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We investigated twinning and its formation mechanism in a binary Mg,Si thermoelectric material with an
anti-fluorite structure. Mg,Si was fabricated via a solid-state reaction using pure Mg and Si and then
spark plasma sintered at 50 MPa and 1003 K. Twinning bands, V-shaped twins, three-fold twins, and
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1. Introduction

Thermoelectric materials are attractive because they can
generate useful electricity from waste heat. The improvement of
the thermoelectric conversion efficiency strongly depends on
increasing the dimensionless figure-of-merit, ZT = S*¢T/k,
where S is the Seebeck coefficient, ¢ is the electrical conduc-
tivity, T is the absolute temperature, and « is the thermal
conductivity.

Telluride derivatives such as Bi,Te;,*® PbTe,”® and GeTe*'® have
been considered the best thermoelectric materials for the past
several decades. Using these Telluride derivatives with high zZT
values provides advantages such as higher energy conversion
efficiency compared to using other thermoelectric materials. A
large ZT value is partially associated with a low thermal conduc-
tivity. However, these materials also possess certain disadvantages
such as toxicity, rarity, and high cost. Therefore, alternatives con-
sisting of elements that are nontoxic, abundant, and inexpensive
are needed. In this respect, Mg,Si-based materials may be prom-
ising candidates."™ A large improvement of the performance of
bulk Mg,Si-based thermoelectric materials can be achieved by
forming a solid solution by partially replacing Si with Ge or Sn and
through band convergence by doping with Sb."**”

The grain boundaries in thermoelectric materials are critical
because they can scatter electronic carriers and phonons.'®
High-density embedded nanointerfaces can increase phonon
scattering, leading to a reduction of the thermal conductivity.*
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properties of Mg,Si thermoelectric materials, which will help to improve their figure-of-merit.

The twin boundary can be a simple grain boundary. The {111}
twins in Si exhibit a low potential barrier and low electronic
activity for electronic transport that are less than those for
a random-oriented boundary.* In addition, high-density twin-
ning in the thermoelectric compound (AgSbTe,);s(GeTe)ss
(TAGS85) can scatter mid and long wavelength phonons,
resulting in reduction of thermal conductivity.** These twinning
behaviors may be favorable for improvement of the ZT value
because an interface is needed to scatter phonons without
degrading electronic transport.

In this study, we observed twinning in Mg,Si for the first
time and investigated several types of twinning. To refine their
grain size and control their crystallographic textures to achieve
optimal electronic and thermal transport, Mg,Si-based ther-
moelectric materials undergo a significant amount of defor-
mation during processing. In this case, we assumed that twins
can be formed by shear deformation even though growth and
annealing twins can also be generated in spark plasma sintered
nanocrystalline Mg,Si.

Face-centered cubic (fcc) Mg,Si has an anti-fluorite structure
with a lattice parameter of a = 0.6338 nm and a point group of
Fm3m.** This structure contains three atoms per lattice point,
with four chemical formula units per unit cell. Si atoms occupy
the (0 0 0) position and lattice points, and Mg atoms occupy (1/4
1/4 1/4), (1/4 3/4 1/4), and equivalent positions, as illustrated in
Fig. 1(a). Si is surrounded by nearest neighboring Mg atoms
arranged in a cubic apex with a coordination number of eight.
The center type of atom forms the net of an equitriangular point
parallel to the {111} lattice planes, as illustrated in Fig. 1(b). The
stacking order of these planes is...aBy BCa YAB aBy BCa YAB...,
where the Si atomic planes represented by the sequential
Roman characters are spaced at a uniform separation
distance.”® The Mg atomic planes represented by Greek char-
acters have a constant atomic planar distance.
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Fig. 1 Schematic diagrams of (a) fcc Mg,Si with an anti-fluorite
structure and (b) projection of atomic arrangement in the [110]
direction. The stacking order of {111} planes is...aBy BCa YAB aBy BCa
YAB..., where the Si and Mg atomic planes are represented by
sequential Roman and Greek characters, respectively.

Perfect dislocations, stacking faults, and twins in fcc crystals
are all associated with the {111} planes.** However, the detailed
structures of these defects are very different. A perfect disloca-
tion is a line defect that does not change lattice direction when
gliding. Shockley partial dislocations generate stacking faults as
they glide. These stacking faults are planar defects and change
fce stacking sequences. A twin is also a planar defect but is
composed of at least two neighboring stacking faults. These
stacking faults reorient the lattice and produce a twin boundary.
As a result, these defects do not induce the same microstruc-
ture, slip activity, or deformation reaction for the same strain
rate.

2. Experimental details

A Mg,Si thermoelectric material was synthesized by a solid-state
reaction (SSR) combined with spark plasma sintering. High-
purity Mg (99.6%, Alfa Aesar) and Si (99.9985%, Alfa Aesar) in
the form of fine powders were weighed according to their
nominal compositions. An excess of Mg of approximately 10%
over the stoichiometric composition was added to compensate
for its Mg resulting from the high evaporation rate during the
synthesis process. The powders were mixed and hand-grinded in
an agate mortar before being cold pressed into pellets. They were
then sealed in quartz tubes under vacuum. The grinding and
mixing process were performed in a glove box to prevent oxida-
tion. The SSR was performed at 873 K. The as-synthesized pellets
were crushed and pulverized by hand milling with agate mortar
and pestle for 1 h. The particle size of pulverized powder was
distributed from 1 pm to 10 um (see Fig. SI1, ESIt). Then, spark
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plasma sintering was performed at 1003 K and 50 MPa for 15 min
in an Ar atmosphere using commercial equipment (SPS-515s, SPS
Syntex Inc). Heating rate was fast (100 K min ") in early stage and
reduced gradually to avoid overheating (100 K min™~" to 903 K, 50
K min~ to 953 K, 20 K min~"* to 973 K, and 10 K min~"* to 1003
K). The resultant pellet density was approximately 99% of the
theoretical density.

Transmission electron microscopy (TEM) specimens were
cut using a diamond saw, mechanically polished to less than 30
um, and finally ion milled using a precision ion polishing
system (PIPS 691, Gatan). The accelerating voltage and current
were 4.0 kV and approximately 10 mA, respectively, and the ion
beam was aligned at an angle of 6°. The specimens were also
investigated using TEM (Titan G2 ChemiSTEM Cs probe, FEI)
with a Cs-corrector probe.

3. Results and discussion

Fig. 2(a) presents a bright-field TEM micrograph of the Mg,Si
thermoelectric material showing several particles with sizes in
the range of several hundred nanometers to several microme-
ters. Many black lines are observed in the larger particle, indi-
cating that many twin bands were formed. Fig. 2(b) presents
a selected area electron diffraction (SAED) pattern of the large

Twin Bands

Fig. 2 (a) Bright-field TEM micrograph obtained from Mg,Si thermo-
electric material and (b) corresponding SAED pattern. The diffraction
spots indicated by white and red circles correspond to the matrix and
twin, respectively. (c) HRTEM micrograph showing the twin bands and
stacking faults.
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particle. Both weak diffraction spots and the strong main
diffraction spots were observed. The typical twinning diffraction
spots of fcc crystal structures appeared as weak diffraction spots
at the location of 1/3 along the (111) directions with mirror
symmetry along the [111] rotation axis,* which is in reasonable
agreement with the result shown in Fig. 2(c). According to the
SAED pattern analysis of the twins, the twin orientation rela-
tionship was (111)y//(111)r and [110]\//[110]r, where M and T
represent the matrix and twin, respectively. The habit plane of
the twin is parallel to the (111) plane. The close-packed plane
and direction of the two crystals in the habit plane were reor-
iented. Fig. 2(c) presents a high-resolution TEM (HRTEM)
micrograph corresponding to Fig. 2(b), which confirmed that
many twin bands were formed and that the twinning plane was
the (111) plane.

The crystallographic feature of twinning is mirror symmetry
of the atomic arrangement along the twin boundary.>® This
symmetry in fcc materials is observed well along the [110]
direction on the coherent twin plane. As observed in Fig. 3, the
coherent twin plane is a (111) close-packed plane, and the angle
between the other close-packed planes is 70.53°. In a two-
dimensional figure, each atomic point contains a row of
atoms. The mirror symmetry in a HRTEM micrograph is used to
confirm twinning in fcc materials.

There are several microstructural possibilities for the stack-
ing sequence of a twin in the Mg,Si structure. Designating the
Mg and Si layers by Greek and Roman letters, respectively, we
can describe the close-packed stacking {111} plane of the Mg,Si
structure as...aBy BCa YAB aBy BCa YAB.... The twins in the
Mg,Si structure can be described in one of the following four

ways:
Twin 1:...aBy BCa YA y aCB yBoa...
Twin 2:...aBy BCa CpB yBa...
Twin 3:...aBy BCa aCB yBoa...
Twin 4:...aBy BCa y aCB yBa...

Here, the underline represents the twin plane. All of these
twins exhibit mirror symmetry. However, in twin 3, the planes
a—-o. or A-A meet directly above the same plane without atomic
displacement. The planes a-o or A-A are located at the high-
energy position; thus, this arrangement is expected to be

@ : Mg

[110]

Fig. 3 Schematic diagram of a regular twin in Mg,Si with an anti-
fluorite structure. To maintain the integrity of the lattice, a twin such
as...aBy BCa yYA v aCB yBa...is formed.
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associated with higher energy than any other configuration.
Twin 4 has a sequence of -a y a-. These three layers consisted of
only Mg atoms. The Mg,Si crystal is considered to be more
stable when both sides of the y plane are surrounded by
different types of atomic planes. Thus, twin 4 is expected to be
unstable. In twin 3, the lattice is not conserved at the twin
boundary. Twin 1 maintains the integrity of a lattice; however,
at the twin boundary, the lattice is reoriented. In this respect,

(b) zA.=[110]

Fig. 4 (a) Bright-field TEM micrograph obtained from Mg,Si ther-
moelectric material showing several domains. (b) Corresponding SAED
pattern showing the main strong spots as well as regular weak spots.
The spots labeled with red and yellow triangles have a twinning rela-
tion, and the spots labeled by blue arrows show triple periodicity along
the [111] direction.

RSC Adv., 2017, 7, 21671-21677 | 21673
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twin 1 is the most stable. Fig. 3 was drawn based on this
consideration.

Fig. 4(a) presents another bright-field TEM micrograph.
Many lines and domains with black contrast are observed in the
nanoparticle. The black lines represent twin bands, and the
black domains indicated by “A” and “B” correspond to regions
with triple periodicity of the atomic planes, as will be described
below. Specific angles of 70.5° or 109.5° are formed between the
black straight lines; these angles correspond to those between
the {111} planes. Some Moiré fringes indicated by region “C” are
also observed. Fig. 4(b) is a SAED pattern corresponding to the
bright-field TEM micrograph presented in Fig. 4(a). Several
weak diffraction spots as well as the main diffraction spots are
observed. The red and yellow arrows correspond to the matrix
and twinning, respectively, and mirror symmetry is observed
along the (111) plane. The spots labeled by the triangles are not
spots from the matrix or twins but originate from the triple
periodicity of the {111} planes. This finding was confirmed by
the HRTEM results in Fig. 6 These spots were observed at
positions of 1/3 and 2/3 from the main spots along the [111]
direction. Some spots were overlapped by twinning spots.
Regions “A” and “B” regions in Fig. 4(a) exhibit the triple peri-
odicity of (111) planes.

Fig. 5 presents a HRTEM micrograph corresponding to
region “B” in Fig. 4. Multiple twin bands are observed in the left-
hand region; some regions also contain stacking faults; and
regular or irregular triple periodicities are clearly observed in
the right-hand region. These features are all considered to be
partially related to the pile-up of partial dislocations or sessile
dislocations and stacking faults of (111) planes.”” A step of
multiple twin bands resulting from the pile-up of partial

Triple periodicity

Fig.5 HRTEM micrograph corresponding to region “B” in Fig. 4. Twin
bands, stacking faults, triple periodicity, and zigzag contrast are
observed. The labels Ty, T,, and Tz indicate twins with different variants,
and the label TB indicates a twin boundary.
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dislocation is also observed, as indicated by the white dotted
circle. Zigzag contrast is also observed due to the crossing of
multiple twin bands of the right- and left-hand side, as shown in
Fig. 4(a).

Fig. 6(a) presents a HRTEM micrograph corresponding to
circled region “D” in Fig. 4(a). A multiple twin band in the
middle region and triple periodicity at the left-side are
observed. The interesting triple joint twinning is also observed
in the right region. The inverse masked fast Fourier transforms
(FFTs) are shown in Fig. 6(b). The atomic arrangement corre-
sponding to the triple variant (Ty, T,, T3) is observed. The twin
boundaries between T, and T; and T; and T; form X3

Fig. 6 (a) HRTEM micrograph corresponding to region “D" in Fig. 4.
Triple periodicity and a threefold twin are observed. (b) Inverse FFT
micrograph corresponding to the region indicated by the dotted
square in (a).

This journal is © The Royal Society of Chemistry 2017
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coincidence site lattices.”® However, the twin boundary between
T, and T, does not exhibit lattice coincidence. This structure
was considered to accommodate the elastic strain generated by
the lattice mismatch. A schematic diagram is presented in
Fig. 7.

There are four different sets of {111} slip planes in fcc metals.
These geometrical relations are described by the Thompson
tetrahedron shown in Fig. 8(a).”” The angle between two slip
planes is 70.53°. The four different sets of {111} planes lie
parallel to the four faces of a regular tetrahedron and can be
described by the equilateral triangles BCD, ACD, ABD, and ABC
shown in Fig. 8(b). The edges of the tetrahedron are parallel to
(110) and represent the Burgers vector of a perfect dislocation,
1/2(110). Points a, B, v, and d are located at the centers of these
triangles. The Burgers vectors 1/2(110) of perfect dislocations
are described in both magnitude and direction by the edges of
the tetrahedron and will be BC, AC, etc. The Burgers vectors 1/
6(112) of a Shockley partial dislocation is indicated by the line
from the corner to the center of a face, such as AB, dC, etc. The
Burgers vector Bd of a stair-rod partial dislocation is perpen-
dicular to the dislocation line and does not lie in the slip planes;
thus, it cannot glide.

Several types of multiple twins are often observed in nano-
crystalline Cu,” AL* Ni,** Pd,*” and other fcc metals and
alloys.** However, their nucleation and growth mechanism
remain unclear. The formation mechanism of a twin in a Mg,Si
crystal can be explained by the self partial-multiplication twin-
ning mechanism suggested by Y. T. Zhu et al.>***” without any
special assumptions. A pure fcc metal and binary Mg,Si have

TBs

TB1

>OW>wWo >

I

TB2

Fig. 7 Schematic diagram of a threefold twin. The lines indicated by
“A" and "A" represent {111} planes. b, indicates a partial dislocation.

(a) (b) D
B
;
DA/ A B
5
c 8 &
D C D

Fig. 8 (a) Thompson tetrahedron and (b) its two-dimensional
representation.
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the same lattice structure but a different motif; Mg,Si has three
atoms per lattice point.

In Fig. 9, let the line AC be perpendicular to the paper by
rotating the Thompson tetrahedron. The planes ABC and ACD
become the lines indicated by “A” and “A”, respectively, as
shown in Fig. 9(a). Assume that a Shockley partial dislocation
CP is present in plane A. The partial dislocation Cp can be
dissociated into a partial dislocation Cd on plane A and a stair-
rod dislocation 3p:

CB — Cb + 3B. (1)

According to Fig. 9(b), the partial dislocation Cd glides to the
right-hand side and generates a stacking fault, leaving the stair-
rod dislocation 8B behind. The stair-rod dislocation 3 can be
further dissociated into a partial dislocation 8C on plane A and
a partial dislocation CB on plane A:

3B — dC + CB. (2)

This reaction is feasible under the large deformation stress
associated with spark plasma sintering. According to Fig. 9(c),
the partial dislocation dC slips to the left-hand side and extends
a stacking fault. The partial dislocation CB glides above on
plane A by one atomic plane distance. The sequential disloca-
tion reaction and movement described by the above multipli-
cation model produce a double-layer twin and leave the original
dislocation CB behind at the twin boundary. When the partial
dislocation CP continues to react and the resulting dislocations
slip, each reaction cycle causes the twin to grow by one slip
plane distance, as observed in Fig. 9(d).

The formation mechanism of V-shaped twins can be
explained by extending the above explanation. A partial dislo-
cation is next to a stacking fault. If stress is applied, the partial
dislocation CB can be dissociated as follows:

CB — CA + Ad + 3. (3)
(a) "
bp=Cp A
3 A SF
A B
A B c
C A
K
() (d) =
cp
<= B3A CPh c B
AZI: 2 E SF g = g
————B |B A A Twin
¢ c 4 B B
—— A A c ¢
3B —» 3C+Cp A A

Fig. 9 Schematic diagrams showing reaction between a partial
dislocation and stacking fault. (a) Partial dislocation b, = CB on (111)
plane indicated by “A”". (b) Dissociation of partial dislocation b, = CB
into Cd and 3B, causing the formation of a stacking fault. (c) Dissoci-
ation of partial dislocation 8 into 8C and Cp, causing expansion of
a stacking fault. (d) Repetition of these reactions results in thickening of
the twin.
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The partial dislocation Ad glides to the right-hand side and
generates a twinning nucleus on plane A. However, the perfect
dislocation CA cross-slips to the intersection of planes ABC and
A. The stair-rod dislocation 3 cannot move because of its
sessile characteristic. The dislocation reaction in eqn (3) is not
energetically favorable. Thus, the process occurs under an
applied stress. The perfect dislocation CA can be dissociated
into two partial dislocations Cp and BA:

CA — CB + BA. (4)

The partial dislocation BA glides above, produces a twin on
plane A, and forms the nucleus of a V-shaped double twin. The
partial dislocation CB can repeat the above dislocation reaction
and process. A stair-rod dislocation 3 exists at every intersec-
tion of plane A and A, which induces a large stress at the end of
stair-rod pile-ups at the intersection boundary of two twins, as
shown in Fig. 5.

Triple-deformation twinning formation has been explained by
the sequential twinning formation mechanism of Shockley partial
dislocations emitted from twin and grain boundaries.>* However,
in this paper, triple-deformation twinning formation will be
described by modifying the self partial-multiplication twinning
process without requiring multiplication sources in a grain or
additional dislocation sources from a grain boundary.>**

In the following discussion, for convenience, assume that the
partial dislocation lines are parallel to the [110] direction. The
two planes (111) and (1 11) are represented by the lines “A” and
“A”, respectively, in Fig. 7. Assume that the Shockley partial
dislocation b, = CB on plane A in the twin boundary exists on
the TB,; slip plane. The partial dislocation CB dissociates into
a partial dislocation Cd on plane A and a stair-rod dislocation 38
by shear stress induced by the spark plasma sintering process:

CB — Cd + dB.

The partial dislocation Cd moves to the right-hand side and
forms a stacking fault. The stair-rod dislocation 3 can be
separated into a partial dislocation 3C on plane A and a partial
dislocation CB on plane A.

3 — d3C+ CB

The partial dislocation dC moves to the left-hand side and
expands the stacking fault. The partial dislocation CB shifts
upward by one atomic plane distance. If the above dislocation
reactions and slips on the stacking fault occur repeatedly, the
consecutive stacking fault forms a twin, and each reaction cycle
allows the twin to grow by one slip plane distance. According to
this formation mechanism, a simple twin with twinning
domains I and II is formed in the twinning boundary TB;.

The above formation mechanism can be directly applied to
the Shockley partial dislocation Cd, which exists in the left
plane A next to the TB, slip plane. The Shockley partial dislo-
cation Cd can be dissociated into a partial dislocation CB on the
A plane and a stair-rod dislocation Bd:
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View Article Online

Paper

Cd — CB + Bo.

The partial dislocation CB moves upward and generates
a stacking fault. The stair-rod dislocation Bd can be further
dissociated into a partial dislocation BC on plane A and
a partial dislocation C3 on plane A:

Bd — BC + Ca.

The partial dislocation BC moves downward and expands the
stacking fault. The partial dislocation Cd shifts to the left-hand
side by one atomic plane distance. If the above dislocation
reactions and slips on the stacking fault occur repeatedly, the
consecutive stacking fault forms a twin, and each reaction cycle
permits the twin to grow by one slip plane distance. Through
this formation mechanism, a simple twin with twinning
domains I and III is formed in the twinning boundary TB,.

TB, and TB, are coherent twin boundaries and form a X3
boundary. However, an incoherent boundary TB; is formed
between domains II and III; this boundary accommodates the
strain effect induced by the incoherency and generates a =9
boundary. If TB,, TB,, and TB; are joined at one point, an ideal
triple-deformation twin is formed, as demonstrated in Fig. 7.

As a promising material for thermoelectrics, Mg,Si has been
researched intensively. However, due to the large melting point
difference between constituent elements and the high saturated
vapor pressure of Mg, it is very difficult to prepare homogeneous
and stoichiometric Mg,Si. Thus, many researches have been
mainly focused on various synthetic methods and conditions,
including induction melting, zone melting, Bridgman growth and
mechanical alloying.**?* There are few reports concerned about
microstructure of Mg,Si. Recently, as interests in microstructure of
thermoelectric materials have been increased, there are several
studies which report microstructure of Mg,Si."”****' However,
numbers of report on microstructure in Mg,Si based alloys is not
enough, and detail observation and analysis of the microstructure
is still lacking compared to chalcogenide thermoelectric materials.
We observed microstructure of Mg,Si in atomic-scale for the first
time using Cs-corrected STEM, and hope that this study can be
a trigger for new perspective on microstructure of Mg,Si.

The spark plasma sintering method, which had been devel-
oped to sinter the metal powder for short time, is the proper way
to synthesize the thermoelectric elements of high vapor pres-
sure such as magnesium because it was able to be processed at
the relatively low temperature for short duration. Deformation
twins are the result of shear stress on the crystal after the crystal
has formed. Thus, we think pressure during the sintering is
important to formation of twinning.

4. Conclusion

In this work, TEM was used to study the microstructural charac-
teristics of a nanoscale binary Mg,Si material synthesized using
SSR combined with spark plasma sintering. The SAED pattern and
HRTEM results revealed the formation of a twinning band and

This journal is © The Royal Society of Chemistry 2017
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three-fold twinning. Triple periodicity along the [111] direction
was also observed. We described the possible twinning plane at
the twin boundary and explained the formation mechanism of
twinning in the binary fcc Mg,Si crystal using the self partial-
multiplication twinning process. High shear stress during
synthetic processing can generate deformation twins. These twins
can scatter mid- and long-wavelength phonons, leading to
suppression of the thermal conductivity. Thus, it is considered
that twins can be an important factor to reduce the thermal
conductivity in Mg,Si-based thermoelectric materials.
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