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ABSTRACT

Solid solutions of Mg,Si and Mg,Sn are promising thermoelectric materials owing to high
thermoelectric figure-of-merits and non-toxicity, but they may undergo phase separations under
thermal cycles due to the presence of miscibility gaps, implying that thermoelectric properties
could be significantly degraded during thermoelectric device operation. Here this study
investigates the strain-induced suppression of the miscibility gap in solid solutions of Mg,Si and
Mg,Sn. Separately prepared Mg,Si and Mg,Sn powders were made into (Mg,Si)y7(Mg,Sn)g 3
mixtures using a high energy ball-milling method followed by spark plasma sintering.
Afterwards, the phase evolution of the mixtures, depending on thermal annealing and mixing
conditions, was studied experimentally and theoretically. Transmission electron microscopy and
X-ray diffraction results display that, despite the presence of miscibility gap in the pseudo-binary
phase diagram, the initial mixture of Mg,Si and Mg,Sn evolved towards a solid solution state
after annealing for 3 hours at 720 °C. Thermodynamic analysis as well as phase-field
microstructure simulations show that strain energy due to coherent spinodal effect suppresses the
chemical spinodal entirely and prevents phase separation. This strategy to suppress the
miscibility gap induced by lattice strain through non-equilibrium processing can benefit the
thermoelectric figure-of-merit by maximizing phonon alloy scattering. Furthermore stable solid
solutions by engineering phase diagrams have potential to facilitate the reliable long term

operation of thermoelectric generators under continuous thermal loads.
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INTRODUCTION

Thermoelectric power generation is unique in generating electricity by utilizing low-grade
heat that is typically wasted or dissipated to the environment. There have been remarkable
progresses in the performance and diversity of thermoelectric materials over the past decade.'
Magnesium silicide” is an emerging thermoelectric material owing to its low density, non-
toxicity, and abundant raw materials, and affordable cost in contrast to conventional materials
containing lead and tellurium. Recently it was reported that thermoelectric performance of
magnesium silicide can be remarkably improved when silicon is partially substituted by tin
or/and germanium.

This alloyed structure induces not only phonon scattering that suppresses thermal
conductivity,” *** but also reduces the energy level differences between valleys in the electronic

6% increasing the power factor (PF), S, where S and o are thermopower (or the

structures,
Seebeck coefficient) and electrical conductivity, respectively. Therefore, the thermoelectric
performance, which is typically indicated by the thermoelectric figure-of-merit, ZT' = S*oT/k,
where 7T is the absolute temperature and k is the thermal conductivity, can be significantly
improved. This enhancement is beyond the well-known rule of mixture explanation for
composite materials.”®

The necessary condition to maximize Z7 improvement by the alloying is to ensure the
homogeneous distributions of Si and Sn (or/and Ge) in the lattice to a level such that phonons as
heat carriers and electrons as charge carriers can sense the mixed elements within the range of
their characteristic lengths, mean free paths and wavelengths. Hence, it is important to have a
homogeneous solid solution of Mg;Si and Mg,Sn (or/and Mg,Ge) during the material synthesis
processes. This ideal situation has often been hard to achieve in Mg»(Si,Sn,Ge) particularly when
individual precursor powders were simply mixed for solid-state reactions. Under these
processing conditions, compositional heterogeneities are typically inevitable unless a large
amount of time and efforts are devoted to material synthesis.

More importantly, Si and Sn in the Si/Sn sublattice of the Mg,Si/Sn crystal structure have a
positive heat of mixing, which leads to immiscibility within the Sn/Si lattice over the entire
temperature range in which the mixture exists in the solid state.” *'"* * The tendency towards
phase separation as well as differences in the processing history of Mg,Si,Sn; x mixtures may be

the underlying causes for variations in the reported peak Z7T values of Mg,SixSn;y, ranging
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mostly from 0.8 to 1.3, but this issue remains poorly studied to date. Furthermore, the miscibility
gap suggests that Mg,(Si,Sn) can undergo phase separation under repeated heat cycles during
operation. For stable operation without significant performance degradation, it is important to
suppress the miscibility gap in order to avoid phase separation.

Here we focus on elastochemical effects and the subsequent morphology changes when the
mixing and annealing conditions of Si-rich and Sn-rich phases are varied. It was found that
elastic energy such as elastic strains at interfaces between two phases, local lattice distortions

and crystal twinning could affect microstructure evolution.**

To provide lattice strain, high
energy ball milling and spark plasma (or current-assisted pressure) sintering (SPS) methods were
employed. Unlike conventional synthesis methods, both processes have distinct characteristics of
high mechanical pressure and short reaction time, which could result in significant strains
between grains in polycrystalline materials.

In order to carry out the systematic study described in this work, Mg,Si and Mg,Sn powders
were prepared separately, and then they were mixed for different time periods with high energy
ball milling followed by thermal annealing. The microstructure evolution was observed
experimentally and also computed theoretically. We chose 7:3 ratio of Mg,Si and Mg,Sn
because this composition is located well within the miscibility gap in the Mg;Si,Sn;  system, at
the processing temperature, as reported in various works—we here note that there is still
considerable uncertainty regarding the location of the miscibility gap in the system. The

influence of the phase separation on thermoelectric properties were experimentally measured and

compared.

EXPERIMENTAL AND SIMULATION METHODS
Material Synthesis

We prepared Mg,Si powders (P168 in Table 1) and Mg,Sn powders (P159 in Table 1) doped
with 1.5 at% bismuth for the optimum thermoelectric performance® by high energy ball milling
(Spex SamplePrep 8000M) with Mg turning (99.9%, Across organics), Si powders (99.999%, -
100+325 mesh), Sn powders (99.8%, -325 mesh, Alfa aesar), and Bi powders (99.9%, Strem
chemicals) using 3 stainless steel balls (0.5 inch in diameter) in stainless steel container for 10
hours at 1725 rpm (Fig. 1). After the ball milling was done separately for Mg,Si and Mg,Sn, X-
ray diffraction (XRD) with Bruker-AXS D8 advanced Bragg-Brentano X-ray powder
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diffractometer was carried out on the powders, as shown in Fig. 2a. The majority of the powders
was found to be Mg,Si or Mg,Sn with some impurities of residual Mg, Si, and/or Sn. The
powders (0.38 g for Mg,;Si and 0.6 g for Mg,Sn) were sintered at 750 °C (Mg,Si) or 600 °C
(Mg,Sn) for 200 seconds using SPS to make 2-inch diameter pellets whose density is higher
than 93.5% of the theoretical density (2.0 g/cm® or 3.59 g/cm’ respectively for Mg,Si and
Mg,Sn). The Mg,Si and Mg;Sn pellets after SPS showed sharp XRD peaks without noticeable
impurity peaks. The electronic mobility of these samples at room temperature ranging from 80 to
100 cm?V™'s™ from the Hall measurements was close to literature values,”” *® suggesting defects
at grain boundaries are not significant.

The Mg,Si and Mg;Sn powders were mixed to have a mixture of (Mg;Si1)p7(MgzSn)g 3. This
composition is within the miscibility gaps at our processing temperature no matter which of the
Mg,Sn—Mg,Si assessed pseudo-binary phase diagrams in literature are considered.”® *" **
Therefore, this composition would give us clearer ideas if the two phases are separated or not
due to the miscibility gap. According to the phase diagram, two distinct phases are supposed to
appear as the samples are annealed. A mixture of Mg,Si and Mg,Sn powders (~2 g) was
homogenized using the high energy ball miller for 0.1, 2, and 4 min. Then the mixed powders
(0.46 g) were sintered using SPS at ~720 °C for 200 seconds. Finally, samples were annealed at

720 °C for 3 and 7 hours in a sealed graphite die under a vacuum environment (<10™ bar) to

observe the evolution of the two phases, Mg,Si and Mg,Sn.

Thermoelectric Property Characterization

The synthesized pellet was polished with sand papers in order to make both faces flat and
shiny. Thermal conductivity (k) was obtained by measuring thermal diffusivity (D) with Xe-flash
apparatus (TA instrument FL3000) since k£ = D-p-c,, where p is the density measured using
Archimedes method, and ¢, is the specific heat™ **** from literature. For the measurement of
thermopower and electrical conductivity, the pellets were cut into a bar whose dimension is 1.3 X
5 x 11 mm’ using a diamond saw, and then mounted to our custom-built setup. Electrical
conductivity was obtained from the slope of voltage as a function of supplied current ranging
from -0.05 A to 0.05 A and the geometry of the samples. Thermopower was obtained from the

slope of voltage with respect to temperature difference ranging from -15 K to 15 K. Hall
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measurements were carried out using a custom-built setup under 1T magnetic field at room

temperature.

Phase Field Approach

The total free energy functional (F°%) for an undeformed material configuration with
confined boundaries can be constructed from the sum of all contributing fields over it. F¥°* can
be a functional of composition (c), strain (&), gradients of composition (Vc), and other fields if

present. We write the total free energy functional, F*°f as the sum of contributing fields:

FtOt(C, g, VC) — fchem + felas (1)

where chemical free energy density, f"*™, and elastic strain energy density, f¢!%° are:
ferem(c,Ve) = [, [#(Ve)? + fP*¥ ()] d 2)
felaS(S) — %fg el geldq (3)

where » is the gradient energy coefficient, and f?“¥ is the contribution of the bulk phases in the
microstructure. £¢ and ¢® are the local elastic strain and stress in the material. The chemical
free energy is composed of the interfacial and bulk energy contributions, and it determines the
compositions and volume fractions of the equilibrium phases. The strain energy affects the
equilibrium compositions and volume fractions of the coexisting phases, but also determines the
shapes and configurations of the phase domains. In an inhomogeneous solid solution, the
generalized potential for phase transformation, u‘°t, as a function of the concentration, the
deviations in concentration, and the elastic strain can be calculated by means of the given free

energy functional in Eq. (1) as:

5Ft0t aFtot (aFtot)

tot — —
K (C,S,VC)— §c  dc aVc

4)
uot =2 v (uvc) + Ve. 2 Ve — 2Ve0(0): €(0) (e + (sel: VC(C)(gel)) (5)

The separation process of two distinct phases from a homogeneous solution due to small
fluctuations in the composition is the case where the system is unstable, and chemical potential is

the main responsible driving force for this uphill diffusion process leading to phase separation,

while strain energy acts in the reverse way to mitigate the phase separation most of the time.
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From linear kinetic theory, the local mass flux in the presence of a gradient in composition, the

diffusion flux (in units of mol m? s™) is given by:

(6)

J = =M. ptot = —iiv. (222

5c
where M is the interface mobility assumed to be constant due to isotropic nature of the crystal
structures of the two phases. We postulate the following form of the Cahn-Hilliard (C-H) kinetic
equation to study the evolution of Mg,Si-Mg,Sn microstructure in 2-dimensioanl (2D), and 3-

dimensional (3D) space:

% = v. MV (utot) (7)

at
Given an initial microstructure, the evolution of the microstructure can be studied by solving
the Cahn—Hilliard equation using a semi-implicit spectral approach in the Fourier space. The
elastic energy contribution to the kinetics of evolution is obtained using the microelasticity

theory.** !

There are three factors contributing to the elastic potential: (1) the lattice misfit
between the different phases, (2) the elastic constant inhomogeneity, and (3) externally applied

stress. In this study, no external force is applied. The microelasticity problem is posed as:

d0;; .
—=0inQ (8)
6rj
1 (Oug aul}
& =1 0—+—
kl 2 {arl + 07'k (9)
el _ el el _ _tot 0
0ij = Cijra€iq Where ey = &i° — &g (10)

Equations (8), (9), (10) are the mechanical equilibrium condition, kinematics, and Hook’s
microscopic constitutive law for linear elasticity, respectively. £¢! is the difference between the
total strain £57¢ and the eigenstrain £p;. The dilatational eigenstrain term is £g; = €7 8;;h(c), and
it is the consequence of lattice strain between the phases. The lattice misfit is €7 = (a% —
af)/0.5(a® + af) where a® and a® are the lattice parameters of @ and B phases, respectively.
O 1s the Kronecker-delta function and h(c) is an interpolation function. Cjj; is the
composition-dependent fourth order elastic modulus tensor. It is convenient to describe Cjjy,

using the following expression:

Cijia(0) = €5 — 9()ACi (11)

where AC;ji; = Cfjy — ck

{jry 1s the difference between the elastic moduli tensor of @ and S

phases. Similar to h(c), g(c) is a scalar interpolation function such that h(c,) = g(c,) = 0 and
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h(cﬁ) = g(cﬁ) = 1. Having a periodic boundary condition, the higher-order solutions for the
system of equations (8), (9) and (10) is obtained in the Fourier space based on the lower-order
approximations in an iterative manner. A semi-implicit Fourier spectral approach®* for C-H

equation is used.

RESULTS AND DISCUSSION
X-ray diffraction and energy dispersive spectroscopy analysis

P169, P172, P174, P170, and P173 in Table 1 shows a list of samples prepared by mixing
Mg,Si and Mg,Sn powders with a molar ratio of 7:3. According to a recent paper,”® this
composition is placed at the center of the miscibility gap in the Mg,Si-Mg,Sn binary material
system so an equal amount of separated phases, Mg;SiysSng s and Mg,Sigg7Sny 13 are expected to
be obtained as they go through mixing and thermal processing at ~720 °C. XRD results in Fig.
2b show phase evolution as the mixture of Mg,Si and Mg,Sn went through longer high energy
ball milling and thermal annealing.

Surprisingly, as shown in Fig. 2b, the peak pairs (same crystal plane) from Si-rich and Sn-
rich Mg;SixSn; x were merged with longer mixing and annealing, which is opposite to what the
phase diagrams in literature describe. We carried out detailed analysis near the major two peak
locations (111) in Fig. 2¢ and (220) in Fig. 2d. Sample P169 with short 0.1-min mixing showed
distinct two peaks from Sn-rich and Si-rich phases. In Fig. 2¢c, we noticed that the (111) peak
from the Si-rich phase at 24.23° is close to 24.241° from JCPDS 00-035-0773 for Mg,Si and has
a relatively narrow full width at half maximum (FWHM), but the (220) peak at ~23.1° from the
Sn-rich phase is broad, and shifted toward a higher angle compared to 22.747° from JCPDS 00-
007-0274 for Mg,Sn. Another peak at ~24.0° in the middle was also found, suggesting that some
of the two phases were miscible. The shifted, broad peak corresponding to Sn-rich phase is likely
to indicate that the Sn-rich phase was strained by the Si-rich phase. Considering the lower
melting point of Mg,Sn (778 °C) compared to Mg,Si (~1085 °C) (SPS temperature, 720 °C), it is
probable that softened Mg,Sn was smeared into spaces between Mg,Si particles, forming
separated Mg,Si and Mg,Sn islands as shown in the energy dispersive spectroscopy (EDS)
results (Fig. 2e).

When the ball milling time was increased to 2 min (P172) and 4 min (P174), the Si-rich peak

at ~24.23° was suppressed and the Sn-rich peak became sharper and further shifted, showing two
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prominent peaks at ~23.4° and ~24.0°, which are close to the precipitating phases (~23.47° for
Mg,SipsSngs and ~24.04° for Mg,Sips7Sng13) according to the miscibility gap of the phase
diagrams reported in the literature. However, when the samples were annealed for 3 hours (P170)
and 7 hours (P173), the two peaks were merged toward the theoretically calculated peak position
at 23.47° for Mg,Sip7Sngs, suggesting suppression of miscibility gap. Similar trends were
observed from the (220) plane (Fig. 2d). According to JCPDS, corresponding angles are 37.587°
and 40.121° for Mg,Sn and Mg,Si, respectively. Two broad peaks close to the two precipitating
phases (38.81° for Mg;SigsSng s and 39.77° for Mg,Siy g7Sng 13) were found from P172 and P174,
and then, after thermal annealing, they were merged into a single peak, which is close to 29.32°
for Mg,Sip7Sny3. Note that the peak angle locations for the solid solutions (Mg;SipsSngs,
Mg,Sip7Sngs, MgSigg7Sng 3) were calculated from the lattice constants obtained by
interpolation with the lattice constants of Mg,Si and Mg,Sn.

The EDS results (Fig. 2e) from Sample P169 showed segregated Sn-rich and Si-rich phases,
whose dimensions are less than 100 nm. On the other hand, the EDS results in Fig. 2e for Sample
P170 with 3-hour annealing displayed dull colors with smaller reddish and greenish regions,
suggesting a much better degree of mixing although relatively richer Si and Sn regions are
observable. Nevertheless the XRD results for P170 showed only merged peaks. Despite the
presence of varying compositions according to the EDS results, the XRD results show merged
peaks corresponding to a homogeneous solid solution. In fact, similar results are also displayed
in other papers.” * Therefore we can conjecture that the small grains are strained. To maintain
the strain, coherent boundaries may be present like other samples prepared similarly using ball

milling and SPS processes.™

Phase stability analysis in Mg,Si-Mg,Sn pseudo-binary system

Our XRD and EDS results indicate that Mg,Si and Mg;Sn are miscible in the composition
and the processing temperature (Xg=0.7 at 720 °C) in this study. A close look at the available
pseudo-binary phase diagram of Mg,Sn-Mg,Si system suggests that there are considerable
uncertainties in the location of the Sn-rich and Si-rich phase boundaries in the Mg,Sn-Mg,Si
pseudo-binary system, as shown in Fig. 3a. Except for the study by Nikitin et al.,* other

26, 37, 38, 44, 45

experimental and theoretical assessments show that the selected composition, and
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temperature is located well within the chemical miscibility region of the phase diagram, as
discussed below.

Considering the location of the Sn-rich phase boundary in the Mg,Sn-Mg,Si pseudo-binary,
all experimental evidence presented to date suggests that this boundary is located within the
0.1<Xsi<0.45 range near our processing temperature. Over a wide temperature range, Muntyanu

1.,* Nikitin e al.,” and Jung et al.*® show that this boundary is within the 0.35<Xg<0.45

et a
range. Kozlov et al’’ carried out experimental investigations on this system and performed an
assessment of its phase stability based on their own data as well as any other existing phase
stability information published prior to their work. Their assessed pseudo-binary phase diagram
indicates that the phase boundary is around Xg;~0.1 at our processing temperature. In a later
assessment by Viennois et al.,*® this phase boundary is located at Xsi~0.3, somewhat in between
the analysis by Kozlov and Nikitin/Jung. The most recent investigation on the phase stability on
this system was carried out by Vives et al.,”® who performed diffusion couple experiments over a
wide range of temperatures and identified Xsi~0.4 as the location of the Sn-rich phase boundary
in the Mg,Sn-Mg,Si miscibility gap. While there is evidently considerable uncertainty as to the
exact location of this phase boundary, the composition used in this study, Xs;=0.7, is clearly to
the right of all assessed solubility limits for Si in Mg,Sn.

When looking at the Si-rich phase boundary, we would like to note that every single
investigation of the system, except for Nikitin et al. indicates that the alloy investigated in this
work is to the left of the Si-rich phase boundary (Sn solubility limit for Mg,Si). This phase
boundary is located around Xsi~0.9 in the study by Muntanyu et al., Jung et al., Viennois et al.,
and Vives et al., Kozlov et al. locate this boundary at slightly lower values of Si, Xgs;~0.78. Out
of all the existing evidences, only the assessed Si-rich phase boundary by Nikitin ef al. places our
alloy outside the miscibility gap (to the right of the Si-rich phase boundary).

A thorough analysis of this apparent inconsistency was carried out by Kozlov et al., who
compared their own differential scanning calorimetry and thermal analysis analysis for different
alloys as well as the phase constitution and composition of solidified alloys belonging to this
system and conclusively showed that the phase boundary reported by Nikitin et al. could not be
reconciled with available data. Perhaps an even stronger piece of evidence that puts into question
the results by Nikitin ef al. is the diffusion couple study by Vives et al. which suggest that the

phase boundary is closer to Xgi~0.9, in agreement with five decades worth of research on this

10

Page 10 of 30



Page 11 of 30

Journal of Materials Chemistry A

system and in contradiction with Nikitin et al. Given the preponderance of evidence, we are
confident that the alloy investigated in this work is well-within the Mg,Sn-Mg,Si bulk chemical
miscibility gap.

In the present study, however, under the non-equilibrium synthesis conditions, it is not clear
that the system phase separates in the composition (Xg=0.7) well within the miscibility gap.
Here we investigate the possible underlying reasons for this observation from a thermodynamic
perspective using Eq. 1. We use the pseudo-binary phase diagram obtained by Viennois ez al.*®
Assuming ideal entropy of mixing, Viennois et al. proposed the following equation for

calculating the mixing Gibbs energy, A,,,;,G:

AmixG(Mg2/3XC/3Y(1_C)/3) = AmixH(Mg2/3XC/3Y(1—c)/3) + % (Ciln Ci + (1 - Ci)ln (1 — Ci)) (12)
where the mixing enthalpy, A,,;,H shown in Fig. 3b, was obtained using a fit of A,,;, E with

Redlich-Kister polynomials as in standard CALPHAD approaches and X=Si and Y=Sn in this

formulation. Hence, the mixing Gibbs energy can be rewritten as:

AmixG(MgZ/3X0/3Y(1—c)/3) = XI5 X cicilyy + % (clne + (A —c)ln (1 —c))  (13)
with L;; = Yk _o(ci — ¢;)” VLij, where "L;; is the temperature invariant interaction parameter.
¢; = Csp and ¢; = cg;. OLU and 1Li]- are 5950 and -800 J/mol, respectively and the two
parameters are sufficient for the parameterization of the subregular-solution model.*® The mixing
Gibbs energies at 420, 520, 620, 720 and 820 °C are shown in Figure 3c. A close look at the
pseudo-binary free energy curves reveals that the double-well free energy and hence the
miscibility gap diminishes by increasing the temperature due to the entropic stabilization, and
closes at ~845 °C.

In addition to chemical contributions, we consider the local contractions/expansions upon
phase transformation, which produce additional strain energy terms. By replacing F¢'*™ with

A,ixG in Eq. 10 and, following the approach proposed by Cahn,*® we write the following total

free energy for the material:

2a%E

Ftot — AmixG(Mg2/3XC/3Y(1_C)/3) + fﬂm—(c - CO)Z dQp, (14)

1-v

11
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where the second term is the total elastic energy of an isotropic solid with arbitrary composition
fluctuations. In the last term, Q,, is the molar volume, a. is the Vegrad’s parameter (a, =
ef=%/68c), where €77 is the stress-free dilatational strain. E is the Young Modulus, v is the
Poisson’s ratio, and ¢, denotes the overall (average) composition of the material. Fig. 3c
compares the calculated elastochemical free energies with the chemical curves at different
temperatures. Eventually, these calculations depict the gradual conversion of double-wells into
parabolas at temperatures around ~680 to ~845 °C due to elastic interactions. These results infer
that the coherency strains stabilize the material against infinitesimal composition changes at this
temperature range which is in agreement with our experimental observations.

The boundaries of the elastochemical pseudo-binary miscibility gap and spinodal lines for the
Mg>Sn-Mg,Si were calculated by linear stability analysis, as shown in Fig. 3a. In calculation of
these lines we have assumed the validity of small-strain elasticity theory in an isotropic system
neglecting any other change in excess thermodynamic quantities. The parameters used to obtain
these curves are summarized in Table 2. The figure illustrates the experimental point in the
present work and the pseudo-binary phase diagram by Kozlov ef al. The point that is indicated
by the inverse triangle resides in the chemical spinodal region. However, it is above the obtained
elastochemical miscibility gap indicating the tendency to form a solid solution under highly non-
equilibrium processing conditions.

The important concept of intrinsic stability and thermodynamics of systems under externally
controlled thermodynamic variables are originally coined by Gibbs,"” Tisza,* Cahn,* Huh-
Johnson.” It is well established that to have an intrinsic instability it is necessary to have at least
one negative eigenvalue for the hessian matrix of the second derivative of free energy functional
with respect to infinitesimally small perturbations. Following the limit of metastability, we have
spanned the chemical miscibility line around the strain, composition and temperature space.
Figure 3d shows the obtained three-dimensional phase diagram in strain-composition-
temperature space. The pseudo-binary phase diagram by Kozlov ef al. resides at € = 0, which
corresponds to the bulk state. In this figure, two subsets of lines are present for constant strains
and constant temperatures indicated by vertical and horizontal brown lines, respectively. The

elastochemical miscibility line in Fig. 3a is a subset of this space along constant strain.

12
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Phase field modeling of Mg,Sn-Mg,Si microstructural evolution

In order to further analyze this unusual observation of suppression of a solid miscibility gap,
the evolution of the microstructure was investigated through phase field kinetics simulation
based on the structural configuration from EDS analysis for mapping the distribution of Sn and
Si atoms (Fig. 2e) (sample P169). Individual distribution information of Sn and Si atoms from
EDS was post-processed so as to obtain the microscopic stoichiometry of x in Mg;Si,Sn; x with
the resolution of 1~2 nm. The initial microstructure for 2D simulation was obtained from the
EDS data of P169. The initial condition in the 3D case is a generated synthetic microstructure
based on the average grain value of Mg,Sn phases from EDS data of P169.

Then, both 2D and 3D synthetic microstructures were computationally annealed for 3 hours
at 720 °C. We comparatively investigated the strain effect in addition to the chemical effect. The

distribution of the elastic strains (¢24%, ££1%, ££19%), and the values along the line (*) are shown

in Fig 4. The calculations show that Mg,Sn phases are under compressive strains. Figure 5
compares the evolution of the microstructure for chemical only and elastochemical regimes.
When only chemical interactions were considered, the microstructure followed the normal
spinodal decomposition route, and the microstructure became more locally segregated and
coarser over time. In this case, the gradient energy coefficient (3¢) controls the rate of coarsening.
When we considered the strain effects in the model, Mg,Sn phases started to slowly release Sn to
the Mg,S1 matrix. Eventually, the domain gets dispersed throughout with Sn and Si elements. In
the end, the overall molar concentration of Si in the domain reaches to 0.7 over the entire
domain. The obtained semi-uniform composition of 0.7 is close to the minimum of the
elastochemical free energy curve at 720 °C as it is depicted in Fig. 3c. Experimental EDS results
in Fig. 2e (sample P170) also suggest that Si and Sn get more dispersed in the domain, and the
XRD results also indicate that the two separated peaks were merged after the annealing process.
We believe that the system tends to dissolve and form a solid solution, instead of following the
phase separation path suggested by the metastable phase diagrams published in the literature.

By matching the simulated microstructures after the isothermal annealing treatment to the
experimentally observed microstructure, the free parameters of the model (i.e., mobility and
gradient energy coefficient) were estimated. In the case of coherent microstructural evolution,
the interfacial mobility and the gradient energy coefficient are estimated to be around 10™'? m%/s

and 10" J/m™, respectively at 720 °C. Figure 6 illustrates that Si concentration is reduced in

13
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Mg,Si-rich sites and is increased in Mg,Sn-rich sites over time until it reaches an equilibrium
value, which corresponds to a degree of immiscibility that is considerably smaller than what is
observed in the bulks without such nanoscale crystalline grains. This figure is obtained by
tracking the maximum and minimum values of concentration in the simulation cell. In fact,
according to our simulations, the composition gap between Si-rich and Sn-rich regions of the
microstructure should be no more than about 0.1 in molar concentration units. These results are
consistent with the experimental observations showing that the system tends to become more
homogeneous after annealing, even in samples that appear to be within the miscibility gap found

in bulk phase stability studies.

The influence of phase evolution on thermoelectric transport properties

The thermal conductivity of P169, P172, P174, P170, and P173 whose x is 0.7 in (Mg;Si)x
(MgySn); x were measured, as shown in Fig. 7a. The decreasing thermal conductivity as a
function of temperature suggests negligible bipolar thermal conductivity, which implies
degenerate doping as well as larger band gaps compared to that of Mg,SixSn;x with x = 0.3 as
reported in the literature.® It is notable that P169 with least mixing of the two phases displayed
higher thermal conductivities than those of other samples. It is noteworthy that the thermal
conductivities of P172 and P174, whose XRD peaks indicate some degrees of phase separation,
are similar to those of P170 and P173 whose XRD peaks from Sn-rich and Si-rich phases were
merged. This is good indication that alloy scattering is very effective in dropping thermal
conductivity of this system, similarly to other alloys such SiyGe) .

Lattice thermal conductivity for two representative samples (P169 — least mixed; P173 —
most mixed) were obtained after subtracting the electronic thermal conductivity portion using the
Wiedemann Franz law, as shown in Fig. 7b. The higher phase homogeneity in P173 resulted in
lower thermal conductivity. The experimental data points were fitted using the modified
Callaway model for phase segregated materials.” This model considers three simplified
components, phase-pure portions (Mg,Si, Mg,Sn) and mixed portions (Mg,Siy7Sng 3). According
to the fitting results, P169 with the most distinct two phases has 27% unmixed portion out of the
entire volume. It should be noted that Mg,Si(7Sng 3 represents the mixed portions with various
compositions (i.e., Mg>Si,Sn; x where 0<x<I) because even slight alloying drops the thermal

conductivity to the values observed from well-mixed samples. Therefore, we could say ~27%
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volume of P169 is composed of relatively phase-pure materials and ~73% volume is solid
solutions, Mg;SixSn;x with various compositions. On the other hand, a much smaller (~7%)
volume of P173 was estimated to be phase-pure.

Figure 7c and 7d show the electrical conductivity and thermopower measurement data of
the representative two samples. The carrier concentrations were measured to be 2.2x10?° cm™ for
P169 and 2.8x10* cm™ for P173. This suggests that most of the Bi dopant in P169 is active
(Mg>Sig985Big.o15 and MgySng 9s5Big15). The electrical conductivity decreases with temperature,
indicating the degenerate doping. The negative sign of thermopower whose magnitude is smaller
than 200 pV/K also supports the fact that our samples are heavily-doped n-type semiconductors.
The electrical conductivity and thermopower of P173 are similar to those of P169 despite 30%
higher carrier concentration compared to P169, which may be attributed to the more significant

scattering due to alloy or/and strained grain boundaries in P173.

CONCLUSIONS

Mg,Si and Mg,Sn powders were separately prepared, and they were mixed for different time
periods using a high energy ball miller. The mixed powders were sintered by SPS and then the
sintered pellets were annealed for different time periods to evaluate the evolution of the two
phases. We studied 7:3 composition for (Mg,;Si):(Mg,Sn), which is well within the miscibility
gaps reported in literature. According to XRD and EDS results, the two separate phases
indicating Mg,Si-rich regions and Mg,Sn-rich regions were clearly present when the two
powders were gently mixed. With more rigorous mixing, XRD results indicated the two phases
are miscible. Upon thermal annealing, XRD peaks from Mg,Si-rich and Mg,Sn-rich phases were
merged, and EDS results also displayed a much higher degree of mixing, which is inconsistent
with the phase diagrams in literature. Our simulation results suggest that strain effects play
critical roles in suppressing the miscibility gap for our nanocrystalline structures whereas phase
separation could occur when only chemical miscibility gap is present. When the two phases are
mixed more or less, lattice thermal conductivity were reduced and electrical transport properties
were relatively insensitive to the degree of mixing. Therefore, to maintain high thermoelectric
performance, it is recommended to have strain in lattice in order not to fall into the chemical
miscibility gap. The strategy to suppress the miscibility gap bears potential impact inasmuch as

many thermoelectric materials employ alloyed systems because maintaining alloying structures
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for low thermal conductivity could provide the stability and reliability for the actual usage of

thermoelectric generator over a long period of time.
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Table 1. List of samples, (Mg,Si1)x(Mg,Sn);x experimentally tested for this study along with

their synthesis conditions and electrical properties at room temperature.

Ball milling Post . Electrical Carrier -
. . Density .. . Mobility
Sample # X time annealing (%) conductivity concentration (cm2 IV-s)
(min) time (hour) ° (S/cm) 10* ecm™)
P168 1.0 N/A 0 99.5 1270 1.9 41
P169 0.1 0 102 1790 2.2 50
P172 2 0 102 1510 23 41
P174 0.7 4 0 102 1420 2.1 42
P170 2 3 96 1620 1.9 53
P173 4 7 97 1870 2.8 42
P159 0.0 N/A 0 93.5 3730 23 100
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Table 2. Material properties of Mg,Si and Mg,Sn.

Interface
Lattice Elastic constants (GPa)™ Young Molar mobility
Phase constant Modulus f(());;son volume (m?/s)
(nm)™! Cu  Cn  Cy (GPa)™™ ' (m3/mol)*  [This
work]
6.327 + 6.5
Mg,Sn X 18‘:;; 4 83.71  39.79 21.69 57 0.2058  1.55x 105
< 10-
~10—12
6.732 + 8.5
Mg,Si X 18‘:;; 38 11407 1956 33.32 118 0.1464  3.95x10°°
< 10-

17
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Figure captions

Figure 1. Material preparation procedures and subsequent thermal annealing and measurements.

Figure 2. XRD results of (a) synthesized Mg,Si and Mg,Sn powders and pellets after SPS; (b)
mixtures of Mg,Si and Mg,Sn in Table 1. Detailed analyses of the XRD results near (¢) (111)
and (220) planes. Five vertical lines correspond to the peak locations for various Si:Sn ratios:
Mg,Sn, Mg,SiysSng s, MgxSip7Sng 3, MgxSips7Sng 13, and Mg,Si. (e) EDS results of P169 and
P170.

Figure 3. Calculated (a) Calculated elastochemical miscibility gap versus the chemical gap
showing the shift of miscibility gap and spinodal lines due to strain energy impact. Experimental
data are taken from literature. The parameters used in calculation of the elastochemical
miscibility gap are summarized in Table 2. (b) Enthalpy of formation. (c) Total elastochemical
energy curves versus chemical energies at 420 °C, 520 °C, 620 °C, 720 °C, and 820 °C. (d) The
three-dimensional strain-composition-temperature phase diagram for Mg,Si-Mg,Sn pseudo-
binary system. The red and green lines are elastochemical miscibility lines whereas the blue lines
are chemical miscibility lines. For comparison, the miscibility gap from Kozlov ef al. is plotted.

elas celas celas

Figure 4. Distribution of elastic strains (exx™, €55, €5y ) in the microstructure at the beginning

of the simulation, and across the line (*)

Figure 5. Evolution of Mg,Si-rich and Mg,Sn-rich phases when elastochemical (top row) or
chemical only (bottom row) simulations were considered. (a) Initial condition (Sample 169). 2D
and 3D simulation results during the 720 °C annealing process by considering elastochemical
interactions after (b) 2 minutes, (c) 30 minutes, (d) 1 hour, and (e) 3 hours, and (f,g,h,i) those by

considering only chemical interactions.

Figure 6. Elemental dissolution from Sn and Si lattice sites of Mg,Sn and Mg,Si phases toward
formation of a solid solution. Estimated dissolutions with a rate of 10" m?/s (solid curves) and

10" m?/s (dashed curves).
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Figure 7. (a) Thermal conductivity of samples, (b) lattice thermal conductivity with calculation

results, (¢) electrical conductivity, and (d) thermopower.
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