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Evidence for microwave enhanced mass
transport in the annealing of nanoporous
alumina membranes
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Results of a comparative study of pore evolution in nanostructured alumina membranes
under annealing in a gyrotron microwave system and in conventional furnace are
described. Microwave heating has resulted in an enhanced mass transport leading to
reduction in the surface porosity of the membranes. Evolution patterns for the shape of
individual pores are discussed and compared for microwave and conventional annealing.
The notably different behavior of the pores suggests that microwave radiation provides an
additional driving force for mass transport. The experimentally observed enhancement of
mass transport appears to be stronger than predicted by the earlier proposed models.
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1. Introduction ful de-convolution of thermal (resulting from tempera-
The problem of microwave enhanced mass transport iture nonuniformity) and non-thermal (nonequilibrium,
solids remains one of the most controversial issues irelectromagnetic field-driven) effects. There have been
the microwave processing of materials. Many experi-studies in which temperature gradients similar to those
mental studies have established the fact that the use of microwave heating were artificially created in the
microwaves in high-temperature processes reduces tlwnventional heating experiments for comparison [11].
time and often the temperature needed for their comAnother approach to distinguishing between thermal
pletion [1]. The practical benefits are improved mi- and nonthermal effects of microwaves is to reduce the
crostructure and properties of the materials produceémpact of the temperature gradients that develop under
with microwaves (e.g., microwave sintered ceramicsmicrowave heating by choosing the appropriate exper-
[2]) and reduced energy consumption [3]. From theimental conditions and materials.

fundamental point of view, the mass transport enhance- This paper describes a comparative study of pore
ment phenomenon poses a challenging problem of iderstructure evolution in nanostructured amorphous alu-
tification of the mechanism responsible for it. While mina membranes subjected to annealing in microwave
some hypotheses and theoretical models [4-8] havéeld and in conventional oven. Investigation of the mi-
been already proposed, the phenomenon is still lackingrowave effect on mass transport using porous mem-
accurate experimental characterization. Most of the evbranes offers a number of important advantages over
idence for the solid-state mass transport enhancemetitie microwave sintering experiments. The membranes,
has been obtained in the experiments in microwave simas described in detail below, comprise arrays of two-
tering of ceramics [9-11]. However, the complexity of dimensional tubular pores, which are easy to character-
ceramic microstructures and the presence of severéte via surface porosity. The membrane annealing pro-
diffusion mechanisms involved in sintering makes itcess is less complex than sintering with respect to the
difficult to identify experimentally the origin and na- number of mass transport mechanisms involved simul-
ture of mass transport enhancement. This difficulty isaneously. The nanoscale pore sizes reduce temperature
aggravated by the fact that microwave heating, beingind/or time requirements for mass transport and allow
of a volumetric nature, combined with peripheral heatstatistical processing of the data on hundreds of pores
losses results in temperature gradients across the cit each electron microscopy image. Pure alumina is a
ramic samples. The temperature gradients themselvesgell-characterized and chemically stable material, and
are known to be capable of enhancing the sinteringts amorphous state in the membranes provides isotropy
process [12]. Therefore, identification of the nature ofof the experimental system. Small dimensions of the
microwave mass transport enhancement requires careiembranes ensure uniformity of the electromagnetic
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field acting on them. Finally, the small thickness of the
membranes makes microwave heating effectively uni
form in this particular case. Thus, the nanostructurec
alumina membranes are a suitable object for investige
tion of the nonthermal effect of microwave electromag-

101 : : . o
netic field on the mass transport in the solid state. thermocoup

membrane }
2. Experiment
The nanostructured amorphous alumina membranethermal insulation forcal wru
obtained by an electrochemical process were providearrangement
by Dr. G. L. Hornyak of Colorado State University [13].
The porosity structure of the membranes before an ﬁ

nealing is shown in Fig. 1. The average diameter o
the pore channels was 60 nm, and membrane thickne. _ microwave beam from gyrotron
was 25um. The pore channels initially had narrower _ . _— . .
. Figure 2 Experimental configuration schematic for microwave
“bottlenecks” near the membrane surface, with the avy,eqjing,
erage visible diameter of the pores equal to 55 nm. The
average surface (visible) porosity was (20.5)%. The
typical dimensions of the membrane samples used i x 10* V/m. Heating of the membranes resulted from
the experiments were about 2 ma® mm. both intrinsic microwave absorption in the membranes
Microwave annealing was done using a 10 kW (con-and in the thermal insulation arrangement components.
tinuous operation) 30 GHz gyrotron system for mi- Conventional annealing was done in a resistive fur-
crowave processing of materials [14]. The membranéiace. Heating schedules identical to those of microwave
samples were positioned in the focal area of the inannealing were implemented by introducing the mem-
put microwave beam of linear polarization (Fig. 2) branes controllably into the furnace preheated to the
so that the orientation of the electric field vector wasmaximum temperature while monitoring the membrane
known. The beam had Gaussian intensity profile withtemperature. For temperature sensing a thermocouple
the transverse diameter in the focal area about 40 mnef the same type as in the microwave system was
Annealing was done at constant heating rates in th&sed.
range 7-90C/min with or without hold at the max- ~ The annealed membranes were characterized using
imum temperature. The microwave power was con-sScanning electron microscopy (SEM) and X-ray
trolled by a computerized power control loop using adiffractometry (XRD). Surface porosity data were ob-
type K thermocouple for sensing the membrane tempeitained by means of computer image analysis of SEM
ature. During annealing, the membranes were enclose@licrographs. In each image (similar to that shown in
in a thermal insulation arrangement made of porougtig. 1) there was approximately the same number of
alumina and filled with loose alumina powder. The pores, 60@t 25. The brightness distribution of all mi-
estimated field strength in the membranes was abowrographs was bimodal, with the darker part of the dis-
tribution corresponding to pore interior and the brighter
one corresponding to membrane surface. By measuring
TR s e e v 3" % # e #is  the proportion of the darker part of the brightness dis-
Se® e e wfig e 0 Lt yen tribution the surface porosity was determined.
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ity structure of the membranes annealed convention-
1 um ally and by microwaves are contrasted in Fig. 4. Image

analysis shows that while the number of pores is ap-
Figure 1 Porosity structure of alumina membranes before annealing. proximately constant for all images, the size of pores
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after microwave annealing significantly decreases. Im- The nextstage of experimental investigation was cen-
age analysis has revealed no significant deviations in thiered around microwave annealing with the maximum
average shape factor of all membranes, and no prefetemperature of 1100C. Several annealing runs differ-
ential direction of visible pore elongation was found. ing in the heating rate (7—9@/min) with or without
Phase composition of the membranes was assessadld at the maximum temperature were conducted. The
by X-ray diffractometry. The analysis suggests that theporosity of the annealed membranes is plotted in Fig. 5
initially amorphous material is partially transformed as a function of the time of exposure to temperatures
to the crystalline/-Al,O3 phase at temperatures in the above 1000C, in accordance with the previously men-
range 950-1150C. No quantitative information on the tioned fact that no pore evolution occurred below this
phase content was obtained due to low signal/noise raemperature. Since, as noted above, the number of pores
tio resulting from small dimensions of the membranewas approximately the same in all micrographs, a con-

samples. clusion can be drawn that exposure to microwave ir-
radiation results in consistent decrease in the average
pore size.
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Figure 4 Porosity structure of alumina membranes: a) annealed conventionally at €001 hour; b) annealed in microwave field at 11GCor
1 hour.
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4. Discussion at five depth levels upon the time of exposure to tem-
To obtain information about actual pore evolution dur-peratures above 100C for the microwave annealing
ing microwave annealing, the membrane micrographsuns. It can be stated that the pore closure process prop-
were subjected to a detailed computer image analysisigates from the top region of the bottleneck surface
Specifically, for each image, between the brightnesslownwards. Shown in Fig. 7 are the average profiles of
levels corresponding to the pore interior (dark) and thethe bottleneck surface of the pore for several instants of
membrane surface (bright) five intermediate brightnestime. Since the average visible pore radius in the mem-
levels were chosen. These were assumed to reflect filaranes before annealing was on the order of 30 nm, the
depth levels on the bottleneck surface of the pores. Thaverage velocity of pore closure calculated from these
visible porosity was determined by analyzing bright-results is on the order of 18°-10-1! m/s at different
ness distributions using each of these five brightnesgme intervals.
levels as a threshold level. From these porosity data, For identification of the mass transport path for the
the values of average pore radius at five depth levelsbserved effect it should be noted that pore closure
were obtained for the microwave annealed membranegs observed under microwave heating at temperatures
represented in Fig. 5. as low as 1000-110@. Since no pore size reduc-
The results of the analysis are shown in Figs 6 and 7tion is observed below 100C, it can be argued that
Fig. 6 shows the dependency of the average pore radiube effect is based on a path with the lowest activa-
tion energy, viz. surface diffusion. Numerical simu-
5 lation of pore evolution under the action of Laplace

| T stresses via surface diffusion (which corresponds to the

\ conventional annealing process) was undertaken in or-
4 z= der to understand the difference made by microwave
» effects.

Simulation was done in cylindrical geometry. A tubu-

3 | z= lar pore was considered surrounded by a column of

—T solid material of a finite diameter. This configuration

1 T z= represented the pore array of the membrane, the col-

umn diameter playing the role of the half-distance be-

tween pore centers. Stages of the evolution of an ini-

8 tially cylindrical pore with flat top surface are shown in

Fig. 8. A qualitative correlation of the simulated evo-

lution pattern to the one obtained by the analysis of the

4 experimental data can be done by comparing Figs 7

and 8. It can be seen that the pore assumes the bottle-

0 T ' T neck shape since the Laplace stresses tend to reduce
1 10 100 the free surface, starting from the pore edge. This leads

Time at T > 1000 °C, min to a reduction in the minimum radius of pore, i.e., to

2 z=

Radial coordinate, r, a.u

Figure 6 Radial coordinate obtained by image analysjst five depth
levels,z (z increases with depth), on the bottleneck surface of the pore
vs. time of microwave exposure to temperatures above 1600
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Figure 7 Average profiles of the bottleneck surface of the pore obtainedinstants. Interpore half-distance i®& The bottleneck region that can
by image analysis for several time instants corresponding to Fig. 5.  be correlated to the pattern shown in Fig. 7 is encircled.
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temperature results in the pore closure velocities on

the decrease in the visible pore size. The dependeribe order of 10'%-10"'* m/s suggests that exposure to

characteristic time scale of the process is nificanty. _
A widely discussed reason for microwave-enhanced
ty = R04kT/2yS2bNoD mass transport is nonuniformity of temperature inher-

ent in the microwave heating processes due to volu-
metric heat deposition and surface heat losses [16, 17].
An estimate for the resulting thermal stresKis AT,
whereK is elastic compression modulus,is coeffi-
cient of thermal expansion, ardT is temperature dif-
ference. The thermal stresses lead to additional trans-
port of mass along the surface. The vacancy flux in the
Jicinity of a pore due to thermal stresses is

where Ry is initial pore radiusk is Boltzmann’s con-
stant,T is absolute temperaturejs coefficient of sur-
face tensiong2 is vacancy volumey is thickness of the
layer in which surface diffusion occurbly is equilib-
rium vacancy concentration, aidis vacancy diffusiv-
ity. The velocity of pore closure,Rl/dt, is very high

at the initial stage when the curvature radius near th
pore top is small. (This initial stage apparently occurs J = NoDKaATQ/RKT,

even during membrane storage at room temperature,

which explains why the pores had the bottleneck shapeand the resulting velocity of pore closure can be esti-
initially, with R/Ry =55 nnmy60 nm~0.92.) At the mated as

next stage, the pore surface has two oppositely directed

curvature radii, which reduces the resulting Laplace dR/dt =bJ/R.

stress and slows the mass transport down. Finally, Whe\r/\/ith K — 10t N/m? anda — 10-5 K-1 one can find

the pore radius is about 0.3 of the initial value, thethat in order to provide the observed velocity of pore

axial” curvature of pore becomes prevailing, and the osure, the value of temperature gradient on the pore
pore comes to a complete closure. The time needed fo(iJ g P gr : P
le should be 18 K/m. The enormity of this value

the pore complete closure depends upon the interpor%Ca

distance as shown in Fig. 10. The pore closure time eX§uggests that temperature nonuniformity cannot be held

nibits a maximum wherl., half interpore distance, is cSPonSible for the mass transport enhancement n the
about 3 times pore radius, since the curvature at the to ' ’

surface of the material compensates the “axial” Curvaiigxlzgn:?é(r:gvxfg\ien;iaefg Ct;e:]nts)godr:a::\:lnsm from the ac-
ture most effectively in that case. :

Based on the simulation results, the velocity of pore The observed enhancement of mass transport could

closure can be estimated for conventional annealing{je attributed to the rectified drift motion of charged

A reasonable estimate for the surface self-diffusion’ 2cacles 1N the microwave field. The p053|b|I|_ty of
coefficient at 1100C in alumina isNgD = 2 x 10-19 partial rectification of the vacancy flux due to nonlinear

m2/s [15]. With y =1 J/n?, =3 x 10-2° m?, KT = ponderomotive field-vacancy interaction was shown in
2 % 10_20'J bz)io__g m Rijzgx 10-8 m We,obta_in [5, 6]. The net drift flux of vacancies is
from the data shown in Fig. 7 thaRdadt = 1014 m/s. J = qD(NE)/KT,

This correlates with the experimental fact that under

conventional heating no detectable pore closure is obwhereq is effective electric charge of vacancies and
served during one hour holds at the maximum temperatNE) is a time-averaged product of the vacancy con-
ture. Yet, the fact that microwave annealing at the sameentration,N, perturbed by the electric field. The
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