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ABSTRACT 

 A comparative study of the microstructure and electrical properties was conducted 

on three different sintering techniques – microwave, fast – fire, and traditional – were 

investigated as a means of sintering 8 mol% YSZ.  YSZ powders were isostatically 

pressed into pellets and sintered at 1350oC – 1500oC with rates ranging from 3oC/min 

(traditional) to 6 - 200oC/min (microwave and fast-fire) and dwell times ranging from 0 – 

15min.  Sintered pellets were characterized using scanning electron microscopy (SEM) to 

determine microstructure and impedance spectroscopy to determine high-temperature 

electrical properties.  While the dependency of density and grain-size on sintering 

temperature was different for the three techniques, there were no significant differences 

in the relationships of density and electrical conductivity to grain size.  By correlating the 

microstructure (grain size/ shape and the grain boundary) and high temperature electrical 

properties of sintered samples, a better understanding of the microwave sintering process 

and how this process affects final electrical properties of YSZ was determined 
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I INTRODUCTION 

 Microwave sintering is an innovative process that has several benefits in sintering 

low dielectric loss materials such as yttria – stabilized zirconia (YSZ).  Some of these 

benefits include rapid heating rates or shorter sintering times, which increases production.  

Microwave energy has the potential to produce the same microstructure compared to a 

conventionally sintered sample at reduced sintering temperatures.  Microwave sintering is 

also an energy efficient process, which leads to reduced costs for production.  Microwave 

sintering has also been shown to enhance the densification rate and to reduce the 

activation energy associated with sintering.  Other potential benefits include improving 

YSZ’s physical  properties in comparison those obtained by conventional processing. 

 YSZ is the most common electrolyte used in solid oxide fuel cells (SOFC).  In 

SOFC’s, YSZ is placed in between materials such as Ni or Ni-YSZ and LaSrMnO3 for 

the anode and cathode, respectively.1  YSZ’s main function is the conduction of oxygen 

ions from the cathode to the anode, producing a voltage.  For this application, YSZ must 

be fully dense, and have a high ionic conductivity at the operating temperatures of 800-

1000oC (~ 0.1 S cm-1). 

 To determine the effectiveness of using a microwave sintering process, sintered 

samples of 8 mol% YSZ were prepared from conventional and fast-fire sintering 

techniques.  Therefore, a comparative study on the microstructural evolution and the 

relationship to the high temperature electrical properties were preformed.  The properties 

specifically being tested were the heating rate effect on the density vs. grain size 

relationship, ionic conductivity (activation energy), and the effects of microwave heating. 

 Differences in the density vs. grain size have been reported when comparing 

microwave and conventionally sintered samples.  For 3 mol% YSZ, there is a difference 

in the density vs. grain size relationship when using a faster heating rate.2  This difference 

results from the difference in activation energy for sintering for the microwave and 

conventionally sintered samples.  For 8 mol% YSZ, however, there have been only a few 

studies reported in the literature.3-6  Therefore, it is of interest to determine what effect 
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microwave sintering has on the density/grain size relationship and the resulting ionic 

conductivity. 

 In the literature, a so-called “microwave effect” is cited as the reason for the 

observed differences in sintering rate, and microstructure.  However, it is unclear whether 

this effect results from inherent differences in the heating mechanism or simply the 

differences in the heating rate.  In this study, samples were processed with both 

techniques having the same heating profile for a more effective comparison. 

 Detailed work has been lacking in showing if there is any difference in the local 

electrical properties of 8 mol% YSZ when using a microwave sintering technique. The 

electrical properties of YSZ are dependent on the number of grain boundaries, especially 

in SOFC applications.  Therefore, it is of interest to determine what effect the use of 

microwave sintering has on the local electrical properties of 8 mol% YSZ. 

 To determine the effect of microwave sintering compared to conventional 

techniques, the samples were prepared in the following general manner. YSZ powders 

were isostatically pressed into pellets and sintered at 1350oC – 1500oC with rates ranging 

from 3oC/min (traditional) to 6 - 200oC/min (microwave and fast-fire).  Dwell times were 

included and ranged from 15 min (microwave and fast-fire) to 2hrs (traditional).  The 

sintered pellets were characterized using scanning electron microscopy (SEM) to 

determine microstructure and grain size, using Archemedes’ method to determine 

density, and using impedance spectroscopy to determine the high-temperature electrical 

properties. 

 Chapter 2 includes background information on microwave sintering theory and a 

brief overview of conventional sintering theory and impedance spectroscopy.  Chapter 3 

gives a detailed description of the processing and characterization technique.  The rest of 

the chapter discusses the previous literature on 8 mol% YSZ.  In chapter four, the 

experimental results of this study are given with a focus on the topics of interest outlined 

above.  Conclusionary remarks and projections for future areas of research are given in 

chapters five and six respectively. 
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II LITERATURE REVIEW 

A. 8 mol% YSZ 

 Pure zirconia has three different crystal structures, tetragonal, monoclinic, and 

cubic.  At 1150oC pure zirconia experiences a phase transformation from tetragonal to 

monoclinic, which greatly increases the volume of the crystal structure.  The increase in 

volume is accompanied by the formation of cracks in the material, which compromises 

the structural integrity.  With the addition of a stabilizer (Y2O3) into the system, the phase 

change is altered.  Instead, both cubic and tetragonal phases are present above 1150oC.  

When cooling down to room temperature, the tetragonal – monoclinic phase change does 

not occur, and the two initial phases (cubic and tetragonal) are present.  Also, with the 

addition of 8 mol% Y2O3, at room temperature the tetragonal phase does not exist and 

only the cubic phase is present. When this occurs the material is considered to be fully 

stabilized.7 

 At room temperature, 8 mol% YSZ is a cubic cell, where the oxygen ions occur at 

the corners and the combination of yttria and zirconia occur at the faces.  Since YSZ is in 

the form of AB2, (Zr,Y)O2, the crystal structure is similar to that found for CaF2.8 

 The main mechanism of transport in 8 mol% YSZ is the ionic conduction of 

oxygen via oxygen vacancies.  The vacancies are increased by the substitution of Y3+ for 

the Zr2+ ions, which is shown by the following defect equation:9,10 

   (1) 
••++ → OOZr

ZrO VOYOY 32 '2
32

2

B. Conventional Sintering 

 Sintering in a ceramic material occurs due to the reduction of free energy in the 

system.  The main driving force for sintering is the reduction in the curvature of surfaces 

and/or grain boundaries of 8 mol% YSZ and is in direct relation to the reduction of the 

grain – boundary surface energy.  However, in order for sintering to occur in a reasonable 

period, matter must be transported by the diffusion of atoms or ions.  This process occurs 
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due to defects within the material.  In the case of YSZ, the defects are the vacancies on 

oxygen sites due to the addition of yttria.  These defects also aid in determining the 

mechanisms of diffusion for which the sintering process can happen.11 

 There are several diffusional paths which include i) surface diffusion ii) grain 

boundary diffusion iii) lattice diffusion (both surface and bulk diffusion), and iv) vapor 

transport.  Out of all these mechanisms, only surface, grain boundary and surface lattice 

diffusion lead to the densification of the material.  These mechanisms lead to the 

shrinkage and increased strength of the powder compact.  Bulk lattice diffusion and vapor 

transport mechanisms aid in consolidation, the process of grain growth, and pore and 

grain boundary surface reduction.11,12 

 True fast-fire sintering is associated with high heating rates where the stages of 

coarsening are passed and only densification occurs at the peak temperatures.  For this 

experiment, the heating rates were below the typical rates observed for only densification 

to occur, therefore both coarsening and densification are observed in the fast-fire system. 

C. Microwave Sintering 

 Microwaves are part of the electromagnetic spectrum with a frequency range from 

300MHz to 300GHz.  The most commonly used frequency for the sintering of materials 

(and used in this experiment) is 2.45 GHz (122nm wavelength).  Microwaves are 

coherent and polarized and must follow the laws of optics, i.e. the microwaves can be 

reflected, transmitted, and absorbed.  This latter feature is utilized in the sintering of 

materials.13,14 

 Microwave sintering is a fundamentally different sintering process than 

conventional methods.  In microwave sintering heat is produced internally rather than 

with an external heating source.  This internal or volumetric heating gives rise to a 

reversed thermal gradient, compared to conventional processes.  In microwave sintered 

materials, the core of the material is at a higher temperature than the surface.  This form 

of heating, as mentioned before, enhances sintering and has the ability to improve the 

mechanical (strength), electrical (conductivity), and microstructural (grain size) 

properties.  This phenomenon is described as the “microwave effect,” which is classified 

as the difference between temperatures of two sintering techniques that produce similar 
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microstructures.12  The so – called microwave effect and the changes in sintering 

behavior can be attributed to the difference in material interactions with the microwave 

energy. 

1. Microwave – Material Interactions 

 Ceramic materials are heated by the absorption of microwave energy, and the 

material’s dielectric loss.  The dielectric loss can be described by two main mechanisms: 

conductive current (specifically ionic conduction) and dipolar re-orientation,15 which can 

be expressed mathematically as an effective dielectric loss factor, ε”e,15 

 
o

e ωε
σεε += ""  (2) 

where ε” represents the portion contributed by dipolar re-orientation, σ is the 

conductivity, εo is the permittivity of free space, and ω is the angular frequency.  For 8 

mol % YSZ the dominant dielectric loss mechanism is via ionic conduction, therefore the 

ε” is negligible. 

 The amount of absorption of a ceramic material is based on the power deposited 

(P) or absorbed within the reflective cavity per unit volume.  This is given as14-16 

 2"2 EEP eoV εωεσ ==  (3) 

where E is the magnitude of the electric field supplied by the microwave energy.  This 

equation also assumes that ε”, is negligible in YSZ.  Combining Equation (1) and (2), and 

incorporating into tan δ, loss tangent, which is the common way of describing the energy 

loss, where tan δ = '

"

r

e
ε

ε .  The power absorbed by a ceramic material is10,15,16 

 2' tan EP roV δεωε=  (4) 

As shown in Equation (4), the dielectric properties (ε”, ε”r and tan δ) play an important 

role in determining the extent of the power absorbed by a material.  The amount of 

absorbed power that can be converted to heat in the sample can be expressed from 

Equation (4) as a function of temperature and time as:16 

5 



 
P

eo

C
E

dt
dT

ρ
εωε 2"

=  (5) 

Where ρ is the density and Cp is the heat capacity of the material on a gram basis.  This 

equation assumes that the structural parameters, such as cell dimensions, are included in 

the changes in dielectric properties (ε”, ε”r and tan δ). 

 Due to the material’s interactions, there are several problems that are associated 

with improper control when sintering with microwave energy.  The main problem 

includes microwave sintering low loss ceramics such as 8 mol% YSZ without causing 

non-uniform microwave heating effects.  The non-uniformity from sample preparation 

causes areas of the ceramic to heat at a faster rate than the other portions causing cracking 

from the induced stresses at the thermal boundaries.  Another problem associated with the 

non-uniform heating is thermal runaway.  By increasing the temperature, the dielectric 

properties (ε”, ε”r and tan δ) of the material increases, which causes portions of the 

material to heat exponentially.  This portion of the material could potentially melt, 

deform, or fail.13,14 Although these problems are significant, a method of sintering low 

loss ceramics by hybrid heating has been developed.5,17,18 

2. Hybrid Heating and Sintering of 8 mol% YSZ 
 Hybrid (or indirect) sintering was developed to reduce the non-uniform heating 

effects of microwave energy for low loss ceramics, such as YSZ.  Hybrid heating 

involves the addition of a high suscepting material to aid in thermally heating the ceramic 

until the ceramic can absorb microwaves directly.  SiC rods are the most common 

material used for susceptors.  At low temperatures, the SiC heats faster with the 

microwave energy than the YSZ.  At low temperatures YSZ is heated by convection from 

the SiC avoiding the problems associated with non-uniform heating from microwave 

energy directly.5 When the temperature increases above 500oC, the ionic conduction of 

O2- in YSZ couples with the microwave energy and heats faster than the SiC.  Therefore, 

it has been shown experimentally that above 500oC YSZ is being heated directly by the 

microwave energy.5 

 The density / microstructure relationship in YSZ was studied previously, but the 

results are varied.  Janey et al. showed that the microwave sintered samples had a finer 
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grain size when compared to conventionally sintered samples.5,19  Nightingale et al.2,20 

and Goldstein et al.,21 however, showed that for samples sintered in a microwave field, 

there was no significant difference in the grain size or distribution.  In all cases, however, 

the microwave-sintered samples did produce a higher density when compared to 

conventional sintering techniques at low temperatures.  As sintering temperatures was 

increased, the density / microstructure relationship of the two techniques became 

similar.3,15,19,20,22 

 The microwave temperature difference ranged from 50oC to 110 – 150oC.  

Samuels and Brandon23 even determined a temperature difference of 80oC with their 

dilatometry measurements.  All authors used the hybrid technique, with slightly modified 

SiC configuration.  The heating rates of Nightingale et al.20ranged from a constant 

2oC/min to 20oC/min and a maximum of 30oC/min by Janey et al.5 The soak times ranged 

from 0 – 1hr. 

D. Impedance Spectroscopy 

 Impedance spectroscopy, pertaining to the study of ionic conduction in 8 mol % 

YSZ, is a relatively simple and straight forward process.  This process constitutes 

measuring the impedance over predetermined frequency range by applying an AC 

voltage (1 volt) across the sample that has been electroded on both sides.  When applying 

the AC voltage, the phase shift and amplitude of the current are measured as a function of 

frequency.  The phase shift and amplitude are then converted into the real and imaginary 

portions of the impedance of the sample.  The values are measured on a log scale, and a 

Nyquist plot is then graphed for analysis,24 as shown in Figure 1.  
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sample of the equivalent circuits used is shown in Figure 2.  Altering these values will 

determine the degree of accuracy in modeling the Nyquist plots.24 

    R1 R2 R3

 CPE1 CPE2 CPE3

Figure 2. Equivalent circuit used to analyze the Nyquist plots. 

 The CPE is an element that is used for materials that do not behave like an ideal 

capacitor.  The difference can be shown by the following general equation for the 

impedance of a capacitor: 

 ( ) αω −= jAZ  (6) 

where, ω is the angular frequency, j is equal to (-1)1/2, A is a constant, and α is the 

exponential constant.  For an ideal capacitor, A = 1/C (the inverse capacitance), and α is 

equal to one.  For non-ideal conditions (CPE) α is less than one.24 

 Conductivity and the activation energy of the conduction process are then 

determined from the resistance values extracted and the sample geometry over a 

temperature range. 

 

1. Determination of the Activation Energy 
 After the sample resistance (grain and grain boundary resistance combined) has 

been determined from the Nyquist plot, the conductivity of the sample at a given 

temperature is calculated using the following equation:25 

 
SAR

t
=σ  (7) 

where σ is the conductivity of the sample, RS is the sample resistance, A and t are the 

area and thickness respectively.  The conductivity as a function of temperature follows 

the following relationship:25 

 





−=

kT
E

T
Ao exp

σ
σ  (8) 
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where σ is total ionic conductivity, σo is a pre-exponential factor, EA is the activation 

energy (in Joules), k is Boltzman’s constant, and T is the temperature in Kelvins.  Re-

arranging the following equation and taking the natural logarithm the conductivity 

equation can be expressed as: 

 ( )
Tk

ET A
o

1lnln −= σσ  (9) 

 Plotting ln (σT) vs. 1/T an Arrhenius plot is produced.  The data is then fit as a 

straight line and the activation energy can be determined from the slope of the graph 

(EA/k). 

 In Equation (8) there is an extra temperature dependence (σo/T) that is not present 

in the more common conductivity equation for solid state.  This extra temperature 

dependence is related to the diffusion of the charged ions through the material that is 

highly thermally dependent.  This difference is shown by the following brief derivation of 

the Nernst-Einstein equation for ionic conduction in solids. 

 With an applied electric field, the net jump frequency for the movement of an ion 

from one lattice position to another is given as: 

 ( )kT
Ea

kT
aqfnet −= expυε  (10) 

where ε is the applied field, q is the charge of the ion, a is the lattice jump distance, υ is 

the lattice vibration frequency, Ea is the activation energy associated for conduction, k is 

Boltzman’s constant, and T is the temperature in Kelvin. 

 The drift velocity, VD, is given as fnet*a, which describes the movement of the 

ions through the material over the lattice distance.  Given the net flux of ions as: 

 σε== DnqVJ  (11) 

where n is the number of charge carriers per volume.  Combining equations (10) and (11) 

 ( ) σευε =−




= kT

Ea
kT

aqnqJ exp*  (12) 

Re-arranging Equation (12) in terms of the conductivity and combining the temperature-

independent terms as σo: 
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 ( ) ( )kT
Ea

TkT
Ea

kT
anq o −=−= expexp

22 συσ  (13) 

 For solid state electronic conduction, the drift velocity is not largely a function of 

temperature.  For electronic conduction VD = eτ/m, where e is the charge of the 

conducting species, m is the mass of the conducting species, and τ is the relaxation time 

or the time between collisions.  Therefore, for ionic conduction there is an extra 

temperature term, which correlates to the motion of the charged ions through the 

material. 

2. Impedance Work on 8 mol% YSZ 
 Chen et al.26 conducted impedance spectroscopy on nanoscale YSZ ranging from 

200oC to 1000oC, but mainly focused the analysis on the upper temperature regions.  The 

highest conductivity value was 0.105 S/cm for samples sintered at 1350oC for 4 hrs in a 

conventional furnace.  The authors were able to separate the grain and grain boundary 

contributions and analyzed the individual contributions as a function of sintering 

temperature.  Chen et al.26 noted that the contribution of the grain conduction increased 

rapidly initially but leveled out above 1300oC.  The grain boundary contribution initially 

increased, but above 1350oC, the conductivity decreased.  This decrease brought the 

overall conductivity of the sample, which this trend Chen et al. contributes to the increase 

in exaggerated grain growth of the sample. 

 Ciacchi et al.3 conducted DC conductivity on YSZ over the same temperature 

region, and AC impedance over the lower temperature regions (<500oC).  The AC data 

was used to separate out the grain and grain boundary contributions to the overall 

conductivity.  They concluded that the grain boundary contribution was minor and were 

unable to separate out the individual contributions without a large amount of error.  

Ciacchi et al. also concluded that based on the DC conductivity data, there was no 

significant difference between the microwave and conventionally sintered samples when 

comparing the overall ionic conductivity.3 

 Gong et al. conducted impedance spectroscopy on YSZ and showed that when 

plotting the natural log of the conductivity multiplied by temperature as a function of 1/T, 

a non-Arrhenius behavior was observed.  This non-Arrhenius behavior was in the form of 
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two distinct slopes in the ln(σT) vs. 1/T curve.  The ln(σT) vs. 1/T curve above 850K 

showed a deviation from the initial low temperature trend line.  This change in slope is 

attributed to two different conduction mechanisms present in YSZ.  In the lower 

temperature regions, the oxygen vacancies formed clusters, where as the oxygen 

vacancies were free to conduct the upper temperature regions.25  However, there are other 

cases (those mentioned above) in which the analysis showed there was only one 

mechanism of conduction for YSZ.2,3,26 
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III EXPERIMENTAL PROCEDURE 

 YSZ powders with no binder additions were isostatically pressed into pellets and 

sintered at 1350oC – 1500oC with rates ranging from 3oC/min (traditional) to 6 - 

200oC/min (microwave and fast-fire).  Dwell times for microwave and fast-fire runs 

ranged from 0 to 15 minutes.  For conventional runs, dwell times ranged from 0 to 2 

hours were used.  The sintered pellets were characterized using scanning electron 

microscopy (SEM) to determine microstructure and grain size, Archemedes’ method to 

determine density, and impedance spectroscopy to determine the high-temperature 

electrical properties. 

A. Sample Sizes and Sintering Rates 

 One-gram, ½-inch diameter pellets were prepared from Tosoh TZ-8YS powder by 

unaxial pressing at 80 MPa followed by cold isostatic pressing at 240 MPa without the 

addition of a binder or other materials.  The pellets were sintered to 1350 - 1500oC via 

traditional (3oC/min), microwave (6-200oC/min), and fast-fire (6-200oC/min) techniques.  

Dwell times ranged from 0 to 15min (microwave and fast-fire) to 0 to 2hrs (traditional) at 

peak temperatures. Figures 3 - 5 show the heating profiles conducted in this experiment.  

Figure 3 shows a comparison of the heating rates of the traditional (constant heating rate) 

to the microwave sintered samples.  Figure 4 shows the comparison of the slower 

microwave sintering profile and the programmed fast-fire heating rate.  Figure 5 shows a 

comparison between the two different microwave heating profiles.  For each sintering 

technique, sacrificial YSZ powder was placed above and below the pellets to reduce 

surface contamination during sintering. 
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Figure 3.  A comparison of heating profiles for the microwave and conventionally sintered 
samples. 
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Figure 4.  A comparison of the slower heating profiles for the microwave and fast-fired 
sintered samples. 
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Figure 5.  A comparison of the two different microwave heating profiles used.  Note “s” 
represents the shorter microwave run. 

B. Sintering Equipment 

 Hybrid microwave sintering was conducted using a 1.3 kW, 2.45 GHz variable-power 

system (ThermWAVE, Research Microwave Systems, USA).  Samples were placed 

between two circular SiC susceptors inside a refractory-board container as shown in 

Figure 6.  The samples were heated using 50% power output until 500oC, followed by 

and maintained at 100% power output to the desired sintering temperature and dwell 

times.  Fast-fire sintering was conducted in a vertical tube furnace with computer-

controlled sample feed, which allowed the heating profiles to be programmed to mimic 

the heating profile measured during the microwave heating runs.  Traditional sintering 

was conducted in a standard tube furnace with a programmed heating rate of 3oC/min. 

 For each technique, the temperature was measured using a thermocouple placed 

near, but not touching, the surface of the sample.  The thermocouple used during the 

microwave heating runs was shielded in metal to reduce arcing effects. 
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Figure 6.  Diagram of the samples placed in betwee
microwave sintering runs. 

C. Characterization 
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3. Impedance Spectroscopy 

 Impedance spectroscopy was conducted on samples electroded with 

Engelhard 6926 platinum paste.  The paste was fired on with a 5oC/min heating and 

cooling rate with a dwell time of 20 minutes.  Measurements were conducted from 100oC 

to 1000oC in air, using a Solatron 1260 equipped with custom control software.  The 

samples were heated at 10oC/min, with a dwell time of 10 min at each measurement 

temperature in order for the sample to reach equilibrium.  The data was calibrated for 

lead corrections, and an excitation potential of 1 V was used.  The frequency was scanned 

from 10MHz to 5Hz on a logarithmic scale.  The resulting spectra were analyzed using 

the Zview software package (Scribner and Associates, USA). 
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IV RESULTS AND DISCUSSION 

A. Microstructure 

The polished surface microstructures that were produced using all three sintering 

techniques showed the same general shape, i.e. equiaxed grains in a granular aggregation.  

This morphology is typical of that reported for 8 mol% YSZ.2,3,5,10,20,26,28  The 

microstructures for the microwave and conventionally sintered samples showed a 

bimodal distribution for the two relative sizes of the grains, however the fast-fired 

samples were more uniformly mixed.  The bimodal distribution was segregated in 

localized areas of larger and smaller grain size approximately 1 µm and 0.3 µm 

respectively.  In other words, the microstructures were not uniformly mixed with respect 

to the two different grain sizes.  This shows that there is an effect in the microwave 

processed samples that produces a larger amount of grain growth when compared to the 

fast-fired samples, even though the microwave and fast-fired samples were heated at the 

same rate.  Typical microstructures of the conventional, microwave, and fast-fire sintered 

samples processed at 1450oC are shown in Figures 7 – 9.  When comparing the two 

different heating rates for the microwave samples, there was no significant difference in 

the two microstructures at 1450oC.  At 1400oC, the slower heating rate produced a 

slightly larger grain size than the faster heating rate.  These microstructures are shown in 

Figures 10 and 11, where the former is the slower heating profile.  In all cases, the 

porosity was located at the grain boundary regions, with little inter-granular porosity.   
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Figure 11. Microwave SEM micrograph
Figure 5, sintered at 1400oC. 
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Figure 13. SEM micrograph of the cross section of a fast-fired sintered sample processed at 
1450oC. 

 

 

 

Figure 14. Sketch of pellet cross

 With the microwave sa

significant variation in average

of the sample is reached, the g

comparing the cross section o

samples, the internal average 

size of 1.1 µm vs. 0.70 µm for

have shown that there was no 

of the sample, which is contr

suggested that the interior of 

observed at the surface.  The 

change through the cross-sectio

and interior were at similar tem
X

 section, sho

mples, it is 

 grain size t

rains show

f the sampl

grain size w

 the center a

difference i

ary to what

the sample

fast-fire sam

n or when c

peratures. 
X

wing approx

noted that t

hrough the 

 a slight inc

es to the su

as signific

nd surface,

n the cross 

 was obser

 was at a h

ples, howe

ompared to

22 
X

h

a

s

X
X
 X

X
 X
1 µm
imate location for SEM imaging. 

ere is a slight, but not statistically 

cross sectional area.  As the center 

rease in average diameter.  When 

rface of the microwave processed 

ntly larger, producing an average 

 respectively.  Nightingale et al.2,20 

ectional area compared to the rest 

ved.  From this observation, it is 

igher temperature than what was 

ver, did not show any significant 

 the surface, suggesting the surface 



 The addition of dwell times for the microwave and fast-fire resulted in some 

increase in the average grain size, while that for the traditional samples did not.  The 

grain sizes for the traditionally fired samples at 1400oC were similar to the 

microstructures produced at 1450oC without any dwell times.  However, comparing the 

1400oC dwell time samples to the samples fired at 1400oC without a dwell there is an 

increase in the average grain size.  For the fast-fired samples with the addition of a dwell, 

time the grain size increased as well, which is to be expected.  The microwave sintered 

samples showed the greatest increase in grain size with the addition of a dwell time. The 

average grain size increased from about 1 µm to 1.7 µm.  Figures 15 and 16 show the 

before and after dwell microstructures of the 1450oC microwave samples. 

1 µm

 

Figure 15. SEM micrograph of the microwave sintered sample processed at 1450oC without a 
dwell time. 
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Figure 17. Average grain size as a function of sintering temperature. 

Table I lists the average grain size for each sintering temperature and technique.  The 

trend in the average grain size with respect to the sintering temperature is attributed to the 

fact that the conventionally sintered samples had a slower heating rate, providing a longer 

time for the sample to sinter around the target temperature.  The trend in average grain 

size as a function of sintering temperature is consistent to what has been observed 

before.2,5,20,21  What is also of interest is that the microstructures at 1400 – 1450oC of the 

conventionally and microwave sintered samples are similar.  This comparison shows that 

using microwave energy to sinter 8 mol% YSZ can achieve comparable microstructures 

however, in a shorter time. 
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Table I. Average Grain Size of YSZ Processed Using the Different Methods. 

Technique Temperature 
(oC) 

Dia. Grain Size 

(µm) 
Dia. Grain Size (µm) 

  (No Dwell) (No Dwell)* (Dwell)* 

Fast-Fire 1350 0.30 NA NA 

 1400 0.42 NA 0.52 

 1450 0.67 NA 1.1 

Conventional 1350 0.32 NA NA 

 1400 0.54 0.54 1.0 

 1450 1.0 NA NA 

 1500 2.4 NA NA 

Microwave 1350 0.34 NA NA 

 1400 0.60 0.35 0.7 

 1450 0.70 1.0 1.7 

*  “microwave s” heating profile was used – see Figure 5 for reference. 

B. Density 

 Figure 18 shows the density as a function of sintering temperature.  Density 

increases with increasing sintering temperature, as expected.  The conventionally sintered 

samples achieved a higher density at lower temperatures than both the microwave and 

fast-fire samples.  This is contrary to what has been shown before, where the microwave 

sintered samples showed a higher density then conventionally sintered samples.2,5,20  The 

conventionally sintered density of the samples is higher than the microwave or fast-fire 

due to the longer heating times.  The conventionally sintered sample was heated at a 

slower rate; therefore, there is more time for diffusion, and sintering, to occur. 
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Figure 18. Density as a functin of sintering temperature. 

Above 1450oC there is a leveling out in the density, which indicates that the 

maximum density has been reached for the samples prepared in the method outlined in 

this thesis.  Achieving high density (>98% of theoretical) was not achieved due to the low 

starting green density (~50% of theoretical) and due to the large amount of internal 

porosity in the sample.  At the higher sintering temperatures, in Figure 18, the density of 

the microwave sintered samples approaches that of the conventionally processed samples, 

which shows that the microwave processing technique can produce the same density as 

conventionally sintered samples, but at a significant shorter time. 

The “microwave effect,” the difference between temperatures of microwave and 

conventionally sintered materials with the same microstructure, was calculated to be 

around 30 +/- 2o for this experiment.  This value thus far is the smallest reported in 

literature.  Janey et al. reported a difference of 110 – 150oC.5  However, this difference 

could be caused by the longer dwell times of 1hr rather than the 15min in this 

experiment.  The large difference could also be contributed to the fact that Janey et al. 

sintered the material in Ar/N2 atmosphere, and not in air.  Nightingale et al. determined a 

microwave effect of 50oC2,20, which is similar to what was determined here.  The 
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difference between their work was the longer dwell times at peak temperatures.  Another 

cause for the differences could result from how accurately the temperature was measured 

both in this thesis as well in the other experiments. 

In microwave sintering there is always a question of whether or not the 

thermocouple is reading the actual temperature.  Since microwave sintering involves a 

volumetric heating mechanism, the interior of the samples could potentially be at a higher 

temperature than the surface of the samples.  Also, the introduction of a shielded 

thermocouple could potentially cause the local area around the thermocouple to be at a 

higher temperature due to the microwave energy being focused by the metal.  To correct 

for this error, the thermocouple was raised a few millimeters to cause the concentration of 

microwave energy to be reduced, giving the cavity within the microwave box a more 

uniform heating profile.  By  raising the thermocouple above the sample, the temperature 

that is observed will be less than the actual sample temperature, since the sample is the 

dominant heating sources. 

Density was plotted as a function of average grain size.  Figure 19 shows this 

relationship for all three sintering techniques.  All three techniques exhibit a similar 

density-vs.-grain-size relationship, which suggests that the relative contribution of lattice, 

grain-boundary, and surface diffusion in 8 mol% YSZ does not change significantly with 

heating rate or with the sintering method used. 
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Figure 19. Density as a function of average grain size for the sintered YSZ samples. 

 

The two different heating profiles for the microwave sintered samples and the 

inclusion of a dwell time greatly affected the final density of the sintered samples.  Table 

II gives the average density for each microwave heating profile and the densities of the 

samples with the 15-minute dwell times.  The density of the samples processed using the 

faster heating profile was significantly lower compared to that of the samples processed 

using the slower microwave heating profile.  The lower density is caused by the reduced 

amount of time for sintering to occur for the faster heating profile.  Incorporating the 

dwell times, the densities of the samples processed using the “microwave s” profile 

increased and were comparable to the densities achieved without a dwell time using the 

“microwave” profile from Figure 5. 
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Table II. Average Density of YSZ Processed Using Three Sintering 
Techniques 

Technique Temperature 
(oC) 

Average Density 
(g/cm3) 

 

  No Dwell Dwell * 

Microwave 1400 4.11 5.32 

 1450 4.76 5.70 

Fast-Fire 1400 4.83 5.28 

 1450 5.49 5.61 

Traditional 1400 5.52 5.70 

* Dwell times were 15 minutes for microwave and fast-fire; 2 hours for conventional 

C. Impedance Data 

  Figure 20 shows representative impedance data collected at three different 

temperatures.  The spectrum collected at 300oC (Figure 20a) shows three arcs, which 

correspond to grain, grain-boundary, and electrode contributions.  For the spectrum 

collected at 550oC (Figure 20b), only two arcs are present, corresponding to grain-

boundary and electrode contributions.  Because the frequency response of the grain 

interior lies outside the measurement range, the grain contribution was modeled as an 

offset resistance.   For the spectrum collected at 900oC (Figure 20c), only one arc, 

corresponding to the electrode interface contribution, is observed.  In this case, the 

sample resistance (grain plus grain-boundary) is taken as the offset-resistance.  The 

sample resistance (determined by combining the contributions of the grain and grain 

boundary resistance) were extracted from the spectra and used to calculate the sample 

conductivity.  A full set of impedance plots for the conventional, microwave, and fast-fire 

samples sintered at 1450oC are given in the Appendix. 
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Figure 20. Representative impedance plots collected at a) 300oC, b) 550oC, c) 900oC for 8 
mol% YSZ. 

 

  Figure 21 - 23 are plots of the conductivity data for a set of YSZ samples sintered 

from 1350oC - 1450oC using the three different sintering methods.  Figure 24 shows the 

conductivity data for the 1400oC samples that included the faster heating profile for the 

microwave sintered samples and the samples that included a dwell time.  For ionic 

conductors, the conductivity is expected to depend on temperature as 

 ( )
Tk

E
T A

o
1lnln −= σσ  (15) 

where σ is conductivity, σo is a constant, T is measurement temperature in Kelvin, Ea is 

activation energy, and k is Boltmann’s constant.  Values for the activation energies and 

σo were extracted from the plots of ln (σT) vs. 1000/T and are summarized in Table II, 

along with the statistics of the linear least-squares fit to the data. 
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Figure 21. Conductivity as a function of reciprocal temperature for samples processed at 
1350oC with no dwell time. 
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Figure 22. Conductivity as a function of reciprocal temperature for samples processed at 
1400oC with no dwell time. 
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Figure 23. Conductivity as a function of reciprocal temperature for samples processed at 
1450oC with no dwell time. 
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Figure 24. Conductivity as a function of reciprocal temperature for samples processed at 
1400oC.  Note “s” indicates faster microwave heating rate profile, “D” indicates dwell. 
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 For samples processed with all three processing temperatures, there was a linear 

relationship of ln (σT) vs. 1000/T, indicating that the mechanism of conduction does not 

change over the measured temperature range.  The only significant difference was that 

the conductivity of the fast-fire samples produced at 1350oC was slightly lower than that 

for both the microwave and conventional sintered samples.  This difference is due to the 

larger number of grain boundaries, which results from the fast heating rate and the 

temperature being under the manufacturer’s recommended sintering temperature.  This 

did not occur for the microwave processed samples because the grain size in the center of 

the samples were larger than the surface, therefor the amount of grain boundaries were 

reduced. 

  For each sintering temperature and technique, the activation energy was 

determined from equation (12).  The calculated activation energies range from 0.86 to 

0.95 eV and are given in Table III.  For a given sintering method, the activation energy 

increases with decreasing sintering temperature, which is attributed to the larger number 

of grain boundaries in the samples processed at lower sintering temperatures.  Also, the 

microwave and conventionally sintered samples showed similar activation energies, both 

less than the fast-fired samples, showing that there is no significant difference in the 

mechanism of conduction for the conventional and microwave processed samples. 

 Table III shows the comparison of the activation energy for the samples processed 

using dwell times.  The activation energy is significantly higher for the faster microwave 

heating profile, which can be explained by the higher number of grain boundaries and 

lower density.  With the addition of a dwell time, the activation energy decreases as is 

expected.  However, the activation energies of the microwave dwell time samples are still 

higher than the slower heating profile samples of the same temperature.  The 

conventional sample showed an increase in activation energy with the addition of the 

dwell time, which was unexpected.  The activation energy for this sample is similar to the 

lowest sintering temperature without the inclusion of a dwell.   Nightingale et al. showed 

that testing the conductivity via DC four-probe method showed the microwave sintered 

samples showed slightly lower, but comparable, electrical activation energy when 

analyzed against conventional methods.3 
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Table III. Summary of Electrical Conductivity Parameters for YSZ Sintered 
Using the Three Techniques 

 

Sintering 

Method 

 

Sintering Temp. 

(oC) 

 

σo (S/cm) 

 

EA (eV) 

 

R2 

1350 7.5 x 105 0.93 0.999 

1400 6.9 x 105 0.89 0.999 

1450 6.4 x 105 0.88 0.995 

Traditional 

(no dwell) 

 

1500 6.7 x 105 0.86 0.999 

1350 6.5 x 105 0.92 0.995 

1400 8.4 x 105 0.92 0.997 

Microwave 

(Profile A) 

(no dwell) 1450 6.0 x 105 0.87 0.999 

1350 6.7 x 105 0.95 0.999 

1400 8.5 x 105 0.95 0.993 

Fast-fire 

(Profile A) 

(no dwell) 1450 8.4 x 105 0.92 0.991 

1400 8.4 x 105 0.97 0.999 Microwave 

(Profile B) 

(no dwell) 

1450 1.1 x 106 0.96 0.999 

Traditional 

(15 m dwell) 

1400 1.4 x 106 0.93 0.998 

1400 1.2 x 106 0.93 0.999 Microwave 

(Profile B) 

(15 m dwell) 

1450 1.2 x 106 0.93 0.999 

Fast Fire 

(Profile B) 

(15 m dwell) 

1400 1.3 x 106 0.96 0.999 

*Note: Conductivity can be calculated as σ = (σo/T) exp (EA/kT) 
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  Figure 25 shows the conductivity of each sample prepared by the different 

sintering techniques as a function of the average grain size.  The conductivity of 8 mol% 

YSZ increases with increasing grain size, reflecting the significant contribution of grain 

boundaries to sample resistance.  The conductivity-vs.-grain-size relationship is similar 

for samples processed using all three methods, which suggests that the local electrical 

properties of the grain and grain-boundary regions do not depend on the sintering method 

used.  The microwave and conventionally sintered samples produced by Li et al. shows 

the same general relationship for ZrO2 co-doped with CaO and Y2O3.28 
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Figure 25. Graph of the conductivity as a function of average grain size. 
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V SUMMARY AND CONCLUSIONS 

 The microstructure and electrical properties of 8 mol% YSZ sintered using three 

different techniques were compared.   The density and grain size was highly dependent 

on the sintering method and sintering temperature used.  At higher sintering temperatures, 

however, the relationship between the density and grain size as a function of sintering 

temperature of the microwave and conventional processes were similar.  This indicates 

that the microwave-processed samples can achieve comparable density / grain size 

relationships, but the time required for the microwave samples is significantly less. 

 The relationship between the density and electrical properties to the average grain 

size for all three sintering techniques were similar.  This can be inferred that the local 

electrical properties of 8 mol% YSZ is not dependent on the sintering method used but 

only on the microstructures produced.  This also implies that any of the three techniques 

can be used to achieve 8 mol% YSZ with desired characteristics, but that the time 

required to achieve the desired microstructure will be different. 
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VI FUTURE WORK 

 Recent work has shown that the properties of less pure YSZ can be significantly 

improved using different heating profiles.29,30  The current study was conducted using 

relatively high-purity samples.  Future work, involving less pure YSZ powders, should be 

conducted to determine whether microwave sintering can provide any benefits for 

sintering 8 mol% YSZ. 

 The addition of a binder and other processing aids for producing a higher starting 

green density will aid in achieving a higher final density material. 

 The ability to co-fire 8 mol% YSZ with cathode and anode materials would be 

beneficial.  Studies should be conducted to determine the interaction of different 

materials to microwave energy, and the interface between the electrolyte and the 

electrodes. 
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APPENDIX 

Figure 26 a-n: Impedance spectra for traditionally processed samples sintered at 1400oC, for 
temperatures ranging from 200oC – 1000oC. 

-4.00E+06

-3.00E+06

-2.00E+06

-1.00E+06

0.00E+00
0 1000000 2000000 3000000 4000000

Z'

Z"

 
26 a) Impedance spectra taken at 200oC. 
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26 b) Impedance spectra taken at 300oC. 
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26 c) Impedance spectra taken at 400oC. 
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26 d) Impedance spectra taken at 500oC. 
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26 e) Impedance spectra taken at 550oC. 
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26 f) Impedance spectra taken at 600oC. 
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26 g) Impedance spectra taken at 650oC. 
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26 h) Impedance spectra taken at 700oC. 
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26 i) Impedance spectra taken at 750oC. 
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26 j) Impedance spectra taken at 800oC. 

 

-5

-4

-3

-2

-1

0
4 5 6 7 8 9

Z'

Z"

 
26 k) Impedance spectra taken at 850oC. 
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26 l) Impedance spectra taken at 900oC. 
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26 m) Impedance spectra taken at 950oC. 
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26 n) Impedance spectra taken at 1000oC. 

Figure 27 a-m: Impedance spectra for microwave processed samples sintered at 1400oC, for 
temperatures ranging from 200oC – 1000oC. 
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27 a) Impedance spectra taken at 200oC. 
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27 b) Impedance spectra taken at 300oC. 
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27 c) Impedance spectra taken at 400oC. 

50 



-1000

-750

-500

-250

0
0 250 500 750 1000

Z'

Z"

 
27 d) Impedance spectra taken at 500oC. 
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27 e) Impedance spectra taken at 550oC. 
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27 f) Impedance spectra taken at 600oC. 
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27 g) Impedance spectra taken at 700oC. 
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27 h) Impedance spectra taken at 750oC. 
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27 i) Impedance spectra taken at 800oC. 
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27 j) Impedance spectra taken at 850oC. 
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27 k) Impedance spectra taken at 900oC. 
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27 l) Impedance spectra taken at 950oC. 
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27 m) Impedance spectra taken at 1000oC. 
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Figure 28 a-n: Impedance spectra for fast-fire processed samples sintered at 1400oC, for 
temperatures ranging from 200oC – 1000oC. 
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28 a) Impedance spectra taken at 200oC. 
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28 b) Impedance spectra taken at 300oC. 
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28 c) Impedance spectra taken at 400oC. 
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28 d) Impedance spectra taken at 500oC. 
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28 e) Impedance spectra taken at 550oC. 
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28 f) Impedance spectra taken at 600oC. 
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28 g) Impedance spectra taken at 650oC. 
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28 h) Impedance spectra taken at 700oC. 
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28 i) Impedance spectra taken at 750oC. 
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28 j) Impedance spectra taken at 800oC. 
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28 k) Impedance spectra taken at 850oC. 
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28 l) Impedance spectra taken at 900oC. 
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28 m) Impedance spectra taken at 950oC. 
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28 n) Impedance spectra taken at 1000oC. 
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Figure 29 a-c: Representative SEM images of the traditional, fast-fire, and microwave 
samples sintered at 1350oC. 
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Figure 31 a-f: Representative SEM images of the traditional, fast-fire, and microwave 
samples, with and without the inclusion of a dwell time, sintered at 1450oC. 
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Figure 32 a-d: Representative SEM images of the fast-fire and microwave cross sections. 
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