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Abstract

Mg-RE (magnesium-rare earth) alloys exhibit pronounced in-plane anisotropy of mechanical response under quasi-static monotonic loading
resulting from the RE texture, as extensively reported. In this work, an obvious in-plane anisotropy of cyclic deformation behavior was
observed in an extruded Mg-3Y alloy sheet during strain-controlled tension-compression low-cycle fatigue (LCF) at room temperature. The
extrusion direction (ED) samples displayed better fatigue resistance with almost symmetrical hysteresis loops and longer fatigue life compared
with the transverse direction (TD) samples. The influences of texture on the deformation modes, cracking modes, and mechanical behavior
of Mg-Y alloy sheets under cyclic loading were studied quantitatively and statistically. The activation of various slip/twinning-detwinning
systems was measured at desired fatigue stages via EBSD observations together with in-grain misorientation axes (IGMA) analysis. The
results indicate that the activation of deformation modes in the TD sample was featured by the cyclic transition, i.e., prismatic slip (at
the tensile interval) — {10-12}tension twinning (at the compressive reversal) — detwinning + prismatic slip (at the re-tensile reversal).
In the case of the ED sample, the cyclic deformation was dominated by the basal slip throughout the fatigue life. For cracking modes,
intergranular cracking and persistent slip bands (PSB) cracking were the primary cracking modes in the ED sample while the TD sample
showed a high tendency of {10-12} tension twinning cracking (TTW cracking). The underlying mechanisms influencing the activation of
various slip/twinning-detwinning systems, as well as cracking modes and cyclic mechanical behavior, were discussed.
© 2022 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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1. Introduction research prospects, which are widely used in aerospace, auto-
motive industry, and commercial electrical appliances, due to

Magnesium (Mg) alloys have become engineering struc- their lightweight, high damping capacity and high specific
tural materials with extremely high development potential and strength [1,2]. However, conventional wrought Mg alloys,
such as AZ31 and ZK60, exhibit poor ductility and forma-
bility owing to the strong basal texture and limited deforma-
tion modes [3,4]. Great efforts have been made to weaken
the texture [5—7]. Fortunately, some Mg alloys showing more
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fully [8,9]. Mg-RE alloys usually show typical RE texture
[10-12], i.e. the maximum basal pole symmetrically split into
two lobes in extrusion direction (ED) or transverse direction
(TD). This RE texture would give rise to in-plane anisotropy
of mechanical properties which has been widely reported. For
example, Bohlen et al. [13] reported higher yield strength
but lower uniform elongation along the RD (rolling direc-
tion) than the TD in the Mg-4Zn-1Y alloy. They attributed
the anisotropy in mechanical properties to the special texture
characteristics which displayed a lower spread of the basal
poles toward the RD compared with the TD. Moreover, Wu
et al. [14] also reported a similar anisotropy in yield strength
and elongation in the Mg-2Gd-1 Zn alloy with RE texture.
Extensive studies [13—15] were performed to understand the
in-plane anisotropy of mechanical properties under monotonic
loadings, such as tension and compression, in Mg alloy sheets
with RE texture.

However, during actual service, Mg alloys used as struc-
tural components are often subjected to cyclic loading [16].
Cyclic mechanical behaviors are of great importance in as-
sessing the mechanical reliability [10,17-19]. Therefore, a
comprehensive understanding of the influence of the texture
on the cyclic deformation behavior of Mg alloys is of great
interest. Extensive studies [20-23] suggested that the cyclic
deformation modes showed a significant texture dependency
in Mg alloys. For instance, the as-rolled AZ31B alloy sheets
with symmetric strong basal texture in RD-TD plane, the RD
sample showed similar cyclic transition of deformation modes
to the TD sample [21]. Basal slip and {10-12} tension twin-
ning dominated deformation at the tensile and compressive
reversals during fatigue, respectively. However, in the case of
AZ31 alloy sheets with basal poles tilting towards RD, basal
slip exhibited higher activity in the RD sample than that in
the TD sample which showed higher activity of prismatic slip
[24,25]. Similarly, in the fatigue of AM30 alloy sheets with
basal poles tilting towards TD, the ED sample showed higher
activity of twinning-detwinning than that in the TD sample
[26]. However, the question of how texture influences the ac-
tivation of deformation modes (slip modes, twinning and de-
twinning modes) during cyclic loading in Mg-RE alloy is still
unclear.

Furthermore, deformation modes during cyclic loading dis-
play a great influence on cracking modes [10,27-29]. Wen
et al. [28] reported that tension-twinning induced crack-
ing (TTW cracking) served as the primary cracking mode
in the rolled AZ31 alloy sheets with strong basal tex-
ture. They attributed this cracking behavior to twinning-
detwinning-dominated cyclic deformation during fatigue. In
contrast, Wang et al. [27] found the extruded Mg-8.0Gd-
3.0Y-0.5Zr alloy sheets with weakened basal texture in which
dislocation slip dominated cyclic deformation displayed high
intergranular-cracking and persistent-slip-band (PSB) crack-
ing tendency. It can be seen that Mg alloys with different
textures show various cracking modes during cyclic loading.
Nevertheless, the effect of the special RE texture on the fa-
tigue cracking mode of Mg-RE alloys and the mechanism
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of the texture dependency of cracking modes remain to be
clarified.

In the current work, the in-plane anisotropy in cyclic de-
formation behavior of the Mg-3Y extruded sheet was sys-
tematically studied by analyzing the activation of deforma-
tion modes and cracking modes. The in-grain misorienta-
tion axes (IGMA) analysis [30] and intergranular misorien-
tation analysis were adopted to quantitatively obtain activity
of various slip modes and twinning-detwinning modes during
cyclic loading, respectively. The mechanisms of the texture-
dependencies of deformation modes, cracking modes and fa-
tigue behavior were discussed.

2. Materials and experimental procedures

The material employed in this work was Mg-3Y (wt.%,
used throughout the paper unless otherwise stated). 3% Y can
be completely dissolved into Mg matrix so that the interfer-
ence of the second phase can be eliminated. The as-received
material was a 110 mm diameter cast ingot with a compo-
sition of Mg-2.79Y-0.02A1-0.05 Zn measured by inductively
coupled plasma (ICP). The initial cast was homogenized at
525 °C for 24 h followed by water quenching and then ma-
chined into an 80 mm diameter billet for extrusion. The billet
and mold were preheated at 400 °C for 2 h, and then the
billet was extruded into a 55 x Smm? sheet with an extru-
sion ratio of ~18.3. Dog-bone-shaped samples with a gage
length of 8 mm and a cross-section of 4.5 x 4mm? for uni-
axial tension/compression and low cycle fatigue (LCF) tests
were taken from the sheet in two perpendicular orientations:
ED and TD by electric discharge machine (EMD). Specimens
for optical microscopy (OM) observations were mechanically
polished and etched for three seconds in a solution of 2 ml
HNO; and 12 ml H,0O. Macro-texture was determined by X-
ray diffraction (XRD, Rigaku D/max-2500 PC).

Monotonic loading tests and LCF experiments were con-
ducted at room temperature on a servo-hydraulic load frame
(MTS 809 Axial/Torsional) equipped with an extensometer
with a gage length of 8 mm (Epsilon3442—-008M-020M-ST).
The strain rate of the monotonic loading was 1.0 x 1073s7!.
Especially, the uniaxial compression tests were stopped when
the strain reached 8% because the buckling of the speci-
mens would reduce the accuracy of the data as the strain
increased [23,31]. The samples for the LCF test were care-
fully polished using various grit papers (400 grit, 600 grit,
and 1000 grit) to obtain a maximum surface roughness of
0.2 um. The strain amplitudes of LCF tests were 0.4%, 0.6%,
0.8%,1.0%,1.2%,1.4%,1.6% with the strain ratio of —1 and
the frequency of 0.1 Hz. All LCF experiments were performed
until the stress amplitude decreased over 5% and the corre-
sponding cycle was marked as fatigue failure cycle or fatigue
life [21]. At least three samples were tested for each condition
to ascertain reproducibility.

The microstructure and crystallographic orientation of the
deformed samples were examined by scanning electron mi-
croscope (SEM, JEOL JSM-7800F) equipped with an electron
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Fig. 1. Representative microstructures and macro-texture of the as-extruded Mg-3Y alloy (in the ED-TD plane): (a) optical micrograph; (b) (0002) pole figure

measured by XRD.

backscatter diffraction detector (EBSD, Oxford Nordlys F).
All samples for EBSD analysis were mechanically ground
using various grit papers (from 400 grit to 4000 grit) and
then electrolytically polished in an AC2 solution (18 ml
distilled water, 10 ml isopropanol, 80 ml absolute ethanol,
75.0 g citric acid, 41.0 g sodium hydrosulfide, and 10.0 g
8-hydroxyquinoline) at —25 ©°C using a voltage of 20 V for
2 min. Additionally, the JEOL JSM-7800F operating condi-
tions were an accelerating voltage of 20 kV, a working dis-
tance of 10 mm, and a 0.2 um step size. The Channel 5.0
analysis package was used to process the EBSD data.

3. Results
3.1. Original microstructure

The optical micrograph of the as-extruded Mg-3Y sample
(in the ED-TD plane) is shown in Fig. 1(a). The recrystal-
lized grains with an average size of 10 um were observed,
and neither obvious deformation twins nor second phases ap-
peared. The (0002) pole figure measured in the ED-TD plane
is depicted in Fig. 1(b), and there is a typical RE texture with
a symmetrical splitting of maximum intensity by 30° to 40°
from the normal direction (ND) toward the ED. The max-
imum intensity of this texture is 5.76 multiples of random
distribution (M.R.D), which is much smaller than that of the
strong basal texture in traditional commercial AZ/AM series
Mg alloys [32,33].

3.2. Mechanical behavior

3.2.1. Uniaxial tension/compression

The tensile and compressive stress-strain curves of the TD
and ED samples obtained at room temperature are shown in
Fig. 2. The yield strength of the two samples under the mono-
tonic loading is summarized in Table 1. The tensile and com-
pressive yield strengths of the TD sample were 148 MPa and
110 MPa, respectively. The yield strength ratio (YSR), which
is defined as CYS (compressive yield strength) / TYS (ten-

Table 1
The yield strength of the ED and TD samples under uniaxial tension and
compression.

Samples Tensile yield Compressive yield Yield strength
strength (MPa) strength (MPa) ratio

The ED 98 93 0.95

sample

The TD 148 110 0.74

sample

sile yield strength), was 0.74, indicating a profound tension-
compression asymmetry. Note that a less tension-compression
(T-C) asymmetry is exhibited with the CYS/TYS ratio tend-
ing to 1. In contrast, the TYS and CYS of the ED sample
were 98 MPa and 93 MPa and the YSR was 0.95, suggesting
a significantly reduced T-C asymmetry. In addition, for the
TD samples, the tension and compression responses during
plastic deformation also presented significant T-C asymmetry
as shown in Fig. 2(b). The compressive stress-plastic strain
curve exhibits a sigmoidal shape while the tensile stress-strain
curve shows a concave-down shape. In the ED samples, the
stress-strain curves at the plastic deformation stage display
concave-down shapes in both tension and compression and
the two curves almost coincided. The monotonic mechanical
behaviors serve as a basis for the LCF studies.

3.2.2. Cyclic deformation behavior

The strain amplitude-number of cycles to failure curves (e-
N curves) of the ED and TD samples are shown in Fig. 3(a).
There is an obvious difference in fatigue properties between
the ED and TD samples. The ED samples always showed
better fatigue resistance with longer fatigue life at the same
strain amplitude (0.4%—1.6%) compared with the TD sam-
ples. For instance, At the strain amplitude of 1%, the fatigue
life of the ED specimen was 316 cycles, which is ~2.2 times
that of the TD sample (144 cycles). Fig. 3(b, c¢) shows the
representative hysteresis loops of the 1st-10th cycles, half-life
cycles (the 72nd cycle for the TD sample and the 158th cycle
for the ED sample), and the last cycles at 1% strain ampli-
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Fig. 3. Cyclic stress-strain response of the ED and TD samples: (a) the curve of strain amplitude-number of cycles to failure (¢-N curve); representative
hysteresis loops (cycle1-10, half life, and the last cycle) of the ED and TD samples at 1.0% strain amplitude; (d) peak, valley and mean stresses as functions
of the cycle number of the ED and TD samples at 1.0% strain amplitude.

tude of the ED and TD samples. In Fig. 3(b), the hysteresis
loops of the TD sample show manifest asymmetric shapes.
Specifically, the stress-strain curve of the initial portion of
the tensile interval at the 1st cycle displays a concave-down
shape. In the successive compressive reversal, a plateau occurs

when the compressive stress reached —130 MPa (as indicated
by the black arrow). The subsequent tensile reversal exhibits
a sigmoidal shape. The curve presents a concave-down shape
before the tensile stress reached 78.6 MPa (as indicated by
the blue arrow). After this, the curve displays a concave-up
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shape. Moreover, the hysteresis loops of the TD samples dis-
play similar asymmetrical shapes throughout almost the whole
fatigue life. In contrast, the stress-strain hysteresis loops of the
ED samples exhibit symmetrical characteristics. The curve
presents concave-down and concave-up shapes in the first
tensile interval and successive compressive reversal, respec-
tively. In the subsequent tensile reversal, the curve displays a
concave-down shape. Fig. 3(d) illustrates the variation of peak
(the maximum tensile stress, omax), valley (the maximum
compressive Stress, Omin), and mean stresses (0, = (0 max
40 min)/2) with loading cycles for the TD and ED samples.
The peak/valley stress-response curves of the two can be
mainly divided into three stages: (I) the rapid cyclic hard-
ening (both peak and valley stresses) stage in the initial few
dozens of cycles; (II) the moderate hardening/softening stage,
which accounted for most of the total fatigue life; and (III)
the apparent softening in peak/valley stress until fatigue fail-
ure. It is demonstrated that the texture shows a significant
influence on the cyclic hardening/softening behavior. For the
TD sample, during the stage I (the first 10 cycles), both the
peak and valley stresses increased rapidly (peak stress in-
creased from 159 MPa to 176 MPa, valley stress increased
from 130 MPa to 143 MPa (absolute value, all compressive
valley stresses are of absolute value unless otherwise stated)),
indicating a high cyclic hardening behavior. Then, during the
stage II (the 10th —114th cycle), the tensile peak stress de-
creased slightly (i.e., decreased from 176 MPa to 166 MPa)
until the 114th cycle (79.2% of the fatigue life), displaying a
moderate cyclic softening behavior. In contrast, the compres-
sive valley stress still increased in this stage (increased from
143 MPa to 149 MPa during the 10th —114th cycle) indicat-
ing a marginal cyclic hardening behavior. Finally, during the
stage III (from the 114th cycle-fatigue failure), the peak stress
decreased rapidly (decreased from 166 MPa to 87 MPa) while
the valley stress decreased slightly (decreased from 149 MPa
to 141 MPa) until fatigue failure. For the ED sample, dur-
ing the stage I (the first 6 cycles), it showed obvious cyclic
hardening in both peak and valley stresses (peak stress in-
creased from 110 MPa to 119 MPa, valley stress increased
from 105 MPa to 111 MPa) which was similar to that of the
TD sample. Then, during the stage II (the 6th —293rd cycle),
both peak and valley stresses showed moderate cyclic hard-
ening until the 293rd cycle (92.7% of the fatigue life, (peak
stress increased from 110 MPa to 121 MPa, valley stress in-
creased from 111 MPa to 114 MPa). In the end, during the
stage III (from the 293rd cycle-fatigue failure), similar to the
TD sample, the peak stress displayed an obvious cyclic soft-
ening behavior (decreased from 121 MPa to 58 MPa) while
the valley stress showed a moderate cyclic softening behavior
until fatigue failure (decreased from 114 MPa to 110 MPa).
Due to the asymmetry of the stress-strain hysteresis loops of
the TD sample, the mean stress reached maximum (20.1 MPa)
at the 5th cycle and decreased gradually to O at the 122nd cy-
cle (84.7% of the fatigue life). In the case of the ED sample,
the mean stress reduced to around zero during most of the fa-
tigue life resulting from the significantly reduced asymmetry
of the stress-strain hysteresis loops.
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Table 2

Slip systems available in magnesium and corresponding segregation axes
[30].

Slip systems Slip plane and slip direction Axes

Basal (a) slip (0001) <11-20> <1 — 100>
Prismatic (a) slip (10-10) <—12-10> <0001>
Pyramidal 2 (¢ + a) slip (11-22) <—1-123> <1 — 100>

Note that the basal slip and the pyramidal slip share the (1-100) axis. There-
fore, the activation stress (CRSS/SF) criterion [44,45] was used to uniquely
identify the activity slip system. That is to say, the slip system with lower
activation stress is expected to be activated.

3.3. Deformation modes

The activation of deformation modes, including various
slip/twinning modes, of the TD and ED samples under mono-
tonic loadings was analyzed at a tensile/compressive strain of
5%. Moreover, the evolution of deformation mechanism dur-
ing cyclic loading was monitored at various fatigue stages of
the two samples, including the tensile peak strain (T1), com-
pressive valley strain (C1) of the Ist cycle, tensile peak strain
of the 2nd cycle (T2), and the half-life cycle (the 72nd cycle
for the TD sample and the 158th cycle for the ED sample).

3.3.1. Deformation modes under monotonic loading

Dislocation slip plays an important role in the plastic de-
formation of Mg alloys at room temperature [34-37]. In-grain
misorientation axes (IGMA) analysis is an effective method
to study dislocation slip and is widely used in close-packed
hexagonal (HCP) metals [38—40]. It’s based on slip-induced
lattice rotation to determine the activated slip systems. For
example, a lattice rotation around the (0001) axis is caused
by the onset of prismatic slip so a concentration of the IGMA
toward the (0001) axis is observed when prismatic slip ac-
commodates the main deformation in the grain. Moreover,
the axes for various slip systems in Mg are summarized in
Table 2. Fig. 4 displays the representative microstructures of
TD and ED samples at the tensile/compressive strain of 5%.
For brevity, the TD and ED samples, which were strained to
a tensile strain of 5% and a compressive strain of 5%, were
marked as TD-T5%, TD-C5%, ED-T5%, and ED-C5%, re-
spectively. Fig. 5 shows Grainsl-4 selected from ED-T5%,
ED-C5%, TD-T5%, and TD-C5% inverse pole figure (IPF)
map of Fig. 4, respectively. Both Grainsl and 2 presented
high segregation of the IGMA toward (1-100) axis with
M.R.D>2.0 (M.R.D>2.0 is considered to be the indicator of
the IGMA segregation). In addition, according to the IGMA
and activation stress criterion, the activated slip system was
identified as the basal slip in both Grainsl and 2. Similarly,
prismatic slip was activated in Grain 3 while no obvious seg-
regation was detected in Grain 4.

To ensure statistical significance, ~120 grains in each sam-
ple were probed to identify the activated slip systems. The
statistics of the activated slip systems of the four samples are
summarized in Fig. 6. For the ED-T5% sample, activation of
dislocation slip was detected in 22 grains (18.3% of the 120
grains) by IGMA analysis. Among these grains, 18 (81.8%)
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Fig. 4. Representative microstructures of the Mg-3Y alloy sheet after 5% tensile/compressive strain taken for the ED-TD plane: the first line: the IPF (inverse
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Fig. 5. Grainl—4 selected from Fig. 4 and corresponding IGMA distribution used to identify the activated slip systems. In the IGMA distribution map, the
numbers before and after the slash represent the minimum and maximum M.R.D values of the IGMA concentration, respectively. M.R.D > 2.0 is considered
to be the indicator of the IGMA segregation.
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Fig. 6. Statistical histograms of the activated slip systems in terms of global SF distribution in ED/TD sample under monotonic loading: (a) ED-T5%; (b)

ED-C5%; (c) TD-T5%; (d) TD-C5%.

grains presented basal slip. Among these 18 grains, 15 grains
showed soft orientations (SF > 0.3), which accounted for
83% of the grains displaying basal slip. Only 3 grains showed
prismatic slip and 1 grain presented pyramidal slip. Moreover,
the ED-C5% sample displayed similar activity of dislocation
slip compared with the ED-T5% sample. Among the total 21
grains showing dislocation slip in the ED-C5% sample, 17
grains (81.0% of the 21 grains) displayed basal slip. Basal
slip dominated both tensile and compressive deformation of
the ED sample. In contrast, for the TD-T5% sample, 20 grains
(16.7% of the 120 grains) displayed dislocation slip. Among
these grains, 14 grains (70%) showed prismatic slip, and 12
grains (86% of the 14 grains) exhibited soft orientations. In
addition, basal slip was observed in 4 grains and pyramidal
slip was activated in only 2 grains. Prismatic slip was the
primary deformation mode during tension of the TD sample.
Under compression, in the TD sample, merely 3 grains dis-
played basal slip and no non-basal slip was detected.

In addition to dislocation slip, twinning is also an impor-
tant deformation mode for Mg alloys to accommodate c-axis
strain [41-43]. Especially, {10-12} tension twinning is the
main twinning mode at room temperature owing to its rel-
atively low critical resolved shear stress (CRSS) value [41].
Among the four samples, only the TD-C5% sample exhibited
abundant twins as shown in Fig. 4 and the corresponding twin
volume fraction (TVF) was 55.2%. In addition, most twinned

grains showed soft orientations for twinning. Few twins were
observed in the other three samples. The TVF of the ED-T5%,
ED-C5%, and TD-T5% was 1.3%, 2.7%, and 1.8%, respec-
tively. It’s worth noting that only {10-12} tension twins were
observed among these four samples.

In summary, the analysis of deformation modes indicates
that basal slip dominated the plastic deformation of the ED
sample in both tension and compression. Prismatic slip served
as the primary deformation mode under the tension in the TD
sample while {10-12} tension twinning dominated plastic de-
formation under the compression in the TD sample. Further-
more, the activation of the dominant deformation modes in
the four samples followed Schmid’s law, i.e., most deforma-
tion modes were activated in grains with soft orientations.

3.3.2. Deformation mechanism during cyclic loading

Unlike monotonic loading, the activation of deformation
modes in many wrought Mg alloys was featured by the cyclic
transition during cyclic loading [20,21,46]. For example, in
the fatigue of ZK60 alloy sheets, {10-12} tension twinning
dominated the plastic deformation in the compressive interval
while detwinning was the primary deformation mode in the
tensile reversal. Fig. 7 shows the representative microstruc-
tures of the ED and TD samples at various cyclic deformation
stages (at T1, Cl, T2, and half-life). It illustrates the evolu-
tion of morphology of twins during fatigue. The statistics of
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Half life

Fig. 7. The evolution of representative microstructures of the ED and TD samples during various cyclic deformation stages at 1% strain amplitude: the first
row: the IPF map of the ED sample at (a) T1, (b) C1, (c) T2, and (d) half life; the second row: the IPF map of the TD sample at (e) T1, (f) Cl1, (g) T2, and
(h) half life. Note that (f) and (g) illustrate the twinning-detwinning deformation mode during the fatigue of the TD sample by quasi-in-situ EBSD observation.

Table 3
The evolution of TVFs in the TD and ED samples during cyclic deformation
at 1% strain amplitude.

Samples T1 Cl1 T2 half life
TD 0 17.3% 1.8% 26.2%
ED 0 0 0 1.2%

the evolution of TVFs in the two samples during fatigue were
summarized in Table 3. Only {10-12} tension twins were ob-
served throughout the whole stages. For the TD sample, no
twins were observed at T1 while abundant twins appeared
at C1 and the TVF reached 17.3%. Then, most twins were
removed by detwinning in the tensile reversal and the vol-
ume fraction of the residual twins was only 1.8% at T2. The
volume of residual twins increased with cycle number. At
half life, many residual twins were observed and the TVF
reached 26.2%. This typical twinning-detwinning deformation
was widely reported in wrought Mg alloys with RE elements
free such as AZ31 [46], and ZK60 [47,48]. In addition, twin-
ning behavior during the fatigue also meets the Schmid law
and most twinned grains presented soft orientations for twin-
ning. Conversely, in the case of the ED sample, no twins
were found at T1, C1, and T2. Even at half life, the TVF was
only 1.2%. The contribution of twinning to deformation was
limited during cyclic loading of the ED sample. Therefore,
it can be inferred that dislocation slip dominated the plastic
deformation during fatigue of the ED sample. 120 grains in
ED/TD sample were monitored to analyze the activation of
slip systems by the IGMA method during cyclic deformation.

Fig. 8 displays the number of grains showing dislocation slip
at different cyclic deformation stages (T1, C1, T2, and half
life) in terms of the corresponding global SF.

In the TD sample, 4 grains (3.3% of the 120 grains) dis-
played dislocation slip at T1. Among these 4 grains, 3 grains
(75%) showed prismatic slip and all of them were in the soft
orientation of prismatic slip. The other 1 grain presented basal
slip but it was in the hard orientation of basal slip. At CI,
the sample did not show more grains displaying dislocation
slip compared with that at T1. At T2, the number of grains
showing prismatic slip increased to 5. At half life, 15 grains
(12.5% of the 120 grains) showed dislocation slip. Among
these 15 grains, 11 grains (73.3%) displayed prismatic slip,
and 9 grains (81.8% of the 11 grains) were with SFs higher
than 0.3. Moreover, 3 grains with hard orientations showed
basal slip and 1 grain displayed pyramidal slip. For the ED
sample, 6 grains (5% of the 120 grains) displayed basal slip at
T1. Under compressive reversal, the number of grains show-
ing basal slip increased to 9 at C1. Then, 13 grains showed
basal slip at T2. During these stages, only basal slip was de-
tected and 12 grains (92.3% of the 13 grains) showed soft
orientation for basal slip. With increasing cycle number, at
half life, the number of grains displaying dislocation slip was
26 which was ~1.7 times that of the TD sample. Among
these 26 grains, 21 grains (80.8%) presented basal slip, and
18 grains (85.7% of the 21 grains) were in the soft orien-
tations for basal slip. 3 grains showed prismatic slip and all
of them were in the soft orientation for prismatic. 2 grains
displayed pyramidal slip showing corresponding SFs higher
than 0.3.
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Fig. 8. SF distributions of the activated slip systems identified by IGMA in the (a) TD and (b) ED samples during different fatigue stages (T1, C1, T2, and
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In general, the activity of various deformation modes of
ED and TD samples during cyclic deformation can be sum-
marized as:

(1) ED samples: basal slip (at the initial tensile inter-
val) — basal slip (at the successive compressive rever-
sal) — basal slip (at the second tensile reversal. Basal
slip served as a dominant deformation mode throughout
the fatigue life.

(2) TD samples: prismatic slip (at the initial tensile inter-
val) — {10-12} tension twinning (at the first compres-
sive reversal) — detwinning + prismatic slip (at the
second tensile reversal). The transition of cyclic defor-
mation modes in the subsequent cycles followed the
above sequence.

3.4. Cracking mode during fatigue

Fig. 9 shows secondary electrons (SE) SEM images of
the ED and TD samples after fatigue failure. In the ED sam-
ple, slip traces (marked by the magenta dashed lines) concen-
trated inside most of the grains and few twins were observed.
Conversely, abundant twins appeared in the TD sample while
there were few slip traces. To reveal the cracking modes in
the ED and TD samples, the crack morphologies of the two
after fatigue failure were analyzed statistically. In addition, as
illustrated in Fig. 9, the detected micro-cracks could mainly
be classified into three categories:

(1) Intergranular cracks (marked by blue arrows);

(2) Transgranular cracks formed at persistent slip bands
(PSB cracks, marked by red arrows);

(3) Transgranular cracks formed at tension twins (TTW
cracks, marked by yellow arrows).

To ensure accuracy, the crack morphologies in an area con-
taining ~200 grains were analyzed statistically and the results

are summarized in Fig. 10. In the ED sample, there were 32
cracks in total. 19 intergranular cracks (59.4% of the total
32 cracks) and 13 PSB cracks (40.6%) were observed while
no TTW cracks appeared. For the TD sample, there were 46
cracks in total which were 1.4 times that of the ED sample.
31 TTW cracks (67.4% of the total 46 cracks) were detected
and the number of intergranular cracks and PSB cracks was 9
(19.6%) and 6 (13.0%), respectively. Compared with the ED
sample, much more TTW cracks but much fewer PSB cracks
were detected in the TD sample. In summary, the cracking
modes in the two samples were characterized as follows:

(1) In the ED sample, intergranular cracks, as well as PSB
cracks, were the primary cracking modes during fatigue.

(2) For the TD sample, TTW cracks served as the domi-
nant cracking modes, suggesting a high TTW-cracking
tendency.

4. Discussion
4.1. Effect of texture on deformation modes

4.1.1. Effect of texture on deformation modes under
monotonic loading

For conventional wrought Mg alloys with strong basal tex-
ture such as AZ31 [21], no obvious in-plane anisotropy of
deformation modes was found due to in-plane texture sym-
metry. The in-plane loads were nearly perpendicular to the
c-axes of most of the grains. As a result, basal slip and {10—
12} tension twinning dominated the tensile and compressive
plastic deformation, respectively. However, for the Mg-3Y al-
loy sheets with a typical RE texture, the texture exhibited
a significant effect on the deformation modes, as shown in
Fig. 6. Basal slip dominated the deformation of the ED sam-
ples in both tension and compression. Prismatic slip mainly
accommodated the tensile deformation of the TD samples,
while {10-12} tension twining served as the main deforma-
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Fig. 9. Secondary electron (SE) SEM micrographs showing crack morphology after fatigue failure of the (a) ED and (b) TD sample at 1% strain amplitude.
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Fig. 10. Statistical histogram of cracking modes for the ED and TD samples
after fatigue failure.

tion mode in compression. It was reported that the deforma-
tion mechanism displayed significant in-plane anisotropy in
Mg alloys with RE textures [13—15]. Bohlen et al. [13] re-
ported that, for the Mg-4Zn-1Y alloy with a RE texture, the
TD sample showed higher activity of basal slip than the RD
sample. They attributed the anisotropy to the special texture
which displayed a higher spread of the basal poles toward the
TD than toward the RD.

10

The slip/ twinning systems would be activated when the
applied stress exceeds the corresponding activation stress (o)
of a particular deformation mode. According to the Schmid
law, the o can be written as:

o = CRSS/SF 0]

where CRSS is the critical resolved shear stress for a
slip/twinning system and SF is the corresponding Schmidt
Factor. Therefore, the activation of deformation modes is
jointly governed by CRSS and SF [44,45].

Fig. 11 displays the SF distributions of various deforma-
tion modes in the ED and TD samples. Both the ED and TD
samples show favorable orientations for pyramidal slip, and
the mean SF values in the ED and TD samples are 0.41 and
0.43, respectively. Moreover, the ED sample displays favor-
able orientation for basal slip (the mean SF value is 0.38) and
prismatic slip (the mean SF value is 0.30) while the TD sam-
ple shows favorable orientation for prismatic slip (the mean
SF value is 0.42) and {10-12} tension twinning under com-
pression (the mean SF value is 0.36). It’s well-established that
the SF value is determined by the angle between the loading
direction and the c-axes of grains (6), as well as the rotation
angle around the c-axis («) [37,49]. For the symmetry of the
HCP crystal structure, the value of 6 alters in the range of
0-90°and o varies in the range of 0-30° Accordingly, the
values of SF as a function of 6 and « are calculated and the
results are displayed in Fig. 12(a). It can be seen that 6 plays
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Fig. 11. Distribution of SF of different deformation modes (slip/twinning systems) for the ED and TD samples.
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Fig. 12. Deformation mode analysis based on minimum activation stress (CRSS/SF): (a) SF as a function of 6 (the angle between the loading direction and
the c-axis of a grain) and « (the rotation angle around the c-axis). Note that the dashed and the solid line represents the lower and upper limit of the SF of a
particular deformation mode, respectively; (b) Distribution of activation stress as a function of 6 in the ED and TD samples. Note that the light blue solid line
in (b) represents the activation stress-6 curve of detwinning under reverse tension if {10-12} tension twins were activated during the preceded compression;
(c) Schematic diagram showing the distribution of 6 of the TD and ED samples with the RE texture as shown in Fig. 1(b).

a dominant role in the value of SF while the varying « at a
particular 6 only leads to a slight change in the SF value. Due
to the characteristics of the RE texture displayed in Fig. 1(b),
the ranges of 6 for the ED and TD samples were 50°—60°
and 80°—90°, respectively, as illustrated in Fig. 12(c). In addi-
tion, it should be noted that only the compressive loading was
considered for {10-12} tension twinning due to the polarity
of the twinning. A CRSS ratio of 1: 2: 1: 3: 5.6 (Table 4) for
basal slip, {10-12} tension twinning, detwinning, prismatic
slip, and pyramidal slip was used in the calculation of activa-
tion stress [50]. Notably, detwinning is the shrinking motion

11

of the existing twin and nucleation does not occur during de-
twinning [51-53]. Consequently, the CRSS value of detwin-
ning is much lower than twinning. Based on the criterion of
the lowest activation stress [44,45], the activated deformation
modes of the ED and TD sample under monotonic loading
were summarized in Table 3. For the ED sample, the 0 alters
in the range of 50-60° as shown in Fig. 12(c), so basal slip
is preferentially activated both in tension and compression.
Pyramidal slip with the highest average SFs value is difficult
to be activated owing to its high CRSS value. Similar activa-
tion of deformation modes was widely reported in other Mg-
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Material Value(MPa) Basal slip Prismatic slip Pyramidal slip {10-12}tensiontwinning {10-12}de-twinning
Mg- CRSS 6.7 20.1 36.9 13.2 6.7

3Y Ratio 1.0 3.0 5.6 2.0 1.0

x The ratio in the table is the CRSS ratio with respect to the basal slip.

RE alloys [31,54,55]. Wang et al. [31] found that basal slip Table 5

dominated tensile and compressive deformation in GW83K
Mg alloy resulting from the greatly weakened basal texture.
Yin et al. [55] observed highly reduced tension-compression
asymmetry in Mg-Y alloys and they attributed it to the RE
texture, the basal poles split from ND toward ED, which pro-
duced more soft-oriented grains for basal slip and promoted
the onset of basal slip as the loading direction was parallel
to the ED. Accordingly, basal slip served as the dominated
deformation mode in both tension and compression. In con-
trast, in the case of the TD sample, the 6 varies in the range
of 80-90° as shown in Fig. 12(c). The prismatic slip and
{10-12} tension twinning displayed the smallest activation
stress during tension and compression, respectively. As a re-
sult, the primary deformation mode was prismatic slip under
tension while the dominant deformation mode was {10-12}
tension twinning in compression. This difference in deforma-
tion modes under tension and compression is similar to that
of the conventional wrought Mg alloys, such as AZ31, ZK60
[56,57] with strong basal texture.

4.1.2. Effect of texture on deformation modes under cyclic
loading

The deformation mechanism under monotonic loading is
a basis for that under cyclic loading. It’s worthy noting that
the activation of deformation modes in the TD sample was
featured by the cyclic transition under cyclic loading com-
pared with that under monotonic loading, i.e., tension twin-
ning (at the compressive reversal) — detwinning + prismatic
slip (at the tensile reversal). In the ED sample, the twinning-
detwinning-dominated transition was suppressed due to the re-
duced twinning-detwinning activity, and resultantly basal slip
dominated the cyclic deformation throughout the fatigue life.
Based on the above analysis, for the ED sample, basal slip
served as the primary deformation mode throughout the fa-
tigue life owing to its lowest activation stress as shown in
Fig. 12 and Table 5. Basal slip-dominated cyclic deformation
was also reported in the fatigue of GWS83 [31] Mg-RE al-
loy. However, in the case of the TD sample, the activation
of deformation modes during cyclic loading was featured by
the cyclic transition. Similar to monotonic loading, prismatic
slip and {10-12} tension twinning dominated the deforma-
tion in the first tensile interval and subsequent compressive
reversal. In addition, the activation of the {10-12} tension
twinning would cause the matrix to rotate 86° around the
(11-20) axis as shown in Fig. 13(e). Therefore, the c-axes of
twins are almost parallel to TD (i.e. loading direction) and
the 6 decreased to 0-10° as illustrated in Fig. 12(c). In the
second tensile reversal, detwinning would preferentially oc-

The dominant deformation modes of the ED and TD samples under various
loadings. The bold words represent the corresponding dominant deformation
modes.

Samples loading 0, ° Deformation mode
ED Tension 0-5.2 Pyramid slip
samples 5.2-79.8 Basal slip
79.8-90 Prismatic slip
Compression  0-5.2 Pyramid slip
5.2-75.9 Basal slip
75.9-90 {10-12} tension twinning
Re- 0-26.3 {10-12} de-twinning
tension 26.3-79.8 Basal slip
79.8-90 Prismatic slip
TD Tension 0-5.2 Pyramid slip
samples 5.2-79.8 Basal slip
79.8-90 Prismatic slip
Compression  0-5.2 Pyramid slip
5.2-75.9 Basal slip
75.9-90 {10-12} tension twinning
Re- 0-26.3 {10-12} detwinning
tension 26.3-79.8 Basal slip
79.8-90 Prismatic slip

cur in the existing twins resulting from favorable orientation
and low CRSS value as shown in Table 5. With increasing
tensile strain, the detwinning would be exhausted at the in-
flection point, as displayed in Fig. 13(f). Therefore, prismatic
slip dominated the tensile deformation. The cyclic transition
of the deformation modes in the subsequent cycles followed
the above sequence. This cyclic transition was also widely
reported in wrought Mg alloys. Dong et al. [58] found twin-
ning dominated the deformation in the compressive interval
while detwinning and basal slip accommodated deformation
in the tensile reversal during the fatigue of ZK60 Mg al-
loy. In addition, the contribution of non-basal slip to cyclic
deformation of ZK60 was limited owing to the too high
ratios of CRSSprismatic/CRSSbasal and CRSSpyramidal/CRSSbasal-
The addition of Y greatly reduced the ratios of CRSS;on-basal
/CRSSpasar [50]. Consequently, the prismatic slip could exhibit
high activity to accommodate deformation during the fatigue
of the TD samples of Mg-3Y alloy sheets.

4.2. Effect of texture on cracking modes

Based on the above analysis, the texture had an appreciable
effect on the deformation modes of Mg alloys under cyclic
loading. Numerous studies have shown that the deformation
modes significantly influenced the cracking modes. For ex-
ample, Wang et al. [27] reported intergranular cracking and
PSB cracking were the primary cracking modes in the fa-
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Fig. 13. Quasi-in-situ observation of the evolution of deformation modes of twinning-detwinning-prismatic slip of Grain A and Grain B in the TD sample
during C1 and T2 in cyclic deformation: IPF map and IGMA distribution of Grain A at (a) Cl and (b) T2, PA, TA4, and TA2 represents parent Grain A,
the 4th and the 2nd {10-12} tension twin variant of Grain A, respectively; IPF map and IGMA distribution of Grain B at (c) C1 and (d) T2, PB, and TB1
represent parent Grain B, the 1st {10-12} tension twin variant of Grain B, respectively; scattered (0002) pole figure of the two grains and their twins at (e)

C1 and (f) T2 showing the lattice rotation during twinning-detwinning.

tigue of GW83 with basal slip-dominated cyclic deformation.
In contrast, Wen et al. [28] reported TTW cracking domi-
nated the cracking mode in the cyclic deformation of AZ31
where twinning-detwinning served as the primary deformation
mode. It can be seen that the deformation modes played an
important role in governing the cracking modes. In the current
work, the analysis of cracking modes indicates that the texture
had an appreciable effect on the deformation modes of Mg al-
loys under cyclic loading. Therefore, the texture-dependency
of cracking modes can be attributed to the texture-dependency
of deformation modes. Fig. 14 depicts the kernel average mis-
orientation (KAM) map of the two samples at half life. The
KAM map can be used to assess the degree of plastic defor-
mation, a higher value indicates greater plastic deformation
or higher local stress concentration [58-60]. Fig. 15 illus-
trates the evolution of deformation modes and corresponding
stress concentration of the two samples during cyclic defor-

mation. For the ED sample, basal slip was continuously acti-
vated during cyclic loading in both tension and compression.
Grain boundaries as barriers would obstruct the movement
of dislocations. Therefore, dislocations piled up around the
boundaries and give rise to lattice distortion, as shown in
Figs. 14(a) and 15. It would produce stress concentration and
resultantly induce intergranular cracking [10,61]. On the other
hand, the continuous to-and-fro glide of dislocations in the
PSB would lead to stress concentration in the PSB with the
increasing cycle number. Consequently, micro-cracks formed
at the PSB [54]. As for the TD sample, prismatic slip together
with twinning-detwinning in soft grains made most contri-
bution to the cyclic deformation. The to-and-fro movement
of the twin boundaries due to twinning-detwinning behav-
ior, as well as the sustained interaction between twin bound-
aries and dislocations, gave rise to lattice distortion at the
vicinity of twin boundaries, as shown in Figs. 14(b) and
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Fig. 14. KAM maps of (a) the ED sample and (b) the TD sample at corre-
sponding half life. White arrows in (a) and (b) indicate stress concentration
around grain boundaries and twins, respectively. The red lines represent the
{10-12} twin boundaries.

15. Therefore, the TD sample showed a great number of
TTW-cracks.

4.3. Anisotropic mechanical behavior

4.3.1. Tension and compression asymmetry under monotonic
loading

As illustrated in formula (1), the required applied stress
to activate a particular deformation mode is jointly governed
by corresponding CRSS and SF. Basal slip dominated the de-

T1

Basal slip

Prismatic slip
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formation in both tension and compression for the ED sam-
ple. Consequently, no apparent tension-compression asymme-
try was found in the ED sample, as shown in Fig. 2. Simi-
larly, reduced tension-compression asymmetry can be found
in Yin’s work [10-12]. In the case of the TD sample, pris-
matic slip and {10-12} tension twinning dominated the de-
formation in tension and compression, respectively. The av-
erage SFs of the two deformation modes are very close as
displayed in Fig. 11 (0.42 for prismatic slip and 0.36 for the
twinning). The CRSS of prismatic slip (20.1 MPa) is much
higher than that of the {10-12} tension twinning (13.2 MPa).
Therefore, higher applied stress is required to activated pris-
matic slip-dominated tension deformation. As a result, the TD
sample shows a significantly tension-compression asymmetry.
This tension-compression asymmetry was widely reported in
AZ31, ZK60 alloys [46,47,62].

4.3.2. Anisotropic mechanical behavior under cyclic loading

Dislocation-dominated deformation usually produces a
concave-down shape in the stress-strain curve [27,31]. Basal
slip dominated the cyclic deformation in both tension and
compression, so the stress-strain curves of the tensile inter-
val and compressive reversal are highly coincident, leading
to more symmetrical hysteresis loops in the ED sample. For
the TD sample, prismatic slip was the primary deformation
mode at the tensile interval. Accordingly, the corresponding
stress-strain curve displays a concave-down shape. The plastic
deformation in the compressive reversal is dominated by {10—
12} tension twinning and the curve shows a plateau shape due
to the low work hardening of the twinning. At the subsequent
tensile reversal, detwinning and prismatic slip dominated the
deformation. The curve presents a sigmoidal shape curve ow-
ing to the difference in work hardening caused by the two

increasing cycle

Stress concentration

{10-12} tension twins Residual twins

-

<

Stress concentration around twin boundraies

-

Fig. 15. Schematic diagram illustrating the evolution of deformation modes and stress concentration of ED and TD samples during cyclic deformation.
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Fig. 16. Strain energy density during cyclic deformation of the ED and TD samples: (a) general definition of the plastic/elastic strain energy density developed
in LCF testing with the strain ratio of —1, and E; and E; are Young’s Modulus at loading and unloading, respectively; (b) the hysteresis loops of TD and
ED samples at half life with the strain amplitude of 0.4% and 1.6%; (c) total strain energy density (W) and plastic strain energy density (W) distribution of
the TD and ED samples at half life with the strain amplitude of 0.4%—1.6%; (d) corresponding distribution of elastic strain energy density (W,).

deformation modes. Thence, the TD sample shows obvious
asymmetry in hysteresis loops like AZ31 Mg alloy, etc.

It is well established that the cyclic-stress response is
mainly related to the competitive processes between the hard-
ening process resulting from the multiplication of dislocations
and the formation of twins, and the softening process due to
the annihilation and rearrangement of dislocations, propaga-
tion and coalescence of micro-crakes [21,47]. Therefore, the
different cyclic hardening/softening behavior of the ED and
TD samples could be associated with the distinct deformation
modes. For the ED sample, due to the multiplication of dis-
locations, both peak and valley stresses increased during the
first 6 cycles (stage I). Then, during the stage II, the balance
between the hardening owing to the multiplication of disloca-
tions and softening due to the annihilation and rearrangement
of dislocations made the peak and valley stresses increase
slightly during most of the fatigue life (until the 293rd cycle,
92.7% of the fatigue life). Finally, during the stage III, ini-
tiation, propagation and coalescence of micro-crakes resulted
in sharp drop in the tensile peak stress. Micro-crakes showed
less impact on the compressive valley stress so it decreased
slightly until fatigue failure [19]. Wang et al. [27,31] also re-
ported similar cyclic hardening/softening behavior during the
fatigue of the GW83 Mg-RE alloy where basal dominated the

cyclic deformation. In the case of the TD sample, twinning
and detwinning contributed more to the cyclic deformation.
The TVF rose with increasing cycle number which was also
observed in AZ31 alloy through in-situ neutron diffraction
[21]. Moreover, the increasing dislocation debris would act
as barriers to obstruct the twin movement [21]. The above
two factors together generated the moderate cyclic harden-
ing of the valley stress (stage II,10th-114th cycle, 79.2% of
the fatigue life). However, the increasing twins with cycling
would prolong the exhaustion of detwinning and resultantly
decreased the slip-dominated deformation, which would be a
key reason for the moderate softening of the peak stress.

The fatigue lives of the ED samples were higher than that
of the TD samples at various strain amplitudes. It is widely
accepted that the fatigue life of Mg alloys is closely related
to the input energy in cyclic loading [63,64]. The relation can
be written as:

AW +N" = C )
AW, = AW, + AW, 3)

where AW, is the total strain energy density at half life, which
is the algebraic sum of the plastic train energy density (AW,)
and elastic energy density (AW,), as illustrated in Fig. 16(a).
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Ny is the fatigue life, and ¢ and m are the material constants.
After the logarithmic operation, the formula can also be writ-
ten as:

1 1
lgNy = —— g AW, + —1gC 4)

Clearly, a negative linear relationship exists between IgW,;
and IgNVy, that is, a higher W, leads to a lower Ny. Fig. 16(b)
shows representative hysteresis loops of the two samples at
half life at strain amplitudes of 0.4% and 1.6%. Fig. 16(c,d)
displays the AW, AW,, and AW, of the two kinds of samples
at various strain amplitudes. The AW, AW,, and AW, values
of the TD samples are higher than those of the ED samples
at various strain amplitudes. As discussed in Section 4.1, the
low CRSS of basal slip coupled with the high mean SF value
generated the lower strain energy density in the ED sample,
compared with the TD sample. Meanwhile, the mean stresses
of the TD samples are higher than ED samples during cyclic
loading as presented in Fig. 3(d). Higher mean stress could
promote the initiation and propagation of cracks, leading to
the reduction in fatigue life [65]. Therefore, higher strain en-
ergy density together with higher mean stress resulted in the
shorter fatigue life of the TD sample compared with the ED
sample.

5. Conclusions

In this work, an obvious in-plane anisotropy of cyclic de-
formation behavior was observed in an extruded Mg-3Y sheet
with RE texture. The ED samples displayed better fatigue re-
sistance with almost symmetrical hysteresis loops, lower mean
stress and longer fatigue life compared with the TD sam-
ples. The influences of the texture on the deformation modes,
cracking modes, and cyclic mechanical behaviors were sys-
temically investigated. The key conclusions are summarized
as follows:

(1) Under monotonic loading, basal slip dominated the de-
formation of the ED sample in both tension and com-
pression. For the TD sample, prismatic slip and {10-12}
tension twinning were the primary deformation modes
in the tension and compression, respectively.

(2) The transition of cyclic deformation modes for the ED
and TD samples shows significant texture dependency,
which can be summarized as: (I) the ED samples: basal
slip (at the initial tensile interval) — basal slip (at the
successive compressive reversal). Basal slip served as
the primary deformation mode throughout the fatigue
life; (II) the TD samples: prismatic slip (at the initial
tensile interval) — {10-12} tension twinning (at the
successive compressive reversal) — detwinning + pris-
matic slip (at the tensile reversal).

(3) The activation of various deformation modes is jointly
determined by the CRSS of the deformation mode and
the corresponding SF. For the ED samples, the basal
slip dominated the cyclic deformation resulting from the
lower CRSS and higher SF of basal slip. For the TD
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samples, prismatic slip served as the primary deforma-
tion mode at the initial tensile interval due to its higher
mean SF value. In the subsequent compressive reversal,
the favorable orientation and low CRSS enabled the ac-
tivation of twinning. At the subsequent tensile reversal,
detwinning dominated the plastic deformation owing to
its low CRSS and favorable orientation. Prismatic slip
dominated the tensile deformation again when the de-
twinning was exhausted.

(4) The anisotropy in mechanical behavior can be attributed
to the high texture-dependency of the activation of
deformation modes. In the ED samples, the symmet-
rical hysteresis loops was associated with basal-slip-
dominated cyclic deformation at both tensile and com-
pressive reversals. For the TD samples, the striking dif-
ference between the deformation modes at compressive
(twinning-dominated deformation) and tensile reversals
(detwinning and prismatic slip dominated deformation)
produced the asymmetric hysteresis loops and higher
mean stress.

(5) Texture displayed a great influence on cracking modes.
In the ED samples, intergranular cracking and PSB
cracking were the primary cracking modes, which can
be attributed to the dislocation-slip-dominated defor-
mation. The TD sample showed the high tendency
of TTW-cracking, resulting from the high activity of
twinning-detwinning behavior.

(6) Compared with the TD sample, the longer fatigue life of
the ED sample can be attributed to the lower total strain
energy density and lower mean stress, which are derived
from the basal-slip-dominated deformation throughout
the fatigue life.
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