 sheets had a slightly
hifted, strong basal texture, with an initial grain size of 40

15 μm ( Fig. 1 (a)). There are also some large grains with
ff-basal texture ( Fig. 1 (a)). This kind of texture and mi-
rostructure are typical for rolled and annealed AZ31 sheets
4] . Some {10-12} tensile twins are also present in the mi-
rostructure with 86 ±5 ° misorientation angle ( Fig. 1 (b)). Pole
gure (0001) from the TD-RD surface shows some spread due

o the presence of tensile twins and off-basal grains, however
he main texture is still concentrated around {0001} orienta-
ions ( Fig. 1 (c)). 

Cruciform shaped samples for testing ( Fig. 2 (a)) were cut
rom the as-received sheets by water-jet. Then, a reduced
ross-section was milled into the sample with a HAAS VF-1
omputer numerical control (CNC) vertical milling machine
o collect the stresses and strains at the center ( Fig. 2 (b)). The
verall sample geometry and the dimensions are provided in
ig. 2 (a) and (b). For testing, samples were attached to the
ompact and portable test apparatus ( Fig. 2 (c)), which was
ntegrated to a Shimadzu Bending Test Machine with a ca-
acity of 10 kN. The apparatus converts the vertical load from
he test machine into the horizontal loads on the four arms
f the sample (Video 1). In biaxial stretching configuration,
ample was connected to the arms with equal length (equibi-
xial loading) and the forces were monitored throughout the
est with load cells attached to the each arm ( Fig. 2 (c)). In
niaxial loading, sample was attached only to the two arms
y aligning rolling direction of the sheets parallel to the ten-
ile direction. In both conditions, load difference between the
rms did not exceed 100 N during the tests. For repeatabil-
ty of the results, at least three samples were tested for each
ondition and the results reported here are the representation
f the general behavior observed during the tests. 

The in-situ strain measurements were done by the imaging
nit ( Fig. 2 (d)), which has interchangeable optics that allow
ecording of images both at the millimeter (mesoscale) and
he micrometer scale. Few hundred images were recorded dur-
ng the tests and later analyzed by a 2D digital image correla-
ion (DIC) software named Ncorr [18] . Incremental DIC was
onducted and the image pairs were selected to satisfy a low
orrelation coefficient, without adding new features between
wo images. Field of view was 300 ×400 μm 

2 at the mi-
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Fig. 2. Test setup: (a) 3D CAD model of the cruciform-shaped sample, (b) technical drawing and dimension table for the sample and its reduced cross-section, 
(c) test apparatus, (d) optical imaging unit. 
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croscale and it was the entire area of the reduced cross-section
(3 mm 

2 ) at the mesoscale ( Fig. 2 (b)). The imaging area was
sprayed with a paint solution containing 30% of acrylic paint
and 70% of acetone that resulted in randomly distributed ∼ 20
μm size black dots (speckles) necessary for the correlation.
For the microscale, the sample surfaces were electroetched
with a 20% Nital solution at −30 °C and 12 V for 30 s.
The grain boundaries and other features provided the contrast
for correlation. As the interior of grains remained mostly fea-
tureless after etching, TiO 2 nanoparticles were sprayed to the
sample surface, resulting in additional contrast by appearing
as 1–5 μm sized dark particles. After the DIC, the strain
maps were plotted in terms of Euler–Almansi strains. The
strain values reported in the text were then converted to the
true logarithmic strains by: ε tr = ln ( 

√ 

1 / ( −2 ε EA + 1 ) ) . The
reported average strain values were median rather than the
mean, to eliminate the inevitable extreme strain values calcu-
lated by the DIC software. These extremes in both maxima
and minima were a result of incorrect correlation and could
affect the mean values. When the median is considered, these
values cancel out each other and the median value becomes
independent of the extremes. The maximum strain error cal-
culated by rigid body translation was 0.18% and 0.14% at the
microscale and mesoscale, respectively. The spatial strain res-
olution is 1.1 μm for microscale and 7.2 μm for mesoscale,
as defined by the distance between data points located in a
subset. In this case, the resolution is not limited by the imag-
ing system capabilities, but rather by the size of the speckles
and the subset. Details of the imaging unit, DIC parameters
and speckle pattern preparation can be found in our previous
publication [19] . 

3. Results and discussion 

Distribution of major strains at the mesoscale shows het-
erogeneous deformation under both uniaxial tension ( Fig. 3
top row) and biaxial stretching ( Fig. 3 bottom row). Fig. 3 (a)
and (b) are the major strain maps for uniaxial tension and
biaxial stretching at the onset of strain localizations. Inside
the localizations, the equivalent true strains (ETS) doubles the
median ETS. The median ETS are 0.038 for uniaxial tension
and 0.016 for biaxial stretching at the onset of localizations,
ndicating that the localizations start slightly earlier in biaxial
tretching. There are also more localized spots in this con-
ition ( Fig. 3 (b)). These spots continue to accumulate strain
ntil the sudden sample failure under biaxial stretching ( Fig.
 (d)). In uniaxial tension case, the strain localizes into a local
eck perpendicular to the major stain direction ( Fig. 3 (c)), and
he sample fractures through the local neck. Here, the fracture
s defined as the first observation of a through-thickness crack
n the sample. While the median major and minor fracture
rue strains are different ( ε 1, uniaxial = 0.14, ε 2, uniaxial = -0.07;
 1, biaxial = 0.07, ε 2, biaxial = 0.07), the median equivalent true
trains (ETS) for both uniaxial tension, ETS = 0.14 ± 0.05,
nd biaxial stretching, ETS = 0.14 ± 0.02, are comparable
o each other ( Fig. 3 (e)). This is parallel to the results
btained in the literature for the relatively large grained
Z31 sheets (d ∼ 40 μm, ETS = 0.17) [1] . The difference

n ETS becomes significant as the grain size approaches to
 μm [1] . In theory, the fracture ETS should change, as the
tress triaxiality is expected to be different in each condition.
he equivalent fracture strain in tension should be two times
igher than biaxial, yielding a constant thickness strain and a
onstant slope of −1 in the ε 1 ε 2 space [20] . Thus, the con-
tant fracture ETS indicate a change in fracture mechanisms.
he strain distribution in biaxial before fracture resembles an
 shape ( Fig. 3 (d)), and the samples fail following the same
attern with sharp fracture surfaces. This behavior is similar
o the shear controlled fracture of brittle solids. 

In-situ observations at the microscale during uniaxial ten-
ion show the sources of strain localizations and fracture
Video 2, note that the video is faster than normal). Sample
egins the deformation in the as-polished-etched, flat state.
ontrast difference and orange peel like surface roughness

orm in some grains during the deformation due the sur-
ace undulations and protuberances. These grains accumulate
ajor and minor strains and expand, indicating slip activity
ithin the grains (Video 2). With further deformation, strain

ocalizes to the grain boundaries. Simultaneously, slip-assisted
rain boundary sliding at room temperature can be observed
s described by Koike et al. [21] . Towards the end of the test,
harp narrow lines suddenly appear in multiple grains simulta-
eously. Video stills captured at the beginning, mid-point, and
nd of the test (before fracture) show the three distinct local-
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Fig. 3. Mesoscale major strain ( ε1 ) maps of deformed samples: (a) uniaxial tension at localization start, (b) biaxial stretching at localization start, (c) uniaxial 
tension before fracture, (d) biaxial stretching before fracture. 

Fig. 4. Video stills captured during the uniaxial test: microscale images show three distinct localization mechanisms (indicated by white circles) in different 
regions of the sample. 
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zation mechanisms in the sample ( Fig. 4 ). In region UI, slip
oncentration at the grain boundaries is visible by bulging-out
f the boundaries in the thickness direction. Two neighboring
oundaries form a ledge-like surface feature and microcrack-
ng accompanies this behavior (white circle in UI). In region
II, the mechanism is slip in the grains, which roughen and

xpand due to the slip activity. Orange peel like roughness
nd surface protuberances are the distinct features of the slip
ctivity inside the grains (white circles in UII). In region UIII,
lip is limited in the middle grain, which rather develops a
harp, narrow band in it. Thickening and darkening of the
and are indications of strain concentration within the band,
hich has similar appearance to the twins developing in Mg

lloys. The small grains in the bottom right corner of this
egion show slip activity similar to grains in UII. 

Strain maps obtained at a median ETS = 0.11 quantifies
he strain localization in slipped (UI and UII) and banded
egions (UIII) of the sample ( Fig. 5 ). Deformation is het-
rogeneous and the maximum ETS of the slipped regions
UI and UII) are about 2 times higher than the median ETS
 Table 1 ). Compared to the banded areas (UIII), slip at the
rain boundaries (UI) and in the grains (UII), yield higher
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Fig. 5. Microscale strain maps of the uniaxial sample: (a) major strain, ε1 

(b) minor strain, ε2 . 

Table 1 
Strain values of the localized regions and the median strains of the maps. 

Regions Ɛ1 Ɛ2 Ɛeq Ɛ1, median Ɛ2, median Ɛeq,median 

UI 0.21 −0 .10 0.21 
0.10 −0.09 0.11 UII 0.21 −0 .13 0.21 

UIII 0.13 −0 .10 0.14 
BI 0.29 0 .07 0.38 

0.016 0.001 0.02 
BII 0.16 0 .04 0.21 
BIII 0.04 0 .03 0.07 0.034 0.002 0.04 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Video stills captured during the biaxial test: Microscale images show 

two distinct localization mechanisms, BI and BII, (indicated by white circles) 
in different regions of the sample. Region BIII is from another sample and 
do not show severe localization. 

Fig. 7. Microscale strain maps of the biaxial sample: (a) major strain, ε1 (b) 
minor strain, ε2 . 
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average major and minor strain values, whereas the ratio of
major to minor strains is in agreement with the uniaxial strain
path ( Table 1 ). Moreover, localizations to the narrow bans
(presumably twins) account only 1.4% of the global strain,
whereas localizations due to the slip constitute the major part
of the deformation (29.3%). 

In-situ recordings during the biaxial stretching tests show
negligible deformation within the grains, instead narrow
bands form suddenly and simultaneously along random grains
(Video 3, note that the video is faster than normal). As the
amount of deformation increases, strain further localizes to the
narrow lines, which get thicker and reach to the grain bound-
aries (Video 3). Here, the in-situ recordings do not provide
enough evidence as the narrow lines being twin boundaries.
Indeed twin boundaries can only become visible after etching.
In this case, the lines can be the result of strain accumulat-
ing at the twin boundaries or within the twins. Video stills
captured during the tests show the two distinct localization
mechanisms for the biaxial stretching ( Fig. 6 ). Region BI is
where the strain localizes to the bands. These dark black lines
are the potential markers of the twinned areas, and similar to
the uniaxial case they slowly grow during the test. Region
BII is another localized spot, where the main source of strain
concentration is the microcracks forming at the grain bound-
aries. In this case, however, the neighboring grains do not
show any considerable slip activity. Microscale investigations
from another sample, on the other hand, indicate some slip-
ping activity within the grains, which bulge and deform as a
result of the slip activity (Region BIII, video is not provided).

Microscale strain maps at a median ETS = 0.02 quantify
the intensity of the localizations in regions BI and BII ( Fig. 7 ).
Their strains are considerably higher and anisotropic com-
pared to the other regions in the sample ( Fig. 7 and Table 1 ).
Major strains are almost 4 times higher than the minor, con-
sistent with the orientation of the bands with respect to the
loading direction. The bands almost exclusively align perpen-
icular to the major strain direction and limit any deforma-
ion along the minor strain direction. In both BI and BII, and
ther banded regions, the ETS are nearly 20 times greater
han the median ETS ( Table 1 ). The contribution of these
egions to overall deformation is 26.4%, with almost no con-
ribution from the slipped regions. Within the slipped regions
BIII, strain map not provided), the major and minor strains
re nearly equal (0.04 and 0.03), as expected from the biaxial
tretching. In this case, the equivalent strain of BIII is 0.07,
hich is close to the median ETS of the sample ( Table 1 ).
ince the strain accumulation in this region is not as severe
ompared to the banded regions, slipped regions are not con-
idered as localized spots for the biaxial tests. The limited
mount of slip activity causes an imbalance in the median
ajor and minor strains during the biaxial tests, where the
ajor is almost 10 times higher than the minor ( Table 1 ).
his imbalance may be responsible from the unusual fracture
ehavior observed at the macroscale. It also confirms that the
nisotropic strain accumulation in the banded regions under-
ake majority of the overall deformation. 

In order to identify the microstructural features responsi-
le from the localizations, deformed samples were character-
zed by EBSD. The EBSD data was not collected from the
ame location of the strain maps and the quality of the data
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Fig. 8. Orientation distribution maps of the TD-RD plane and associated (0001) pole figures of the Mg sheets: (a) as-received, (b) biaxial stretching, εeq = 0.029, 
(c) uniaxial tension, εeq = 0.025. 
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as not perfect due to the deformation, yet it was enough
o pinpoint the microstructural sources of the observed de-
ormation behavior. Compared to the as –received state ( Fig.
 (a)), the amount of tension twins slightly increases with bi-
xial stretching ( Fig. 8 (b)). The type of twins was confirmed
y the misorientation angle of 86.4 ° around < -12-10 > . The
nitial texture slightly shifts as some grains appear to be ro-
ated due to either twins or slip ( Fig. 8 (b)). With uniaxial
ension, there is almost a complete reorientation of the ini-
ial texture by almost 90 ° ( Fig. 8 (c)). There are again some
ndications of tension twins ( Fig. 8 (c) – white arrows), but
ndeed they are residues of the initial texture. Tension twins
e-orient the initial texture and consume the entire grains as
hey grow, leaving the remnants of initial basal-textured grains
ppearing as twins. During the rotation of texture, C-axis re-
ains perpendicular to the RD and instead aligns with the
D. It is also possible to find similar grains in the biaxial
ample, where the tension twins consume almost all of the
nitial grains ( Fig. 8 (b) – white arrows). Although tension
win formation is unlikely under both uniaxial tension and
iaxial stretching [22] , there are some examples for this un-
xpected behavior in literature [1 , 10 , 23–25] . Slightly shifted
asal texture and the tension twins in the initial microstructure
ay have caused the easy growth of {10-12} twins. Compli-

ated internal stresses [1] and crack initiation [24] may be
he other factors to initiate the twins. Anisotropic and hetero-
eneous of deformation may have switched the local stresses
rom tension to compression. 

Independent of the exact sources of tension twins, their
ctivity is clear under uniaxial loading. Otherwise, a complete
eorientation of the texture would not be possible with slip
nly. Then, the most likely candidate for the strain localized
ands towards the end of uniaxial test ( Fig. 4 – UIII), is
he remaining basal textured regions that is left-over from the
ension twins ( Fig. 8 (c)). The texture difference between these
egions and the re-oriented regions may have caused the strain
ocalizations. However, strain localizations to these regions
re minor as the majority of the deformation happens within
he grains and along the grain boundaries, which explains to
he loss of diffractions data in some grains and boundaries
 Fig. 8 (c)). Indeed, the complete reorientation of texture may
ctually be beneficial in delaying strain localizations at the
arly stages of the deformation [10] . 

In addition to the presence of {10-12} twins, contraction
nd double twins should be dominant in the tests. They are
arder to observe with EBSD, but optical images provide ev-
dence for their existence, especially under biaxial stretching
 Fig. 6 ). Their appearance and behavior are identical to what
as been observed in the literature [26] , being narrow and
ot expanding with further strain. Detailed TEM studies from
hese twins indicate they are actually {10-11}-{10-12} type
ouble twins [26] . Then, the most likely sources of the severe
train localized regions in biaxial are the contraction or dou-
le twins. These twins reorient the texture for basal slip to be
avorable in them. The strain concentration into the twins or
heir boundaries may have formed the dark bands appearing
owards the end of the test ( Fig. 6 – BI). In tension, on the
ther hand, there is lack of evidence for either contraction or
ouble twins. Slip activity after the re-orientation of texture
ay have suppressed these twins. 
Misorientation data provides evidence for slip activity in

oth biaxial and uniaxial tension ( Fig. 9 (b) and (c)). How-
ver, in uniaxial, there is more grain fragmentation and cor-
esponding low-angle subgrains. Two peaks at the beginning
0 °–5 °) and at the end (85 °–90 °) of the misorientation dis-
ribution correspond to the subgrains in the initial and reori-
nted grains, respectively ( Fig. 9 (c)). As the basal slip activity
ould be limited in the reoriented grains, prismatic slip be-

omes the main contributor to the deformation [27] . Indeed,
 -axis being perpendicular to the tensile loading direction is

hown to promote the prismatic slip [27] . The prismatic slip
ay lower the intensity of strain localizations at the grain
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Fig. 9. Boundary misorientation maps and distributions of the Mg sheets: (a) as-received, (b) biaxial stretching (c) uniaxial tension. Black ( > 15 °) and green 
( < 5 °) are grain boundaries. Red lines are tensile twin boundaries: 86.4 ± 5 ° around < -12-10 > . Misorientation < 3 ° are omitted. 

Fig. 10. Photos, SEM pictures, and optical microstructures of the failed samples: (top row) uniaxial, (bottom row) biaxial. 
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boundaries ( ε max / ε mean ≈ 2) when compared to the previous
microscale studies where the basal slip dominated the defor-
mation ( ε max / ε mean ≈ 30) [8] . The results in this study are
rather comparable to the previous microscale studies on the
randomly textured Mg alloys (2 < ε max / ε mean < 5), where
prismatic and basal slip are both active [ 7 , 9 ]. The complete
shutdown of prismatic slip in biaxial results in lower amount
of subgrains ( Fig. 9 (b)), but there appears to be some basal
slip within the initial grains having tilted basal orientations.
Combined with the twinning activity, the basal slip shifts the
initial texture towards TD. 

As with the strain localization behavior, fracture of sam-
ples is quite different under uniaxial and biaxial strain paths
( Fig. 10 ). While the sample fails by a single, straight crack
perpendicular to the loading direction in uniaxial, the crack
has an S shape in biaxial and it is slanted. The crack path
follows the S-shaped strain distribution at the mesoscale, with
a larger shear lip compared to the crack in uniaxial. Fracture
surfaces in uniaxial contain indications of ductile fracture both
n the shear lip and in the crack body ( Fig. 10 – white circles),
hereas ductile fracture features are absent in biaxial. Chem-

cal etching of the fractured surfaces reveals the sources of
racture initiation ( Fig. 10 – optical images). Uniaxial sample
ontains small amount of twins and strain-localized areas, due
o the dominance of the slip over twinning. Cracking along
rain boundaries is evident ( Fig. 10 – black arrows), paral-
el to the in-situ observations ( Fig. 4 ). The sample eventually
ails by microcracks propagating along the grain boundaries.
 significant number of twins are present in the fractured
iaxial sample. Severe strain localization to the twins leads
o microcracking along them ( Fig. 10 – white arrows). These
icrocracks then reach to the grain boundaries, where they

re linked with each other ( Fig. 6 ). A mixture of transgran-
lar and intergranular fracture occurs at the ultimate sam-
le failure. Some independent microcracks form at the grain
oundaries, however, microcracks originating from the twins
revail and control the overall fracture, which is brittle and
hear-type. 
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. Summary 

In this study, strain localizations in basal-textured mag-
esium are investigated under uniaxial tension and biaxial
tretching. The samples are tested until fracture, which en-
bled characterization of the effects of strain localizations on
he fracture. Detailed analyses of the in-situ recordings, strain
aps and microstructure lead to the following observations: 

• The fracture strains are similar (ETS ≈ 0.14) under both
uniaxial tension and biaxial stretching. This indicates a
change in fracture mechanism with strain path, as in theory
the fracture strains in tension should be two times higher
than biaxial for a given material with constant fracture
behavior. The strain distributions before fracture are also
markedly different, where strains are concentrated along a
straight band under uniaxial and an S-shaped band under
biaxial. The samples then fracture along the same patterns.
• The primary candidates for strain localizations are con-

traction or double twins and their boundaries in biaxial,
where the localized ETS are 20 times greater than average
ETS values. The major strain is significantly higher than
the minor, both in strain localized regions and in the gage
area, confirming twinning-dominated deformation. 26% of
the global strain accumulates in the twinned regions, where
slip is limited throughout the sample. Within the slipped
regions, the major and minor strains are almost equal. 
• Considerable {10-12} tension twinning in uniaxial reori-

ents the initial texture, and allow some slip activity. Slip
causes deformation within the grains and the grain bound-
aries. The intensity of strain localizations is lower, where
localized ETS are 2 times higher than the average. The
major strains are also 2 times higher than the minor in
both the localized regions and the gage area, as expected
from the uniaxial strain path. Almost 30% of the global
strain accumulates in the localized regions. Other regions
of the sample also deform by slip, where the accumulated
strains are close to the average. 
• Microcracks initiate at the strain localized regions un-

der both strain paths. In biaxial, microcracks grow along
the twins and the grain boundaries, leading to a mainly
transgranular fracture. At the eventual sample failure, the
slanted crack lacks ductile fracture features and contains
a large shear lip. Microcracks initiate at the grain bound-
aries in uniaxial due to the increased slip activity. Fracture
is mainly intergranular, and the failed sample display fea-
tures of both ductile and brittle fracture. The shear lip is
much smaller compared to the biaxial. 
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