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ABSTRACT 

Sintering of 25-02  -12 mol% Ce02 was accelerated by microwave processing at 
2.45 GHz as compared with conventional firing. However, the size of the 
“microwave effect” was significantly smaller than that which was previously 
observed for microwave sintering of ZrO2 -8 mol%. Y2O3. The difference in the 
effect that the microwave field had on the two zirconia systems is interpreted in 
terms of their ionic conductivities. 

INTRODUCTION 

Microwave sintering of yttria-doped zirconia has been shown tG reduce significantly 
the temperature muired to achieve full dens i tyN Samuels and Brandon2 further 
claim evidence for a reduction in the activation energy for sintering of zirconia by 
microwave firing. This reduction in processing temperature or activation energy is 
commonly called the “microwave effect”. 

Study of the sintering of ceria-doped zirconia allows examination of a system 
similar in chemistry to yttria-doped zirconia, but with significantly lower ionic 
conductivity.3 It is hypothesized that the lower ionic conductivity of the 2 1 0 2  -12 
mol% CeO2 should lead to a smaller microwave effect for this material. 
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EXPERIMENTAL PROCEDURE 

This study was performed using commercial powders with composition 23-02  -12 
mol% CeOz,* All samples were formed by uniaxial pressing at 35 MPa (5 kpsi) in 
a 2.9 cm (1 118 in.) diam die, followed by isopressing at 210 MPa (30 kpsi). 
Samples for conventional firing weighed -12g. Samples for microwave firing were 
significantly larger, typically 75g. Using a larger sample is related to the ability to 
heat the sample using microwaves and to the ability to measure temperature 
accurately. Small samples do not couple efficiently to the microwave field and it is 
more difficult to measure their temperature. (Detailed discussions regarding the 
issues of sample size and temperature measurement in a microwave furnace can be 
found in references 4-9.) The microwave samples were made in two pieces, a top 
part (50g) and a bottom part (25g). A channel (-5mm wide x 5 mm deep) was cut 
into the top part using a ball-end mill to act as a thermocouple well. An alumina 
protection tube was placed around the thermocouple sheath to reduce the microwave 
field concentration at the thermocouple tip. A schematic view of the preferred 
arrangement for the sample and insulation is shown in Figure 1. 

Both microwave and conventional furnaces were used in this investigation. The 
microwave furnace used in this study was built in-house. It consisted of a water- 
cooled aluminum microwave vessel, 70 cm (28 in.) diam by 120 cm (48 in.) long, 
with integral mode stirrer, forward and reflected power meters, microwave safety 
interlocks, ports for air and N2 -4% H2 gas feeds, and thermocouple penetrations. 
Power was supplied by a 6 kW, continuously variable, 2.45 GHz microwave 
generator*. A computer data acquisition and control program? was used to regulate 
the furnace and to log the temperature and power. Conventional furnace runs in air 
were made in a molybdenum disilicide element furnace.# 

DEVELOPMENT OF THE MICROWAVE FIRING TECHNIQUE 

To be successful, the microwave firing technique used in this investigation had to 
fulfill at least three requirements: (1) provide indirect heating to the zirconia sample 
at low temperature; (2) provide a reasonable match between the dielectric properties 
of the insulation and the sample; and, (3) prevent contamination of the sample. 

Developing a technique to uniformly sinter the 21-02 -12 mol% CeO2 composition 
and meet the firing requirements outlined above was extremely challenging. Table 
1 summarizes several of the different insulation and heating systems that were 
investigated. Fig. 2 shows four samples (Exs. 2, 3, 5 ,  and 6) that resulted from 
microwave firing runs using the different insulation systems; Fig. 3 shows the 
heating curves (power and temperature vs. time) for these four samples. 

One of the primary requirements for the insulation system was that it not 
contaminate the Zr02 -12 mol% CeQ2 composition of the samples. The first 
approach to this situation used a primary insulation that had the Same composition 
as the sample. (The primary insulation is the material dimtly in contact with the 
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Figure 1 - The preferred arrangement for firing ceria- 
doped zirconia at 2.45 GHz placed the sample within a 
porous alumina crucible, enclosed in yttria-doped 
zirconia bulk fiber insulation inside an alumina 
fiberboard crucible. 
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Figure 2, Examples of samples fired with different types 
of insulation systems described in Table 1 - (a) Ex. 2; (b) 
Ex. 3; (c) Ex. 5; ( Q )  Ex. 6. 



sample, Fig. 1 .) Specifically, the primary insulation consisted of granulated 21-02 
-12 mol% CeO2 powder, Table 1, Ex. 2. Fig. 2a shows that the result of this 
approach was less than satisfactory. The sample was conical in shape, having 
densified more on the top than on the bottom, which led to Severe cracking caused 
by differential sintering. Apparently, a “hot spot” developed on the top side of the 
sample or in the insulation around the sample. The second approach was to blend 
the Zr02 -12 mol% CeOz powder with alumina bulk fiber insulation, Table 1, Ex. 
3. Using the blend of alumina fiber and 2 1 0 2  -12 mol% Ce02 powder resulted in 
somewhat more uniform heating but still did not produce a good pellet, Fig. 2b. 
The sample was convex in shape having bent toward the back side of the sample 
away from the thermocouple tip. In addition, a crack formed at the thermocouple 
well. At this point in the development of the insulation system it was thought that 
the insulation was not absorbing enough microwave energy. Hence, it might not be 
acting as a good “electric blanket”l2 to heat the sample to a temperature where it 
would couple on its own. In an attempt to increase the coupling of the fiber/powder 
blend, Sic grit was admixed with the insulation, Table 1, Ex. 5. This approach 
was disastrous, Fig. 2c. A large hot spot appeared on the bottom of the sample, 
which led to severe cracking. The insulation on the bottom of the sample actually 
fused, which indicated that the temperature was high enough to form a zirconia - 
alumina - silica glass in the insulation. 

There were two keys to developing a workable insulation system for firing the 2 1 0 2  
-12 mol% CeO2 samples. The first was to use yttria-doped zirconia bulk fiber 
(ZYBF) as the primary insulation around the sample. The second was to put the 
sample inside an alumina refractory crucible. ZYBF insulation couples strongly 
with the microwave field at temperatures above -4OOOC. Therefore, it acted as a 
good “electric blanket” to provide secondary heating to the sample at temperatures 
between -400 and 7OO0C, which was in addition to that provided by the picket 
fence below -4OOOC. The auxiliary heating provided by the ZYBF insulation 
allowed the samples to be heated uniformly. Hot spots in the insulation package 
that might lead to nonuniform sintering of the sample were thereby avoided. The 
alumina crucible provided a physical barrier between the sample and the zirconia 
bulk fiber insulation, which prevented contamination of the samples by yttria, Ex. 
6 in Table 1, and Fig 2d. It also provided a more even thermal barrier at the sample 
surface, which helped to keep the temperature more uniform. A schematic of the 
preferred experimental setup is shown in Figure 1. 

RESULTS AND DISCUSSION 

Sintering curves for conventional and 2.45 GHz microwave firing in air and biz - 
4% H2 are shown in Figure 3. The samples that were microwave fired reached 
higher densities at a given temperature than those that were conventionally fired. 
The samples are completely in the tetragonal zirconia phase, as determined by x-ray 
diffraction. Normal microstructures were obtained for both the conventional and 
the microwave fired samples. 
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Figure 3. Sintcring curves for ZrO2 -12 mol% Cc02 in air, convcntional and 2.45 
GHz microwave furnaces. Sintering curves for 2 0 2  - 8 mol% YzO3 included for 
comparison. Curves for the yttria-doped samples were offset by 10% in density. 

Figure 4. The avcragc grain s i x ,  d, for Zr02 - 12 mol% Cc02 sintcrcd in air was 
larger for convcntional sintcring than for microwave sintcring. Polishcd section; 
thermal etch lh  at 1150OC to reveal grain boundaries; SEM micrograph; (a) 
conventional firing, p=97.4% td, d=0.93 pm, Tsinter = 1450°C; (b) microwave 
firing at 2.45 GHz using procedure of Ex. 6, p=97.5% td, d=0.77 pm, Tsinter 
=140OoC. Grain size was dctermined using the lineal intercept method.13 



For the 21-02 -12 mol% Ce02 samples, there was a shift in the sintering curves of 
about 50°C for the rnicrowavc fired samples as compared with the conventionally 
frred samples over the entire range of densification. The average grain size for the 
conventionally fired sample (d = 0.93 pm @ 97.4% td) was larger than that for the 
microwave-firedsample (d = 0.77 pm @ 97.5% td) when cornparedat thesame 
densities. Grain sizes were determined using the lineal intercept method.10 Both of 
these observations are consistent with the presence of a microwave effect for the 
sintering of ceria-doped zirconia. If no microwave effect existed, there should be 
no differences in the sintering curves or in the microstructures. 

This shift in the sintering curves for microwave and conventional sintering of 21-02 - 
12 mol% CeO2 was much smaller than that observed for the sintering of 23-02 -8 
mol% Y203 examined in a previous study.1 As is shown in Fig. 4, the difference 
in sintering temperature between the microwave and conventionally fired yttria- 
doped zirconia samples was - 1 O Q O C  over most of the range of density and increased 
to as much as 175OC at the highest densities. In addition, the differences in grain 
size between conventional and microwave firing was different for the ceria- and 
yttria-doped systems. The ratio of conventional to microwave grain size in the ceria- 
doped system was 1.2 to 1; for the yttria-doped system it was 1.6 to 1. Thus the 
ceria-doped zirconia exhibited a smaller microwave effect than the yttria-doped 
system both in terms of densification enhancement and grain Size reduction. 

The reason for the difference in the magnitude of the microwave effect for these two 
zirconias is thought to be the differences in their ionic conductivity. The ionic 
conductivity of the ZIQ~ -8 mol % Y2O3 samples is >lo0 times that of the 21-02 -12 
mol% Ce02 samples over a wide range of temperature2 The higher conductivity is 
caused by the substitution of the Y+3 ion onto the Zr+4 site in the zirconia lattice, 
which creates oxygen vacancies to balance the charge in the lattice. This increase in 
the concentration of oxygen vacancies in the lattice increases the ionic conductivity. 
In the case of Ce+4 substituting for Zr+4, no additional vacancies are created and the 
ionic conductivity is not significantly increased. The predominant mechanism by 
which microwaves interact with an oxide ceramic is through defects in the structure 
of that matcrial.11 Therefore, it is reasonable to expect that a material with a higher 
concentration of defects should absorb more microwave energy and should heat 
more readily than one with a lower concentration of defects. This was indeed 
observed: the ceria-doped zirconia was more difficult to heat than the yttria-doped 
zirconia. 

DISCLAIMER 
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Government. Neither the United States Government nor m y  agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recorn- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 



CONCLUSIQNS 

A “microwave effect” was observed for the sintering of Zr02 -12 mol% CeO2 at 
2.45 GHz. This manifested itself as a shift in the sintering curve to lower 
temperature for microwave heating as compared with conventional heating. The 
grain size of the microwave fired samples was smaller than that of the convention- 
ally fired samples. The magnitude of the microwave effect observed for ceria- 
doped zirconia in this study was substantially smaller than that observed previously 
for yttria-doped zirconia. The shift in sintering curves in the present study was 
only -50°C as compared with - 1 O O O C  in the previous study. Also, there was a 
smaller difference in the ratio of grain sizes of conventional to microwave samples 
in the present study (1.2: 1) as compared with the previous study (1.6: 1). 
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