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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 (&max/Emean =~ 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
(Emax/€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.
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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 pwm), 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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at the favorably oriented grains, grain boundaries [8], {10-11}
contraction and {10-11}-{10-12} double twins [11], creat-
ing a non-homogeneous deformation. While the exact sources
of fracture are unclear, post-fracture studies indicate double
twins as the primary candidate [11-13]. Recent in-situ elec-
tron microscopy studies show crack propagation along both
{10-12} tension and contraction twins [14].

Lack of microscale studies for biaxial stretching limits the
identification of deformation mechanisms and prevents the
correlation of microstructural features to the poor formability.
As the equal transverse and longitudinal loads cancel each
other during biaxial stretching, the prismatic slip becomes in-
active [15]. Contraction twins and some limited basal slip
become the only possible deformation mechanisms, yet some
studies showed that the contribution of twinning is minimal
[15-17]. Contraction twinning may have a critical role in bi-
axial stretching and enhance the formability by reorienting
the initial basal texture [1]. Despite being unfavorable under
either biaxial or uniaxial loading, {10-12} tension twins have
also been observed [1]. In addition to the ambiguity in the
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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.

active deformation mechanisms and their contribution, the mi-
crostructural origins of the strain localizations and the fracture
under biaxial loading are also unclear. As the biaxial stress-
state is dominant in most of the forming operations [16,17],
a systematic study is needed to understand the twinning be-
havior, and its relation with the strain localizations and the
ultimate failure of the material.

In this study, deformation and fracture mechanisms of a
strongly basal-textured AZ31 magnesium alloy sheet are stud-
ied under uniaxial tension and biaxial stretching by a novel
in-plane biaxial testing setup, which can achieve large strains
and multi-axial strain paths. The setup is also capable of in-
situ strain analyses in order to reveal the microstructural fea-
tures and deformation mechanisms responsible from the form-
ing behavior of the AZ31 alloy. For this purpose, the sheet
with typical basal texture was tested until fracture, where the
loading was parallel to the plane of the sheet.

2. Materials and methods

The microstructures and microtextures of the sheets before
and after slight plastic deformation (2-3%) were character-
ized by the electron backscatter diffraction (EBSD) method.
Samples were electropolished with a 800 ml ethanol, 18.5 ml
distilled water, 75 g citric acid, 15 ml perchloric acid solu-
tion at —30 °C and 30 V for 450 s. The diffraction data was
obtained by a FEI Quanta 200 FX scanning electron micro-
scope equipped with EDAX EBSD camera. OIM software by
EDAX was used for plotting the orientation maps, misorien-
tation angle maps, and pole figures. Only data points with
high correlation index were presented (CI > 0.05), where the
black regions in the misorientation maps correspond to the
omitted data points with low correlation index. The same mi-
croscope was also used to image the fracture surfaces of the
samples. In this case, the electropolished samples were further
chemically etched to reveal all the microstructural features.

The as-received, 2 mm-thick AZ31 sheets had a slightly
shifted, strong basal texture, with an initial grain size of 40
4 15 pwm (Fig. 1(a)). There are also some large grains with

off-basal texture (Fig. 1(a)). This kind of texture and mi-
crostructure are typical for rolled and annealed AZ31 sheets
[4]. Some {10-12} tensile twins are also present in the mi-
crostructure with 86£5° misorientation angle (Fig. 1(b)). Pole
figure (0001) from the TD-RD surface shows some spread due
to the presence of tensile twins and off-basal grains, however
the main texture is still concentrated around {0001} orienta-
tions (Fig. 1(c)).

Cruciform shaped samples for testing (Fig. 2(a)) were cut
from the as-received sheets by water-jet. Then, a reduced
cross-section was milled into the sample with a HAAS VF-1
computer numerical control (CNC) vertical milling machine
to collect the stresses and strains at the center (Fig. 2(b)). The
overall sample geometry and the dimensions are provided in
Fig. 2(a) and (b). For testing, samples were attached to the
compact and portable test apparatus (Fig. 2(c)), which was
integrated to a Shimadzu Bending Test Machine with a ca-
pacity of 10 kN. The apparatus converts the vertical load from
the test machine into the horizontal loads on the four arms
of the sample (Video 1). In biaxial stretching configuration,
sample was connected to the arms with equal length (equibi-
axial loading) and the forces were monitored throughout the
test with load cells attached to the each arm (Fig. 2(c)). In
uniaxial loading, sample was attached only to the two arms
by aligning rolling direction of the sheets parallel to the ten-
sile direction. In both conditions, load difference between the
arms did not exceed 100 N during the tests. For repeatabil-
ity of the results, at least three samples were tested for each
condition and the results reported here are the representation
of the general behavior observed during the tests.

The in-situ strain measurements were done by the imaging
unit (Fig. 2(d)), which has interchangeable optics that allow
recording of images both at the millimeter (mesoscale) and
the micrometer scale. Few hundred images were recorded dur-
ing the tests and later analyzed by a 2D digital image correla-
tion (DIC) software named Ncorr [18]. Incremental DIC was
conducted and the image pairs were selected to satisfy a low
correlation coefficient, without adding new features between
two images. Field of view was 300 x 400 pm” 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.

croscale and it was the entire area of the reduced cross-section
(3 mm?) 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
pm 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, nanoparticles were sprayed to the
sample surface, resulting in additional contrast by appearing
as 1-5 wm 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: &, = In(y/1/(—2¢egs + 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 wm for microscale and 7.2 pwm 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,

indicating that the localizations start slightly earlier in biaxial
stretching. There are also more localized spots in this con-
dition (Fig. 3(b)). These spots continue to accumulate strain
until the sudden sample failure under biaxial stretching (Fig.
3(d)). In uniaxial tension case, the strain localizes into a local
neck perpendicular to the major stain direction (Fig. 3(c)), and
the sample fractures through the local neck. Here, the fracture
is defined as the first observation of a through-thickness crack
in the sample. While the median major and minor fracture
true strains are different (&; ynigviar =0.14, €2 uniaxiar =-0.07;
€1, biaxial =0.07, €2 pigxias=0.07), the median equivalent true
strains (ETS) for both uniaxial tension, ETS=0.14 + 0.05,
and biaxial stretching, ETS=0.14 £ 0.02, are comparable
to each other (Fig. 3(e)). This is parallel to the results
obtained in the literature for the relatively large grained
AZ31 sheets (d ~ 40 wm, ETS=0.17) [1]. The difference
in ETS becomes significant as the grain size approaches to
5 wm [1]. In theory, the fracture ETS should change, as the
stress triaxiality is expected to be different in each condition.
The equivalent fracture strain in tension should be two times
higher than biaxial, yielding a constant thickness strain and a
constant slope of —1 in the ¢;&, space [20]. Thus, the con-
stant fracture ETS indicate a change in fracture mechanisms.
The strain distribution in biaxial before fracture resembles an
S shape (Fig. 3(d)), and the samples fail following the same
pattern with sharp fracture surfaces. This behavior is similar
to the shear controlled fracture of brittle solids.

In-situ observations at the microscale during uniaxial ten-
sion show the sources of strain localizations and fracture
(Video 2, note that the video is faster than normal). Sample
begins the deformation in the as-polished-etched, flat state.
Contrast difference and orange peel like surface roughness
form in some grains during the deformation due the sur-
face undulations and protuberances. These grains accumulate
major and minor strains and expand, indicating slip activity
within the grains (Video 2). With further deformation, strain
localizes to the grain boundaries. Simultaneously, slip-assisted
grain boundary sliding at room temperature can be observed
as described by Koike et al. [21]. Towards the end of the test,
sharp narrow lines suddenly appear in multiple grains simulta-
neously. Video stills captured at the beginning, mid-point, and
end of the test (before fracture) show the three distinct local-
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Fig. 3. Mesoscale major strain (¢;) 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.
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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.

ization mechanisms in the sample (Fig. 4). In region UI, slip
concentration at the grain boundaries is visible by bulging-out
of the boundaries in the thickness direction. Two neighboring
boundaries form a ledge-like surface feature and microcrack-
ing accompanies this behavior (white circle in UI). In region
UII, the mechanism is slip in the grains, which roughen and
expand due to the slip activity. Orange peel like roughness
and surface protuberances are the distinct features of the slip
activity inside the grains (white circles in UII). In region UIIIL,
slip is limited in the middle grain, which rather develops a
sharp, narrow band in it. Thickening and darkening of the

band are indications of strain concentration within the band,
which has similar appearance to the twins developing in Mg
alloys. The small grains in the bottom right corner of this
region show slip activity similar to grains in UIL

Strain maps obtained at a median ETS=0.11 quantifies
the strain localization in slipped (UI and UII) and banded
regions (UIIl) of the sample (Fig. 5). Deformation is het-
erogeneous 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
grain 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, &g
(b) minor strain, &;.

Table 1

Strain values of the localized regions and the median strains of the maps.
RegiODS & & geq & ,median gZ,mediun & eq,median
Ul 0.21 —0.10 0.21

ul 0.21 —0.13 0.21 0.10 —0.09 0.11
Ul 0.13 —0.10 0.14

BI 0.29 0.07 0.38

BII 0.16 0.04 0.21 0.016 0.001 0.02
BIIL 0.04 0.03 0.07 0.034 0.002 0.04

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-
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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.

0.10

0.05

Fig. 7. Microscale strain maps of the biaxial sample: (a) major strain, &1 (b)
minor strain, &;.

dicular to the major strain direction and limit any deforma-
tion along the minor strain direction. In both BI and BII, and
other banded regions, the ETS are nearly 20 times greater
than the median ETS (Table 1). The contribution of these
regions to overall deformation is 26.4%, with almost no con-
tribution from the slipped regions. Within the slipped regions
(BIII, strain map not provided), the major and minor strains
are nearly equal (0.04 and 0.03), as expected from the biaxial
stretching. In this case, the equivalent strain of BIII is 0.07,
which is close to the median ETS of the sample (Table 1).
Since the strain accumulation in this region is not as severe
compared to the banded regions, slipped regions are not con-
sidered as localized spots for the biaxial tests. The limited
amount of slip activity causes an imbalance in the median
major and minor strains during the biaxial tests, where the
major is almost 10 times higher than the minor (Table 1).
This imbalance may be responsible from the unusual fracture
behavior observed at the macroscale. It also confirms that the
anisotropic strain accumulation in the banded regions under-
take majority of the overall deformation.

In order to identify the microstructural features responsi-
ble from the localizations, deformed samples were character-
ized by EBSD. The EBSD data was not collected from the
same 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, &,, =0.029,

(c) uniaxial tension, g4 =0.025.

was not perfect due to the deformation, yet it was enough
to pinpoint the microstructural sources of the observed de-
formation behavior. Compared to the as —received state (Fig.
8(a)), the amount of tension twins slightly increases with bi-
axial stretching (Fig. 8(b)). The type of twins was confirmed
by the misorientation angle of 86.4° around <-12-10>. The
initial texture slightly shifts as some grains appear to be ro-
tated due to either twins or slip (Fig. 8(b)). With uniaxial
tension, there is almost a complete reorientation of the ini-
tial texture by almost 90° (Fig. 8(c)). There are again some
indications of tension twins (Fig. 8(c) — white arrows), but
indeed they are residues of the initial texture. Tension twins
re-orient the initial texture and consume the entire grains as
they grow, leaving the remnants of initial basal-textured grains
appearing as twins. During the rotation of texture, C-axis re-
mains perpendicular to the RD and instead aligns with the
TD. It is also possible to find similar grains in the biaxial
sample, where the tension twins consume almost all of the
initial grains (Fig. 8(b) — white arrows). Although tension
twin formation is unlikely under both uniaxial tension and
biaxial stretching [22], there are some examples for this un-
expected behavior in literature [1,10,23-25]. Slightly shifted
basal texture and the tension twins in the initial microstructure
may have caused the easy growth of {10-12} twins. Compli-
cated internal stresses [1] and crack initiation [24] may be
the other factors to initiate the twins. Anisotropic and hetero-
geneous of deformation may have switched the local stresses
from tension to compression.

Independent of the exact sources of tension twins, their
activity is clear under uniaxial loading. Otherwise, a complete
reorientation of the texture would not be possible with slip
only. Then, the most likely candidate for the strain localized
bands towards the end of uniaxial test (Fig. 4 — UII), is
the remaining basal textured regions that is left-over from the
tension twins (Fig. 8(c)). The texture difference between these
regions and the re-oriented regions may have caused the strain

localizations. However, strain localizations to these regions
are minor as the majority of the deformation happens within
the grains and along the grain boundaries, which explains to
the loss of diffractions data in some grains and boundaries
(Fig. 8(c)). Indeed, the complete reorientation of texture may
actually be beneficial in delaying strain localizations at the
early stages of the deformation [10].

In addition to the presence of {10-12} twins, contraction
and double twins should be dominant in the tests. They are
harder to observe with EBSD, but optical images provide ev-
idence for their existence, especially under biaxial stretching
(Fig. 6). Their appearance and behavior are identical to what
has been observed in the literature [26], being narrow and
not expanding with further strain. Detailed TEM studies from
these twins indicate they are actually {10-11}-{10-12} type
double twins [26]. Then, the most likely sources of the severe
strain localized regions in biaxial are the contraction or dou-
ble twins. These twins reorient the texture for basal slip to be
favorable in them. The strain concentration into the twins or
their boundaries may have formed the dark bands appearing
towards the end of the test (Fig. 6 — BI). In tension, on the
other hand, there is lack of evidence for either contraction or
double twins. Slip activity after the re-orientation of texture
may have suppressed these twins.

Misorientation data provides evidence for slip activity in
both biaxial and uniaxial tension (Fig. 9(b) and (c)). How-
ever, in uniaxial, there is more grain fragmentation and cor-
responding low-angle subgrains. Two peaks at the beginning
(0°-5°) and at the end (85°-90°) of the misorientation dis-
tribution correspond to the subgrains in the initial and reori-
ented grains, respectively (Fig. 9(c)). As the basal slip activity
would be limited in the reoriented grains, prismatic slip be-
comes the main contributor to the deformation [27]. Indeed,
C-axis being perpendicular to the tensile loading direction is
shown to promote the prismatic slip [27]. The prismatic slip
may 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.

boundaries (&max/Emean =~ 2) When compared to the previous
microscale studies where the basal slip dominated the defor-
mation (&max/€mean =~ 30) [8]. The results in this study are
rather comparable to the previous microscale studies on the
randomly textured Mg alloys (2 < &max/Emean < ), 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

in the shear lip and in the crack body (Fig. 10 — white circles),
whereas ductile fracture features are absent in biaxial. Chem-
ical etching of the fractured surfaces reveals the sources of
fracture initiation (Fig. 10 — optical images). Uniaxial sample
contains small amount of twins and strain-localized areas, due
to the dominance of the slip over twinning. Cracking along
grain boundaries is evident (Fig. 10 — black arrows), paral-
lel to the in-situ observations (Fig. 4). The sample eventually
fails by microcracks propagating along the grain boundaries.
A significant number of twins are present in the fractured
biaxial sample. Severe strain localization to the twins leads
to microcracking along them (Fig. 10 — white arrows). These
microcracks then reach to the grain boundaries, where they
are linked with each other (Fig. 6). A mixture of transgran-
ular and intergranular fracture occurs at the ultimate sam-
ple failure. Some independent microcracks form at the grain
boundaries, however, microcracks originating from the twins
prevail and control the overall fracture, which is brittle and
shear-type.
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4. Summary

In this study, strain localizations in basal-textured mag-
nesium are investigated under uniaxial tension and biaxial
stretching. The samples are tested until fracture, which en-
abled characterization of the effects of strain localizations on
the fracture. Detailed analyses of the in-situ recordings, strain
maps 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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