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Modeling and numerical simulations of microwave-induced ionic transport
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A numerical model was developed to simulate and study microwave-induced transport in ionic
solids. The model is based on continuum equations, is very general, and could be applied to many
materials. The assumptions, boundary conditions, initial conditions, and numerical techniques used
in the model are described. Results are presented from a study of microwave driven defect transport
in sodium chloride. Static, high-frequency, and quasistatic results show that ponderomotive
rectification of vacancy fluxes will act to deplete the vacancies in a near-surface region and will
continue to pull vacancies to the surface through diffusion kinetics. The ponderomotive driving
force for this transport is characterized over a wide range of variable space. The magnitude of the
driving force falls right in the range such that it can explain why microwave-enhanced mass
transport is observed in some experimental cases but not in other$99® American Institute of
Physics[S0021-89788)02311-1

I. INTRODUCTION form of enhanced kinetics. Specific observations in ceramic
materials include enhanced rates of sintefiiggrain

The heating of a material depends on two physical progrowth! surface-penetration diffusiotf joining,”® and
cesses. First, energy must be absorbed and converted to hegicleatior® There is also much anecdotal evidence for mi-
through high-energy gas particles colliding with the surfacecrowave enhancements of polymer processing, epoxy curing,
of the materiaconvection heatingor via an interaction be- catalysis, and reactions in organic materials.
tween the material and electromagnetic fiefiégliation heat- An important recent breakthrough in the understanding
ing). Second, the absorbed heat will transfer within the may these empirical observations has been the identification of
terial via electron or phonon energy transfé@hermal 5 fyndamental mechanism which nonthermally enhances

conduction. High-temperature heating of ceramic materialsgy|iy state jonic mass transport. This previously unrecog-
usually involves heating the surface of the sample with in-

frared radiation. but heati imited by the <l nized phenomendfi!*—articulated as a “ponderomotive
rared radiation, but heating rates are limited by the slow ratg, . (pmf)—is now understood to be a fundamental prop-
of inward heat conduction due to the typically low thermal

ductiviti p : Mi diati th erty of microwave-irradiated interfaces that represent abrupt
conductiviies of ceramics. Microwave: ragiation, on e yie.,inyities in ionic mobility. Microwave-excited ionic

other hand, penetrates deeper, allowing for more VOIumem%urrents become locally rectifigdear the interfade giving

heating and relying less on thermal conduction. rise to an additional driving force for mass transport. Pre-

Microwave heating has niche applications for materialsl. ; ) ! . .
, : . . . _liminary experimental evidence for the action of the micro-
with certain absorption and thermal conduction properties,

and many ceramic materials fall into this category. In recent"2v¢ ponderomotive force was first reportédind subse-

years, many researchers have studied high-temperature n§juent confirmation was realized by experimental observation

crowave processing of ceramics such as firing, sinterin 9f very specific, theoretically predicted transient decay dy-

joining, and melting. The initial stimuli for their efforts namlcsllof pmf-induced ionic currents in halide salt
were the unique benefits that microwave heating might proSryStals-~ From a mathematical standpoint, microwave pon-
vide that conventional heating could not. These anticipated€romotive forces at material interfaces are explicitly re-
benefits included more precise and controlled volumetri€aled upon nonlinear perturbation analysis of three funda-
heating, faster ramp-up to temperature, lower energy corfnéntal equations applled to a material interface or surface:
sumption, and improved quality and properties of the pro_the continuity equation, Gauss’s Law, and the mass transport
cessed material. equation for mobile ionic species. This is discussed in
Besides the anticipated benefits, many experimenterdreater detail in the body of this paper. A critical point to

have also observed an apparent “nonthermal” effect in theemphasize, however, is that no additional model-specific as-
sumptions are needed to derive the existence of the micro-

wave pmf from the three quoted equations from which it is
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CA 95403. ‘derived; it can be active for crystalliri&chottky or Frenkel
YElectronic mail: booske@engr.wisc.edu disordej or amorphous microstructures.
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In order to more broadly explore what effect the pon-constant of the solidassumed to be independent of the field
deromotive force would have on various classes of massstrength, and the superscrigt denotes the initial, equilib-
transport processes, we developed a numerical model tdum value of the concentration.
simulate the defect perturbations and fluxes that result from In the simulation work, we desired to apply Eq5)—(3)
microwave excitation of ionic crystalline solids. This paperto the case of high-power microwave fields interacting with
describes the model and computer simulations used to viswcharged defect species in an ionic solid. A few key assump-
alize the ponderomotive effect and to calculate the resultingions were used. First, since grain sizes are typically much
driving force for mass transport. smaller than microwave wavelengths, we assumed that the

electric field strength was uniform across the dimension of
the crystal. Second, only the normal component of the elec-
II. MODEL DESCRIPTION tric field was considered, so a one-dimensional model was
used with the assumption that the electric field strength was

The basis of the ponderomotive theory derives from apaligned perpendicular to the crystal surface. Third, only half

plying perturbation techniques to a coupled set of nonlineapf a single crystal was considered such that one boundary

partial differential equations that describe mass and charggas the surface, and the other edge was the bulk or interior
flow in conducting media in general and ionic solids in par-of the crystal.

ticular. The three differential equations used are continuum  For the results described here, we simulated the pon-
equations utilized to describe physical problems in plasm@eromotive effects in sodium chloride. We allowed for dop-
physics, semiconductor physics, electrochemistry, and matgng of NaCl with divalent impuritiege.g., C&"). However,
rials science. In fact, the term “ponderomotive™ is borrowed the impurities were assumed to be immobile, and only Na
from a similar phenomenon in plasma physics. “Ponderomoand Cl| vacancy migration was simulated. NaCl was chosen
tive” derives from the Latin wordpondus(weight or mass  pecause of its ideal properties as an ionic solid and because it
and motive (to move; a ponderomotive forceis thus an  has well-characterized defect parametéosmation energies
electromagnetic force that tends to move mass and mobilitie3. The generality of the effects studied here is
The first differential equation describes the fill§ of a  not lost by the choice of NaCl, however, since the continuum
charged specie) that results from either a concentration equations could be derived for any mobile charged species in
gradient ¥C) or an electrical potential gradientEE  any material. Thus, the model is very general, and the results
—VV): can be expected to occur in many solid-state systems.

D,.C A. Perturbations
S 00E, (1)

J,= - D,VC, + f?

The equations were solved numerically with the aid of
whereD is the diffusion coefficientq is the electric charge perturbation techniques. Perturbations from the initial values
of the specieskT is the thermal energy, andis the corre- were allowed for the defect concentrations and the electric
lation coefficient that relates self-diffusion to ionic conduc- potential/field:
tion. The correlation coefficient varies typically between 0.5 _
and 1, depending on the crystalline structure and diffusion  Cn(X.t) = Cr(X) + CR(x,1), 4

direction, so we ignored it throughout the rest of this work. It

is also noted that Eq1) is written in terms of particle flux, Vx,t) = Vi(x) + VP(xt) + V™(x1), ®)
not charge flux. The two terms on the right-hand side of Eq. N(x.1)

(1) are calleddiffusionanddrift, respectively. The diffusion E(x,t) = — i

term (Fick’'s Law) assumes ideal solution behavior, and the IX

drift term assumes Ohmic conduction. Chemical potential ,

gradients can be opposed and balanced by electrical potential = E'(x) + EP(x,t) + E™(1). (6)

gradients at a state of equilibriutne., zero fluy. . . .
The second important equation is the continuity condi-The ;ubscrlpn re'fe.r.s to the vacancy specles, the sgper;cnpt
tion: i indicates the initial, equilibrium valuegunchanging in
time), the superscripinw denotes the microwave potential/
aC, field, and the superscripirefers to the perturbatiofvarying
at Vedo £ S, 2) spatially and temporallyfrom the initial value due to the

hich states that the ti te-of-ch f trati microwave excitation.
which states that the time-rate-ol-change of concentralion o herrpation Eqg4)—(6) were then applied to the

depends on the divergence of the particle flux and the Preiferential Eqs(1)—(3) for the 1D case. It was illustrative to

ence of sources/sinks). . .
: Lo , ) . ) break the flux Eq(1) into separate components. TH#fu-
The third equation is Gauss’s Lagdifferential form: sion flux term yielded two flux components1, J2):

1 .

> dn(Co—=Cy), (3) ICi(x) JCP(x,1)
€r€o n men " Ji,= — D, ;X and J2, = — Dnr;—x.

which states that nonneutral accumulationgrabng polar

charge serve a@lux) sources of electric field. In Eq3), e, ~ The drift term yielded a total of six components, three in-

is the permittivity of free spaces, is the relative dielectric volving C,, (J3-J5):

V.-E =

)
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Dnln _ nonzero only at the surface. Second, we recognized that at
I3y = 7 Ca(OE'(x), (8 the surface, the flux of vacancies from the crystal into the
neighboring regioreither atmosphere or a neighboring crys-

_ Dnn b tal) is impeded, and there is an abrupt nonuniformity in the
Iy = 7 Ca(IEP(XD), ®  transport properties:
Dnln Jn
35, = = CLOOE™(1), (10 I X:f 0. (18)
and three involvingCP (J6-J8): We investigated three candidate boundary conditions for
D the continuity equation. In the first candidatealled the
J6, = nanﬁ(x,t)E‘(x), (1D “no-sink” condition), no vacancy creation or annihilation
kT was allowed, and the surface was considered impermeable to
D4, vacancy fluxes:
J7, = ——CP(x,t) EP(x,1), 12
n KT (G DERXD (12 Jnlx=s= 0 and S,|y—s= 0. (19
Dnth -~ In the second candidate, the source/sink term was handled
38, = 7 Ca(XDETHD). (13)  very much like generation and recombination of electrons

and holes in semiconductors:

The total flux for each species was obtained from a superpo-
sition of the components. Jee= 0 and S,_.= — Chlx=s
Application of the perturbations to the continuity condi- nix=s x=s Tn '

tion yielded separate conditions for each species:

(20

T was a time constant associated with the exchange of excess
JCRa dINa JCg, AR vacancies at the surface with the neighboring region. Under
a ox + Syaand ot Tox + Sa- (14 certain simulation conditions, however, this boundary condi-
tion leads to numerical instability. In the third candidate,
In Gauss’s Law, however, the Na and Cl vacancy concentrégimijar to the second, the exchange of vacancies at the sur-
tions were coupled, but thaitial and perturbationvalues  ¢5ce depended on the perturbation of their concentration. In

were separable into the following: this approach, however, the source/sink action was incorpo-

JE'(x) e o o i " rated into the flux action:
= 5e L Col0 F Cuglx) = Ci¥)], (19 -
JEP(X,1) e Jn|x:s: — Dy d and Sn|x:s: 0. (21)
— = —[CR(xt) — CRx1)], (16) . . -
X €0€y The second and third candidate approaches produced similar

where the subscript=dop represents the divalent dopant. results, but the third was more numerically stable since the

The numerical solution procedure was to simultaneoushflux calculation depended on the diffusion jump distadce
solve Egs.(14) and (16) while making use of the flux Egs. (related to lattice spacingnd not the numerical mesh spac-

(7)-(13). Of course, a solution could be found only if bound- ing. Later we will discuss results obtained using both Eq.

ary conditions and initial conditions were correctly specified.(19) (no-sink and Eq.(21) (sink) conditions. _
In the bulk of the crystal, there were no sources or sinks

for vacancies, s&,=0. The interior boundary was assumed
B. Boundary conditions to be the center point of the crystal, such that symmetry
%conditions applied and the divergence of the flux and electric

The 1D model had two boundaries—the crystal surfac
ield were zero:

atx=s and the bulk or interior of the crystal at=b. Bound-
ary conditions were specified at each boundary for both the  4J,
continuity equation and Gauss’s Law. X
We considered first the surface boundary conditions. For
Gauss’s Law the electrical potentiédr one of its deriva- Boundary condition22), applied to Eq.(14), implied that
tives) must be specified at the surface. Since the referenche bulk vacancy concentrations would not change over time
value of the potential could be arbitrarily assigned, we chosérom their initial values; this constraint will be discussed in
to define the potential to be zero at the surface and use that #se results.
a boundary condition:

Vlx=s = 0. 17

For the continuity equation, we recognized several
physically unique features of the surface. First, in the ab-  The initial conditions of the vacancy and dopant concen-
sence of dislocationganother assumption of our simula- trations and the electrical potential were a necessary and im-
tions), vacancies are created and annihilated only at the suportant part of the simulations. The previous theoretical
face of the crystal. Therefore, the source/sink teBmis  work!'? had only considered defect concentrations that

= and X = 0. (22
x=b x=b

C. Initial conditions
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were |n|t|a||y uniform, but we expanded the model to allow TABLE |. Adjustable variables explored in the simulations.
for preexisting chemical and electrical potential gradients.
The concept of space-charge layers in ionic materials has
been physically and mathematically developgd For MicrowaveE field 10°-10° 10°
lightly doped alkali halides, the result is that cation vacancy Strength(v/m)
concentrations are enhanced near the surface, anion vacari\:-/l'Cmv""’“’e frequencyHz) 10°-10° 10°
. ! L rystal temperatureK) 400-1000 800
cies are depleted, and a large, near-surface electric fieldcrystal dopingimole fraction 10-6_10-3 10-5
holds the concentration gradients in check. Our simulations
incorporated the model of Kliewer and Koehler to describe
the initial conditions in the crystal. Initial vacancy concen-
trations (C;) were calculated using standard defect chemis
try including extrinsic doping with divalent cation impurities
(stress effects from doping and dipole-defect interaction
were not consider@dThe initial electrical potential\(') and
electric field €') were also calculated from the model. Va-
cancy formation energiéd and vacancy mobility
parameters were taken from the literature.

Variable Range Example case

served. Because the model gave valid results for these tests,
we trust it gave valid results for simulations of the pondero-
notive effect during microwave field application. Adjustable
variables in the model included the microwave field strength,
the microwave frequency, the sample temperature, and the
amount of divalent cation doping in the sample. Ranges for
these variables are listed in Table I.
. . We classified the results of the simulations into three
D. Numerical techniques categories—static, high frequencHF), and quasistatic
After the initial conditions were determined, we solved (QS). The static results were determined solely by the initial
numerically Egs.(14) and (16) simultaneously with the conditions. The HF results showed the sinusoidal character
boundary conditions. For this purpose, we used the Simulgof the perturbations. The QS results, obtained by time aver-
tion GeneratokSIMGEN) software packag¥:'’ The program aging the HF results over one cycle, showed the slowly vary-
employed a finite-difference calculation based on the Newing nature of the perturbations. For clarity, we present here
ton method. It also included Gaussian elimination techniquestatic, HF, and QS results all from the same simulatitie
and Newton damping. “example” values in Table ). Finally, we examined the

Another feature we used was the Scharfetter—GummedPonderomotive forcemf that we calculated from the results
discretization techniqu¥;*® which is important when the ©f our simulations, and characterized it within the variable
spatial variation of the electrical potential is large over aspace laid out in Table I.
single _mesr(di:'scretizatiqr)n step. We found this approach to a_ static results
be critical at higher doping levels, when the inherent bound- _ )
ary space-charge layer achieved steep potential gradients. _The static results did not cause any defect flu>§es, pertur-
The characteristic distance for the space-charge layer is tHRations of vacancy concentrations, or perturbation of the

Debye—Hickel (DH) distance &): elec_trig field and, thus, showed only_ the spatial variations of
the initial values. However, the static case strongly affected

N = \/D ne _ \/SosrkT 23) the HF and QS results, and so were worth some examination.

: 20, 2C A Our model of the space-charge effects at the interface

yielded similar concentration profiles to those reported in
. Ref. 13. However, we found it more enlightening to plot the
Brofiles on a linear scale rather than on the standard logarith-
mic scale, where the phenomenon appears quite symmetric.

. . ) . e DH screening distance is seen in Fig. 1 for the example
of the microwave field were smoothly replicated; typically ca g g b

. se. The surface boundary is on the right-hand side of the
1/32 of a cycle was used. The spatial mesh was then calc N y y! '9 !

. . ) . "~ plot, while the bulk of the crystal is towards the lef©Only
If?)tregif;ns?oz%usted to satisfy the numerical stability C”te“;&fo nm are shown, although the values were calculated to a

depth of approximately 150 ninWe see in Fig. 1 that the
AX? distance scalings for Na vacancy enhancement and Cl va-
D, < AL (24) cancy depletion appear different, and this difference was also
noticed in the HF and QS results discussed below. The initial
electric potential ¥') similarly varied over the length of the
DH distance fron 0 V at thesurface to approximately-0.2
The validity of the numerical modeling was tested in V in the bulk. The initial electric field E') also varied over
several ways. First, we ran the simulations with a zero amthe DH distance from 0 V/m in the bulk to approximately
plitude microwave field and observed no perturbations from—4 x 10’ V/m at the surface.
the initial conditions. Second, we applied a step function in  The scale length of the space charge and segregation
the concentration at the surface and found the resulting flueffects merits some discussion. As the doping level was in-
dynamics to follow diffusion behavior. Third, when no creased in the simulations, the DH distance became smaller.
source or sinks were included in the model, we found thaAs mentioned above, when it becomes small enough, the
the total number of particles and total charge were conelectrical potential changes over a very short distance and the

which is smaller at higher defect concentration levels.

for the time (At) and spatial Ax) dimensions. The time step
was chosen to be fine enough such that sinusoidal functio

Ill. RESULTS AND DISCUSSION
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® FIG. 2. The HF fluxJ5 of Cl vacancies near the surface boundary.
‘£20x10*
g .
§10x102' [::] — — Clvacancies (Cy,) 5 )
. 10° V/m are shown. The flux decreases as it approaches the
ok surface because the initial concentration of Cl vacancies is
depleted within the DH laydrsee Fig.(1)]. Not seen here is
distance from surface (nm) the very abrupt f!ux nonuniformity at the boundary because
v we are only plottingl5 and not the total flux.
FIG. 1. The initial concentration profilesC{) for Cl vacancies and Na The J5 fluxes were exactly sinusoidal in time, so no net

vacancies plotted on a linear scale. flux was derived by time averaging tl& term of the flux.

Yet, because of the nonuniformity 86, vacancy concentra-
Scharfetter—Gummel discretization technique must be enfions Were perturbed from their initial values, as per éd).
ployed. It is also important to consider the DH length in The Cl vacancy perturbation<Cg)) that resulted from the
comparison to the characteristic diffusion lengf) (during ~ SPatial nonuniformity oi5¢; are shown in Fig. 3. The two

a microwave cycle of frequendy. d_istance scales4 and_)\—arg c_IearIy seen here. The diffu-
sion effect was localized within a few nanometers of the
/o~ Dn o5 surface, while the DH scale extended over more than the 20
T f’ (25 nm distance plotted her®iffusion occurred because of the

J2 flux, so that when the concentration was perturbed

Sg‘rfge{ozott?vee (zjalstti?)rr]wcgu\gl;tgl?héhseurﬁ‘gi:sefakl)o%\ﬁga\rNh;T]Ji?i% abruptly at the surface, some vacancies would diffuse back
p y thto the crystal over a length characterized Ay

takes effect. For our simulations of NaCl, the DH distance The HF Na vacancy perturbationé:ma) are plotted in

Fig. 4. The perturbations within 1-2 nm of the surface are
Prost apparent, indicating that for Na vacancies, the surface
boundary condition produced the most ponderomotive ac-
tion. The effect of the DH screening layer is difficult to see
in Fig. 4, but it was the cause of the subsurf&8e nm)
vacancy concentration oscillations that were 180° out of

To obtain a ponderomotive effect, a high-frequency ex-
citation must cause HF vacancy perturbations. In our model,
this was principally found in the5 flux term[Eq. (10)].
WheneverJ5 was spatially nonuniform, HF concentration
perturbations occurred by virtue of Ed.4). Gradients in the
vacancy fluxes derived from two sources. One was the abrupt
flux disruption at the surface bounddigq. (18)]. Another
source was the nonuniform initial vacancy concentrations
shown in Fig. 1. SinceC;, values were nonuniform, the J5
fluxes were also nonuniform.

proximately equivalent when the ionic conductivity)( is
about the same as the dielectric conductivibe].

B. High-frequency results
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In Fig. 2 we plot the spatial variation and time evolution 20 ~0
of J5¢, for the same example presented in Fig. 1. The verti-
cal axis shows the value of the flux. The surface of the crys- Pt 5
tal is on the forward-right side of the plot, and the interior of , time (ns)
the crystal towards the back left. The time axis starts=Q distance from surface (nm)

at the back right of the plot ar?d eVOlveS_in time towards theg g, 3. The HF perturbations of Cl vacancy concentrati@®) near the
front left. Two full cycles of microwave fields at | GHz and surface boundary.
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FIG. 4. The HF perturbations of Na vacancy concentratiG,f near the

surface boundary. FIG. 6. TheJ8 flux showed singbehavior near the surface.

phase with respect to the surface level oscillations. In th . . . L
. ain, two microwave cycles are being plotted, but this time

case of Cl vacancies, the space-charge effects and the surfac : R
" We observed four peaks instead of two, as is indicative of a

boundary condition both acted to retard the,Jaix. Thus, . . : .
siné function. Some of the values were in fact negative be-

both the effects acted together and were in phase. On tr.'ceause there was a slight phase sfdfte to the diffusion time

':)r:zerDEarll:l,et:]zcetggaPoce:cg?eY;ZaT;é i?unxcew;?:telo?h;mhlgelay) between the application of the sinusoidal microwave
yer a ' field and the resulting sinusoidal concentration perturbations.

boundary condition retarded the flux. One therefore sees thlgIotS 0f 37~ 37 andJs.. all showed similar sirebe-
two effects in Fig. 4 to be out of phase. havior Clr ~iNas Na

Beca_use the opposite_ly charged H!: Na and Cl vacancy Th.e ponderomotive actiofseen in Fig. § caused recti-
perturbations vyerél) of different magnltude ang) 189 : Cfjication of vacancy fluxes near the surface. As we will show
Og:t?;g:t?;? gg?o?liﬁsitgi,ézi; ?(Aseteir?ut'gaﬁf:tf:g;el in the following section, this effect produced a time-averaged
b ' ) P nonzero(quasistationanyflux of particles within the crystal.

(EP) is plotted for the same two microwave cycles in Fig. 5. . ! : A
o . . . We will next examine how the high-frequency rectification
It was 180° out of phase with respect to the microwave field o
acted as a driving force for mass transport.

so it acted in opposition to the microwaves. However, the
magnitude ofEP was usually only a few perce2% in this
cas@ of E™. C. Quasistatic results

To this point we have shown how the initial conditions g reguits we have presented so far are illustrative of
and the boundary conditions lead to spatially nonuniformy,e common qualitative phenomenology observed in most of
fluxes and HF concentration oscillations. The stage is thUg,e simulations. Of course, the values of temperature and
set for ponderomotive action, since the HF concentrationy,,ing impacted the specific magnitude of the DH screening
_perturba’uons are multiplied by the sinusoidal driving f'eldslength near the surface boundary. The magnitude of the HF
in Egs. (12) and (13). The J7 andJ8 fluxes had a strong pertyrhations also depended on the field strength, and the
siné nature to them. This is clearly seen in Fig. 6 8. gifusion scaling/ depended on the frequency. Neverthe-
less, the HF results were qualitatively similar over a wide
range of variable space. They were also somewhat insensi-
tive to the exact form of the surface boundary condition. The
same cannot be said, however, about the quasistatic results.
They were obtained by time averaging the HF effects and
therefore measured the amount of asymmetry or nonsinusoi-
dal nature of the HF oscillations. The magnitude of the QS
results were therefore much smaller than the HF results—
usually by several orders of magnitude. The QS results also
varied from case to case. In fact, the case study we are pre-
senting here gave slightly atypical QS results. We will there-
fore complement it with QS results from another set of simu-
lation variables in order to show the more typical results and
: to give the reader some sense of the complex nature of this
. time (ns) phenomenon.

distance from surface (nm) The results we present here all derived from simulations
FIG. 5. The HF perturbations of the electric fiel&?) near the surface With boundary condition(21), so we will first discuss the
boundary. effect of the surface boundary condition on the QS results.

o

A\ .
asto i
Wy

t"':"l' II J
K
A
,\\\“‘0‘"

\
Y

Electric field perturbation (V/m)

0 2

Downloaded 09 Apr 2007 to 128.104.198.190. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Freeman, Bosske, and Cooper 5767

)

x 106

o

Il

b )
-2 iy g \\‘1\‘\“\\‘

S ‘ A

o

N

)
X\

i

!

i
o

W

t‘“\\k\\\\\\\ \::\::::.,

i\ iy | “\ \
_4 . i i t{}:;;t&!\ Y\v\\\:\ \\\\\\\
) : i “\\\\Q,“ M\\\\\'\\\\\\\\\\\ \: X

-6

!
i ,(::}* \\\\\\
RN

quasi-static Na vacancy
L
o

concentration perturbation (#/m

_.
O
i

RRRRY
R
¥

1
—
(=]

0
1000
2000

quasi-static Cl vacancy
concentration perturbation (#/m3)

1000 [ s S
2000 -

50 40 30 20

20 15 10

ime (ns
time (ns) distance from surface (nm)

distance from surface (nm) time (ns)

FIG. 7. The QS Cl vacancy concentration perturbations near the surface. FIG. 8. The QS Na vacancy concentration perturbations near the surface.

For the “no sink” condition(19), the QS results generally _. For Cl vacancies, the QS .concentratlon perturbat|on§ n
. . . . Fig. 7 were noted to be negative except for a small positive

showed an electrochemical potential gradient building up to . .
alue right at the surface. The CI vacancies were slowly

oppose the ponderomotive driving force. A quasisteady stat eing depleted, and the depletion region worked inwards.

was reached in which we observed a “double-layer Struc_This depletion surpassed the length of the DH screening dis-

ture. There was a QS enhancement of the vacancy concej- . S .
trations right near the surface, and this was balanced by %rﬁz ir;?ncz?:rn;eoc(ijg\llorkmg inwards to the inner boundary
K b :

subsurface depletion region over the scale length of the D The behavior for Na vacancies is seen to be quite differ-

layer. In other words, the charged defects were able to redis- . . " T
. . . . ent in Fig. 8. There was a large negative “spike” within 2
tribute themselves to achieve a uniform electrochemical po- . "
. . nm of the surface, followed by a slightly positive concentra-
tential, exactly as in the case of boundary space-charge ef.

. . . . : “fion perturbation at depths beyond 2—3 nm. This case was
fects. This result was physically interesting, but certainly did tvpical because the Cl vacancies were depleted in the sub-
not lead to mass transport. We recognized that our ID mOdezu{?ace region. while the Na vacancies wgre enhanced. In
with boundary Eq(19) did not accurately replicate the 3D glon, '

reality of a presintered compact, for example. By applyinggjcl)asstucr)ffa::rflee rzlrri]:rllagzzzluggt?hspegﬁser\gerzr:gti(\jlgp;ifgnIrgjr?\?e
HF electric fields in thex direction, we perturbed the equi- 9 P o
. ) I both vacancy types to the surface where they were annihi-
librium concentrations to a second quasiequilibrium state

but the vacancies would have wanted to diffuse down théated‘ Since they were destroyed at the surface, the pondero-

. . . oo motive force continued to “pump” them to the surface,
concentration gradients in the and z directions that were slowlv depleting the subsurface region. Althouah such deple-
not included in the model. We therefore considered two y depieting gion. g P

ways to modify the model. Converting the model to 2D Ort|on did occur in this case, as is seen in Fig. 9, the positive
3D was one possibility, but it would have made the simula-
tions computationally burdensome. We decided rather to

17

change the surface boundary condition to allow for some 1x10 , ‘ ( ‘
interaction of the vacancies with the “environment.” Physi- 05| 400 cycles Na vacancies R
cally, this could represent vacancy annihilation/creation at a ' ; ‘
grain boundary or free surface, or it might represent vacan- 0 : %
cies diffusing away in thg andz directions. We therefore ~05F Clvacancies - - = " |4
believe that boundary conditiot0) or (21) were more ap- - i L i i

100 80 60 40 20 0

propriate for the types of effects we wished to study.

In Figs. 7 and 8, we plot the spatial and temporal evolu-
tion of the time-averaged concentration perturbations for Cl
and Na vacancies, respectively. The “viewing angle” for
these 3D plots is now slightly different than for the previous
ones. The surface boundary is at the right and the bulk to-
wards the left. The length displayed was truncated to better
show the effects near the surface, although the simulation
was carried out to greater depths. The time axis evolves from

quasi-static perturbation (#/m )

Ok

05

0.5[ 3000 cycles

Na vacancies

Cl vacancies
i

i i i

100

80 60 40 20

distance from surface (nm)

the back forwards. The firgt time-line plotted is after 200r g, 9. The QS concentration perturbations after 400 cycles and 3000
cycles(200 ng and the last is after 3000 cycles. cycles.
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FIG. 10. The Q<E field perturbations near the surface. FIG. 11. The QS Cl vacancy concentration perturbations for the second case

with a NaCl crystal at 900 K and 1000 ppm doping level.

Na vacancy concentration perturbation fropr2 to 20 nm
severely throttled the depletion effect. the QS perturbations extended inwards almost as far as the
In Fig. 9 we plot “snapshots” of both QS concentration inner boundary. As mentioned above, the bulk boundary
perturbations on a finer scale to examine more details ofondition did not allow for any concentration perturbations,
profiles shown in Figs. 7 and 8. The entire QS perturbatiorso it was not ideally suited for studying the quasistatic prob-
profile for Cl vacancies is clearly shown. After 400 cycles,lem for longer times. It was clear, though, from the behavior
there was a slightly positive region between 40 and 70 nnwe see in Fig. 11 that the depletion region would continue to
below the surface, but it was otherwise negative. Going fronpropagate inwards following diffusion-type behavior. These
left (crystal interioj to right (crystal surfacg the Na va- results therefore showed that the ponderomotive effect, com-
cancy concentration perturbation started to rise at about 7Bined with some type of surface sink condition, could drive
nm below the surface, went offscale at about 25 nm, andnass transport over longer distance scales.
came back down again at about 2—3 nm. The almost vertical What distinguished this case from the previous case
line seen at 2—3 nm corresponds to the rapid dropoff into thetudy was that the Na vacancy concentrations were also de-
large negative spike seen in Fig. 8. After 3000 ns, we see thpleted in the subsurface regime. This is shown in Fig. 12.
Cl vacancy depletion worked inwards so that the entire proThe large negative spike occurred within the diffusion length
file is now negative. More interestingly, the Na vacancy con-of the ponderomotive effe¢t-4—5 nm, but its structure did
centration was becoming depleted and, in fact, correspondetbt evolve with time. However. if we zoom in and examine
to the ClI vacancy concentration below 60 nm. Because théhe QS concentration snapshots on a finer scale, as we do in
two vacancy concentration perturbations were unequal &Fig. 13, we see that the Na vacancy concentration was evolv-
depths above 60 nm, there was a space-charge field resultifigg in unison with the CI vacancy concentration. The Na
from the disparity. We see in Fig. 10 the @sfield pertur-  vacancies were being depleted on the exact same scale as
bation caused by these unequal vacancy concentrations. We
thus had a boundary space charge condition similar to the

)

initial conditions. The Na vacancy concentration was en- x 1019
hanced, the Cl vacancy concentration was decreased, and & g 0
negative space-chargefield helped to keep it all in check. e m""
The disparity in concentrations and resultiggfield thus g8 14 N lins
acted to throttle vacancy transport to the surface. §_‘é’ \\\\\kk\\\',,
For comparison, we now present results from another g 2 -2 \\\\\\\\\\\
simulation run with 1000 ppm doping, 900 K temperature, % g, \\\\\\
and a microwave field of 10v/m at 1 GHz. The behavior of & > \\\\\\\\
the QS results from this case were qualitatively representa- @ b= \ \\\\
. . . (2
tive of the results seen typically, but the magnitude of the QS & £ ) \ '
results did vary by several orders of magnitude over the vari- @ & =Y \\\.\\\ \l
able space probed in other simulations. § 6. 3 \ -
Figure 11 shows the QS concentration perturbations of 10000;\ [ N
Cl vacancies for this second case. There was a small positive 2000 " = - = 5 0
value at the surface and a large subsurface depletion region time (ns) distance from surface (nm)

that was seen to propagate inwards rather quickly. We are

_Only plotting the_ 50 nm closest to the surface, although the; g 12 The Qs Na vacancy concentration perturbations for the second
inner boundary is at about 250 nm. After 3000 cyd@sns, case with a NaCl crystal at 900 K and 1000 ppm doping level.
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FIG. 13. The QS concentration perturbations for the second case after 400 FIG. 14. Thepmf characterized vs the divalent cation doping level.
cycles and 3000 cycles.

] . o and using() to denote time averaging over one cycle:
were the Cl vacancie¢The spike seen at 7 nm depth is in

the Na vacancy concentration profile and occurs at the tran-
sition between near-surface ponderomotive-driven depletion

and the subsurface diffusion-driven depletjon.

Because the subsurface concentrations of the two specié@e ponderomotive driving force was thus derived only from

tracked so well, this was clearly a case of charge conservéb? ﬂg)é)terms involr\:ing g’vﬁ sinussoidally varying terr(m;shmul- h

tion and coupled diffusion. We therefore saw no space:“r? '%2 Ji oneda}]réoil er. Ot erl()g trr]ansport occurrglt rott)Jg

charge field resulting from these perturbations. The Q € J2,0%, andJo flux terms, .utt.ese were not riven by
onderomotiveaction. Thel2 (diffusion) term was the prin-

E-field perturbation had a large value at the surface thab"

physically corresponded to the large near-surface Na yacipal means by which vacancies were transported towards

cancy concentration spike seen in Fig. 12. However, in théhfa ;urface, *?Ut thé? andJ8 (po_ntjeromotwk?erms were
subsurface region, the field was essentially zero. Since thefd'MNY the diffusion pump by driving vacancies to the sur-
was no electrical potential gradient to oppose the chemic pce. where they were Consume_d. We therefore chose to cal-
potential gradient in this region, diffusion-type fluxes oc- culate thepmf from the perturbation values at the surface of

curred and continued to transport mass over long time anfﬂe crystal. The cal_culatio_n was dong i_n units of Newtons,_so
distance scales. that d|re_ct comparison with other driving forces was easily
It should be clear from the QS results presented in thisaccompllshgd. . .

section that the nature of the ponderomotive model was Inaserles_of S|mulat|ons,v_ve measuredmaffor both

rather complicated even when applied to a simplified, 1pYacancy species over the variable ranges listed in Tgble l.

single-crystal specimen. Other complexities abound and havIEhe baseline case was the same as the example case in Table

not yet been fully investigated. For example, if the diffusion’ except' that a .doplng of 17 was used mstegd of 16, .

length outdistanced the DH length, we would expect a Com!:ro_m this b_asellne, we then c_hanged one variable at a time

pletely different QS response. while keeping the othgr variables constant. We present,
therefore, only a few “slices” through the four-dimensional
variable space. The simulations all used boundary condition

D. Driving force results (21), but we will also present, for comparison purposes,

A major goal of the computer modeling was to obtain aSome results obtained from the “no sink” conditidh9).
quantitative estimate for the ponderomotive driving force  The first variable of interest was the microwave field
(pmf) so that we could compare it to driving forces for other strength(in V/m). We found the relationship between the
mass transport processes. In this section we discuss exactyn f and the square of the field to be exactly lineafrang-
how we calculated th@mf and then compared it to other ing from about 10*®N at 10° V/im to 107*°N at 1¢° V/m).
driving forces. This followed the general predictions of the analytical

In the computer model, them f was calculated from the model! and both the theoretical analysis and experimental
quasistatic fluxes by dividing them into a transport coeffi-"esults for our ionic current measuremetttin fact, we con-

CP
pmf = <Eﬂ n(EmW+Ep)>. (28)

n

cient (L) and a driving force(pm): sidered the ob_sgrved linear behavior to be another succe;sful
as test of the validity of the computer model. We observed in
Jn = Lppmf. (260 the HF results, for example, that magnitude of the flux com-
From Egs.(12) and(13), we were then able to identify: ponents]2, J4, J5, andJ6 all increased linearly with the
: field, while J7 andJ8 increased linearly with the square of
_ [ PG (o7 the field.
" kT Figure 14 shows how thpmf varied as the simulated
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FIG. 15. Thepm characterized vs the microwave frequency. FIG. 16. Thepmf characterized vs the crystal temperature.

crystal was doped with divalent impurities. Themf  they were identical at higher frequencies in Fig. 15. The
changed by less than a factor of two, although it should besink” values only started to deviate from the “no sink”
remembered that the transport coefficigad). (27)] will vary  yalues at around 700 K.
much more with doping. We suspected that fiaf started The humps seen in Figs. 15 and 16 indicate that there are
to change at higher doping levels because the DH length wasptimal values for frequency and temperature. In the four
becoming shorter, and the ponderomotive contribution frongjices of variable space presented here, we have probably not
the concentration gl‘adients became more important. At IOVhappened upon the |argest possipmfvalue, but we none-
doping levels, the ponderomotive action derived mostly fromiheless have acquired a good quantitative estimate of the
the boundary condition and was therefore unrelated to thgonderomotive driving force. From the results shown in
defect concentrations. Figs. 14 to 16, we can estimate that the f falls in a range
Moving now to frequency, we characterized thenf  of 10719-10715 N and more typically within 1018—10"16
versus a wide spectrum of high frequency excitations, as igj.
shown in Flg 15. The dashed lines |nd|C@lE\f values cal- In Table Il we compare the microwa\m‘nf with other
culated from simulations with the “no sink” boundary con- driving forces that we have calculated. Thenf is larger
dition. In that case, themf was seen to rise to compara- than the driving force for joining and may therefore explain
tively large values at lower frequencies, because the longehe rate enhancements seen during microwave joining. We
time period allowed for more perturbation of the vacancyfing that thepmf falls between the essentially zero driving
concentrations. However, as our QS results showed, this “negrce for isotope diffusion and the larger driving force for
sink” case lead to a quasiequilibrium condition and not long-chemical diffusion. This may explain why, when using mi-
range mass transport. Themf values resulting from the crowave heating, large enhancements of isotope diffusion
“sink” boundary condition had a more complex nature. We were experimentally observédput no enhancement of
strongly suspect that they dropped off at lower frequencieghemical interdiffusion was se¥hunless diffusion occurred
because the HF vacancy perturbations at the surface hafer long distance$,such that the chemical driving force
more time to react and be annihilated. This happened morgropped to the equivalent level of the ponderomotive driving
for Na vacancies because of their higher mobility. It did notfgce.
happen in the “no sink” condition, since defects were not Compared to the sintering driving force, thEmf is

allowed to be annihilated at the surface in that case. One Gfquivalent or larger, especially compared to the intermediate
the more intriguing features seen in Fig. 15 for the “sink”

condition is the dip in thegmf for Na vacancies right around
3 MHz. This frequency corresponded to the condition whenTABLE II. Comparison of microwave pmf and other thermochemical driv-
the ionic conductivity ) was equivalent to the dielectric "9 forces for ionic transport in NaCl.

conductivity (we). Below this frequency, therefore, the dif-

: g Transport driving force Typical magnitud®!)
fusion length was larger than the DH length, while the op——— — —
posite was true above that frequency. Sintering 1um powder—initial stage ~107

. . . Sintering 1um powder—intermediate ~ 10

Finally, we present in Fig. 16 the calculatpdhf values age
versus the crystal temperature. We again see the values goinggining two flat faces <1018
through a maximum and then dropping off. Analogous to the Temperature gradients existing during ~107%
above argument, we believe this occurred because at highemicrowave heating _ i
temperatures the defects were more mobile and regotege ~ Chemical inter-diffusior{depending on ~107" to =
annihilated faster at the surface. The values measured from conc. gradients

o R i i - Tracer isotope diffusion <1071
the “no sink” simulations are also plotted here for compari-  \jicrowave pmf ~10°19_10°%5

son, and they were identical at lower temperatures, just as
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oms to manifest its influence. One possible explanation is
realized by consulting research which establish that there is a
nonnegligible fractional ionicity to the interatomic bonds, as
well as mobile point defectge.g., carbon vacancigsn
TiC.2222n fact, the fractional ionization is of the order of
one electron charge, which is in good agreement with pre-
dictions based on Pauling’s electronegativity séaleence,
there are indeed opportunities for microwave field coupling
to—and, thus, microwaveomf influence on—the mobile
atomic species in solids that are conventionally characterized
as covalent. This also is an area worthy of further inquiry.

IV. SUMMARY AND CONCLUSIONS

To complement the previous analytical treatment of the
ponderomotive effect, we developed a numerical model with
FIG. 17. Consideration of the ponderomotive effect in a porous compact.thorough consideration of boundary conditions, initial condi-
tions, and numerical techniques. The model, based on con-
tinuum equations, can be applied to many different materials.

f sintering. Themf Id theref lain wh ) ; !
stages of sintering pm could there ore expiain why We presented results from simulations of the ponderomotive
more rate enhancement is observed during the intermediat

. L : . : eeffect in NaCl. Thestatic results were important for deter-
stages of microwave sinterifgSome questions still remain

how the ponderomotive fluxes would impact the sinteringmmmg the length scales over which the concentration gradi-

; : : ents and ponderomotive effects occurred. Plots ofhilga-
process because of the complicated three dimensional geoq}-

etries in powdered compacts. We have sketched in Fig. 17 aequencyresults were powerful wsu_a! _auds for show_lng the
. ; vacancy flux rectification due to the initial concentration gra-
grain boundary between two pores in a porous compact. For. o ;
i ) ) ) ients and the boundary conditions. The time-averaged
case(1) when theE field is oriented perpendicular to the ~.~ " .
. : istatic results proved that the ponderomotive force could
boundary, vacancies would be driven to the boundary an )
- . ; ump defects to the crystal boundary and drive long-range
depleted within a certain range of the boundary. This woul . S ;
) . . ass transport well into the interior of the crystal. Finally,
then attract more vacancies from the pore into the grain an

grain boundary, and the ponderomotive effect would there- e magnitude O.f the p_onderomotwe driving force was ex
fore assist the densification process. However, in ¢ae plored over a wide variable range, and the results explain

when the field is perpendicular to the free surface of the poreWhy microwave-enhanced mass transport is observed in cer-

the flux of vacancies would be in the wrong direction andtaln mass transport processes but not in others.
would impede the sintering process. In a powdered compact,
one would expect to find a completely randomized orientaACKNOWLEDGMENTS
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