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Abstract: A statistical investigation of the operating slip/twinning modes and their interactions at grain scale over a
large area, containing ~400 grains, was carried out on rolled Mg sheets during room-temperature compression based on
EBSD and slip trace analysis. For 10% strain, the slip mode was dominated by basal slip (89%). All the 363 identified
twins were tension twins. The concave-up stress—strain curve indicated a twinning-dominated deformation behavior,
which was further confirmed by the large twinned area fraction (41%) after the deformation. Most twin variants (79%)
followed the Schmid law. The Luster—Morris parameter (") did not correlate well to twin transmission. However, most
twin transmissions (82%) exhibited larger normalized m (Schmid factor) and m' values. Additional slip systems were
frequently active in the twin domains while not in the parent, which can be explained by Schmid law. Slip transfer
across the twin boundaries was also observed. Statistical m analysis revealed that twinning activity was closely related
to prismatic slip.
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temperature [7—9], which prevents their widespread
applications.
The common slip modes in Mg and its alloys

1 Introduction

Magnesium (Mg) alloys have excellent weight
reduction potential in transportation and aerospace
fields, due to their low density and high specific
strength [1—6]. However, the low symmetry of the
hexagonal close-packed (HCP) crystal structure
and significant plastic anisotropy of Mg alloys
lead to limited plasticity and formability at room

include basal (a) slip, prismatic (@) slip, and
pyramidal II {c+a) slip [10]. Among them, only
pyramidal II {(ct+a) slip can coordinate the c-axis
deformation and provide five independent slip
systems. What’s more, the critical resolved shear
stress (CRSS) values for individual slip modes
exhibit a significant disparity. For example, the
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CRSShon-basa/CRSSpasat can be as high as 100 at
room temperature [11]. Thus, the non-basal slip
modes are hard to be activated at room temperature.
Deformation twinning, as an additional deformation
mode besides slip, can coordinate the c-axis
deformation [12—14], but its strain contribution is
limited [15]. {1012}(1011) tension twin (TTW)
and {1011}(1012) contraction twin (CTW) are
two common twinning modes in Mg [10]. However,
twins exhibit polarity, i.e., only if the crystal c-axis
is subjected to tensile stress the TTW can be
activated, while the opposite is true for the
CTW [10]. Since the CRSS of CTW is considerably
larger than that of TTW, the CTW is hardly
activated. The above plastic deformation modes
determine the complex mechanical behavior of Mg
and its alloys. Therefore, detailed information on
slip/twinning activity is essential for understanding
the plasticity of Mg and its alloys.

Several methodologies are available for
evaluating the slip activity experimentally. The
transmission electron microscopy (TEM) is one of
the widely used methodologies that can directly
demonstrate the presence of dislocations but suffers
from a lack of statistics. For example, a typical TEM
dislocation analysis is usually performed on less
than 10 grains [8,16—19]. What’s more, it is well-
accepted that the plastic deformation of Mg is
highly heterogeneous at various length scales [20,21].
Therefore, statistical analysis of the deformation
mechanisms of Mg, which is performed in the present
study, is essential. Slip trace analysis [21—24] is a
powerful technique to solve the above problem.
This technique has recently been successfully
used to investigate slip activity in Mg and its
alloys [21-25]. Besides dislocation slip, twinning
is also an essential deformation mechanism for
Mg [26]. Understanding twinning activity and
variant selection based on statistical analysis are
also critical [22,26,27]. It is worth noting that most
studies were focused on the deformation mechanism
of Mg under tension [26,28—30]. However, a
significant tensile—compression asymmetry exists in
Mg [24,31]. Therefore, a quantitative and statistical
investigation on individual slip and twinning
activities of Mg during compression is needed.

In this work, a quantitative and statistical
investigation of deformation mechanisms for rolled
Mg sheets at grain scale over a large area, which
contains ~400 grains, was performed based on

EBSD and slip trace analysis. The slip/twinning
activities were analyzed in detail, including
quantitative information on individual slip modes,
twin variants, slip transfer, twin transmission, etc.
In addition, the observed interactions between slip
and twinning, such as slip transfer across twin
boundaries and slip activated within the twin
domains, were analyzed, which has scientific
importance for further understanding the complex
interactions of deformation mechanisms for Mg.
This work provides a detailed analysis of the
deformation mechanism during compression and a
profound understanding of the slip/twinning activity
and their interactions in Mg. The new insights
revealed by the present work are helpful for further
understanding the complex deformation behavior
of Mg, as well as valuable for validation and
improvement of advanced crystal plasticity modelling.

2 Experimental

The high-purity Mg (99.9 wt.%) sheets, were
prepared by multiple-pass hot rolling and then
annealing at 350 °C for 25s. Microstructure and
crystallographic orientation data were obtained by a
JEOL JSM—-7800F field emission scanning electron
microscope (SEM) with an Oxford Instrument
Nordlys Nano electron backscatter diffraction
(EBSD) detector. The observation plane was always
the RD-TD plane, which contained the rolling
direction (RD) and the transverse direction (TD).
The sample surfaces for SEM/EBSD observations
were mechanically polished, followed by chemical
polishing and then etching.

The rectangular compression specimens with
dimensions of 5mm x 5mm x 7.5 mm (width x
thickness x length) were obtained using electrical
spark machining. The RD and TD were parallel to
the length and width, respectively. Compression
tests with an initial strain rate of 1x1073s™! were
performed along the RD using an MTS—-CMT5105
universal tester. Three tests were repeated for
accuracy and reproducibility.

The quasi-in-situ compression experiments,
interrupted at 5% and 10% strain, were performed
to investigate the microstructure evolution on the
specimen surface during deformation. Subsequently,
the deformation characteristics of the same area in
the center of the sample were analyzed by SEM and
EBSD. The selected area contains more than 400
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grains to ensure statistics. The working parameters
of EBSD were as follows: accelerating voltage of
20 kV and working distance of 15 mm. In addition,
the sample was tilted by 70° and the step size was
0.5 wum. The raw EBSD data were analyzed by the
home-made MATLAB code based on the MTEX
toolbox [32]. Details of the slip trace analysis and
twin variant identification techniques can be found
in our previous works [24,26].

3 Results

3.1 Initial microstructure

The representative microstructure of the rolled
Mg sheet on the RD—TD plane is shown in Fig. 1.
As can be seen in Figs. 1(a—c), the microstructure
exhibited uniform equiaxed grains with an average
grain size of (12.9+£7.9) um. The {0001} pole figure
(PF) for ND and the inverse pole figure (IPF) along
the RD are presented in Fig. 1(d). A strong basal
texture, as revealed by the {0001} PF, with a
maximum intensity of 14 multiples random
distribution (mrd), indicated that the c-axis of most
grains was nearly parallel to the ND. The maximum
pole of the IPF appears between (1120) and
(1010) with an intensity of 2.2 mrd.

Number of grains: 407
Average grain diameter:
25l (12.9£7.9) um
S
g 20t
3
g 15
=
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Grain diameter/pm

3.2 Mechanical behavior

Figure 2(a) illustrates the engineering stress—
engineering plastic strain curve of rolled Mg
sheet during compression along RD. A sigmoidal
characteristic (concave-up) of the compression
curve was observed, which was related to the
twinning-dominated deformation mechanism [22].
The compressive yield strength (CYS), ultimate
compressive  strength (UCS), and uniform
compressive elongation (CEL) of Mg were
(5243) MPa, (273+2) MPa and (11.840.2)%,
respectively. Figure 2(b) shows the strain hardening
rate curve, exhibiting a feature of rapid decrease
followed by a remarkable increase and finally
a gradual decrease, which corresponds to the
sigmoidal shape engineering stress—engineering
plastic strain curve in Fig. 2(a).

3.3 General microstructural evolution

Figure 3 illustrates the representative micro-
structural evolution in the same area during
quasi-in-situ  compression. Figure 3(a) shows the
microstructure before loading, which exhibited no
deformation features. The slip traces were observed
in one grain after 5% strain, as shown in Fig. 3(b).
With increasing the strain to 10%, many twins and

1120
4
0001 1070

= 112
Max=14  (1120) D

Lo

RD

(0001) Max=2.2 (1010)

Fig. 1 Initial microstructure of rolled Mg sheet for RD—TD plane: (a) SEM photomicrograph; (b) EBSD IPF along ND;
(c) Distribution of equivalent grain diameter; (d) {0001} PF for ND and IPF along RD
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Fig. 2 Compressive mechanical behavior curves along RD: (a) Engineering stress—engineering plastic strain curve (The

compressive mechanical properties are inserted); (b) Strain hardening rate curve (The quasi-in-situ experiment was
interrupted at 5% and 10% strain, as marked by the dashed line)
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Fig. 3 Sequential SE SEM photomicrographs showing microstructural evolution of Mg during quasi-in-situ
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compression deformation along RD: (a) Before loading; (b) After 5% strain; (c) After 10% strain (The twins and slip

traces are indicated by red arrows and white solid lines, respectively)

slip traces appeared, as indicated by red arrows and
white solid lines. The slip traces exhibited typical
planar slip characteristics, and only one set of
parallel slip traces existed in one grain, indicating
that the slip was dominated by single slip.

3.4 Slip activity

Slip trace analysis was used to identify the
active slip systems corresponding to the observed
slip traces. All possible theoretical slip traces and
Schmid factor (m) corresponding to the slip system
were calculated based on grain average orientation
and loading direction. The slip systems were
identified according to the deviation angle between
the theoretical and observed slip traces. Three slip
modes, including 12 slip systems, were considered
in this study [24]: (1120) {0001} basal (a) slip,
(1120){1010} prismatic (a) slip, and (1123)-
{1122} pyramidal II (c+a) slip.

Figure 4 shows an illustration of slip trace

identification in Grain 278 after 10% plastic strain.
A set of slip traces (marked by the blue solid line)
was observed in Grain 278 (Fig. 4(a)). Figure 4(c)
presents the theoretical slip traces and the
corresponding m, which can be obtained by
inputting the EBSD date (Euler angles) before
deformation (Fig. 4(b)) into the home-made
MATLAB code. In Grain 278, the prismatic {(a)
slip 4-(0110)[2110] with the smallest deviation
angle (1°) was identified as the activated slip
system. The corresponding crystallographic
information, including the slip plane and direction
of the identified slip system, was provided in the
unit cell. For slip systems sharing the same slip
plane, such as the basal {(a) slip, the slip system with
the largest m was considered to be the activated slip
system.

A total of 90 slip traces observed in 407 grains
were identified using the above slip trace analysis.
Figure 5 presents the frequency of individual slip
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TD
L> RD
1120
0001 1010
No. Slip system Sfi}értl(l)ird

1 (0001)[2110] 0.09
2 Basal {a) (0001)[T1210] 0.21
3 (0001)[1120] 0.31
4 (0110)[2110] 0.25
5 Prismatic {a) (1010)[1210] 0.44
6 (T100)[1120] 0.19
7 (2112)[1223] 0.05
8 (1122)[1123] 0.18
9 Pyramidal II (1212)[1213] 0.03
10 (ct+a) (2112)[2113] 0.02
11 (1122)[1123] 0.46
12 (1212)[1213] 0.22

Fig. 4 Illustration of slip traces identification in Grain 278 after 10% strain: (a) SEM photomicrograph of Grain 278;

(b) IPF map before loading; (c) Possible slip system trace calculated by grain Euler angle and corresponding Schmid

factor
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modes and the distribution of the Schmid factors.
As can be seen in Fig. 5(a), basal (a) slip had the
highest percentage (89%), while both prismatic {(a)
slip and pyramidal II {(cta) slip was 5.5%. For
basal slip, 83% of the m values were greater than
0.25. However, 50% of non-basal slips exhibited
the m values less than 0.25. Considering that the

40

(b)

mm Prismatic {a): 50% (5)

30F Pyramidal II {c+a): 50% (5)

Frequency of identified slip traces
for particular deformation mode/%

Normalized Schmid factor
Fig. 5 Frequency of identified slip traces for particular deformation mode and distribution of Schmid factor (m) (a) and

theoretical maximum m (mmax) values for non-basal

slip might be comparatively low, a normalized

Schmid factor (mnor) Was defined to evaluate the

proximity of m to the theoretical mmax, and the

equation is as follows [21-24]:
m-m_.

(1

nor =
2(m,,, —m

min )
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where mmax and mmin represent the maximum and
minimum Schmid factors for a particular slip mode,
respectively [21]. After normalizing the m of non-
basal slip by Eq. (1), as seen in Fig. 5(b), there were
still 60% of mnor values less than 0.2, indicating that
the activated non-basal slips exhibited no-Schmid
behavior.

Slip transfer, an important mechanism for
coordinating intergranular deformation [21], was
observed in the present study. The Luster—Morris
parameter (m') was used to assess the likelihood
of the slip transfer, calculated by the following
equation [21-25]:

(2)
where x and w represent the angle of Burgers
vectors and angle of slip plane normal of the two
transferred slip systems, respectively. Higher m’
values (close to 1) indicate better geometrical
compatibility of the two slip systems, and the slip
transfers are considered to be more likely to occur.
In the same way as Eq. (1), the normalization

m'=cosKkcos i

n=(0001)
b=[1210]
m=0.43

m,,,.=0.50

nor

n=(0001)
b=[1210]
m=0.42

m,,=0.50

n=(1212)
b=[1213]
m=0.10

M, =0.06

m'$0/53
my,=0.60
\ y \B@sd
: .‘ /10 '1m

Fig. 6 SE SEM photomicrographs of representative slip transfers across GB at 10% strain (The slip systems of

n=(0001)
b =[1120]
m=0.42

m_..=0.50

nor

transferred pairs are visualized in the unit cells)
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of m'is calculated as follows [21—-23]:

. m/_mf .
mnor :'—In:n (3)
max ~ M min

The m,, was used to assess the closeness
between m' and m ., among all 144 possible
transfer combinations with 12 slip systems

considered in this study.

Five pairs of slip transfers were observed near
the grain boundaries (GB), as presented in Fig. 6
and Table 1. It was found that slip transfers were
observed between the same (Figs. 6(a, b)) or
different (Figs. 6(c, d)) slip systems. For instance,
as seen in Fig. 6(a), in Grain pair 329-334, the
transferred slip systems were both basal (a) slip
with m values of 0.43 and 0.42, respectively, and
the corresponding m' and mf. exhibited larger
values (greater than 0.8). The pyramidal II {c+a)
slip and basal {a) slip transferred between Grain
pair 233—245 (Fig. 6(d)), with relatively lower m’
and m/  values (less than 0.4).

or

n=(0001)
b=[1120]
m=0.31
m,,=0.50
m"=O’.80
m},=0.90 n=(0001)
Bas-3 b :[TTZO]

. / m=050
oy
/7 10 pm

m_..=0.50

nor

n=(0001)
b =[1210]
m=0.44

m'=0.36 , n
m),=0.38 b

m,,,=0.50

nor

Table 1 Detailed information of slip transfer pairs at grain boundary for 10% strain

Grain ID Deformation ratio/% Slip transfer m Mnor m Mhor

70-86 10 Bas2—Bas?2 0.34-0.41 0.5-0.5 0.68 0.35
189-202 10 Bas2—Bas?2 0.31-0.5 0.5-0.5 0.80 0.9
329-334 10 Bas2—Bas?2 0.43-0.42 0.5-0.5 0.82 0.89
233-245 10 Pyr 119-Bas2 0.03-0.44 0.5-0.5 0.36 0.38
134-139 10 Bas3—Pyr 1112 0.42-0.1 0.5-0.06 0.53 0.6
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Figure 7 illustrates the deviation angles
between the observed and the best-matched
theoretical slip traces for all 90 slip traces observed
in this study. Most of the deviation angles (83%)
were within 4°, and there were no deviation angles
over 6°. The reason for the deviation between
theoretical slip trace and real slip trace might be
the lattice rotation during deformation and/or the
misalignment of sample and SEM/EBSD systems.

50
40+
X
> 30+
Q
=]
[}
=
o
e 20t
a9
101
0

02 2-4 4-6

Deviation of observed slip trace
from nearest calculated slip trace/(°)
Fig. 7 Distribution of deviation angles between observed
and best-matched slip traces
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3.5 Twinning activity

Details of the twinning activity were analyzed
after 10% strain based on EBSD data. The twinning
activity analysis was carried out according to the
twin boundary misorientation. Five twin modes were
considered in this study, and the corresponding
rotation axis/angle were as follows [22]: {1012}
tension twin (TTW): (1210)/86°; {1011}
contraction twin (CTW): (1210) /56° {1013}
contraction twin (CTW): (1210)/64° {1011}
{1012} double twin (DTW): (1210)/38°;
{1013}—{1012} double twin (DTW): (1210)/
22°,

The microstructure of Mg after 10% strain,
including the IFP map along the ND, twin boundary
identification and {0001}, {1010} PF, is shown
in Fig. 8. After 10% strain, a significant number of
twin boundaries were identified, and all of them
were {1012} TTW boundaries, while no CTW or
DTW boundaries were observed (Fig. 8(b)). As
mentioned above, the TTW can cause the crystal to
rotate by ~86° along the (1210) axis. The {0001}
PF before loading showed that the c-axis of most
grains was nearly parallel to ND (Fig. 1(d)). After
10% strain, the c-axis of lots of grains tilted by ~90°

b 13
e )
\ \
\ \ N\
) N 0 \ b 2
: : : W
E \ )
f ‘\\W \ y i .
“\ i (\I \\ ( ~ ( \ 1
[ ) ) 50 um
—— {1012} TTW
— {1011} CTW
—— {1013} CTW

——— {1011}-{1012} DTW
{1013}-{1012} DTW

—

Compressive axis

Fig. 8 Microstructure of Mg after 10% strain: (a) IPF map along ND; (b) Identified twin boundaries based on EBSD
misorientation analysis for RD—TD plane; (¢) {0001} and {1010} PF map
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from ND to RD (Fig. 8(c)), which was consistent
with the significant TTW boundaries (Fig. 8(b)).

Since each parent grain has six crystallo-
graphically equivalent twinning planes (x;) and
twinning directions (71), the TTW has six variants,
designated as V1, V2, -*-, V6 [22]. The orientation
of the six theoretical twin variants can be calculated
by inputting the EBSD data into the home-made
MATLAB code. Subsequently, the activated twin
variants were identified by the orientation deviation
between the observed twin and the six theoretical
variants. Figure 9 shows an example of the variant
identification for Grain 315. Two TTWs were
observed in Fig.9(a), and the white solid line
indicated the twin boundary. In Fig. 9(b), the first
row shows the orientation of the parent grain 315
(labeled as 315-P). The orientations of theoretical
twin variants and twins are presented in second and
third rows, respectively, and the best-matched
theoretical variants were selected as the activated
one.

All TTWs were subjected to the twin variant
analysis using the above method to further

V1: k,=(1012)
n=[1011]
m=0.45

Calculated:
m=0.04

TD

L i | L A0V
RD 001 1070 m=0.45 (2.6°)

—

= Grain boundary "

Twin boundary -

V2: 1,=(0112)
n,=[0T11]

2977

investigate the twin activation. A total of 363 twins
were observed in 407 grains, and the detailed
information on the twins is given in Table 2. The
morphology of the TTWs, including area, width,
thickness and true thickness, is shown in Fig. 10.
The average twinned area was (110+185) um?,
implying that some grains were extremely twinned.
This is consistent with Fig. 8(a) and the twinned
area fraction of 41% in Table 2. The twinned area
fraction in this study was the ratio of the area of
twins to the total observed area. The true twin
thickness was calculated by multiplying the
projected twin thickness measured on the
observation plane with the cosine of the angle
between the twinning plane (k1) normal and
observed plane normal [22,26].

Figure 11 shows the results of Schmid factor
analysis for the TTWs after 10% strain. Similar to
slip, the mnr was used to assess the closeness
between activated m and maximum m of the six
theoretical twin variants. As seen in Fig. 11(a), the
V1 variants were predominant and the V6 variants
had the lowest frequency. The distribution of m

&

V3:i,=(1102) V4 x,=(1012)
n,=[1701] 7,=[1071]
m=0.21 m=0.47

V5:k,=(0112)  V6: x,=(1102)
7,=[01T1] n=[1101]
m=0.04 m=0.19

1,

397-V6
m=0.19 (1.5°)

N>

Fig. 9 Illustration of twin variants identification procedure in Grain 315: (a) IPF map of Grain 315-P containing two

twins; (b) Parent grain orientation, calculated twin variants containing crystallographic orientation, and measured twin

variants orientation

Table 2 Statistical information of twinning activity at 10% strain

Type Feature Number
Area Number of grains 410
information Number of grain boundaries 954
Number of twins 363
Average twin number per grain 0.89
Twin Twinned area fraction 0.41
information Number of twinned grains 225
Twinned grain fraction (Grains with at least one twin/total grains) 0.55
Twinned grain boundary fraction (Boundaries connected to at least one twin/total boundaries) 0.89
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Fig. 10 Statistical information for all identified TTWs: (a) Area; (b) Length; (c) Thickness; (d) True thickness
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Fig. 11 Schmid factor distribution for each variant of all TTWs: (a) Schmid factor (m); (b) Normalized Schmid factor

(mnor)

ranged from —0.5 to 0.5, with only 38.9% of the
m values larger than 0.4. However, 5.9% of them
exhibited negative values. The Schmid factor was
calculated by assuming that the local (grain scale)
stress was consistent with the global stress. Thus,
the Schmid factor used in the present work is totally

geometric. After normalization (Fig. 11(b)), most of
the activated twin variants (79.1%) have mnor values
greater than 0.4, but there were still 10.5% of
them showed lower values (7.,r<0.25). Thus, the
activation of the twin variants exhibited non-
negligible non-Schmid behavior.



Dong-di YIN, et al/Trans. Nonferrous Met. Soc. China 33(2023) 2970-2985

When a twin growth encounters a grain
boundary, it may induce nucleation and growth
of another twin in the adjacent grain, which is
known as twin transmission [26]. Luster—Morris
parameter m’ is also an important parameter for
assessing twin transmission, which is calculated in
agreement with Eq. (2). The normalized Luster—
Morris parameter mg.r was used to characterize
how close m' is to mhax among all 36 possible
twin transmission combinations. The calculation of
mior 1s the same as Eq. (3).

Figure 12 shows the representative transmitted
twin pairs and the related geometric parameters. For
example, as shown in Figs. 12(a, b), the transmitted
twin pairs were identified as 492-V1 and 506-V1,

(b) 492-vi— 506-V1
492-V1

= (1012)
@‘ 7= [1011]
m=0.36
\./' m,,=0.50

S

(©)

m'=0.97
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m=0.
‘/ m,,=0.50

(f) 464-v1—466-v2

464v1
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" n=1011]
/ m=0.29
iy, 037
m'==0.07
mly,=0.67
466-V2 _
= 5= (0112)
m=10111]
’ m=10.26
my,=0.37
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respectively. The mnor values were both 0.5 and
they exhibited good geometric compatibility
(m'=0.97). However, the other three transmitted
pairs in Figs. 12(c—h) exhibited negative m' values,
indicating that m' was not correlated well to twin
transmission.

Thus, the correlations between transmitted
twin pairs and geometrical parameters, such as m,
Mnor, m' and mfe, were further investigated.
Figure 13 shows the analysis of m and m' for twin
transmission, noting that for a transmitted twin pair,
the m of the twin with the larger true thickness was
defined as m;. The 17 observed twin transmissions
were statistically analyzed. As shown in Fig. 13(a),
the distribution of m' was relatively scattered (from

(d) 246-vs—>247-v1 ™
246-V5
K= (0112) |
{ 7=10111] RD
‘ m=10.37
/7 o= 0.50
m'=—0.16 1120
m},,=0.59 A
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Fig. 12 Representative examples of twin transmission: (a, c, e, g) IPF maps; (b, d, f, h) Twinning plane x|, twinning

direction #; and geometric parameters
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—1 to 1), with only 29% of m' values greater than
0.6 and even 59% less than 0. After normalization,
a clear trend is observed in Fig. 13(b). 82% of the
pairs exhibited both m'o>0.6 and Mnor+11002>0.6
(shown in the rectangle in Fig. 13(b)), revealing
that twin transmission tended to exhibit large ninor
and mor values.

3.6 Slip—twinning interaction

Since the twinning generally coincides with
dislocation slip during deformation, the interaction
between slip and twinning was inevitably observed
in the present work. Figure 14 shows representative
examples of the slip—twinning interactions. As

shown in Figs. 14(a—d), a series of parallel slip
traces were only observed in the twins (while not in
the parent grains), identified as basal slip using the
slip trace analysis. The information about slip
systems was visualized in the unit cell. The m
values of basal slip in parent grain and twin were
provided in Fig. 14. Another type of interaction is
presented in Figs. 14(e—h). The slip traces crossed
the twin boundary straightly (slip transfer across the
twin boundary), which was probably the result of
another slip system being activated in the twin
when the dislocation moves to the twin boundary.
For example, as seen in Figs. 14(e, f), a pyramidal
II-11 slip with a m value of 0.48 was induced when

\ Basal {(a) in parent grain
' n=(0001), b=[1120],

>/ m=036
‘/ \ Basal {(a) in twin
N n=(0001), b=[1120],
\\' m=0.42

Twin

Basal (a) in parent grain
n=(0001), b=[1120],
m=0.45

Pyramidal II {c+a) in twin
n=(1122), b=[1123],
m=0.48

1120

L» RD 0001 1010

—

Compressive axis

Basal {a) in parent grain
n=(0001), b=[2110],
m=0.01

Basal (@) in twin
n=(0001), b=[2110],
m=0.26

“ Pyramidal II {a) in parent grain
l’ n=(1212), b=[1213],

m=0.47
ﬁ\ Pyramidal II (c+_a) in twin
/ n=(1122), b=[1123],
\{) m=0.45

jrain boundary

Fig. 14 Representative examples of slip—twinning interactions: (a, c, e, g) SE SEM photomicrographs; (b, d, f, h)

Corresponding IPF (The slip systems and corresponding Schmid factors are given)
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the bas-3 slip moved to the twin boundary. A similar
case can also be seen in Figs. 14(g, h).

4 Discussion

4.1 Non-Schmid behavior of slip and twinning

As shown in Fig. 5, for basal slips, it was
apparent that most of them had relatively large m
values. Non-basal slips, however, were activated
with low m values. The slip modes with low m
values were also found in Mg during tension
[24,28,30], Mg—3Y [22], Mg—10Y [21] and in
WGZ1152 [23] during compression. It was
considered that this phenomenon resulted from
local stress deviating from global stress. As we
know, strain accommodation among grains with
different orientations can generate high stress
concentrations near grain boundaries [30]. As a
result, the stress state near the grain boundary may
be different from the global applied stress state. The
local stress triggered a deformation mechanism
with a low m value [30], such as the pyramidal II
(cta) slip observed in this work. Furthermore,
KOIKE et al [33] also showed that the activation of
pyramidal {c+a) slip coordinated the deformation
among grains. Therefore, the slip mode with low m
values would be activated to keep the materials
from cracking during deformation.

As shown in Fig. 11(a), the twin variant
selection also exhibited non-Schmid behavior, i.e.,
with 21.9% of the activated m values less than 0.25
and 5.9% of them exhibiting negative values. CHAI
et al [26] found plenty of anomalous twins in pure
Mg during room temperature tension. In other
words, 57% of the TTWs have m values less than 0.
The activation of twin variants with low m values
was also observed in HCP pure Ti during
compression [34], and it was suggested that
global m might not be a suitable characterization
parameter for twin variant selection when the
microstructure was highly inhomogeneous. The
above phenomenon also existed in RE-alloys such
as Mg—3Y [22], Mg—3Dy and Mg—3Er [35] during
compression. The plastic heterogeneity, generally
speaking, was responsible for the anomalous
twins [22,26,34]. Many efforts have been made to
understand plastic heterogeneity [21,23,26]. For
example, intragranular misorientation (IGM) and
geometrically necessary dislocation (GND) maps
based on EBSD have been used to analyze plastic

inhomogeneities in Mg [26], WGZ1152 [23] and
Mg—10Y [21]. It is believed that local plastic
deformation might cause a difference between the
local stress state and the global stress state [26].
Similarly, in recent research on the WE43 [36] and
Hastelloy X superalloy [37] alloy during tension, it
was found that the local strain could even be
compressive. In addition, it has been reported that
twins with low m values could be activated through
twin transmission in order to accommodate local
strain [22]. What’s more, the interaction of
deformation mechanisms is also an important
factor. The twins with low m values can be
activated to coordinate the strain incompatibility
caused by basal slip and prismatic slip [38,39]. In
summary, the non-Schmid behavior of twins might
be related to the microstructure [34], local stress
state [26,36,37], plastic heterogeneity [21,23,26],
and interaction of deformation mechanisms [38,39].

4.2 Interaction of deformation mechanism

In this section, the interactions between slip
and twinning observed in this study were discussed,
including slip traces within twins, the relation
between the activation of twins and slip, and the
slip transfer crossing the twin boundary.

As shown in Figs. 14(a—d), the basal slip
traces were only activated within the twin domain,
which is the most prevalent phenomenon in this
study. To this end, a statistical Schmid factor
analysis was performed, and the results are shown
in Fig. 15. The m values of basal slip were larger in
the twin domains than the corresponding parent
grain for most of the observed cases (94%),
indicating that the change in grain orientation
resulting from twinning was conducive to the basal
slip, which can coordinate deformation. A high-
resolution TEM analysis in Mg—4Li has also shown
a high density of basal slip activity within the TTW
and CTW [40]. In the work of in-situ micro-
compression of Mg [2110] pillars [41], it was
found that the TTWs activated easier when the
loading axis was changed from [2110] to [1123]
because of the crystal reorientation, which led to a
significant increase in the m values of basal slip.
Thus, the basal slips with high m values were
preferred to be activated within twins. Moreover,
they proposed that when the twins reached the
required twin thickness for basal slip, the basal slip
can also be activated within the twin.
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The correlation of the twinned fraction with
the maximum m value (mmax) of the prismatic slip in
corresponding grains is shown in Fig. 16. As seen in
Fig. 16, the twins were more likely to be activated
in grains that favor prismatic slip. Recently, a study
of the Mg-3Y deformation mechanism also
reported a positive correlation between the twinned
fraction and the mmax of the prismatic slip in the
parent grain [22]. It has been demonstrated that
twins were activated when a large amount of
prismatic slip was needed to accommodate the
strain in adjacent grains [39]. Moreover, the strain
incompatibility in adjacent grains resulting from
prismatic slip could be coordinated by twins. An
in-situ micro-compression of Mg was performed by
JEONG et al [41], and they found that the local
stress concentration caused by the pile-up of
prismatic {a) dislocations could provide a favorable
condition for twin nucleation. Therefore, the
activation of twins might be related to the prismatic
slip.

Slip transfer across the twin boundary was also
observed in this study, and the corresponding slip
systems were identified by slip trace analysis
(Figs. 14(e—h)). YOO and WEI [42] have studied
the interaction between dislocation slip and twin
boundary in Zn, and they have defined two kinds of
slip transfers. The first is the direct slip transfer in
which is a basal pure screw dislocation with a
Burgers vector parallel to the twin plane cross slip
from the basal plane in the parent grain to the basal
plane in the twin. The second is the indirect slip
transfer in which the mixed basal dislocation would

be transformed into {ct+a) dislocations upon

incorporation into the twin [16,42]. This was
similar to the observations in Fig. 14(e). The
authors also observed slip transfer across the twin
boundaries and concluded that an indirect slip
transfer occurred. In addition, this phenomenon
was interpreted as direct slip transfer in Mg [16].
TOMSETT and BEVIS [43] investigated basal slip
and {1012} twin boundaries by TEM, and they
found that both direct and indirect slip transfer
occurred in Zn.
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Fig. 16 Correlation of twinned fraction with mmax of
prismatic slip in corresponding grains

5 Conclusions

(1) For 10% strain, the slip mode was
dominated by basal (a) slip (89%), followed by
prismatic {a@) slip and pyramidal II {c+a) slip, both
with a frequency of 5.5%. After normalization, 60%
of the non-basal slips had mu<0.2, indicating that
the activated non-basal slips exhibited no-Schmid
behavior.

(2) A total of 363 twins were observed at 10%
strain, and all of them were identified as TTWs. The
twinned area fraction was 41%. The distribution of
normalized m suggested that most twin variants
(79%) followed the Schmid law.

(3) The 17 pairs of twin transmissions were
observed. The Luster—Morris parameter m' did not
correlate well to twin transmission. However, most
twin transmissions (82%) tended to exhibit large
normalized m and m'".

(4) Additional slip systems were frequently
observed to be activated in twin domains while not
in the parent grains because the m values of basal
slip were larger in the twin domains than the
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corresponding parent grain for most of the observed
cases (94%). Slip transfer across twin boundaries
was also observed. Statistical Schmid factor
analysis indicated that the twins were more likely
to be activated in grains favoring prismatic slip,
revealing that twinning activity was closely related
to prismatic slip.
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