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Abstract: The possible activated slip systems and slip traces of pure coarse-grained magnesium were investigated during cyclic
deformation at room temperature. Results show that numerous criss-cross slip traces are observed on the surface of the specimens
after cyclic loading. Based on the results of a combinatory analysis for the unit cell orientation and direction of the slip traces, it
is determined that the criss-cross slip traces are formed by the intersection of the basal slip traces in the former matrix and

the subsequent {1012} twinning area during the reversed cyclic loading. Moreover, the most likely pyramidal slip mode is the sliding
of <1123> pyramidal dislocations on {1011} pyramidal planes, while the basal slip traces are denser than the pyramidal slip traces,

suggesting that there is limited pyramidal slip activity.
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In previous studies, activated slip modes have been
identified by comparison and contrast with electron
backscatter diffraction (EBSD) maps and scanning electron
microscopy (SEM) images!?. Obara et al! performed the first
analysis of slip traces in magnesium. They conducted
compression tests on single-crystalline magnesium at various
temperatures (from room temperature to 500 °C) and observed
non-basal slip traces on the adjacent faces of the single-
crystalline specimens. Magnesium is a hexagonal close-
packed (hcp) metal, so when a forming load is applied along
its crystallographic c-axis, the non-basal slip mode is activated
to accommodate the strain imposed along the c-axis™ . More
recently, Tang et al' reported that <c+a> dislocations nucleate
on {1011} pyramidal I planes, and then slide to pyramidal II
planes via cross-slip behavior. Xie et al”suggested that
pyramidal I slip is the dominant slip mode during the c-axis
ambient

compression of single-crystal magnesium at

temperature. In a previous study”

, the <c+a> pyramidal
dislocations of AZ31 magnesium were studied during cyclic

deformation by transmission electron microscopy (TEM)
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techniques. It was reported that such pyramidal dislocations
do not form by chance, and it was concluded that this
phenomenon is owed to the presence of local stress
concentrations. Several studies have established that non-basal
slip is of importance during the deformation of Mg and its
alloys™”.

Fatigue occurs under cyclic loading, and the fatigue
deformation mechanisms of magnesium alloy inevitably lead
to complex interaction between the dislocations and twin
boundaries. Koike et al"” studied the surface of a fatigued
AZ31 magnesium alloy sample after cyclic deformation, and
observed the criss-cross slip traces. They ascribed this
phenomenon to the cross slip between the prismatic slip
system and basal slip system of the matrix. Using in-situ
EBSD techniques, Yu et al''" directly observed such criss-cross
features on the surface of a single-crystal magnesium sample
during cyclic deformation; they reported that the criss-cross
features result from the accumulation of residual {1012} twin
boundaries. The kinetics of twinning-detwinning and
dislocation slip behavior were observed in-situ, during the
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cyclic deformation of pure coarse-grained polycrystalline
magnesium!'”, Profuse slip traces were also observed on the
surface of the fatigued sample. However, in the case of the
aforementioned study, the formation mechanism of the criss-
cross slip traces in the fatigued magnesium and its alloy is still
not explicit.

Since the activations of the slip systems are closely
associated with the mechanical properties of magnesium alloy,
it is essential to clarify which slip systems can be activated in
magnesium during cyclic deformation processes. Therefore, in
the present work, we designed an experiment to analyze the
slip activity that occurs during the cyclic deformation of pure
magnesium at room temperature.

1 Experiment

As-cast magnesium polycrystals, with a purity of 99.98%
were used. Flat dog-bone-shaped fatigue specimens were
produced with gauge dimensions of 4 mmx4 mmx4 mm. The
specimens  were initially electrochemically  polished.
Subsequently, a micro area of 350 umx350 pm, within the
center of the gauge area, was selected and marked. The grains
within the aforementioned marked area were observed using
EBSD and SEM techniques (JOEL-JEM7800F). The loading
direction of the testing specimen was aligned parallel to the
normal direction (ND) of the marked grain. To further
elucidate the non-basal slip systems that are active during
cyclic deformation, all the cyclic tests were commenced with
the application of a compressive load along the ND. The
cyclic tests were performed using a MTS 809 fatigue machine
at a strain amplitude of 1%; a pull-push sinusoidal loading (R=
—1) was applied in air. The testing frequency was 0.5 Hz. In
addition, EBSD observations of the structures of the marked
grains were performed for the specimens that were unloaded
following the first compression, the first tension, the second
compression and the second tension processes. And the
fatigue tests were interrupted while the EBSD images were
acquired. The fatigue test was terminated immediately when
the micro-cracks were initiated. To rule out the occasionality
of criss-cross slip traces that were generated by cyclic loading
on the sample surface, three specimens were conducted under
the same fatigue test parameters as mentioned above. Similar
criss-cross slip traces were observed. The surface of a sample
which fatigue-failed at 196 cycles was examined using SEM
to observe the slip traces in the current study.

2 Results and Discussion

2.1 Fatigue behavior

Fig.1 presents the stress-strain hysteresis loops obtained for
the pure magnesium samples that were subjected to fully
reversed tension-compression at a strain amplitude of 1%. The
stress-strain  hysteresis loops are associated with four
loading,
compressive unloading, and tensile loading, as well as tensile

deformation  process, namely  compressive

unloading and re-compressive loading, which occur when the
strain decreases to zero. Since {1012} twinning is inhibited
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Fig.1 Stress-strain hysteresis loops in different fatigue cycles with a

total strain amplitude of 1% and R=-1

under the c-axis compression, when the compressive loading
(Fig.2a and 2b) is commenced, the deformation mechanisms
are accommodated by non-basal dislocation slip!"” along with

M within the matrix. The orientation

possible {1011} twinning
of the targeted grain is favorable for the activation of the basal
slip and non-basal slip. Therefore, twinning activity is slight
throughout this stage. When the compressive unloading is
commenced during the first cycle (point c), detwinning occurs
as soon as the load is reversed". Specifically, detwinning
occurs immediately; however, detwinning activity is slight
during the unloading process"®”. Hama et al"” indicated that
when unloading is commenced, the activities of all systems
discontinue immediately. Subsequently, the unloading process
is controlled by the activity of the basal slip system at low
strain; however, it is governed by both the basal slip and
detwinning activities at high strains. Hence, basal slip is
activated during unloading at low strains.

When the sample was loaded in tension (Fig.2c and 2d), the
resultant curve exhibits a sigmoidal shape, which is
characteristic of twinning behavior'®, Twinning occurs until
the sample is completely twinned at an applied strain of 1%
(point d). Upon unloading from the maximum tensile stress,
the twins and parents possess significant internal stress, which
drives the detwinning phenomenon to occur immediately.
When the sample was reloaded under compression, the
detwinning was accompanied by  sigmoidal-shaped
compressive loading (from i to f). A significant number of
asymmetric features are observed. A detwinning mechanism
occurs during the reverse loading process'”. Once the grains
are completely detwinned (Fig.2d~2g), the targeted grain is
favorably oriented; once again, basal <a> slip and {1012}
twinning occur. The shapes of the subsequent hysteresis loops
closely follows that obtained in the first cycle. Following the
compressive unloading during the second cycle (point g), a
certain degree of detwinning occurs. When the sample is
reloaded in tension (from point g to h), twinning occurs again,
and subsequently, detwinning continues during the subsequent
loading process (from h to f).

2.2 Characteristics of microstructural evolution
Fig. 2 presents the microstructural evolution of the pure
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Fig.2 EBSD images of the scanned region under various deformation steps: (a) initial sample, (b) compressed along ND, (c, d) tensed along ND,

(e, f) re-compressed along ND, (g, h) re-tensed along ND, and (i) histogram of the misorientation angle distribution corresponding to Fig.2¢c

polycrystalline magnesium during the cyclic deformation
process. The results of the EBSD analysis reveals that the
actual c-axis of the observed grain is tilted ~7.5° from the ND
of the pure polycrystalline magnesium plate. In many studies,
it has been demonstrated that {1012} tensile twins, basal <a>
slips, prismatic <a> slips, and pyramidal <c+a> slips are the
primary deformation modes for magnesium and its alloys”"*".
Among these deformation modes, the critical resolved shear
stresses (CRSS) of {1012} tensile twins and basal <a> slips
are much lower than those of other modes. Owing to their
polar nature, {1012} tensile twins can be easily activated
through the tensile loads parallel to the c-axis, or the
application of compressive loads perpendicular to the c-
axis™. Non-basal slips are easily activated to accommodate
the c-axis strain when the grain is at a “hard” orientation to
the active tensile twin.

The activated slip traces, and the result of the EBSD
analysis of the different variants of twins are illustrated in
Fig.2. Schematic unit cells are superimposed, which reveal the
orientation of the matrix and the tagged twins. As shown in

Fig. 2a, the initial microstructure is twin-free. Since twinning
has a polarity™?, the activation of the {1012} twins is
limited because the c-axis of the grain is almost parallel to the
compressive loading direction of the first-step of the
deformation process. As shown in Fig. 2b, a few {1012}
tension twins and slip traces, indicated by the dark arrow, can
be observed. During the second step of the deformation
process, the orientation of the matrix is favored for the
formation of {1012} twins. As shown in Fig.2c, the nucleation
and growth of {1012} twins occur readily. The twins do not
require high stresses for growth, and are known to grow very
rapidly consuming entire grains®. Once a twin is formed, the
lattice within is rotated by 86°, about <1210>, with regard to
the matrix"?. To illustrate the evolution of the twins, the area
with the dark-colored square in Fig. 2c¢ is selected as a
representative area for analysis. It is noted that the entire
matrix is occupied by {1012} tension twins (region 3).
Meanwhile, the former {1012} twins, marked by the dark
arrow in Fig. 2b, grow wider and longer. In addition, new
{1012} twins (region 1), with different orientations to the
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matrix (region 4), also appear within the {1012} primary
twins (region 2). Fig. 2i presents a histogram of the
misorientation angle distribution, corresponding to Fig.2c. A
low angle of 5° can be observed, which typically relates to the
dislocation boundaries. The misorientation axes corresponding
to the peaks at 60° and 86° are related to < 1010 > and
< 1120 >, respectively, as shown in the insets of Fig.2i. The
distribution peak at around 86° is related to the {1012}
tension twins (with a boundary of ~86°/< 1120 >), and the dis-
tribution peak at around 60° is related to the {1012}-{1012}
secondary twins (with a boundary of ~60°/< 1010 >)?"\ In the
present study, the {1012} - {1012} secondary twins are pri-
marily recognized as {1012} twins within a {1012} primary
twin. This is similar to the observations of previous studies™.
They also found that such {1012} - {1012} secondary twins
exist during the plain-strain compression of Mg.

During the third step of deformation, the primary twins and
secondary twins are reduced in size; this indicates the
commencement of de-twinning within the twinned area ™'.
Since de-twinning leads to twin reversal, the de-twinning
phenomenon is determined, upon unloading by the presence
of twin boundary traces that do not conform to the ~86°/
< 1120 > misorientation. It is noteworthy that the orientation
of the matrix is parallel to the {0002} basal plane once more,
as shown by the blue-colored area (Fig.2e). In addition, many
residual twins remain throughout the twinning-detwinning
stage in the cyclic deformation process (as indicated by
Fig. 2e); this is a very well-documented fatigue mecha-

nism""?". Such residual twins provide a high density of
nucleation sites during subsequent deformation. Upon the
reversal of the loading, during the fourth step of deformation,
twins start to reappear from the former twinned-detwinned
sites (Fig.2g). It is noted that following the application of the
cyclic loading, the {1011} twins can hardly be observed; this
suggests that {1011} twinning is not the primary deformation
mode during the cyclic deformation of pure magnesium at
ambient temperature.
2.3 Activated slip systems

Following the deformation process, the activated slip
systems after deformation process were identified via slip
trace analysis, using SEM images">**". Fig.3 shows the slip
traces obtained after the first and the second step of
deformation. A schematic of the unit lattice cells is shown to
provide a better visual indication of the crystal orientation. All
the slip traces exhibit typical planar slip features; for instance,
the basal slip lines are rectilinear and parallel to the {0001}
basal planes; the pyramidal I slip lines are parallel to the
{1011} pyramidal planes; and the pyramidal II slip lines are
parallel to the {1022} pyramidal planes”". In the first step of
deformation, the stress axis is almost perpendicular to the
basal plane of the marked grain. Amongst all the slip systems,
the basal slips exhibit the lowest CRSS at room temperature.
It is also known that the CRSS of pyramidal slip is very high;
this can become an important deformation mode,
accommodating  the strain  during  high-temperature
deformation™.

1st step deformation

2nd step deformation

(ND compression) (ND tension) ¢
(0002) basal plane
Twinning
(1100) ~g, | B
prismatic plane (1011)
pyramidal plane

Fig.3 SEM images of the pure, coarse-grained, polycrystalline magnesium sample subjected to cyclic loading: (a) 1st step deformation; (b) 2nd

step deformation; (c) schematic of the unit lattice cells
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Fig.4 Cracks and fracture surfaces of the pure, coarse-grained, polycrystalline magnesium sample that was subjected to cyclic deformation:

(a) crack-fracture morphology, (b) typical criss-cross slip traces, (c) magnitude of criss-cross slip traces, (d) movement of atoms forming

basal slip lines I and basal slip lines II, and (e) activation of the twins on the plane with respect to compression along basal plane

Therefore, the basal slip system is easily activated in the
current study. The basal slip traces in the direction indicated
by the green arrows in Fig.3a are classified as “slip traces I”.
It is noteworthy that several slip traces are not parallel to the
basal planes; these slip traces are classified as “slip traces 117,
as indicated by the blue arrows. The angle between these slip
traces and the basal slip traces is determined to be 59°, which
is close to the theoretical angle (58°) between the (0002) basal
slip and (1011) pyramidal I plane, as viewed along the [1010]
direction™. Based on the results of the slip trace analysis,
these slip traces are probably due to the pyramidal I slips.
During the second step of deformation, the matrix is rotated
by almost 90° because of {1012} twinning. Another type of
slip trace is also observed, denoted as “slip traces III”; it is
highly likely that these will be activated in the twinned area,
as indicated by the red arrows in Fig.3b. A comparison of
Fig.3b and the crystal orientation indicates that the slip traces
are parallel to the directions of the basal <a> on the basal
plane, suggesting the activation of basal slip in the twinned
area.

Based on the SEM observation, significant accumulation of
the slip traces occurs on the surface of the sample as the
number of loading cycles increases. A SEM image of the
surface of the specimen, captured near the macroscopic
fracture zone, is presented in Fig. 4. Cracks form following
196 cycles at room temperature (Fig.4a). Two sets of slip
traces can be observed on the surface of the sample (Fig.4b
and 4c¢); in addition, there are two angles between the two sets
of slip traces. The high-magnification image shows that the
criss-cross lines have a stepped structure (Fig.4c). Schematic
representation of atom movement is shown in Fig.4d. In this

study, the basal slip lines I is generated by compression
loading. Since the induced misorientation angle (86°) between
the crystal lattice of the twinned area and the matrix is very
close to 90° after the {1012} twinning (Fig.4e), the activation
of basal slip II in twinned area during subsequently tension
loading is highly favorable, because basal slip is the easiest
slip system to activate at the room temperature *”. Based on
the SEM observation, the basal slip lines are accumulated
significantly on the sample surface with increasing the loading
cycles. The above analysis indicates that the final criss-cross
slip traces (Fig.4) on the surface of the sample are produced
by the intersection of the basal slip traces in the matrix and the
twinned area in the same region during cyclic deformation.

3 Conclusions

1) The criss-cross slip traces on the surface of the fatigued
sample can be generated by the basal dislocations, which are
associated with the {1012} twinning behavior during the
cyclic deformation process.

2) The presence of the diffuse pyramidal slip traces
indicates the limited activity of the pyramidal slip systems
during the cyclic deformation process.
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