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calculations show that the net direction of the PMF is pore angle-

\ Dense

uniform
dependent. For most of the pore angles, the net force is towards ,
the interface creating a mass transport that fills the interfacial pores =% Pore Filling & Densification
and facilitates densification. For small ranges of angles, near 180° e o e e
and 360°, PMF drives the ions in the reverse direction and depletes
the pores. However, the net force for such ranges of angles is small. The PMF also enhances the diffusion of the mobile ionic species
and, consequently, accelerates the solid-state reaction by increasing the collision probability. The proof-of-concept experiments show
that a mixture of elemental powders can diffuse, react, and form dense materials when radiated by the microwave in just a few
minutes. Such characteristics, together with field-induced decrystallization, offer a novel and simple approach for the synthesis of
nanostructured compounds, which can have practical implications in ceramic technologies and thermoelectric materials.

ABSTRACT: A detailed theoretical model and experimental Porous
study are presented that formulate and prove the existence of a  unreacted mixture
robust ponderomotive force (PMF) near the interfaces in a

granular dielectric material under microwave radiation. The model A

KEYWORDS: interfacial ponderomotive force, electromagnetic wave interaction with materials, microwave sintering, solid-state reaction,
ceramics, thermoelectrics

1. INTRODUCTION According to the experimental reports,”' ~>° many such effects
follow nonequilibrium thermodynamics where the temperature
cannot be well defined; hence, they require a different scope of
understanding than the thermal effects. Phenomena, such as
field-induced decrystallization,””*" field-induced reduction of
graphene oxide,”” orders of magnitude enhancement in
reaction rates,”” > unusually large or small MW absorption
of some transition metal compounds,** or dissolution of solid-
solution alloys®>*® invoke a new insight to understand the
nonthermal MW effects.

Recent interest in self-powered wearables has seen thermo-
electrics as a viable option to harvest body heat.”” In pursuing
and developing efficient thermoelectric (TE) compounds,
researchers have studied several strategies in enhancing the
thermoelectric performance via microstructure modifica-
*77*! In this regard, the MW sintering technique can

Microwave (MW) material processing has been considered
from the 1950s and has emerged in producing different
materials, such as ceramics, metals, semiconductors, and
composites.l_8 MW energy is introduced as a non-ionizing
form of electromagnetic radiation, working at a wavelength
range of 1 m—1 mm and frequencies from 300 MHz to 300
GHyz, respectively.”'’ MW electromagnetic radiation is caused
by the combination of both oscillating electric and magnetic
fields, propagating through an empty space."' In a MW thermal
synthesis process, the materials are heated up by volumetrically
absorbing the electromagnetic energy to the sintering or
alloying temperatures.'” The temperature rise is usually due to
the interaction of MW with dipoles and charged particles,
which results in dielectric or conductive losses and, eventually, )
heating of the materials."*~" tion.
In the practical applications, in comparison to the regular
furnace in which the heat direction is from outside to inside, in Received: May 27, 2020
a MW furnace, the heat flows from inside to outside.' Accepted: October 9, 2020
However, the nonthermal effects of the MW are often
extraordinary and not wholly understood. There have been
studies to attribute them to molecular agitation, localized
heating, or thermally driven mass transport properties.’
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play a significant role in rapid sintering and providing the
desired microstructure of the thermoelectric compounds. The
application of field-induced decrystallization for the thermo-
electric material synthesis is of particular interest since the
grain size can have a significant impact on the efficiency of the
material.**~* Furthermore, high density is often desired to
obtain a high electrical conductivity. Densification generally
requires a hot-pressing step, which can result in grain growth.*’
The rapid heating and field quenching enabled by MW
radiation not only can reduce grain growth'” but the
decrystallization effects of the MW can also further create
amorphous domains and reduce the grain size.”” Finally, the
field-induced accelerated diffusion can result in a fast solid-
state reaction, which can be employed to form alloys from
elements in less time and a more energy-efficient way.”'
Another advantage is that the reaction happens below the
melting point. Therefore, it eliminates the need for melt
alloying and the subsequent ball milling, which is also a
significant time and energy saving. There are several
experimental demonstrations of the MW specific effects for
thermoelectric material synthesis. For example, Birkel et al.>”
produced TiNiSn by a rapid MW reaction, with the high
thermoelectric power factor of 2 mW/mK? at temperatures in
the range of 700 to 800 K, and zT values of around 0.4, higher
than conventionally prepared samples. The samples prepared
using the MW method had a lower thermal conductivity
compared to a conventionally prepared sample, which
contributed to a higher zT value. In another experiment, Fan
et al.>® developed p-type Biy,Sb;¢Te; alloys by mechanical
alloying followed by MW-activated hot pressing (MAHP). The
results showed an enhancement in the phonon scattering and
the reduction of the lattice thermal conductivity as low as 0.41
W/mK at 100 °C. This observation was related to the ultrafine
microstructure maintained at a low sintering temperature.

Theoretical studies about the effect of high-frequency
electromagnetic fields on a material, such as MW heating,
have attracted much attention to understand the underlying
physics. The understanding of the interactions between the
oscillating fields and the ions in a material demands for a
frequency-dependent model that can describe the experimental
results. In general, the frequency of the electromagnetic field
can affect the material in the following ways: (i) The dielectric
absorption increases with frequency, (ii) the loss tangent
increases with frequency; consequently, the MW penetration in
conductive materials decreases due to the skin effect,***> and
(iii) the ponderomotive force (PMF) decreases with the
frequency. Therefore, depending on the material size and
properties, there is usually an optimum frequency that MW is
absorbed, penetrates volumetrically inside the material, or
applies an effective PMF. In this study, we will focus on the
third effect, i.e., the characteristics of the PMF induced by the
MW radiation. The first and second effects are well known and
can be found in electromagnetic textbooks.”®"’

In plasma physics, the well-known PMF plays a vital role in
ion migration and particle transport influenced by high-
frequency, nonlinear electromagnetic fields.”® In solid-state
materials, due to a highly packed structure, the ion migration,
diffusion, and densification are not as smooth as in plasma, but
the process rate and mass transport have been enhanced as a
result of the PMF related to the electromagnetic fields in the
MW heating process.””®” The quadratic dependence of the
PMEF to the charge yields the same direction of movement for

both positive and negative charges and, consequently,
promotes their parallel migration and not their separation.

In this article, we provide a model to explain some of the
field-induced observations based on the PMF, both theoret-
ically and numerically. This model focuses on quantifying the
PMEF in granular materials and its pore angle dependency. We
derive the strength and the direction of the PMF in a given
material and explain its effect on ionic migration near the
pores, leading to pore filling and densification. Moreover, the
model shows enhanced ionic diffusion at interfaces, which can
promote the solid-state reactions. A good follow-up work
based on the theory presented here is studying the
interdiffusion coefficients in solid solutions, where diffusion
couples is an effective approach.’®> There is a large number of
publications that have already studied the interdiffusions in
solids under MW heating.*"*>** Whittaker’s” study of the
anisotropic diffusion in an experiment similar to the diffusion
couples can be an excellent reference. The study focuses on the
influence of MW radiation at the interparticle boundary and
the directional dependency of the ionic migration on the
external field. Whittaker’s study concurs with a PMF-based
model, similar to this work, to explain the nonthermal effect of
the enhanced ion mobility at interfaces.

Finally, to confirm the PMF model, we have also
investigated the MW sintering process of TE compounds. A
range of different TE alloys with various physical properties
were synthesized with MW and analyzed in detail to represent
the generality of this method. It shows that a combination of
densification accelerated diffusion and decrystallization effects
of the MW lead to the formation of dense samples from
elemental powders of various materials.

2. THEORY OF THE FIELD-INDUCED DENSIFICATION
MECHANISM

2.1. Formalism. The densification and ion migration near
the interfaces or physical surfaces of granular materials can be
explained by the existence of a ponderomotive force. Booske et
al.*® derived an approximate formula for the PMF by solving
three essential equations, namely, drift-diffusion, continuity,
and Poisson’s equations:

J = DV + g
= —D.Vn, )
i T e

(1)
on; _
™ + V=0 @)
1
VE = — q.(n; — ni(o))
€ Z : (3)

where J, g, E, k, T, i, n, D, and € are the flux of charged
particles, the charge of elements, electric field, Boltzmann’s
constant, temperature, mobile charge species, concentration,
diffusion coefficient, and the dielectric constant of the medium,
respectively. After averaging eqs 1—3 over a period of the
oscillation and expanding the J, n, and E to the second-order,
where the static solutions, the high-frequency fluctuation, and
the period-averaged are related to the zero, first, and second-
order, respectively; eq 4 is derived for the quasi-stationary flux:

@ © /(,®
JD x —pVn® 4 DU e D [ g
i kT kT n( )
(4)
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In this study, by assuming the homogeneity of the material,
the first term is negligible, and the second term is also minor
over the period on average. Thus, the dominant term of eq 4 is
the last term, which contains the time average over the period
of a high-frequency oscillating field in the angular brackets and
explains a nonzero, significant ionic diffusion and mass
transport near the boundaries in a granular material. After
taking the time average of the last term and replacing the high-

W ¢ aBW

frequency charge density perturbation n'" with Z=——, a force

proportional to the gradient of E%s yielded:®°

(1)2
PMF <55|E ! >
2 ox (s)

Such an approximate form of the PMF in solids is similar to
the one in conventional plasma physics, where a non-uniform,
high-frequency electromagnetic field derives the ionic transport
and charged particle movement. Accordingly, in solids, the flux
of charged particles, J, corresponds to the significant diffusion
term, which is generated by a field-induced PMF, especially
near the physical interfaces based on eqs 4 and S. Since the
PMF is proportional to the gradient of E* and the square of
charge, its direction is the same for both positive and negative
ions according to fP - qZVEZ/ 4ma) where m is the mass of
the particle, and ), is the plasma frequency o6

To gain insight into the mechanisms behind the field-
induced densification in solids, we evaluated the PMF exerted
on the charged species, such as electrons, ions, or charged
vacancies, by the MW radiation during sintering. We found
that an intense MW field can create a strong force that
promotes ionic transport. As we will show, the direction of the
PMF in most cases is such that it moves the ions toward the
interface, which results in filling the pores and densifying the
material. The PMF has previously been derlved from the Euler
hydrodynamics model by Booske et al.:°

2 2
, 2 ,
p €E p
=——V(— )+ ———%€E XB
< > a)2+82< )

5 o* + 9 2 (6)

In derlvmg the approximate expression for the PMF, a
study®® assumes a single charge species (ions) and ignores the
force due to the magnetic component of the MW radiation.
Here, we start with both the electric and the magnetic fields
and use a more general formalism based on the coupled
equations of motion for electrons and ions to describe the
PME:

2

“p Lo
f= m _EOEVE + (1 + p)eu,SE X H

(7)

To find the electric and magnetic fields, we assume a
homogeneous material and solve the Maxwell equation in the
quasi-static condition. Under these conditions, V X E = 0 and
the magnetic field, which has constant intensity, can be
ignored; therefore, the first term that relates to the gradient of
the square of the electric field is dominant in both real and
imaginary components. Consequently, in this case, both PMF
eqs 6 and 7 have a similar dominant real term; however, in eqs
6, the imaginary term has been neglected. In this study, both

the real and imaginary parts of the dominant term VE? in eq 7
are taken into account. The imaginary term is generally smaller

than the real part due to the coeflicient S ; however, as we will
[0)

show, it influences the direction of the PMF near the interface.
To find the magnitude and direction of the electric field, the
Laplace’s equation V*® = 0 is solved in the cylindrical
coordinate of (r, ¢, z). The solution for the electric potential is

O(r, @) = Z [(Arsin ag + BrPcos fp)
a,p=0

+ (Cr “%sin ag + Dr Pcos pp)) (8)

where r and ¢ are the radius of the pore and the azimuthal
angle, respectively. A, B, C, and D are constant coeflicients
determined by the boundary conditions. a and f are the
smallest positive roots that satisfy the boundary conditions. As
illustrated in Figure 1, we assume a pore angle ¢, surrounded

Figure 1. Direction of the asymmetric (E,;) and symmetric (E,)
modes of the electric field inside the pore between the grain
boundaries and the corresponding ion movements when ¢,<180°.

by a solid material volume. In the vicinity of the pore, r — 0;
therefore, C and D coeflicients in eq 8 must be zero to prevent
field divergence. The electric potential inside the grain can be
written by some normalization as

(@ sina(z — @/2) N

(r, ) = A 0 <8P = 0/2)
' sin a(7 — @,/2)

cos f(m — ¢,/2)
)

where the first and second terms represent the asymmetric and
symmetric modes of the electric potential inside the solid
material. The asymmetric and symmetric modes of the electric

field inside the pore, lpl < %, can be found per E = —V®. By

converting from cylindrical to cartesian coordinates, we can
show the field’s direction at the particular symmetry plane of ¢
=0as

E =A™ — Bpr’ & (10)

where the negative j direction shows the asymmetric mode
and negative % direction represents the symmetric one, as
shown in Figure 1.

We solve for the electric field for half of the pore and the
material, and the other half, depending on the pore symmetry,
can be similar or different. Therefore, inside the material

.9
volume, i.e., 70 < @ < &, we have
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E= —Agr? sin a(z — ¢/2) ,
sin a(z — ¢,/2)
+ Agr®! cosa(m — @/2)
sin a(z — ¢,/2)
cos f(m — ¢/2) .
cos f(z — @,/2)
_ Bl sin f(m — @/2) .
cos f(x — @,/2) (11)

- Bﬂrﬁ_l

Per the boundary conditions for the tangential and normal
components, A = A, B = B, and a and # must satisfy the
following two equations:

etan a(¢,/2) = —tan a(z — ¢,/2) (12)

tan f(¢,/2) = —e tan f(z — @,/2) (13)

Therefore, the asymmetric mode, which is in the negative y
direction, diverges to infinity when r—0. The symmetric mode,
however, approaches zero when r—0.

2.2, Case Study: Quantification of the PMF in
BiysSb, sTe; Thermoelectric Alloy. As discussed, in a
uniform medium, a uniform flux of charged particles can be
generated by a high-frequency harmonic electric field. Near the
interfaces or the grain boundaries, due to the medium
discontinuity, the field flux is non-uniform. This non-uniform
field generates a PMF that can result in the transport of ionic
concentration away or toward the interface, hence, depleting or
filling the pores, respectively. To quantify the effect of the mass
transport and ion migration under the MW radiation, we
calculate the electric field and the corresponding PMF in MW-
processed BiySb, ;Te; thermoelectric alloy. The boundary
conditions, material properties, MW intensity, and polarization
were taken into account in the calculations. Different
components of the PMFs were calculated inside the grain at
r =1 pm away from the interface. The calculations were done
at T = 450 °C. We further investigate the effect of the pore
angles on the PMF.

The electric field intensity was considered to be 10°V/m
based on the MW power in the setup discussed in the
experimental section. The collision frequency was assumed to
be approximately 1/10 of the plasma frequency. The energy
gap, dielectric constant, molecular mass, and the magnetic
permeability of the alloy are the other parameters used in this
calculation, as listed in Table 1.

Figure 2a shows the magnitude of the electric field for the
symmetric and asymmetric modes versus the distance from the
pore (r) for some given pore angles such as 80°180° and
280°. As it is inferred from Figure 2a, for small pore angles, the

Table 1. Process and Material Parameters of the
Big sSb, sTe; Sample

parameters value parameters value
field intensity (V/m) 10°  molar mass (kg/mol) 0.1340
process temperature 450 MW frequency (Rad/s) 1.5 x 10"
(°C)
energy gap (eV) 024  plasma frequency (Rad s™') 3.5 x 10'°
dielectric constant 96.9  collision frequency (Rad 3.5 x 10°
-1
s

mass density (g/cm®) 34

magnitude of the asymmetric electric field mode, E,; (solid
blue line), is about two-three orders of magnitude larger than
the symmetric mode, E; (dashed blue line). For the straight
pore angle (¢, = 180°), both E, (solid red line) and E,
(dashed red line) are constant over r, but in this case the
symmetric mode is larger. For a reflex angle like 280° E
(dashed purple line) stays larger than the E, (solid purple
line) by about an order of magnitude with inverse slopes.

Figure 2b illustrates the trends of the E,; and E, versus the
pore angle . It can be seen that there is a cross-point (¢, =
168°) at which the magnitude of E,; and E; switches; therefore,
for the pore angles less than 168°, the asymmetric mode is
dominant with a maximum value at around ¢, = 20°, but after
the cross-point up to @, = 358°, the symmetric mode is more
effective with a turning point at 180°, where E, diverges. For ¢,
=358° — 360° the asymmetric mode becomes dominant again.

Figure 3a depicts the amplitude of the PMF corresponding
to the symmetric and asymmetric modes of the electric field.
The angular components of the PMF are zero due to the
gradient of E* not being a function of the angle in this case. It
is seen that the PMF has its highest value at the corner of the
pore and then decreases with a smooth slope when moving
away from the corner. By comparing the forces along the pore
angle, it is evident that there are four regions, from zero to a
cross-point at about @y & 168°, the cross-point to the straight
angle, the reflex angles up to ¢, = 358°, and angles with ¢, =
358° — 360°, respectively. In the first region, low angles,F is
larger than F, due to the larger gradient of EZ. At the cross-
point ¢, = 168°,F, and F; become equal; it is notable that the
position of the cross-point angle is a function of the amplitudes
of the electric fields, A and B, with a small relative sensitivity
around 0.045; however, its value is independent of the material
properties, such as the dielectric constant, collision frequency,
or the density. In the region from ¢, ~ 168° to 180° the
symmetric mode will be dominant. Both F; and F, have a
turning point at ¢, = 180°, where both E and E, are constant
over r. Then for the reflex angles >180°, the symmetric mode
remains dominant up to @, = 358° and finally in the fourth
region, @, = 358° — 360°, the asymmetric mode prevails again.

Figure 3b shows the angles of the forces F; and F,, versus the
pore angle @,. According to eq 7, the ratio of the imaginary
and real parts of the PMF is a constant coefficient, §/w, which
results in a constant angle for the forces. Thus, for ¢,<180°,
the F,; direction is 6, while the angle of F, is 7 — 6, and for
@o>180°, these directions are inversed. For better visualization,
the directions of the PMFs are shown in the insets of Figure
3b.

Figure 3c illustrates the direction of the PMF for some given
different pore angles, and consequently, the direction of the
ion transport near the interfaces of the grain boundaries for
both asymmetric and symmetric modes (the blue and red
arrows, respectively). For the asymmetric mode, at ¢,<168°,
PMF has 6, deviation from ¢, = 0°; therefore, the PMF tends
to fill the pore by extracting materials from the inter-grain
boundary, easing the pore shrinkage. Then, for the pores with
@o ~ 168° — 180°, although F is in the same 6, direction and
fills the pore, it is not the dominant mode up to ¢, = 358°. At
reflex angles of ¢, = 180° — 358°, the asymmetric force
changes its direction to 7 — 6, and drives the ions away from
the interface toward the bulk of the material. Hence, F, tends
to deplete the pores, but its magnitude is smaller than F,. At ¢,
= 358° — 360°, F,, becomes dominant again with a direction
along 7 — 6, which still inclines to deplete the pore.

https://dx.doi.org/10.1021/acsami.0c09719
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c09719?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

H 107 108

E, @o = 180°

Eas 9o = 80°

E
Eas) @0 = 180° >
w

0 200 400 600 800

m 108 108

Eas

. 10° 108 _
£ E
s s
u.|g w”

10* 104

102 102

0 60 120 180 240 300 360
Po

Figure 2. Electric field amplitudes for symmetric (E,) and asymmetric (E,;) modes versus (a) the distance from the pore corner and (b) the pore

angle.
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Figure 3. Asymmetric and symmetric modes of (a) the amplitude of the PMF per unit volume, (b) the PMF direction versus the pore angle, the
insets show these directions in polar coordinates, and (c) the PMF and the corresponding direction of the ionic transport for several pore angles at

the grain boundaries.

For the symmetric mode, the process is reversed, ie., the
PME is at the 7 — 6, angle and tends to deplete the pore when
©0<168°, although not being the dominant mode. At ¢, ~
168° — 180°, F, is still in the same direction and depletes the
pore while it is also dominant. Above these angles, within ¢, =
180° — 358°, F, stays dominant but changes its direction to 6,
and fills the pore. At last, for pore angles of ¢, = 358° — 360°,
the symmetric mode becomes smaller than F, while staying in
the same direction. It is worth noting that @ is a material and a
MW frequency-dependent angle that is determined by the 3/
ratio.

It is worth summarizing the net PMF for different pore
angles. For small angles of less than 168°, the asymmetric
mode force is dominant (F,, > F,), and the net PMF fills the
pores and densifies the material. For reflex pore angles, the
directions of both F; and F,, reverses, and in the range of ¢, =
180° — 358°, F, is dominant (F, > F,), and the net PMF
again pulls out the ions from the bulk of the material toward
the interfaces and fills the pores. Only for two small ranges of
the pore angles, from the first cross-point to the straight angles,
here ¢, ~# 168° — 180°, and from the second cross-point to
360° here ¢, = 358° — 360°, the dominant force, F, and F,,
respectively, tend to deplete the pore. It should be noted that
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near the cross points, the net PMF is small; as such, the pore
depletion is a weak process.

Opverall, the net PMF tends to fill the pores for most pore
angles. Only for a small range of pore angles, the net PMF
tends to deplete the pores, however, in a much weaker
strength. The process is the same for both positive and
negative charges as the PMF depends on q°VE>

It should be noted that this study is for a specific
configuration of the general case. For a general solution, the
electric field, which is derived from eq 8, is a sum of many
terms with different coefficients, which must be determined
according to the boundary conditions for the given system.
Therefore, the angles in Figure 3, where the pore filling and
depleting processes change trends, apply only to the particular
assumed configuration; otherwise, they can change for various
systems depending on the grain shape, size, MW field
direction, polarization, etc.

In solid-state reactions, due to the dense packing structure,
compared to the gas, liquid, or plasma phase, reaction process
rates, such as mixing and collision, and the probability of a
reaction per near-encounter are transport limited, as schemati-
cally shown in Figure 4. As discussed, the dominant term of eq

o 0 SOlId ;;
Q O

0 0 Collision
00 O o
o0

o0 ™

Figure 4. Mixing, collision, diffusion, and solid-state reactions of solid
reactants A and B.

D|ffusnon

4 expresses the correlation between the flux of charged
particles, J, and the nonzero ionic diffusion and mass transport.
As noted, the diffusion of the mobile species can be
significantly enhanced by the driving force due to the MWs,
i.e.,, the field-induced PMF accelerates diffusion and con-
sequently speeds up the solid-state reaction. It is evident that
the PMF can simultaneously densify the granular materials,
increase ionic diffusion, and enhance the solid-state reaction
rates by enhancing the collision rates.

In the following, we present several experiments that
demonstrate the effect of MW radiation on the solid-state
reaction and densification. These experiments provide the first
evidence that solid-state reactions and densification can be
enhanced simultaneously by MWs.

3. MATERIALS AND METHODS

For the proof of concept, MW synthesis of four different materials was
investigated. Elemental powders of Bi (99.99% purity), Sb (99.99%
purity), Te (99.99% purity), Mn (99.99% purity), and Cr (99.99%
purity) were mixed in a desired stoichiometric ratio using a vibratory
mixer (Spex milling/mixing machine) to prepare the mixed powder of
Bij sSb, sTe;, Sb,Te;, CrSb, and MnTe. They were loaded in steel jars
with steel balls of 10 mm in diameter with a ball to a powder ratio of
approximately 1:1 inside a glove box with an argon environment. The
mill was operated for 15 min to ensure uniform mixing without
alloying. The mixed powders were loaded into a stainless steel die,
with an inner diameter of 6 mm, and cold-pressed to form cylindrical
samples with a density of ~70 to 80%. The cold-pressed samples were
then loaded into a boron nitride die, which was further loaded into

quartz tubes. The tube was evacuated and purged three times with
nitrogen gas and finally filled to a pressure of 600 Torr. These quartz
tubes were loaded into a rectangular MW single-mode cavity attached
to a 245GHz (1 kW) magnetron powered by a variable voltage
source (Figure S). The material was processed in a mixed field. Details

Sliding Short

Iris Sample
1

Single Mode Cavity

Figure 5. Schematic of the single-mode MW cavity used in all
experiments.

about the reactor can be found in the Ph.D. theses by Nozariasbmarz
and Malhorta.””*® The powders and samples were characterized by X-
ray diffraction (XRD) (Rigaku benchtop). Discs of 800 ym thickness
were cut and polished from the samples for thermal diffusivity
measurements using a Linseis LFA-1000 system. The crystal
microstructure was studied with the FEI Talos F200X transmission
electron microscope (TEM).

Figure 6 represents the typical heating profile of a sample (Sb,Te;)
under MW radiation. The heating rate was maintained between 20—
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Figure 6. MW heating profile of a typical sample up to 375 °C.

30 °C/min, and the MW radiation was modulated with a duty cycle of
70% to ensure isothermal heating and avoid the formation of
hotspots, which could give a false temperature reading since the
pyrometer measures an average temperature across the sample. The
power was shut down when the target temperature was reached. The
sample cooled down rapidly by turning off the MW."” This is
especially advantageous in thermoelectrics since it can result in
reduced grain growth.

4. RESULTS AND DISCUSSION

4.1. MW Synthesis of the Biy ;Sb, ;Te; Thermoelectric
Compound. Figure 7 illustrates the XRD data of four
different Bi—Sb—Te samples, mixed elemental powders, and
MW sintered at 350, 400, and 425 °C. The XRD analysis
indicates the presence of Bi (012), Sb (012), and Te (011)
elements in the as-mixed powder without any alloy phases. For
the sample sintered at 350 °C, all the major peaks of the
elements disappeared, and peaks for Bi, ;Sb, ;Te; are revealed,
implying that the majority of the alloy has already formed. The
time to reach the target temperature was less than 15 min,
indicating a significantly enhanced solid-state reaction under
the MW field. Since reaction rates are limited by the proximity
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Figure 7. (a) XRD data of the initially mixed powder and the samples consolidated using MW sintering at 350, 400, and 425 °C; (b) MW-sintered

bulk sample with 99% density.
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Figure 8. (a) XRD patterns for three different MW temperatures, and (b) thermal conductivities of sintered BijsSb, Te; samples.

of the charged species, the rapid solid-state reaction can be
attributed to the enhanced diffusion that resulted from the
interfacial PMF, as discussed in the previous section. The XRD
analysis of the sample sintered at 425 °C shows a single phase
of BiysSb; sTe; with no secondary phase. This composition is
in agreement with the original stoichiometry of the mixed
powder.

A closer look at the main XRD peak of the Bi—Sb—Te alloy
(Figure 8a) indicated some residual tellurium after the MW
processing at 350 °C. The peak for this phase reduces in
intensity for the sample MW sintered at 400 °C. The
differential thermal analysis of sample MW at 400 °C, shown
in Figure 8(a), also indicates a sharp peak corresponding to the
Bi—Sb—Te alloy. A small peak for tellurium is also observed, in
agreement with the Te line seen in the XRD data. The Te line
completely disappeared when the sample was sintered using
MW at 425 °C. During the heating of the sample under the
MW, it was observed that all the samples start shrinking at
around a temperature of 325 °C. Interestingly, there was no
noticeable mass change; hence, the shrinking was due to
densification. It is worth noting that the force applied to the
sample during the processing was approximately S0—60 kPa
axially using a spring. Compared to traditional sintering
pressures of several 10 MPa, this pressure is negligible and
cannot explain the observed significant densification. As
discussed earlier, the PMF near the grain boundaries enhances
ion migration toward the pores, which can fill the pores and
cause the volumetric shrinkage of the sample. The mass density
improved from ~80 up to 99% for the sample sintered at 425
°C. The density obtained under the MW is in the range of or

better than the values obtained by spark plasma sintering of a
similar powder.

The decrystallization was also observed for this material
resulting in a small thermal conductivity, as shown in Figure
8b. The larger thermal conductivity of the sample MW at 425
°C may be due to the partial grain growth at higher
temperatures and a larger electronic thermal conductivity.
The crystallinity analysis of the XRD data, using the Halder—
Wagner model, supports this observation. Based on the model,
the sample has average grain sizes of 32 and 36 nm for
temperatures of 400 and 425 °C, respectively. A TEM study of
the sample MW at 400 °C (Figure 9) indicates a unit cell with
a ¢ dimension of 3 nm, which agrees with the literature for this
material® Figure 10 shows SEM images of the fractured
surface of an MW sample processed at 400 °C. The

1 2
Distance (nm)

Figure 9. TEM image of the Bij;Sb, sTe; sample sintered at 400 °C.
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Figure 10. SEM scans of the BiysSb, sTe; sample processed under MW at 400 °C.

micrograph shows sub-micrometer to several micrometer-sized
grains. Bij sSb, sTe; is a soft anisotropic material with van der
Waals bonds in the normal to the basal plane. As such, the
fractured surface usually has a granular structure. The images
confirm the sintering and high density of the samples prepared
by MW processing, in agreement with the density measure-
ments discussed earlier.

4.2. MW Synthesis of Several Other Compounds.
Based on the successful rapid synthesis of Biy ;Sb, sTe; by MW,
the technique was tested for the synthesis of three other
compounds, including Sb,Te;, CrSb, and MnTe. Like the
synthesis of Biy;Sb, sTe;, the high purity elemental powders of
these compounds were mixed according to the desired
stoichiometry. Except for the process temperature (as shown
in Table 2), all other steps are the same as the ones mentioned
in the previous section for Biy;Sb; sTe;.

Table 2. Optimum MW Sintering Temperature of the
Studied TE Compounds

TE compounds Biy sSb, sTe;y Sb,Te, CrSb MnTe
optimum Ty (°C) 400 425 950 750

4.2.1. Antimony Telluride, Sb,Te;. The XRD data of Figure
11 confirms the formation of a single-phase Sb,Te; alloy at 400
and 425 °C. For the sample MW at 375 °C, a peak for the
Sb,Te; phase is present along with peaks for elemental Te and
Sb. This indicates that the solid-state reaction has started to
take place at lower temperatures. At 400 and 425 °C, however,
there is no elemental peak regarding the Te or Sb elements.

4.2.2. Chromium Antimonide, CrSb. As shown in Figure
12, the solid-state reaction of CrSb started at 650 °C evidenced

by the appearance of the (101) diffraction line in addition to
the lines for Sb and CrSb, phases. This reaction completes at
950 °C with the disappearance of the lines for the impurity
phases. Figure 13 shows the evolution of peak intensities of the
(012) diffraction line for Sb and (101) line for CrSb. It can be
seen that upon increasing the temperature, the intensity of the
Sb peak decreases, while that of CrSb increases with a rapid
trend above 800 °C.

4.2.3. Manganese Telluride, MnTe. As the last example,
MnTe was sintered with a similar approach using MW
radiation. Figure 14 illustrates the XRD spectra of the MnTe
compound at different sintering temperatures. It can be seen
that the alloying is completed at a temperature of 750 °C. It is
worth comparing this with the alloy formation using annealing
in a conventional furnace. In a traditional method, the mixed
powder of Mn and Te is annealed at about 750 °C for several
days to form the complete alloy.”””" Here, the alloy is formed
under MW radiation at a similar temperature in only ~15 min.

To summarize, Table 3 compares the processing time and
temperature of the tested compounds synthesized via MW and
conventional methods. Compared with the processing
methods using conductive heating, MW processing offers an
extremely short processing time and low energy consumption.
MW processing is a relatively new area with the promise of
broad applications in chemical reactions and synthesis.

5. CONCLUSION

A theoretical model based on the interfacial ponderomotive
force (PMF) was presented to explain the simultaneous
densification and solid-state reaction under MW radiation.
This model predicts pore shrinking due to MW field-induced
ion migration near the interfaces. The model also predicts that
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Figure 11. XRD data of Sb,Te; elemental powder compared to powder MW sintered at three different temperatures: 375, 400, and 425 °C. The
figure on the right highlights the changes in the composition with increasing sintering temperatures.
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Figure 12. XRD analysis of the Cr—Sb study with a comparison of mixed powder with samples sintered at 650, 750, 850, and 950 °C.
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Temperature (°C) rates. To validate the model experimentally, we synthesized
several binary and ternary compounds using MW sintering. In
all cases, the solid-state reaction happened entirely in just a few
minutes. Compared to conventional annealing methods, which
can take several days to complete the reaction, this method

Figure 13. Comparison of relative peak intensities of Sb (012) and
CrSb (101) vs the MW sintering temperature.

MW radiation can result in the enhancement of ion diffusion, offers significant time and energy saving. MW radiation also
which can increase the collision probability, hence the reaction results in simultaneous densification and decrystallization,
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Figure 14. XRD analysis of the mixed Mn and Te powder and the MnTe compound formed at 750 °C under MW radiation.
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which simplifies the synthesis of dense nanograined bulk
samples for applications in ceramics and thermoelectrics.
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