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Abstract
We present a detailed analysis of the polarization-charge buildup and electric-field intensification between two dielectric spheres under
microwave radiation, with an emphasis on the resulting attractive force between the spheres. The study is motivated by an outstanding issue in
microwave sintering of powder compacts. Microwave processing generally requires a substantially lower temperature than in a conventional
furnace. This suggests some physical effects in the wave-powder interactions aside from the rapid volumetric heat deposition. The understanding
of these effects is of importance to the full realization of this promising technology. Thermally activated particle bonding and inter-particle neck
growth are key densification processes in both conventional and microwave sintering. The present study shows that the attractive force is intrinsic
to the latter method. The force density and total force are derived in analytical forms and numerically evaluated. Results show that their strength is
significant enough to play a constructive role in particle bonding and neck growth.
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Introduction
We begin with a brief background of microwave sintering,
in particular, the general observation of a lower processing
temperature than conventional sintering and the interpretations
proposed thus far. Sintering is by far the most-widely used thermal
processing technique for the densification of fine powders into
desired materials [1], with the furnace as the prevalent heat source.
The advent of the microwave oven in the 1960s has initiated the field
of microwave sintering in anticipation of its potential advantages.
As reviewed in different stages of the research [2-8], a wide range
of materials have since been successfully sintered by microwaves
under a variety of conditions. Versus the surface absorption in a
furnace, the volumetric nature of microwave heating offers the

advantages of rapid heating, reduced processing temperature/time,
and lower energy consumption. The vast majority of experiments
use the 2.45 GHz microwave. Even more rapid heating has been
demonstrated with millimeter waves [2,9,10]. There are, however,
also problems found in some studies, such as thermal runaways
and sample fractures [11-16]. To date, this method still needs to
be better characterized and controlled for broader industrial
acceptance.
Following decades of research, further advances of the
microwave approach call for a better understanding of the
fundamental mechanisms involved. The basic theory of microwave
heating has been well documented (see, for example, Refs. [2-4]).
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For example, volumetric heat deposition leads to rapid heating.
However, treatments by the microwave and furnace exhibit a major
difference not yet fully understood. Numerous experiments have
shown that microwave sintering requires a significantly reduced
processing temperature [2-8,17-22]. For example, Brosnan et al.
conducted a comparative study on microwave and conventional
sintering of alumina. The samples reached 95% density by
microwave heating at a temperature of 1,350 ℃, ~250 ℃ lower
than by conventional heating [17]. The lack of clear reasons for
the difference suggests some non-thermal effects (also called
microwave effects) produced specifically by the electromagnetic
fields (see, for example, Refs. [3-6]). While still an open subject,
some explanations have been proposed by researchers, of which
the ponderomotive diffusion mechanism (discussed below) has
been well recognized.

sintered particles due to their intensified gap E-field. We anticipate
that, as in Ref. [30], the microscopic interaction between a pair of
particles can shed light on the macroscopic behavior of a complex
system of fine particles under microwave radiation. Section II
examines the physics of polarization charge buildup and the
resulting gap E-field intensification. Sec. III derives the attractive
force between two dielectric spheres in a rigorous manner. Section
IV discusses the significance of the attractive force on microwave
sintering of power compacts. A summary is presented in Sec. V.

rate.

cases) or HFSS (for high-frequency cases), both solving the full
set of Maxwell equations by the finite element method. Perfectly
matched layers (PMLs) are used on a closed boundary, which
absorb the electromagnetic fields acting on it.

Polarization-Charge Effects Between Two Dielectric
Spheres in an External Electric Field
Polarization-charge enhancement and gap electric field
intensification in a DC electric field

A series of theoretical and experimental investigations [23-25]
have shown that, during microwave heating of ceramic or glass
materials, the microwave ponderomotive force in the vicinity of
boundary surfaces can be sufficiently strong to cause mobile ion
transport in solids, hence an enhanced mass transport and reaction

Consider two identical dielectric spheres aligned on the x-axis
with permittivity ε, radius R, and gap distance d [Figure 1(a)].
For a simulation study of the polarization-charge effects, we first
apply a uniform static electric field Eextex, where ex is a unit vector
along the common axis of the two spheres Simulations here and
subsequently are performed with either Ansys Maxwell (for static

By switching on and off the microwave in a hybrid microwave/
conventional furnace, Wroe and Rowley demonstrated a lower
sintering temperature with microwave heating [26]. They theorized
that the enhanced sintering is due to the space charge induced by
the microwave field on the grain boundary, which preferentially
increases the driving force for grain boundary transport. The
magnetic field is also shown to be beneficial in cases involving
magnetic materials or an applied magnetic field [27,28]. The
polarization current and the wave magnetic field inside a dielectric
particle may also cause an inward magnetic force [29].

Figure 1(a) shows the E-field pattern for two well-separated
spheres with ε/ε0 = 20 and d/R = 2, where ε0 is the permittivity
of free space. There is negligible coupling between the spheres, so
the solution is found to be essentially that for a single sphere with
an induced surface polarization-charge density (σpol) and a uniform
E-field inside the sphere (Einex) given by {Ref. [38], Eqs. (4.55) and
(4.58)}.

A University of Maryland group has shown in theory that, by
applying a microwave to two neighboring dielectric spheres, a much
greater E-field can be induced in the gap region [30]. The authors
theorize that the intensified gap field may lead to ponderomotive
diffusion and plasma generation, hence resulting in a higher
mass transfer rate. Qiao and Xie have also shown, by simulation
and experiment, that the high temperature caused by E-field
intensification leads to fusing of solid materials and enhances the
mass transportation [31].

The electric field intensification effect has also been applied
elsewhere. For example, the intensified E-field between carbon
particles can cause a chemical reaction [32] or discharge [33].
E-field intensification between two catalyst particles in a solvent
has been studied in connection with microwave-assisted chemical
synthesis [34,35]. As has been recently shown, the same effect is
behind the household puzzle of grape sparks in a microwave oven
[36,37].
The non-thermal effect in microwave sintering is still an
important issue for further understanding. Here we present a rather
different candidate in the form of the attractive force between two

ε −ε
σ pol = 3ε 0 ( ε + 2ε0 ) Eext cos θ

(1)

0

Ein =

3Eext

ε /ε 0 + 2

,

(2)

Equation (1) is applicable to the z = 0 plane in which θ is the
angle between the x-axis and the observation direction. In Eq. (1),
σpol is symmetric about the x-axis, positive on the right half of the
spherical surface (0<θ<π/2) and negative on left half (π/2<θ<π)
with a maximum |σpol| at θ = 0 and π. The Ein in Eq. (2) is much
reduced from Eext (for the large ε/ε0 used) due to the shielding by
the induced ±σpol. Note that the solutions in Eqs (1) and (2) are
independent of R.

The ± σpol produce a pure dipole E-field outside the sphere {Ref.
[38], Eqs. (4.54)}, with decreasing strength away from the sphere.
At a smaller gap distance, d/R = 0.4 [Figure 1(b)], a significant
dipole field from one sphere penetrates into the other sphere to
polarize some of its molecules, and vice versa. This leads to mutual
enhancement of polarization charges on the surfaces facing the
gap. As d narrows further, stronger and stronger polarizationcharge field of one sphere enters the other, leading to further ± σpol
enhancement and hence a much higher gap E-field.
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Figure 1: An illustration of the polarization-charge buildup and gap E-field intensification between two identical dielectric spheres in a uniform
static E-field: Eextex. The dielectric constant is ε/ε0 = 20, sphere radius is R, and gap distance is d. The x-y plane cuts through the centers (at z
= 0) of the two spheres. (a) The field pattern for d/R = 2; (b) The field pattern for d/R = 0.4. The color code gives the electric field (normalized
to Eext) in logarithmic scale.

Quasi-static regime under microwave radiation
Figure 2(a) shows the same two spheres as in Figure 1 separated
by a much shorter distance (d/R<<1). Instead of exposure to a
static Eext as in Figure 1, the spheres are now radiated by a 2.45 GHz
plane wave linearly-polarized in the x-direction and propagating
downward in the –ey direction. The wavelength in the dielectric is
λd = λfree/Re(ε/ε0)1/2, where λfree is the free space wavelength (12.25
cm at 2.45 GHz). Under the condition:

R << λd (quasi-static regime)

(3)

The region in and around the spheres belongs to the near zone,
where Eext is instantaneously uniform. The induced fields are thus
dominated by a quasi-static electrical component with a spatial
dependence well approximated by that of the static equations (Ref.
[38], Sec. 10.1). In this regime, all fields oscillate in-phase with Eext.

As a check of this limit, we assume a real ε since the smaller
imaginary part has a negligible effect on the conclusion. Denote the
E-field in the gap region by Egap. Figure 2(b) plots Egap (x = y = 0)/
Eext as functions of R for ε/ε0 = 20 (hence λd = 2.74 cm) and different
values of d/R. It can be seen that the field is essentially independent
of R for a fixed d/R up to R ≈ 0.5 cm (the borderline of the quasistatic regime).

The quasi-static regime is satisfied for practically all microsized particles for sintering. Hence, data in this regime is applicable
to a broad parameter space via the following simplifications: 1. The
results are essentially independent of the incident wave frequency;
2. For configurations with fixed relative dimensions (e.g., same
d/R), lengths are normalizable to R and E-fields normalizable to Eext;
and 3. The gap magnetic field, reflection, scattering (included in the
simulation) are negligibly small. Beyond the quasi-static regime,
electromagnetic resonances start to take place in the spheres [36].

Figure 2: Validity check of the quasi-static regime. (a) Two closely
spaced identical dielectric spheres with ε/ε0 = 20, radius R, and
separation d are shown on the z = 0 plane with the x-axis being
their common axis. The two spheres are under a downward 2.45
GHz incident plane wave linearly polarized in the x-direction. (b)
Egap (x = y = 0)/ Eext as functions of R for different values of d/R.
Note that Egap (x = y = 0)/ Eext converges as d/R→0.

Electric field profiles in the quasi-static regime
In the quasi-static regime, the representative E-field pattern
under the model in Figure 2(a) is plotted in Figure 3(a). Figure 3(b)
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shows the E-field profiles (normalized to Eext) along the x-axis for
several values of d/R. It can be seen in Figure 3(b) that Egap (x, y
= 0) is relatively constant along the x-axis within the gap, with a
maximum of Egap (x = y = 0)/ Eext =10.5, 28, and 55 for d/R =0.1,
0.02, and 0.005, respectively. In contrast, the profiles of Egap (x = 0,
y) along the y-axis [Figure 2(c)] drops sharply away from y = 0 with
a half-maximum half width of 0.35R, 0.17R, and 0.10R for d/R = 0.1,
0.02, and 0.005, respectively. Along both the x- and y-axes, the Egap
features a narrow spatial extent, indicating the localized nature of
the intensified E-field in the gap region.

Figure 3: An illustration of the intensified Egap between two closely
spaced spheres with ε/ε0 = 20, radius R, and variable separation
d. The spheres are under a downward 2.45 GHz incident plane
wave with Eext linearly polarized in the x-direction. (a) E-field
pattern for d/R = 0.1 on the x-y plane, which cuts through the
centers (at z = 0) of the two spheres. The color code gives the
electric field (normalized to Eext) in logarithmic scale. (b) Profiles of
Egap (x, y = 0)/ Eext along the x-axis for d/R = 0.005, 0.02, and 0.1.
(c) Profiles of Egap (x= 0, y)/ Eext along the y-axis for d/R = 0.005,
0.02, and 0.1.

Figure 4(a) shows two spheres connected by a circular neck of
diameter ℓ. Except for the neck, the surfaces are spherical. In this
case, ±σpol can still build up on opposite sides of the gap around
the neck. This is because polarization charges are bound to their
respective molecules, hence not free to move between the spheres
to neutralize each other. Under a downward 2.45 GHz incident
plane wave linearly polarized in the x-direction, the E-field pattern
for ℓ/R = 0.4 is shown in Figure 4(b) and the E-field profiles
(normalized to Eext) along the y-axis [E (x = 0, y)] is shown in Figure
4(c) for different values of ℓ/R. The E-field has a maximum at the
periphery of the neck (x=0, y =± ℓ/2).
For both the closely spaced and connected spheres, the Egap

Volume 4-Issue 5
reduces significantly with an increasing gap separation d/R [Figs.
3(b) and 3(c)] or neck diameter ℓ/R [Figure 4(b)]. The reductions
are for different reasons. The Eext ex induces a −σpol on the left half
and a +σpol on right half of each sphere. The mutually enhanced
±σpol on the gap surfaces produce the intensified Egap, while the
oppositely oriented ±σpol on the outer surfaces produce an E-field
to partially cancel the Egap. The cancellation effect is minimal for the
closely spaced spheres. The reduction of Egap for a larger d/R is due
to weaker enhancement of ±σpol on the gap surfaces.

Figure 4: An illustration of intensified Egap between two connected
spheres. (a) Two dielectric spheres with ε/ε0 = 20 and radius R with
a variable neck diameter ℓ are exposed to a downward 2.45 GHz
incident plane wave with Eext linearly polarized in the x-direction.
(b) The E-field pattern for ℓ/R = 0.4 on the x-y plane, which cuts
through the centers (at z = 0) of the two spheres. The color code
gives the electric field (normalized to Eext) in logarithmic scale. (c)
Profile of E (x = 0, y) along the y-axis for ℓ/R = 0.01, 0.05, and 0.1.

However, for the connected spheres, two different effects
account for the reduction of Egap with ℓ/R. First, a greater ℓ/R
implies a shorter distance between the ±σpol on the outer surfaces,
thus a more appreciable cancellation of the Egap. Second, a larger ℓ/R
also implies less surface areas across the gap to accommodate the
±σpol, hence a smaller Egap. These two effects are more pronounced
at a higher ε/ε0, which leads to a more rapid drop of Egap with ℓ/R (as
will be shown in Figure 7 below).

Attractive Force Due to Intensified Gap Electric
Field in the Quasi-Static Regime
Force density on the spherical surface

The presence of a highly intensified gap E-field and the strong
±σpol on opposite sides of the gap suggests a considerable attractive
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force between the spheres. The force on one sphere mirrors that
on the other. So, we consider only the left sphere in spherical
coordinates, using the x-axis (instead of the commonly used z-axis)
as the zenith direction with r = 0 being the center of the left sphere,
where r is the radial coordinate [see Figure 5(a)]. By symmetry, the
quasi-static fields and electrical potential are independent of the
azimuthal angle φ; hence Eφ = 0 and the surface charge σpol (at r = R)
depends only on the polar angle θ.

The force per unit area on the surface is not simply given by
σpolE because the self-field of a charge does not exert a force on
itself. Excluding the self-field which causes an E-field discontinuity
at r = R, the effective E-field (Eeff) that actually exerts a force on σpol is
one half of the sum of the E-fields on both sides of the r = R surface
[39]:

=
Eeff ( R, θ ) 1 E( R − , θ ) + E( R + , θ ) 
2

(4)

where R± = R ±δ with δ→0. The self-field of σpol (R, θ) is
perpendicular to the surface; hence, only Er (R-, θ) and Er (R+, θ) are
different while Eθ is continuous across r = R. Thus,

Eeff ( R, θ ) = 1 [ Er ( R − , θ ) + Er ( R + , θ )]e r + Eθ ( R, θ )eθ
2

(5)

where er is a unit vector along the radial coordinate. Since
there is no free charge, the perpendicular electrical displacement
(Dr = ε0Er in free space; Dr = εEr in the sphere) is continuous, which
dictates a sharp discontinuity in Er [e.g., Figure 3(c)]:

Er ( R − , θ ) = Er ( R + , θ )

ε0
ε

Figures 5 and 6 illustrate in general that the spatial maxima of
the force density (with respect to θ) occur at θ = 0 and θn for closely
spaced and connected spheres, respectively. The spatial maxima,
denoted by <f(R, θ=0)>t and <f(R, θ=θn)>t, are plotted in physical
unit as continuous functions of d/R [Figure 7(a)] and ℓ/R [Figure
7(b)], for Eext (peak) = 200 V/cm and ε/ε0 = 5, 10, and 20. In both
Figure 7(a) and 7(b), the force densities for ε/ε0 = 20 peak at ~130

dyne/cm2. The corresponding E-field is ~2.5×104 V/cm, which
is just below the air breakdown strength of 3×104 V/cm at 1 atm
[41]. So, this is approximately the maximum force density without
invoking an air breakdown at 1 atm. For lower values of ε/ε0, Eext
(peak) can be tuned upward to reach this maximum value.

(6)

Equations (5) and (6) give

Eeff (=
R ,θ )

Denote the r and θ-components of the force density in Eq. (10)
by <fr (R, θ)>t and <fθ (R, θ)>t, respectively. Their profiles in the full
range of θ (0<θ<π) are illustrated in Figure 5 in physical unit for an
incident field of Eext (peak) =200 V/cm (typical peak field of a loaded
household microwave oven [40]). The force densities in Figure 5
are for two closely spaced spheres with ε/ε0 = 20 and d/R = 0.02.
Values are symmetrical about the x-axis, with a sharp and narrow
peak of <fr (R, θ)>t at θ ≈ 0. Figure 6 is the counterpart of Figure 5
for two connected spheres with ε/ε0 = 20 and ℓ/R = 0.2. In Figure
6(b), there is no force for θ<θn, where θn is the polar angle of the
periphery of the neck. As in Figure 5, there is a sharp and narrow
peak of <fr (R, θ)>t at θ ≈ θn.

ε
Er ( R+ ,θ )
(1 + ε0 )e r + Eθ (R,θ )eθ
2

(7)

Applying the boundary condition on Er (Gauss law) and using
Eq. (6), we obtain

(1 −

or

ε0
ε

σ ( R,θ )

pol
)Er ( R + ,θ ) =
,
ε

σ pol ( R,=
θ ) ε 0 (1 −

0

ε0
ε

)Er ( R + , θ )

(8)

(9)

In the quasi-static regime, σpol, Er, and Eθ all oscillate in phase.
So, the time-averaged force density (force per unit area) is
f ( R,θ ) t = σ pol ( R,θ )Eeff

t

2
ε
= 1 ε 0 (1 − εε 02 )Er2,peak ( R + ,θ )e r + 1 ε 0 (1 − ε0 )Erpeak ( R + ,θ )Eθpeak ( R,θ )eθ (10)
4
2

where the superscript “peak” refers to the peak value (in time)
of the respective symbol. Note that, under condition (3), Er and
Eθ are proportional to Eext, and are functions of the normalized
parameter d/R or ℓ/R.

Figure 5: An illustration of the force density in physical unit for two
closely spaced spheres under Eext (peak) = 200 V/cm (typical of a
loaded household microwave oven [40]). (a) Two closely spaced
spheres on the x-axis separated by distance d and plotted on the
x-y plane, which cuts through the centers (at z = 0) of the two
spheres. Spherical coordinates are shown with r = 0 being the
center of the left sphere. (b) Profiles of <fr (R, θ)>t and <fθ (R, θ)>t
on the left sphere as functions of θ for ε/ε0 = 20 and d/R = 0.02.
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almost on single-point contact. This is the configuration for which
the force density reaches an absolute maximum for the respective
ε/ε0. The absolute maxima converge to the same value as d/R or
ℓ/R→0, indicating a continuous transition from separation, point
contact, to connection. The force density data spans a wide range
in the parameter space. It decreases sharply with a greater d/R
or ℓ/R. In particular, for two connected spheres, the force density
decreases more rapidly for a larger ε/ε0 for the reasons discussed
in connection with Figure 4. However, the region of interest to
sintering (e.g., powder compaction and neck growth) lies in the
lower ranges of d/R and ℓ/R, where the force densities approach
the highest values.

Total attractive force between two spheres

The total attractive force between two closely spaced spheres
is in the x-direction by symmetry [under condition (3)]. The
x-component of the force density <f (R, θ)>t in Eq. (10) is

f x=
( R ,θ ) t

f ( R ,θ ) t ⋅ e x

ε
= 1 ε 0 (1 − ε )Er2,peak ( R + ,θ ) cos θ
4
ε
− 1 ε 0 (1 − ε0 )Erpeak r ( R + ,θ )Eθpeak ( R,θ ) sin θ
2
2
0
2

Figure 6: An illustration of the force density in physical unit for
two connected spheres under Eext (peak) = 200 V/cm. (a) The
configuration for two connected spheres with a neck diameter ℓ/R
plotted on the x-y plane, which cuts through the centers (at z = 0)
of the two spheres. Spherical coordinates are shown with r = 0
being the center of the left sphere. (b) Profiles of <fr (R, θ)>t and
<fθ (R, θ)>t as functions of θ for ε/ε0 = 20 and ℓ/R = 0.2.

(11)

A surface integral then gives the total attractive force

=
Fx ( R,θ ) t

f ( R,θ ) da
∫=
s

x

t

2π R 2 ∫

π

0

f x ( R,θ ) t sin θ dθ (12)

where da is a differential surface area. The Egap is greatest when
the incident wave is polarized in the x-direction, which is the most
favorable direction for polarization-charge enhancement across the
gap [36]. A randomly polarized Eext (as in a microwave oven) will
make the average force isotropic, but approximately halve the value
in Eqs. (10)-(12).

In Figure 5, we find that the force density is dominated by the
peak at θ ≈ 0, which is predominantly a radially outward force
proportional to the square of Er. Hence, the total force is always
attractive independent of the field direction.
The total force is extremely small on a micro-sized sphere
because the surface area is proportional to R2. On the other hand,
the total mass in the sphere is proportional to R3. So, the attractive
force actually produces a greater acceleration on a smaller sphere.
In terms of the accelerating effect, a useful figure of merit is the
force on a unit volume of the sphere, which we define as

force
=
unit volume

Figure 7: Maximum magnitude of the force density (with respect
to θ) in physical unit for Eext (peak) = 200 V/cm and ε/ε0 = 5, 10,
and 20. (a) <f (R, θ=0)>t as functions of d/R for two closely spaced
spheres. (b) <f (R, θ=θn)>t as functions of ℓ/R for two connected
spheres.

Due to the finite mesh size in the simulation, the smallest
calculated d/R or ℓ/R in Figure 7 is 10−4, at which the two spheres are

total force on sphere
= ( 3 3 ) Fx ( R,θ )
volume of sphere
4π R

t

(13)

Figure 8 shows the attractive force per unit volume for two
closely spaced spheres as a function of R for Eext (peak) = 200 V/
cm and different values of d/R and ε/ε0. As in Figure 7, all E-fields
are below the air breakdown strength at 1 atm. Consider, for
example, two spheres with R = 1 μm, ε/ε0 = 20, and d/R = 0.001. The
attractive force per unit volume is ~5×103 dyne/cm3. If the sphere
has a specific weight of 2.5, its frictionless acceleration will be
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2×103 cm/sec2, which is about twice the gravitational acceleration.
The acceleration is greater (weaker) for smaller (larger) spheres.
In a vacuum medium or an ambient gas with a higher dielectric
strength, greater acceleration can be achieved at a larger Eext. The
significance of the electric force will be discussed next in Sec. IV.
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In Sec. III, we have shown that the electric force is always
attractive between two neighboring dielectric spheres. It is a
microscopic, non-contact force considerably different from the
contact force of an externally applied pressure. The starting powder
for sintering is commonly assumed to be a compacted mass of
spherical particles. Assume two particles, 1 μm in radius and 2.5 in
specific weight, are nearly in touch and exposed to Eext(peak)=200
V/cm (typical of a household microwave oven). According to Figure
8, the attractive force can cause a frictionless acceleration up to a
few g (=980 cm/sec2) without an air breakdown at 1 atm. Compared
with powder compaction by gravitational or centrifugal settling [1],
the electric force can be made isotropic in a multimode, randomly
polarized microwave cavity to achieve a more compact state.
As an inter-particle neck forms and grows, the force keeps
acting in the gap around the newly formed neck, reaching a strength
over 100 dyne/cm2 [Figure 7(b)] without an air breakdown. Its
persistent presence may thus assist the densification process
by promoting the neck growth, particularly in the liquid phase
(discussed below).
Liquid-phase sintering does not have to be conducted above
the melting temperature of the major sample under treatment. A
small number of additives can be mixed with the major component
to remedy the problem of inadequate densification. The commonly
used additives (SiO2, CaO, MgO, SrO, BaO, La2O3, Y2O3, and TiO2) have
a dielectric constant of 2 (SiO2) to 60 (TiO2) [42]. They melt on the
surfaces of major particles, which often significantly enhances the
mass transport. For example, densification of ~1% La2O3/BaOdoped ZST ceramic can be completed at 1350 ℃, ~275 ℃ lower
than the un-doped case [43]. In fact, according to a recent review
[8], over 70% of sintered products are formed using the liquid
phase, which constitutes 90% of the commercial sintered product
value.

Figure 8: Attractive force per unit volume on each of two closely
spaced spheres shown in Figure 5(a) as a function of R for Eext
(peak) = 200 V/cm and several values of d/R. (a) ε/ε0 = 5, (b) ε/ε0
= 10, and (c) ε/ε0 = 20. The quasi-static regime applies to R<<0.5
cm, beyond which electromagnetic resonances take place in the
spheres.

Potential Significance to Microwave Sintering
As discussed in detail in Ref. [1], the primary process for matter
transport in sintering is thermally activated diffusion of atoms,
ions, or molecules, which results in bonding and neck formation.
A variety of paths are involved in this process including lattice,
grain boundary, and surface diffusion. Several effects of a nonthermal nature have been proposed to explain the lower processing
temperature in microwave sintering (discussed in Sec. I). Here we
present arguments on the viability of the electric force as a nonthermal effect.

The driving force for sintering is the reduction in free energy
of the consolidated system [1]. This is commonly accomplished by,
for example, atomic diffusion which leads to body densification by
matter transport into the pores. Similar considerations suggest the
tendency of surface bonding by the attractive force across a high
Egap [Figure 7(b)], thereby releasing the E-field energy. The surface
tension may also play a facilitating role in that the neck growth
leads to a reduction of the surface area, hence a lower surface
energy state.
Interestingly, there appears to be a strong correlation between
the current theory and an early experimental study focusing on
orientational effects. In sintering the doped BaTiO3 PTCR materials
heated to 1,250 ℃ by a linearly polarized microwave, Chang
and Jian found a strong orientational dependence of the sample
shrinkage rates and grain growth [44]. The maximum shrinkage
is 48% along the E-field as compared to 26% in the perpendicular
direction. The sintered grains also show an E-field oriented strip-
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like microstructure. No clear reason was identified by the authors.
However, the directional coincidence between these effects and
maximum polarization-charge buildup suggests the attractive force
as a plausible cause. Considering the complexity of the sintering
process, more experimental evidence are apparently needed to
draw a definitive conclusion. Theoretically, it is also of interest to
develop a multiple-grain model to find out how the attractive force
can affect mass transport via the vacancy diffusion process.

Conclusion

We have presented a detailed theory on the electric attractive
force between two dielectric spheres under microwave radiation.
This is an inter-particle force inherent in microwave sintering of
powder compacts, a method known to require a substantially
lower processing temperature than conventional sintering for
reasons still under investigation. The attractive force acts on the
gap surfaces between two sintering particles nearly in touch
(Figure 5) or connected by a neck (Figure 6). These are the regions
where the primary sintering process takes place, and the attractive
forces concentrate. As quantitatively illustrated in Figure 7(b)
and 8, the force has a significant strength to play a supplemental
role in particle bonding and neck growth normally achieved by
thermally activated atomic diffusion. There is a dearth of literature
on the effects of the E-field orientation in microwave sintering.
The current theory, however, provides an explanation for an early
sintering experiment, which found much greater sample shrinkage
and a strip-like microstructure in the direction of the wave electric
field. Hopefully, the formalism and data base presented here could
be a useful reference for a more definitive investigation.

The theory may also be applicable elsewhere. For example,
in a stormy cloud, the collision and coalescence of water droplets
(typical R ≈ 10 μm) are the primary mechanism for the formation of
rain drops (typical R ≈ 1 mm) [45]. The water droplets often exist
in a high E-field produced by atmospheric charges. The attractive
forces between droplets in close encounters can thus enhance the
collision cross-section. If the intensified E-field before the collision
exceeds the air breakdown strength, a discharge between two
droplets can become additional source of atmospheric charges.
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