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Abstract: The Mg—Sn alloys, with basal or prismatic Mg>Sn laths, were employed to reveal the effect of precipitate
orientation on twinning behavior quantitatively. The Mg—5wt.%Sn alloys with basal or prismatic Mg,Sn were
compressed to study the twinning behaviors. Subsequently, an Orowan strengthening model was developed to
quantitatively investigate the critical resolved shear stress (CRSS) increment of precipitates on twinning. The results
revealed that the prismatic precipitates hindered the transfer and growth of tensile twins more effectively compared with
the basal precipitates. The decreased proportion of tensile twins containing prismatic Mg>Sn might be attributed to a
larger CRSS increment for tensile twins compared with that for basal precipitates. The obvious decreased twinning
transfer in the alloy with prismatic Mg>Sn could be due to its higher geometrically necessary dislocation and enhanced
CRSS of tensile twins. Notably, the prismatic precipitates have a better hindering effect on tensile twins during

compression.
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1 Introduction

Mg—Sn alloys exhibit the potential for age
strengthening, they have significant differences in
the solubility limit of the primary precipitate
(Mg2Sn) with temperature [1]. In binary Mg—Sn
alloys, it has been observed that the Mg>Sn phase
predominantly precipitates on the (0001), basal
plane along the (1510)0[ ({(a)) direction,
forming basal precipitates characterized by a lath
shape and trigonal distribution [2,3]. Despite the
remarkable aging response of the Mg>Sn phase and
the presence of abundant Mg,Sn in aged Mg—Sn
alloys, the strength and hardness of alloy remain

constrained. The limited strengthening effect of
these basal precipitates on Mg alloys is attributed to
their weak hindrance of basal slip, which is the
predominant deformation mechanism in Mg [4].

In comparison to basal precipitates, the second
phase precipitated on the prismatic plane (referred
to prismatic precipitates) demonstrates a heightened
potential for strengthening and enhancing the
yield strength of the alloys [5—7]. Consequently,
purposefully adjusting the distribution of the Mg>Sn
phase from the basal plane to the prismatic plane
emerges as an effective approach to enhance the
strengthening of Mg—Sn alloys. Over the decades,
numerous studies have observed a change in
the precipitated orientation of the Mg,Sn phase in
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Mg—Sn alloys, transitioning from the basal plane to
non-basal planes with the addition of Zn [8,9].
Mg,Sn phases were identified on the prismatic
plane or inclined at specific angles to the (0001),
basal plane, resulting in a significantly enhanced
aging hardening response. However, due to the
unpredictable effect of inter-elemental interferences
on the precipitation behavior, the large formation of
non-basal or prismatic MgSn phases by alloy
addition is still challenging.

Our recent work [10] obtained abundant
prismatic lath-shaped Mg>Sn phase in a binary
Mg—5wt.%$Sn alloy by a process of twinning, aging,
and detwinning (namely TAD) [11]. After the
transformation of precipitation orientation from the
basal plane to the prismatic plane, the yield strength
and ductility of this alloy were enhanced
simultaneously. In particular, the compressive yield
strength (CYS) was increased by 137%. It is known
that the wrought Mg alloys have a strong basal
texture and when this alloy compresses along the
deformed direction, most ¢ axis of grains undergoes
tension, and {1012} tensile twin is activated [12].
Therefore, the compressive vyield strength of
wrought Mg alloy is closely related to its twinning
behaviors during the compressive process [13].
That is, the contribution of prismatic precipitates
in Mg—Sn alloy to twinning behaviors during
compression  might determine the CYS
improvement to some extent. FAN et al [14]
proposed an analytical model and molecular
dynamics and predicted that the prismatic Mgi7Al2
plates had a stronger blocking effect on twin
boundary (TB) (~37 MPa) than that of the basal
plate (~29 MPa). ROBSON et al [15] stated that
basal plate precipitates (e.g. Mgi7Ali2) might be
better strengtheners against twin growth compared
with c-axis rods (e.g. Mg—Zn phase). There exists
controversy regarding the obstructive impact of
basal and prismatic precipitates on twinning.
Moreover, there is a dearth of experimental
evidence substantiating the role of prismatic
precipitates in impeding twinning, particularly
within the same precipitation system.

In this study, we obtained two different plates
containing only basal or prismatic precipitates. The
purpose is to conduct a quantitative analysis of
twinning behavior during compression in Mg—Sn
alloys. Initially, the evolution of the microstructure
during compression is considered, and the influence

of varied precipitate types on the nucleation,
growth, and interaction of twinning is explored.
Additionally, a model has been developed to
explain the hindering effect of precipitates on twins,
and the interactions between precipitates (both
basal and prismatic precipitates) and twins have
also been analyzed quantitatively.

2 Experimental

The material in this study is an as-extruded
Mg—5wt.%Sn alloy sheet with a strong basal
texture. Subsequent to its extrusion, this sheet
undergoes a twinning-aging-detwinning (TAD)
process [11]to acquire the prismatic Mg>Sn phase,
distributed along the prismatic plane. Conversely,
another sheet undergoes direct aging to obtain the
basal Mg,Sn phase. Before compression, the
directly aged samples are referenced to as EA,
while those subjected to the TAD process are
labeled as EDT. Further detailed procedures
regarding the TAD and direct aging methodologies
refer to our previous study [10].

To compare the twinning behaviors of Mg—Sn
alloys with prismatic and basal precipitates during
compression, the alloy sheets were compressed at a
speed of 0.48 mm/min along the extrusion direction
(ED) at room temperature. An interrupted
compression at a strain of 4% was applied to
reserving enough initial twins in the studied alloys.
The direct aging sample after 4% compression is
called as C4A and that of the sample processed by
TAD is denoted as C4DT. Cubic compressive
samples (width of 5mm and height of 7.5 mm)
were employed for interrupted compression using
Mechanical Testing & Simulation (MTS) precision
universal tester (CMTS5105) at room temperature
with a strain rate of 1x1073s™",

The microstructure was characterized using the
electron backscatter diffraction (EBSD) technique
and transmission electron microscopy (TEM, JEOL
JEM—-2100F operating at 200 kV). Etching was
carried out using a solution containing perchloric
acid and alcohol with a volume ratio of 1:9 for
EBSD characterization. Analysis of twinning
behaviors, including nucleation, growth, and
interaction, was conducted through EBSD data
utilizing the HKL—Channel 5 software and the
MTEX toolbox in MATLAB. For TEM observations,
samples were polished through twin-jet electro-
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polishing in a solution of 2 vol.% perchloric acid in
ethanol at a temperature of —50 °C.

3 Results and discussion

3.1 Effect of prismatic precipitates on twinning
behaviors in Mg—Sn alloys

Figure 1 presents the EBSD maps illustrating

Mg—5Sn alloys with the basal and prismatic
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precipitates before and after undergoing a 4%
compression. The pre-compression states of both
alloys exhibit characteristic rolled basal textures in
Mg alloys. Deformation twinning is easily caused
during compression along the extrusion direction
(ED) [16]. Following the 4% compression, a large
number of twins appear in both alloys, with a
predominant presence of {1012} tension twins.
Statistically, the twin area fractions in C4A and
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—— {1013} twin boundaries

- | oading axis

| < —

= High angle grain boundaries

(1100)

(0001)
(1210)

Fig. 1 EBSD inverse pole figure (IPF) maps of samples: (a, b) EA and EDT samples without deformation, respectively;
(c, d) C4A and C4DT samples after 4% deformation, respectively; (e, ) High angle grain boundaries (HAGBs) and twin
boundaries distribution map of C4A and C4DT samples, respectively (fiwins—Activated twin area fraction)
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CADT are 31.3% and 22.3%, respectively. Notably,
the activated twin area fraction in C4DT is
significantly lower than that in C4A under the same
deformation conditions. The twin layers in C4A
grains exhibit a generally uniform distribution, and
the distribution of these grains where twinning
occurs is more concentrated. Furthermore, a single
grain in C4A may contain multiple twin variants,
occupying a larger area. In C4DT, the other variants
occupy a small area, and they exclude the variant
with the most prominent activation area. Among
them, many twin crossover (intersection of twin
layers within a grain) and twinning transfers (or
so-called paired twinning, interaction of twin layers
at adjacent grain boundary (GB) or twins nucleate
at the same location on the GB and grow into
their respective parent grains) occur. To further
quantitatively study the effect of prismatic
precipitates on the twinning behavior of Mg—Sn
alloy, the twins’ variants, transfer, and crossover
along with their nucleation, and growth are
analyzed in detail.

The {1012} twin model corresponds to six
possible twin variants due to the particular
hexagonal close-packed (HCP) structure of the Mg
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alloy [17]. Each twin variant was confirmed using
superimposed polar plots [18] of the {0001} and
{1012} planes collected by EBSD. The detected
plane of EBSD is the ED-TD plane. Figure 2
shows the wvariant identification of grains of
activated twins in Samples C4A and C4DT.
Normalized geometrical compatibility factor (m')
was used to analyze the twinning transfer in
adjacent grains. The normalized Schmid factor (SF)
was used to explain the crossover behavior of twin
variants, nucleation, and growth [19,20]. The
normalized SF can be calculated by normalized
SF=(SF—SFmin)/[2(SFmax—SFmin)] [21], where SF is
the value calculated directly for the system, and
SFmax and SFpin are the maximum and minimum
values of SF in the grain for all systems,
respectively.

Based on statistical analysis using the MTEX
toolbox in MATLAB [22], a total of 317 instances
of twinning transfer were identified in 280 grain
pairs in C4A, whereas only 104 twinning transfers
were observed in 92 grains in C4DT. The number of
twin-transfer chains in C4A was approximately
three times that of C4DT. The twinning transfer is
closely related to the misorientation of the adjacent

Lo l© =g 5
0.8 =mMI X
Zz2 M2 Q

0.6F M3 §
0.4 \
N

A

N

A

<
o

I

<

b
T

Normalized SF/highest SF

V1 V2 V3 V4 V5 V6
Variant

S5 IN
2 1ot £
T51 %I) 0.8+ mmM5
= 2 M6 = -
= 065 swMm7y cE
Z 04
71 E .
m = 0.2
[a]
E o0 N N
o
Z -02
T72 V1 V2 V3 V4 V5 V6

Variant

Fig. 2 (a, d) Partial EBSD maps of C4A sample and C4DT sample obtained on TD—RD plane, respectively (M
represents grain of matrixes, T represents activated {1012} twin variants; (b, ¢) Superposed {0001} (red point) and
{1012} (blue point) pole figures of grains in (a) and (d), respectively (The yellow and red lines are twin plane traces of
corresponding variants); (c, f) Normalized SF of twin variants of parent grains in (a) and (d), respectively (V1-V6

denote six possible variants in the grain)
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grains [22]. Analyzing the IPF diagrams in Fig. 2
for Samples C4A and C4DT reveals the formation
of twin chains in both samples. Multiple twins
exhibit effective overlap at grain boundaries and
extend into the grains, suggesting the occurrence of
twinning transfer. The normalized m' can be applied
to measuring the two systems’ geometrical
compatibility and m' was counted for all grains
where twinning transfer has occurred and then
normalized by m' [19,23]. Compared with C4A,
the m' of individual adjacent grains in C4DT is
generally lower. Because C4DT undergoes
additional deformation by the TAD process, more
dislocations and grain misorientation exist. Strong
textures are favorable conditions for the formation
of twinning transfers in adjacent grains. The intense
texture leads to at least one pair of huge normalized
SF variants in each grain and high matching of high
normalized SF variants in adjacent grains, making it
easier for twinning transfer.

In addition, Figs. 2(d, ¢) show two pairs of
double chains (T22-T32, T21-T31) in the parent
crystals M2 and M3. Considering the initial texture
of the sample, T21 and T22 are indexed to be
different {1012} twin variants formed in the
same parent grain M2. The two pairs of variants
are adjacent to each other on the {0001} and
{1012} superposition diagrams (Fig. 2(b)). Their
orientations are close to each other, experiencing
minimal hindrance during the process of twinning
transfer at the interface. The misorientation of
adjacent interfaces emerges as a crucial factor in
affecting the twinning transfer. Samples containing
prismatic  precipitates undergoing additional
deformation (TAD) have a greater misorientation
and are less susceptible to twinning transfer. The
crossover behavior of twin variants is closely
related to the nucleation and growth of twins [24].
In Figs. 2(a, d), the yellow circles indicate the areas
of twinning crossover and transfer. The preference
for twin variants within individual grains in C4A
and C4DT predominantly adheres to the general
Schmid’s law, indicating that the vast majority of
variants with large SF are preferentially activated
within the grain. The normalized SF statistics of the
twin variants are presented in Figs. 2(c, f). Within
the grain, the variant with the maximum number of
activations and the largest area of twinning regions
consistently exhibits a high normalized SF. The
number and area share of twin activation can be

used to replace the nucleation rate and twin growth
rate [23], and variants with a more prominent
normalized SF indicate high nucleation rate and
twin growth rate. In Figs. 2(d—f), the twin variant
T72 has the most significant normalized SF in this
grain, along with the largest number and area of
activation, implying its preferential activation. This
is evident in the presence of multiple twin layers
running parallel to it throughout the grain. Similarly,
T71 intersects with T72 but is obstructed by another
T72, indicating its subsequent activation. As a
result, T71 presents thin and continuous bands
with a relatively small proportion of twin area.
Misorientation in grain between the upper and
lower regions of the parent grain reveals local strain
inhomogeneity. The activation of the T71 twin may
be intended to coordinate the deformation of the
other twins within the grain to accommodate the
external strain.

Therefore, as shown in Figs. 2(a, d), most of
the twins nucleate at the grain boundaries and
expand into the grains, which can be attributed to
the stress concentration at grain boundaries induced
by macroscopic stress [25,26]. Adjacent grains
preferentially twin at grain boundaries to nucleate
to reduce stress concentration [27]. Nevertheless, it
is not clear why the orientation of the precipitates
makes the twin nucleation growth of C4A higher
than that of C4DT. This will be given in the results
of the subsequent model analysis after the analysis
of the twin.

The statistical analysis of the normalized SF of
all grains shows that the normalized SF of most
twins is significantly greater than 0.6. It is found
that the twins preferentially activate the variants
with high SF, which is consistent with the results
of the local area analysis of the variants. However,
in some grains, the SF of the twin variant is
not the largest (Fig.3(a)). This variant has the
maximum number of activations and the maximum
area in the grain, commonly referred non-Schmid
twinning [28—30]. Many other external conditions
also influence the activation and growth of twin
crystals. Due to the special HCP structure of Mg
alloys, when the grains are compressed along the
vertical c-axis, the SF of the activated variants
varies considerably with the compression angle [31].
XU et al [32] stated that the alloy was deformed
unevenly during the deformation process and proposed
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Fig. 3 (a) Partial EBSD map of non-Schmid twins in C4A sample; (b) Superposed {0001} (red point) and {1012}
(blue point) pole figure of parent grain M1 (The red lines are twin plane traces of the corresponding variants); (c) SF

distribution of variants of T1 twin in M1 grain

that there was a kind of back-stress in this process.
The grains are unevenly stressed due to local
deformation, and the grains apply additional local
stress to the neighboring grains. In Fig. 3(c),
although the SF of T1 is not the largest (the fourth
one), its appearance is not accidental. T1 nucleates
grows in the left lower section of the M1 grain. The
IPF shows a significant color difference between
the upper and lower part of the M2 grain, with a
significant grain misalignment. The macroscopic
stress direction is horizontal, but the lower left grain
(M2, M3) will likely provide a reaction force to M1.
The stress concentration at the boundary between
the M1 and M2 grains exerts additional stress on
the interior of the M1 grain. The actual local stress
direction in the lower left region of M1 deviates
from the macroscopic stress, so the actual local SF
of T1 should be larger than the macroscopic SF.
Combined with the connection between the
magnitude of the SF and the stress [31], the local
SF corresponding to the variant of T1 is probably
the most prominent local SF. The nucleation growth
of the twin variant occurs at this time. This might

be the reason that the T1 variant has the largest area.

The non-Schmid twins are consistent with the SF
law after local stress analysis.

To further evaluate the influence of precipitate
orientations on the twin behaviors, the SF rank and
normalized SF distribution of all activated twins in
Samples C4A and C4DT are presented in Fig. 4,
where fri+r2 and faorsr-06 denote the fraction of
activated twins in the top two of the SF rank and
activated twins with normalized SF more than 0.6,
respectively. 75% of the activated twins in Sample
C4A have SF ranking 1 and 2. The normalized SF

distribution shows that 93% of all activated twins in
Sample C4A have the normalized SF which is
greater than 0.6 (Figs. 4(a, b)), and the selection of
these twin variants follows the Schmid’s law. In
Sample C4DT, 76% of the activated twins have SF
distribution at SF ranking 1 and 2; 94% of all
activated twins have normalized SF greater than 0.6
(Figs. 4(c, d)). Combined with the above analysis of
the transfer and crossover behavior of the variants,
the selection of variants in samples C4A and C4DT
conforms to the Schmid’s law. Moreover, there are
evident differences in twinning transfer, twin
nucleation, and growth efficiency.

Figure 5(a) shows the statistical results of the
twin boundary fraction and twin area fraction in
Samples C4A and CADT. It can be seen that the
twin boundary fraction and twin area fraction of
Sample C4A are 43.3% and 31.3%, respectively,
which are higher than those of Sample C4DT
(20.2% and 22.3%). The number of {1012} twin
lamellae per grain (Lg) is related to the rate of twin
nucleation. The area per {1012} twin lamella
(Avp) is related to the rate of twin growth [33]. The
statistical results for Lg and Ap are given in
Figs. 5(b, ¢). According to the statistical results, the
Lg in Sample C4DT is 2.4, which is lower than that
in Sample C4A (3.6), indicating that the nucleation
rate of twins in Sample C4DT might be lower than
that in Sample C4A. On the other hand, the Ar in
Sample C4DT is 596 um?, which is slightly lower
than that of sample C4A (606 um?), demonstrating
that the growth rate of twins in Sample C4DT might
be also slightly lower than that in Sample C4A. The
nucleation and growth rates of twins in Sample
C4DT are lower than those in Sample C4A. However,
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the above results are not sufficient to prove that the
prismatic Mg>Sn phase can hinder both nucleation
and growth of twins compared with the basal
Mg,Sn phase.

Figures 6(a, b) present the geometrically
necessary dislocations (GND) in Samples C4A
and C4DT. The value of GND is 6.05x10'* for
Sample C4DT, while it is 4.67x10'? for Sample
C4A. Sample C4DT has a larger GND than that of
Sample C4A. The reason for the difference in
twinning behavior could be caused by dislocations
of different orders of magnitude within the
material [34,35]. Therefore, the effect of dislocations

on the twinning behaviors in C4A and C4DT
alloys should be also considered. The difference in
the twinning transfer can be attributed to the
difference in GND, as the twinning transfer is
closely related to the misorientation in the grain.
Sample C4DT has a larger GND, the twinning
transfer is more impeded, and the number of
twinning transfers is much smaller than that in
C4A, only 1/3 of C4A. Whether the modulated
prismatic precipitates have a great hindering effect
on the nucleation and growth of the twins relative to
the basal precipitates needs to be measured
quantitatively.
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3.2 Quantified hindering model of prismatic

precipitates with respect to twin

To quantify the hindering effect of the
prismatic precipitates on the twin, a specific model
calculation is required. NIE et al [5] and WANG
et al [36] proposed the corresponding Orowan model
assuming that the precipitates are arranged on the
slip surface in a triangular manner to simplify
the calculation model. ROBSON [37-39] and
FULLMAN [40] considered the actual intersection
of multiple distributions of the precipitates and
proposed another modified Orowan model. The
precipitates are regularly distributed on the slip
surface with the intersection region of the slip
surface. HIDALGO-MANRIQUE et al [41] also
calculated the slatted precipitate parallel to the
c-axis assuming a triangular arrangement of the
precipitations relative to basal slip, prismatic slip,
pyramidal (c+a) slip, and {1012} tension twins
for the critically resolved shear stress (CRSS)
increments. Based on the model of HIDALGO-
MANRIQUE [41], the CRSS increments of the
prismatic and basal precipitates relative to the
{1012} tension twin are modeled to quantify the
hindering effect. For the precipitates based on the
bypass mechanism, the increment in CRSS (7) is
expressed as [5,42]

Gb 1 o
— | — [In— 1
ZRH(J«}H”O M

where G is the shear modulus of the Mg matrix
(16.5 GPa), b is the amplitude of the Burgers vector
for the gliding dislocations in Mg, v is the Poisson’s
ratio of the Mg matrix (0.35), ¢ is the mean planar
diameter of the particles on the twin plane, 4 is the
effective planar interparticle spacing on the twin
plane, which is based on the premise of an ideal

At=

distribution of the precipitates on the basal and
prismatic plane [39], and ry is the core radius of the
dislocations in Mg. The magnitude of b is equal to
a/7 for twinning dislocations [43]. 7o is the area
around the dislocated, and it is generally thought
to be ro=b. However, based on the calculated
study [44,45], ro=3a was taken from the twins.
Notably, b of twins is one order of magnitude
smaller than that of the slip dislocated. In Table 1
the calculated specific values of b and ry are given.

Table 1 Amplitude of burgers vector (b) and dislocation
core radius (7o) for calculation of Orowan stresses [41]

Dislocation b/A ro/A
Basal {(a) 3.2 3.2
Twinning 0.458 9.6

In Formula (1), ¢ is also the effective
obstruction length of the precipitated phase in the
direction of twinning motion in the twinning plane.
As shown in Figs. 7(b, e), since the precipitated
phase is trigonal in the basal plane, the calculation
of ¢ is divided into J. (x=1, 2, 3). Due to the
different dislocations in the twin plane, the
prismatic phase is subdivided into six cases (x=1, 2,
3, 4,5, 6). The value of ¢ is a combination of the
values taken for J.. The o, is calculated from the
angle given in Figs. 7(b, €). The result is

asal L1 2
5" 125(551 +§52/3j:

0.1111/+0.2566 w+0.1629¢ 2)
5Prismatic =%[§(51 +§2 +53 )_,.%(54 +255/6 )]:

0.222871+0.6283w+0.3939¢ 3)
where /, w and ¢ are the length, width and thickness
of the precipitates, respectively.
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The average size of the projection spacing of
the precipitates on the twin plane in the basal or
prismatic plane can be obtained by the following
equation [5]:

1
NN

where N, is the number of phases per unit area on
the slip plane, and its calculation formula is as
follows [38]:

A=—een§ 4)

Ny=Iv 5)

where f, is the volume fraction of precipitate; S,
is the average intersection area of the precipitate
and the twin plane. The precipitates of different
orientations are different from the intersection area
of the twin planes. Similar to J, the calculation of S,
is divided into various cases depending on the
orientation of the precipitated phase. Here, Sp.
(x=1-6) is calculated when the area of the
intersection surface in Figs. 7(b, e) is related to the
dimensions of the precipitated phase (/, w, f). The

(b)

(d) (e
£\ S
Twin dislocation(2) 700‘
Twin } 5
dislocation(1

angle of each intersection surface is indicated in the
figure. Figure 7(b) shows the intersection area of
the basal precipitates and the twin plane. It can be
seen that there are two situations in the intersection
area of them, and the area of the intersection area is
shown in Fig. 7(c). The calculation is as follows:

1 2
S basal S
P E Pl +§ sz

0.48887t+1.1287 wt (6)

Figure 7(e) shows the intersection area of the
prismatic precipitates and the twin plane. It can be
seen that there are five situations in the intersection
area of them, and the area of the intersection area is
shown in Fig. 7(f). The calculation is as follows:

p

rismatic 1.2 1
gprismat ZE[E(SP1+SP2+SP3)+§(Sp4+2Sp5/6 )]=

0.3897Iw+0.9021wt (7)
Substituting Egs. (2)—(7) into Eq. (1), the

increments of CRSS relative to the twin obstruction
of the basal and the prismatic precipitates are
obtained, respectively:

—>

®

Fig. 7 Schematic views of basal or prismatic precipitates: (a,d) Positions of precipitates and tensile twin;

(b, e) Intersection area of precipitates and twin plane; (c, f) Arrangement of precipitates in (1012) twin plane
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At =149.18/f, /[N0.488811+1.1287 wt —

(0.1111740.2566w+0.1629¢)/ 1, |-
n0.1 111/4+0.2566 w+0.1629¢

1 8
9.6 )
AT piomaic =149.18[f, /[3/0.3897 1w+0.9021wr —
(0.22287+0.6283w+0.39397) /1, ]
0.22281+0.6283w+0.3939¢
In )

9.6

The above calculation formulas show that the
increment of the CRSS of the twin is related to the
size (I, w, ) of precipitates and their volume
fraction (f;). Then, the orientation of the precipitates
in the EA and EDT samples is verified by TEM, and
the size and prismatic fraction of the precipitates are
calculated.

Figure 8(a) shows the morphology of the
precipitates observed along the [0001], zone axis of
the Sample EA. It can be seen that most of the
lath-like Mg,Sn phases are distributed along
(1120) »» and a few of them are distributed along
(10T0>a When viewed along the [0001], zone
axis in Fig. 8(b), the direction of the basal
precipitates is consistent and the length is different.
Figure 8(c) illustrates two Mg>Sn phases observed
along the [0001], zone axis at high magnification.
The angle between the long axis of the Mg,Sn
phase and the (1 TOO)a plane is about 3.6°, which
may be caused by the interaction between twinning
and precipitate. Figure 8(c) indicates the direction
of deviation. When observed along the [IOTO]a
(Fig. 8(d)) zone axis, the precipitates are again
distributed in a “herringbone” shape, and the long
axis of some Mg,Sn phases are parallel to
the [1510]0[. Almost all Mg,Sn phases in the
Sample EDT are indeed distributed parallel to the
prismatic under the control of the TAD method.

The statistical results of the average size (/, w,
and f), fv and number per unit volume (Ny) of the
precipitates in Samples EA and EDT can be found
in our previous study [10]. For the lath-like Mg,Sn
phase distributed on the basal plane in Sample EA,
the length refers to the dimension along the long
axis of the lath-like Mg,Sn observed along the
[0001], zone axis. The dimension perpendicular to
the long axis is the width. The thickness refers to
the dimension of the short side of the lath as
observed along the [I 150],1 axis. As for the
prismatic precipitates in Sample EDT, when the

zone axis is perpendicular to the c-axis (along
[10T0]a), as shown in Fig. 8(d), the length and
width refer to the dimensions observed directly.
When the zone axis is parallel to the c-axis (along
[0001],), as shown in Fig. 8(c), the thickness (7)
refers to the short side of the precipitates observed.
The morphology of the precipitated phase does
not change after modulation to the prismatic plane.
The average size of the precipitates is derived
from the average of more than 500 precipitates.
The f, statistical method of precipitates is
f=nVy/(Ah) [41], where n is the number of
precipitates in the statistical region, V, (Vy=Iwt) is
the average volume of precipitates, 4 is the area of
the statistical area, & is the thickness of the
statistical region, and f; and N, are the averages of
the statistical results of different regions from five
TEM images.

In Sample EDT, the average dimensions of the
Mg>Sn phase are recorded as 1140 nm in length,
173 nm in width, and 93 nm in thickness. This
sample exhibits a reduced size of the Mg,Sn phase
compared with Sample EA, where the average
dimensions measured were 1262 nm in length,
188 nm in width, and 100 nm in thickness. The f,
and N, of the precipitates in the Sample EDT are
4.9% and 3.3x10'8/m>, respectively, which are also
higher than those of the Sample EA (4.1% and
2.1x10"%/m?). This may be attributed to that
the twins and dislocations introduced by pre-
compression provide more nucleation sites for
Mg,Sn, which promotes the precipitation of the
Mg>Sn phase [34,46,47].

The data of the average size, f; and N, are
substituted into Egs. (8) and (9) to obtain the CRSS
increments ( Ar) of the basal and prismatic
precipitates relative to the twin obstruction.

The results reveal that the increment of CRSS
of basal precipitates relative to the twin is 0.357,
which is slightly smaller than that of prismatic
precipitates relative to the twin of 0.5756.
Assuming a constant size of the precipitates, the
volume fraction of the precipitates for both
orientations of the plates gradually becomes larger
if aging is continued until the peak, as shown in
Fig. 9(a). The Az of prismatic precipitates increases
as the volume fraction increases significantly
larger than that of the basal precipitates. The
larger amount and the larger volume fraction of
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Fig. 8 TEM images of Samples 4 (a, b) and TAD (c, d) (The red arrows indicate the distribution direction of the long
axis of the precipitates. The yellow arrows indicate the corresponding planes. The diffraction pattern is given in the

upper right corner)
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Fig. 9 Folding line chart of Az versus volume fraction f, (a), and three-dimensional surface maps of Az with size of basal

(b) and prismatic (c) precipitates

precipitates will result in the larger Az, indicating
that precipitates do have a hindering effect on
twinning. The hindering effect of basal precipitates
on twinning is smaller than that of prismatic
precipitates, which is consistent with our
observations. The twinning area in Sample C4A is
larger than that in Sample C4DT. Sample C4A is
more prone to twinning and possesses greater
nucleation rates and growth rates.

The model data are further processed by
defining the aspect ratio of the precipitate as A1
(A1=l/w) and the aspect ratio as A2 (42=w/t), which
results in an aspect ratio of A142 (4142=l/t).
Figures 9(b, ¢) show the wvariation of CRSS
increment for two oriented precipitates at different
A1 and A42 for a certain volume fraction. The CRSS
increment is the largest when both A1 and A2 tend
to be 1, indicating that the more the shape of the
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precipitates tends to be square, the stronger the
hindering effect on twinning. In Fig. 9(b), when the
A2 of the basal precipitates is about 4, the smaller
Al will lead to the least hindering effect on
twinning. In Fig. 9(c), with the increases of A1 and
A2, the hindering effect of the column surface
relative to twinning gradually decreases, where the
change of 42 has a great effect on the hindering
effect.

A larger CRSS increment for a certain
deformed mode always indicates a greater effect on
the hindering effect and harder further deformation.
Thus, according to the above calculated result, the
decreased proportion of tension twins in Mg—Sn
alloy containing prismatic Mg,Sn illustrated in
Fig. 1 might be attributed to the larger CRSS
increment for tensile twin compared with the basal
precipitates. In addition to the decrease in the area
fraction of tension twins, compared with the alloy
containing prismatic precipitates and that with basal
ones, the amount of twinning transfer decreases
shapely from 317 to 104. This obviously decreased
twinning transfer in Mg—Sn alloy containing
prismatic Mg»Sn could be due to two factors. One is
the higher geometry necessary dislocation in the
alloy with prismatic precipitates, which hindered
the transfer of tensile twin. The other is that the
prismatic precipitates enhanced the CRSS of the
tensile twin and thereby impeded its transfer.

4 Conclusions

(I) The Mg—Sn alloy containing prismatic
precipitates exhibited a lower proportion of tension
twins, with only approximately one-third of the
twinning transfer observed compared with that with
basal precipitates.

(2) The analysis of twinning crossover and
variant behavior revealed that prismatic precipitates
exhibited a more obvious hindering effect on twin
growth compared with the basal precipitates.

(3) The calculation wusing the Orowan
incremental model indicated that the reduced
proportion of tension twins in the Mg—Sn alloy with
prismatic Mg,Sn could be ascribed to a larger
critical resolved shear stress (CRSS) increment for
tensile twins compared with basal precipitates.

(4) A evident reduction in twin transfer was
observed in the Mg—Sn alloy with prismatic Mg>Sn,
attributed to hindering effects induced by higher

GNDs and enhanced CRSS of tensile twins.
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