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Abstract

Alumina, titania, ceria and manganese oxide were either coated onto or doped in
cubic 7 mol% Y20 3-ZrO2 (7YZ) nanocrystals to form nanocomposites for methane
combustion. These novel catalysts were very active and thermally stable. In particular, 25
wt% Mn20 3-coated 7YZ and 25 wt% Mn20 3-doped 7YZ showed remarkably low light-
off temperatures of 3750 C and 3580 C, respectively. These catalysts were highly attractive
as they were competitive with the much more expensive supported noble metal catalysts.
Their catalytic activity could be attributed to the availability of active surface oxygen
species, which facilitated the methane activation at low temperatures.

Nanocrystalline 3 mol% and 8 mol% Y20 3-ZrO2 (3YZ and 8YZ) were
successfully densified with an ultrafine grain size of < 90 nm by pressureless sintering at
11000C and 1150 0 C, respectively. The low-temperature sinterability could be attributed
to the well-defined nanocrystalline particles obtained via hydrothermal synthesis, and the
effective elimination of secondary porosity through the dry compact processing.
Submicron-sized 3 mol% Y20 3-ZrO2 ceramics with a grain size of - 150 nm was also
obtained with commercial TOSOHC powders. Grain growth during densification of
TOSOH© powders was successfully suppressed by presintering to 93% density under an
argon atmosphere, followed by hot isostatic pressing at a temperature lower than the
presintering temperature.

The grain sizes of dense 3YZ and 8YZ ceramics were controlled between 100 nm
and 5 glm. This allowed for the systematic study of 3YZ and 8YZ in indentation hardness,
Young's modulus and fracture toughness as a function of grain size through micro-
indentation and instrumented nano-indentation. The Hall-Petch effect was found to be
extended to the nanocrystalline regime for 3YZ. 8YZ showed the Hall-Petch effect only
in the micrometer and submicrometer regime. Maximum Hv values of 19 and 20 GPa



were achieved for 3YZ and 8YZ, respectively. A continuous decrease in Young's
modulus with decreasing grain size was observed in both 3YZ and 8YZ. This could be
partially explained by the percolation theory. Transgranular fracture was observed in 3YZ
as the grain size approached - 100 nm. This was in contrast with the dominant
intergranular fracture mode observed in ceramics with fine grain sizes. Transgranular
fracture was found in 8YZ over an even broader range of grain sizes (150 nm to 5.0 glm).
A significant reduction in fracture toughness from 7.9 MPam-1/2 to 3.1 MPa-m1 /2 was
observed as the grain size was reduced from 1.1 im to 100 nm in 3YZ. Fracture
toughness was much lower for 8YZ than for 3YZ, and showed little dependence on grain
size. The stability of tetragonal phase at small grain sizes could account for the
considerable reduction in the fracture toughness in 3YZ, and the transgranular fracture
mode as grain size approached 100 nm.

Thesis Supervisor: Jackie Y. Ying
Title: Adjunct Professor of Chemical Engineering
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Chapter 1 - Background and Research Motivation

1.1 Synthesis of Yttria-Zirconia-based Methane Combustion Catalysts

Compared to other forms of fossil fuels, natural gas is a very important source of clean

energy (Table 1.1) as it allows for the reduction of unwanted combustion by-products, such as

NOx, SO 2 and ash particles. The U.S. Energy Information Administration has forecasted

natural gas as the fastest growing primary energy source worldwide over the period of 2002-

2025. The global consumption of natural gas is projected to rise by 70%.1

Table 1.1 Fossil fuel emission levels in pounds per billion BTU of energy input. 2

Pollutant Natural Gas Oil Coal

Carbon Dioxide 117,000 164,000 208,000

Carbon Monoxide 40 33 208

Nitrogen Oxides 92 448 457

Sulfur Dioxide 1 1,122 2,591

Particulates 7 84 2,744

Mercury 0 0.007 0.016

Methane is the main component of natural gas (70-90%). Compared to coal, methane

produces almost twice the energy content per unit mass of CO2 emitted due to its low carbon-

to-hydrogen ratio. Due to the absence of carbon-carbon bond, methane is the most unreactive

hydrocarbon for combustion. A higher flame temperature is required for the stable

combustion of methane compared to other hydrocarbons. With the higher combustion

temperature, NOx formation becomes an issue due to the undesired reaction between oxygen

and nitrogen in the air feedstream. This environmental pollutant contributes considerably to

the greenhouse effects and smog. To achieve high combustion efficiency while minimizing

NOx formation and unburned hydrocarbon emission, catalytic combustion of methane has

been examined as a viable alternative to conventional flame combustion.



Besides decreasing greenhouse gas generation through the reduced combustion

temperature, flameless combustion provides for (i) fewer constraints on reactor design, and

(ii) flexibility of combustion outside the flammability limits of methane. The latter allows for

the use of ultralean fuel mixtures (i.e. high air-to-fuel ratios).3

The most effective combustion catalysts are noble metals and metal oxides. Nobel

metals are used with or without a support (e.g. alumina, zirconia and silica). Of these

catalysts, supported palladium oxide shows the best activity at low temperatures (- 300C).4 -9

However, it would be deactivated at temperatures above 700 0 C from the loss of surface area

due to both sintering of the support and/or PdO clusters, and the phase transition from PdO to

Pd metal.5 In recent years, PdO/CeO 2 has been developed to further lower the start-up

temperature, 10-12 but this catalyst still faces similar challenges at high temperatures.

Various single metal oxides have been studied as alternatives to noble metals. They

offer improved thermal stability, while reducing the raw material costs. However, most oxides

can not provide satisfactory activity for methane combustion at low temperatures.

Complex metal oxides, such as barium and strontium hexaaluminates, 13-16

perovskites, 17-23 and aluminosilicates, 24 have been evaluated as catalyst supports. They present

high surface areas and thermal stability.

This thesis examines yttria-zirconia-based nanocomposites as cost-effective catalysts

for methane combustion under high air-to-fuel ratios. By combining the thermal stability and

oxygen-exchange capability of yttria-zirconia with the high surface area, high catalytic

activity and oxygen-exchange capability of secondary oxides, such as alumina, titania, ceria

and manganese oxide, novel combustion catalysts are derived. The structure-property

relationships are established for doped and coated yttria-zirconia catalysts. The kinetics of

selected yttria-zirconia-based nanocomposites are studied in detail.

1.2 Processing and Sintering of Nanocrystalline Yttria-Zirconia Ceramics

Zirconia has a monoclinic crystal structure at room temperature. Its structure can be

modified by doping with ions, such as calcium or yttrium. In particular, 3 mol% yttria-doped

zirconia (3YZ, tetragonal structure) and 7-8 mol% yttria-doped zirconia (7YZ or 8YZ, cubic



structure) are widely studied for their high mechanical strength and electrical conductivity,

respectively.

Generally, yttria-zirconia powders are prepared by solid-state and solution methods.

The latter,25 which includes precipitation, sol-gel processing26 and combustion synthesis, 27,28

can be used to achieve mixing of components at the atomic level, and excellent control of

particle morphology. It also allows powders with finer and more uniform grain size and

particle size to be derived, which are important for both catalytic and ceramic applications.

Calcination or hydrothermal treatment2 8-30 is used to crystallize yttria-zirconia systems. The

latter allows finer crystallite size to be attained.

Yttria-zirconia requires a high sintering temperature (1200-1700 0 C) due to its high

melting temperature (27000 C). Sinterability of ceramics may be improved significantly by

reducing the grain size to the nanometer regime. 31 However, elimination of trapped pores in

most yttria-zirconia ceramics is accomplished at > 15000C. The high sintering temperature

gives rise to rapid grain growth. In order to maintain small grain size while achieving high

density, high pressure (hot pressing28' 32 and hot isostatic pressing (HIP) 33), rapid sintering

(fast firing,27 electric pulse,34 and microwave sintering35), or a combination of both (spark

plasma36,37) have been employed.

To achieve ceramic densification at lower sintering temperatures, some researchers

have suggested starting with a green density of 70-75%.38 Cold isostatic pressing (CIP) is

commonly applied to green compacts to increase the green density.39' 4 0 Two-step sintering38

and electrochemical control of the powder suspension by adjusting the zeta potential41' 42 have

also been used. However, these methods only give green densities of - 50% in most cases,

although enhanced final densities have been attained in some systems.

The degree of powder agglomeration is an important factor in the sintering process.

Evans43 and Vasylkiv et al.29 have pointed out that the inhomogeneous particle packing and

the presence of agglomerates would prevent the low-temperature densification of ceramics.

To remove such non-uniformity, powders have been subjected to deagglomeration in liquid

suspension by casting technique4' to achieve better packing.

The attempts to control the green density and powder agglomeration have yielded 3YZ

ceramics of > 97% dense with grain sizes of < 150 nm at a sintering temperature of ~



1150TC. 29 ,40 Fully dense nanocrystalline 8YZ was only obtained at extremely high pressures

(-~ 1 GPa) under spark plasma sintering.44 Thus, to effectively hinder the final-stage grain

growth while reducing the porosity to < 3% remains a challenge, especially for ceramics with

simple structures and high melting temperatures, such as yttria-zirconia.

In this work, nanocrystalline yttria-zirconia powders are synthesized with uniform

grain and pore size distributions via hydrothemal treatment. Their sinterability is examined

and compared to commercial yttria-zirconia powders. Various processing methods are studied

to successfully attain nanostructured ceramics with > 99% density.

1.3 Mechanical Properties of Yttria-Zirconia Ceramics

Various studies have examined the relationship between the grain structure of

ceramics and composites and their mechanical properties,4 5 such as fracture toughness, 46' 47

indentation hardness, 48' 49 and Young's modulus.50' 51 However, most research has ignored the

effect of grain size, or has focused only on grain sizes in the micron regime. The studies on

structure-property relationships of structural ceramics have been limited due to the difficulty

in achieving dense ceramics 48 without significant grain growth. It would be of great interest to

extend such investigations on sintered ceramics with submicron and nanometer grain sizes.

Although refractory ceramics are brittle materials, indentation tests can reveal their

local plastic defbrmation by dislocation slip mechanism. Rice et al.52 have indicated a Hall-

Petch dependence (H = Ho + K / , where K is a constant) for ceramics of fine grain sizes

(D). Hardness (H) would reach a minimum at intermediate grain size, and then increase again

at larger grain sizes (to single crystal values). This trend was demonstrated for yttria-zirconia

with grain sizes larger than 1 iim (see Figure 1.1).
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Indentation leads to two types of fracture modes, transgranular and intergranular. In

single crystals, the fracture would propagate along the lower toughness cleavage or the

preferred fracture plane that has the lowest energy path (i.e. { 110} in cubic zirconia). 45' 53 If

the transgranular mode also dominates in the polycrystalline materials, the fracture toughness

would increase beyond the single crystalline value due to the availability of preferred fracture

plane at the fracture tip. This is observed in most ceramics with no complication from

anisotropy. When fracture toughness value reaches a local maximum, the influence from grain

boundary toughness would emerge. Due to the weaker interaction between atoms in grain

boundaries, a lower fracture toughness would then be observed, with intergranular fracture as

the dominant fracture mode. In this regime, the relative grain size with respect to fracture

length would affect the fractography of the indentation. 54 When D << fracture length (c), an

intergranular fracture path would be observed. As D approaches c, heavily disrupted pattern

would emerge. Transgranular fracture path is found when D >> c.
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Most studies on the fracture toughness of ceramics made reference to synthesis

parameters instead of grain size.37,48 In the micron regime, some ceramics with cubic structure

were reported to exhibit little dependence of fracture toughness on grain size, while some

systems showed a local maximum at intermediate grain sizes.

Young's modulus were shown to be essentially constant at large grain sizes, and were

reduced significantly at very small grain sizes (< 100 nm).50 '5 1 However, compared with

fracture toughness and indentation hardness, the variation of Young's modulus vs. grain size

has not been studied very extensively.

Nanocrystalline yttria-zirconia ceramics have attracted substantial attention due to

their high-temperature mechanical and thermomechanical performance. In this thesis, fully

densified yttria-zirconia ceramics with controlled grain sizes in the nanometer to micrometer

regimes are obtained. They are tested for indentation hardness, Young's modulus and fracture

toughness, so that these mechanical properties can be investigated systematically as a function

of grain size. Additionally, instrumented indentation is used to provide real-time deformation

under various loadings. The indent is analyzed to reveal the fracture modes of the ceramic

samples and elucidate their plastic deformation.
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Chapter 2 - Yttria-Zirconia-based Nanocomposite Catalysts for Methane
Combustion

2.1 Introduction

Methane has been proposed as an alternative fuel in many industrial applications since

it leads to reduced greenhouse gas generation.! Catalytic combustion of methane is attractive

as it allows for ultralean combustion (i.e. high air-to-fuel ratios), simplifies the combustor

design, and minimizes the emissions of NOx and unburned hydrocarbons. 2 However, it

demands a catalytic material that possesses both low-temperature activity and high-

temperature stability.

Zirconia is a unique metal oxide that possesses excellent thermal stability. In addition,

yttria-stabilized zirconia is a well-known ionic conductor at elevated temperatures; 3 the

oxygen-exchange capability may be useful in catalytic combustion. High surface area yttria-

zirconia (YZ) powder has been examined as a heterogeneous catalyst4 or catalyst support.5

Such powder typically possesses nanometer-sized grains, and can be prepared by wet-

chemical processes (e.g. chemical precipitation and sol-gel processing),6 and gas-phase

synthesis.7

The catalytic activity of YZ in methane combustion can be improved physically and

chemically through the introduction of highly dispersed dopants and coatings. The secondary

components may be metal oxides known for their high surface areas (e.g. A120 38-10 and

TiO2
8' 9, 11), or for their high catalytic activities and oxygen-exchange capabilities (e.g.

Mn20 3
12'13 and CeO 2

13-16). By adding these secondary oxides, enhanced catalytic properties

may be achieved through the synergism between the different components.

2.2 Experimental

2.2.1 Synthesis

Nanocrystalline powder of 7 mol% Y20 3-ZrO2 (7YZ) was prepared at room

temperature by dissolving Y(N0 3)3 (99.9%, Alfa Aesar) and ZrOC12 (99.9%, Alfa Aesar) in

deionized water at a total cation concentration of 0.4 M. The solution was added to a basic

ethanolic solution (C2HsOH/H 20 volume ratio - 1) of tetraethylammonium hydroxide

(TEAH, 35% w/w in water, Alfa Aesar). The concentration of the base solution was 0.4 M.



The secondary component was added by dissolving the Al, Ti, Ce or Mn nitrate in

deionized water at a concentration of 0.4 M. The additive was introduced as a dopant to YZ

by mixing the additive precursor solution with the YZ precursor solution (see Figure 2.1). It

was also coated onto YZ by introducing the additive precursor solution to the YZ precipitate

sol after the latter has been aged for 22 h.

Base Solution ZrOCl2 + Y(NO3)3 + H20

` CMetal Nitrate (Dopant)
Co-precipitation

@ 25 0C

Aging withMetal Nitrate (Coating) Aging with
Controlled pH

Water and Ethanol Washes

Calcination

Figure 2.1 Synthesis of YZ-based nanocomposites.

The precipitated sol in all cases was aged for a total of 24 h, centrifuged, washed twice

with water/alcohol solution, and washed with ethanol to remove excess base and nitrate salts.

The hydroxides were dried overnight at room temperature in air, grounded, and calcined at

550-10000 C in air for 2 h. The calcined powder was then grounded and sieved. Where

necessary, the powder was ball-milled for 24 h with 3YZ balls in a polyvinyl alcohol bottle to

break up any soft agglomerates before sieving.

The choice of synthesis parameters, such as precursor solution concentration, base

solution solvent, aging time, and washing conditions were based on previous studies

performed in our group on optimizing the surface area of nanocrystalline powders. 17 -20

I



2.2.2 Materials Characterization

Surface area of the catalysts was determined by nitrogen adsorption analysis

(Micromeritics ASAP 2000) using the 5-point BET (Brunauer-Emmett-Teller) method.

Powder X-ray diffraction (XRD) (Siemens D5000 0-0 diffractometer, 45 kV, 40 mA, Cu-Ka)

was used for phase identification and grain size analysis. The volume-averaged crystallite size

was calculated based on Scherrer's analysis of the XRD peak broadening. Lattice parameters

were calculated in reference to the internal standards (silicon for the Mn-containing systems

or silver for the Ce-containing systems). The sample compositions were analyzed by

inductively coupled plasma-atomic emission spectroscopy (ICP-AES) (Desert Analytics,

Tucson, TX). Powder morphology was investigated with high-resolution transmission

electron microscopy (HR-TEM) (JEOL 2010) at 200 kV. The composition and elemental

dispersion of the sample were obtained with a Vacuum Generators HB603 Scanning

Transmission Electron Microscope (STEM) (250 kV) with energy dispersion X-ray (EDX)

spectroscopy. Zeta potential measurements were performed with a Brookhaven Instruments

ZetaPALS Zeta Potential Analyzer with 0.01 M of KCl as the supporting electrolyte. The

powder suspension was sonicated to break up large agglomerates before analysis. Solution pH

was adjusted by adding KOH or HC1, and measured by an Orion 420A pH meter. An Axis

Ultra X-ray Photoelectron Spectrometer (XPS) was used to analyze the surface composition

and oxidation state of samples.

2.2.3 Catalytic Activity

The activity of the catalysts was evaluated under steady state in a packed bed reactor.

50 mg of catalysts were loaded into a ¼4"-O.D. quartz reactor tube, and placed between two

quartz wool plugs. To control the reaction temperature accurately, a type-K thermocouple

located right below the catalyst bed was used in conjunction with an Omega temperature

controller and a Lindberg tube furnace. The gas flow was metered using mass flow controllers

(MFC). The catalyst was first pretreated for 30 min at a temperature that was 500 C lower than

its calcination temperature in a stream of 1% CH4 in air at a flow rate of 50 ml/min.

Subsequently, the reactor was cooled down to room temperature at a cooling rate of

1.5°C/min in the reactant gas. A gas hourly space velocity of 60,000 h-' was used in all runs.



The exit stream was analyzed at an interval of ~ 300C with a Hewlett Packard 6890 gas

chromatograph (GC) equipped with molecular sieve 5A and Porapak Q chromatographic

columns. CH4, CO, CO2, 02 and N2 were separated effectively and quantified. Carbon balance

was achieved within 2% in all runs.

2.2.4 Mechanistic Studies

The investigation of reaction mechanism and the determination of kinetic parameters

for catalytic methane oxidation were performed by measuring the apparent reaction rate as a

function of methane and oxygen concentrations, while operating under steady-state,

differential and reaction-limited conditions. High-purity gases (10% CH 4 in He, 10% 02 in

He, He, 02 and N2) were metered into the reactor individually by MFC; N2 was used as the

reference. Typically, the catalyst was pretreated at 500C below its calcination temperature in

21% 02 in He at a flow rate of 50 ml/min for 1 h to remove any surface contaminants. The

reactor was then cooled to the desired reaction temperature. The reaction rate was calculated

as a function of methane and oxygen inlet concentrations. The concentrations of CH4 and 02

were varied between 0.5-5% and 5-21%, respectively, to achieve a broad range of CH 4/0 2

stoichiometric ratios (p (0.02-1).

The catalytic property of combustion catalysts would depend strongly on the nature

and amount of the oxygen adsorbed on catalyst surface. Thus, the materials were

characterized by temperature-programmed desorption (TPD) of oxygen in He. A sample of -

300 mg was first pretreated in 02 at a flow rate of 20 ml/min and 500 C below its calcination

temperature for 1 h to remove any surface contaminants. Subsequently, the catalyst was

cooled to room temperature, and purged in He until the signal was stabilized. TPD of oxygen

was performed up to 7500C (ramp = 5"C/min) in He at a flow rate of 20 ml/min under

atmospheric pressure. The exit stream was analyzed with Hewlett Packard 6890 GC equipped

with a thermal conductivity detector (TCD).

Temperature-programmed reduction (TPR) of methane was used to characterize

catalyst reducibility. A sample of - 50 mg was pretreated at 500C below its calcination

temperature in 21% 02 in He at a flow rate of 20 ml/min for 1 h to remove any surface

contaminants. It was then purged in He upon cooling to room temperature. The reducibility of



the catalyst was tested up to 7500 C (ramp = 1oC/min) under 0.5% CH4 in He at a flow rate of

20 ml/min. The exit stream was analyzed with the Hewlett Packard 6890 gas chromatograph

at an interval of - 300 C. Thermal gravimetric analysis (TGA) of catalyst reduction under 5%

CH 4 in He at a flow rate of 20 ml/min was performed with a Perkin Elmer TGA7 up to 5500 C

(ramp = 1 oC/min). The samples were subjected to similar pretreatment as in the TPR studies.

2.3 Results and Discussion

2.3.1 Synthesis of 7YZ-based Nanocrystalline Powders

2.3.1.1 Effect of Precipitation pH on 7YZ

In colloidal chemistry, particle aggregation could be controlled by pH changes. This in

turn would affect the surface area of the resulting powder. Figure 2.2 shows the Zeta potential

of 7YZ as a function of pH. By precipitating at a pH of - 12, a high surface charge was

achieved, minimizing particle growth and aggregation. This has led to a high surface area

powder (Table 2.1). In contrast, a low pH of 4 gave rise to a much lower surface area, and the

poor incorporation of yttrium dopants. Consequently, the resulting zirconia-based material

was in the monoclinic phase instead of the desired cubic phase. 2 1 All further syntheses

involved chemical precipitation at a pH of 12.
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Figure 2.2 Zeta potential profile of as-precipitated 7YZ.



Table 2.1 BET surface area of 7YZ precipitated at various pH's and calcined at 6000C in air
for 2 h.

Precipitation pH 4 9 12
BET Surface Area (m2/g) 31 51 61

2.3.1.2 Thermal Evolution of Coated 7YZ

As demonstrated previously on aluminate system by our group, 13 nanocomposites

could be formed by coating a secondary metal oxide onto the surface of the preformed

primary metal oxide. Such approach could provide for the high dispersion of two separate

metal oxides, giving rise to unique chemical and electronic synergistic effects. The secondary

metal oxide could also form a coating that would prevent the grain growth and sintering of the

primary metal oxide. This would enhance the thermal stability of the system, and help retain

the surface area at high temperatures.

XRD patterns of 7YZ coated with 25 wt% of A120 3, TiO2, CeO2 and Mn20 3 are shown

in Figure 2.3 along with uncoated 7YZ. TiO2, CeO2 and Mn20 3 formed separate phases at this

high loading, whereas A120 3 remained highly dispersed as an amorphous phase on 7YZ after

calcination at 8000C. In fact, A120 3 XRD peaks were not observed even after calcination at

1000°C. Figure 2.4 shows that 7YZ doped with 25 wt% A120 3, TiO2, CeO2 and Mn20 3 did

not exhibit any secondary phases after calcination at 8000C. Only the cubic zirconia peaks

were detected in the doped YZ samples.

Figures 2.5-2.8 illustrate the increase in grain size and the decrease in surface area of

coated 7YZ with increasing calcination temperatures. A120 3, TiO2 and CeO2 coatings reduced

the grain growth and sintering of YZ at high temperatures, especially when high loadings of

20 and 25 wt% were used. 25 wt% of TiO2 coating was particularly effective at suppressing

grain growth at 10000C; small zirconia crystallites of 18.5 nm were preserved. 25 wt% of

TiO2-coated 7YZ also demonstrated superior surface area at 5500C (224 m2/g) compared to

uncoated 7YZ (from 67 m2/g).

On the other hand, Mn20 3 coating increased the grain size of 7YZ at all calcination

temperatures, especially at low Mn20 3 loadings. This was in agreement with Kim and Choi's

observation that low Mn levels could promote the sintering and grain growth of cubic yttria-



zirconia.12 The average grain sizes of Mn20 3-coated 7YZ samples were too large to be

estimated by Scherrer's analysis, which is only valid for grain size below 100 nm. Mn203

coating improved the surface area of 7YZ at a low calcination temperature of 5500 C.

However, it was not effective towards suppressing sintering at higher temperatures. At

10000C, the surface areas of Mn20 3-coated 7YZ decreased drastically to less than 2 m2/g, i.e.

below the detection limit of the N2 sorption analysis.
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Figure 2.3 XRD patterns of (a) 7YZ, and 7YZ coated with 25 wt% of (b) A120 3, (c) TiO2, (d)
CeO2 and (e) Mn20 3, after calcination at 8000C in air for 2 h. Peaks of TiO2, CeO2 and Mn203
were denoted by +, * and #, respectively.
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Figure 2.4 XRD patterns of (a) 7YZ, and 7YZ doped with 25 wt% of (b) A120 3, (c) TiO2, (d)
CeO2 and (e) Mn20 3, after calcination at 8000C for 2 h in air.
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Figure 2.5 (a) Zirconia XRD grain sizes and (b) BET surface areas of 7YZ coated with (V)
0, (A) 5, (A) 10, (m) 15, (4) 20 and (o) 25 wt% of Al20 3.
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Figure 2.6 (a) Zirconia XRD grain sizes and (b) BET surface areas of 7YZ coated with (V)
0, (A) 5, (A) 10, (m) 15, (4) 20 and (o) 25 wt% of TiO2.
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Figure 2.7 (a) Zirconia XRD grain sizes and (b) BET surface areas of 7YZ coated with (V)
0, (A) 5, (A) 10, (m) 15, (4) 20 and (o) 25 wt% of CeOz.
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Figure 2.8 (a) Zirconia XRD grain sizes and (b) BET surface areas of 7YZ coated with (V)
0, (A) 5, (A) 10, (m) 15, (4) 20 and (o) 25 wt% of Mn20 3.

2.3.2 Catalytic Activities of Coated and Doped 7YZ

Based on the results above, the powders with the highest thermal stability, 7YZ coated

with 25 wt% of A120 3, TiO 2, CeO2 and Mn20 3, were selected for catalytic studies in methane

combustion. These samples were calcined at 8000 C for 2 h in air, and compared with 7YZ

doped with 25 wt% of A120 3, TiO 2, CeO2 and Mn20 3.

Figure 2.9 shows that 25 wt% Mn20 3-coated 7YZ has the highest catalytic activity in

methane combustion. The coatings of 25 wt% of Mn20 3 and CeO2 enhanced the catalytic
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activity of 7YZ. In contrast, the coatings of 25 wt% of A120 3 and TiO2 reduced the catalytic

activity of 7YZ, despite improving its thermal stability. These two catalysts also did not fully

combust the methane, generating CO as an undesired by-product (Figure 2.10).
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Figure 2.9 Methane conversion over 8000 C-calcined (o) 7YZ, and 7YZ coated with 25 wt%
of (A) A120 3, (A) TiO2, (m) CeO 2 and (x) Mn20 3. Catalytic testing was performed with 1%
CH 4 in air at a flow rate of 50 ml/min.
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Figure 2.10 (m) CH4 conversion, and selectivity for (A) CO2 and (o) CO over 8000 C-calcined
7YZ coated with 25 wt% of (a) A120 3 and (b) TiO 2 in methane combustion. Catalytic testing
was performed with 1% CH 4 in air at a flow rate of 50 ml/min.

For the doped samples, only the 25 wt% Mn20 3-doped 7YZ out-performed the

undoped 7YZ (Figure 2.11). The doped 7YZ samples demonstrated different catalytic

properties from their coated 7YZ counterparts. These studies illustrated that the catalytic

performance was dependent on both the composition and the dispersion of the secondary

component. Like their coated counterparts, the 7YZ samples doped with 25 wt% of A120 3 and
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TiO 2 generated undesired CO by-product due to incomplete methane combustion (Figure

2.12).

The low selectivity of 7YZ coated or doped with A120 3 and TiO2 prevented these

catalysts from being effectively employed in methane combustion. Nakagawa et al. have also

shown that TiO2 and A120 3 supports led to CO by-products in partial oxidation of methane. 22

Further studies were focused on 7YZ coated or doped with Mn20 3 and CeO2, given the

superior activity and selectivity of these systems.
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Figure 2.11 Methane conversion over 800 0C-calcined (o) 7YZ, and 7YZ doped with 25 wt%
of (A) A120 3, (A) TiO2, (i) CeO 2 and (x) Mn20 3. Catalytic testing was performed with 1%
CH 4 in air at a flow rate of 50 ml/min.



300 400 500 600

Temperature (OC)

300 400 500 600

Temperature (oC)
700 800

Figure 2.12 (m) CH4 conversion, and selectivity for (A) CO 2 and (o) CO over 800oC-calcined
7YZ doped with 25 wt% of (a) A120 3 and (b) TiO 2 in methane combustion. Catalytic testing
was performed with 1% CH 4 in air at a flow rate of 50 ml/min.

2.3.3 Mn2O3-Coated and Doped 7YZ

2.3.3.1 Catalytic Activity

The full conversion of 800 0 C-calcined 25 wt% Mn20 3-coated or doped 7YZ was

achieved by 7000 C (Figures 2.9 and 2.11). Thus, 7YZ samples coated or doped with Mn 203

could be calcined at 7000 C for 2 h to take advantage of the higher surface area retained at this

lower calcination temperature. Figure 2.13 illustrates the catalytic activities of 7YZ coated

with different Mn20 3 loadings. The catalytic performance of 7YZ was enhanced with
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increasing Mn20 3 coating. The 25 wt% Mn20 3-coated 7YZ gave the highest activity, with a

light-off temperature of 3750 C (corresponding to 10% methane conversion); full conversion

of methane was achieved by 6500 C. This system should not be calcined at a temperature

below 7000 C, as full conversion then would not be achieved below the calcination

temperature (Figure 2.14).

Figure 2.15 shows that the catalytic performance of 7YZ was enhanced with

increasing Mn20 3 doping. 25 wt% Mn203-doped 7YZ provided the highest catalytic activity,

with a low light-off temperature of 3580 C. Full conversion of methane was achieved by

6500C over 10, 15, 20 and 25 wt% Mn203-doped 7YZ.
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Figure 2.13 Methane conversion over 7000 C-calcined 7YZ coated with (o) 0, (A) 5 (x) 10,
(A) 15, (+) 20 and (m) 25 wt% of Mn20 3. Catalytic testing was performed with 1% CH4 in air
at a flow rate of 50 ml/min.

200



300 400 500 600
Temperature (*C)

700 800

Figure 2.14 Methane conversion over 25 wt% Mn203-coated 7YZ calcined to (A) 5500C, (m)
6000C, (A) 6500 C, and (x) 7000 C in air for 2 h. Catalytic testing was performed with 1%
CH4 in air at a flow rate of 50 ml/min to a maximum temperature that was 500 C below the
calcination temperature.
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Figure 2.15 Methane conversion over 700°C-calcined 7YZ doped with (o) 0,
(A) 15, (+) 20 and (m) 25 wt% of Mn2O3. Catalytic testing was performed with
at a flow rate of 50 ml/min.
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Catalytic stability was examined over multiple reaction runs. The light-off

temperatures of Mn20 3-coated and doped 7YZ samples are shown in Tables 2.2 and 2.3,

respectively. The variation in the light-off temperatures between different runs was negligible
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and within experimental error for each sample. This agreed with the zirconia XRD grain size

results in Tables 2.4 and 2.5, which showed negligible grain growth after 2 runs.

Tables 2.2 and 2.3 also illustrated the general trend of decreasing light-off temperature

with increasing Mn20 3 loading for both the Mn20 3-coated and doped 7YZ systems. This

corresponded well with the finer zirconia grain size obtained by Mn2zO 3-coated and doped

7YZ samples at increasing Mn20 3 loading (Tables 2.4 and 2.5). For a given Mn20 3 loading, a

lower light-off temperature was achieved with the Mn20 3-doped 7YZ sample than with the

Mn20 3-coated 7YZ sample, especially at high Mn20 3 loadings.

Table 2.2 Light-off temperature of 700 0 C-calcined 7YZ coated with the specified Mn203
loading. Catalytic testing was performed with 1% CH4 in air at a flow rate of 50 ml/min.

Light-offLight-offm 0 wt% 5 wt% 10 wt% 15 wt% 20 wt% 25 wt%
Temperature ('C)

Run #1 556 422 400 393 388 375

Run #2 564 420 403 395 385 375

Run #3 554 420 400 390 380 370

Table 2.3 Light-off temperature of 700 0 C-calcined 7YZ doped with the specified Mn 203
loading. Catalytic testing was performed with 1% CH4 in air at a flow rate of 50 ml/min.

Light-offLight-off0 wt% 5 wt% 10 wt% 15 wt% 20 wt% 25 wt%
Temperature (oC)

Run #1 556 424 396 377 367 358

Run #2 564 422 395 375 372 360

Run #3 554 425 395 373 365 356

Table 2.4 Zirconia XRD grain size of 700 0 C-calcined 7YZ coated with the specified Mn203
loading before and after 2 catalytic runs. Catalytic testing was performed with 1% CH4 in air
at a flow rate of 50 ml/min.

Grain Sizes (nrn)

Before Run #1

After Run #2

5 wt%

26.9

26.2

10 wt%

23.8

23.9

15 wt%

22.1

21.9

20 wt%

20.3

20.1

25 wt%

13.7

14.2



Table 2.5 Zirconia XRD grain size of 7000 C-calcined 7YZ doped with the specified Mn 20 3

loading before and after 2 catalytic runs. Catalytic testing was performed with 1% CH 4 in air
at a flow rate of 50 ml/min.

Grain Sizes (nm) 5 wt% 10 wt% 15 wt% 20 wt% 25 wt%

Before Run #1 32.0 20.5 18.6 15.2 13.4

After Run #2 31.9 20.0 18.8 14.9 14.0

Further investigation showed that the entire catalytic activity profile of 7000 C-calcined

25 wt% Mn20 3-coated 7YZ was reproducible over 3 runs (Figure 2.16(a)). In contrast, 7000 C-

calcined 25 wt% Mn20 3-doped 7YZ displayed some decay in activity at high conversions

(Figure 2.16(b)). This effect was increased when the calcination temperature of 25 wt%

Mn20 3-doped 7YZ was raised to 8000 C (Figure 2.17). In this case, not only was the

temperature required for 100% conversion increased after 3 runs, the light-off temperature

was also raised by 25 0 C between the first run and the third run. This could be attributed to the

zirconia grain growth in 800 0 C-calcined 25 wt% Mn20 3-doped 7YZ from 16.2 nm (before run

#1) to 17.8 nm (after run #3). It has been reported that the high surface area and mesoporous

structure observed in Mn-doped ZrO 2 solid solution at low calcination temperature would

became unstable at a temperature above 7500C. 23 Thus, it would be important to avoid using

Mn20 3-doped 7YZ at high reaction temperatures. Mn20 3-coated 7YZ would be preferred for

reactions to 6500 C.
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Figure 2.16 Methane conversion in runs (m) #1, (o) #2 and (A) #3 over 7000 C-calcined 7YZ
(a) coated and (b) doped with 25 wt% of Mn20 3. Catalytic testing was performed with 1%
CH4 in air at a flow rate of 50 ml/min.
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Figure 2.17 Methane conversion in runs (m) #1, (o) #2 and (A) #3 over 8000 C-calcined 25
wt% Mn2zO3-doped 7YZ. Catalytic testing was performed with 1% CH4 in air at a flow rate of
50 ml/min.

2.3.3.2 Materials Characterization

XRD patterns of 7YZ coated and doped with different Mn20 3 loadings are shown in

Figure 2.18. Only 25 wt% Mn2zO3-coated 7YZ showed a separate Mn20 3 phase besides the

cubic zirconia phase. The cubic zirconia lattice parameter was shown to decrease with

increasing Mn20 3 loading (Figure 2.19), indicating that increasing amount of manganese ions

were introduced into the 7YZ lattice. This doping effect was relatively minor in the Mn20 3-

coated 7YZ system. As expected, it was very significant for the Mn20 3-doped 7YZ system.

However, it still deviated from the theoretical curve based on Kim's equation 24,25 at high Mn

loadings (see Figure 2.19). This indicated that not all the Mn loaded in the heavily Mn 20 3-

doped samples was introduced into the 7YZ lattice, suggesting that some Mn20 3 was

segregated to the surface of the 7YZ grains. ICP-AES confirmed that the actual Mn loadings

in the samples were quite similar to that introduced during the synthesis (Table 2.6).

Therefore, the lack of a separate Mn20 3 phase in the XRD pattern of most samples could be

attributed to (i) the uniform dispersion of manganese as dopants in the 7YZ grains, and (ii) the

presence of a highly dispersed amorphous Mn20 3 coating on the 7YZ grains. Both are present

in the Mn20 3-coated and doped 7YZ samples, but in different relative amounts. The former



would be dominant in the Mn20 3-doped 7YZ system, while the latter would be dominant in

the Mn20 3-coated 7YZ. The co-existence of Mn20 3 and Mn-Zr-O solid solution was also

confirmed in Koh et al.'s study of co-precipitated Mn/Zr system.26
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Figure 2.18 XRD patterns of 7YZ (i) coated and (ii) doped with (a) 0, (b) 5, (c) 10, (d) 15, (e)
20 and (f) 25 wt% of Mn20 3, after calcination at 7000 C in air for 2 h. Peaks of Mn20 3 were
denoted by #.
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Figure 2.19 Lattice parameters of (A) Mn20 3-coated and (m) Mn-doped 7YZ, after
calcination at 7000C in air for 2 h. The dotted line represented the theoretical value calculated
based on Kim's equation.24

Table 2.6 Theoretical and actual Mn loadings
calcination at 7000C in air for 2 h.

in Mn20 3-coated and doped 7YZ, after

Samples Nominal Targeted Actual
Mn20 3  Mn Loading Mn Loading*
Loading (wt%) (wt%) (wt%)
5 3.9 3.9
10 7.8 7.2

Mn203-Coated 7YZ 15 11.5 10.8
20 15.3 14.8
25 19.1 20.6
5 3.9 4.1
10 7.8 8.2

Mn20 3-Doped 7YZ 15 11.5 12.1
20 15.3 16.3
25 19.1 20.3

*Determined by ICP-AES.

25 wt% Mn20 3-doped 7YZ remained a single phase after calcination at 7000C (Figure

2.18(ii)(f)) and 8000C (Figure 2.4(e)) for 2 h. However, Mn30 4 was segregated into a separate

phase upon calcination at 10000C (Figure 2.20), in agreement with the observation of Kim

and Choi. 12 Thus, the single phase present in 25 wt% Mn20 3-doped 7YZ was only metastable.
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Figure 2.20 XRD of 25 wt% Mn-doped 7YZ after calcination at 10000C in air for 2 h. Peaks
of Mn304 were denoted by #.

The TEM images of 7YZ, and 25 wt% Mn20 3-coated and doped 7YZ are illustrated in

Figures 2.21-2.23. All three powder samples were heavily agglomerated. For 25 wt% Mn203-

coated 7YZ, no visible change was noted before and after 2 runs of methane combustion

(Figure 2.22). Under higher TEM resolution, grains with two different sizes were

distinguished in 25 wt% Mn20 3-coated 7YZ sample (Figure 2.21(b)). The smaller grains (10-

20 nm) and larger grains (30-40 nm) in TEM corresponded to 7YZ and Mn20 3, respectively,

as confirmed by lattice calculations (Figures 2.21(i-iii)). These were consistent with the

average grain sizes determined by XRD for 7YZ (15.3 nm) and Mn20 3 (37.9 nm). A high

dispersion of 7YZ and Mn20 3 grains were obtained on the nanometer scale, as further

confirmed by STEM and elemental mapping (Figure 2.24). Such intimate mixing of two

phases could not be achieved by mechanical mixing, and provided for a high level synergism

between 7YZ and Mn20 3 in the catalytic combustion of methane. Consequently, the light-off

temperature of 25 wt% Mn203-coated 7YZ nanocomposite (375°C) was lower than that of

nanocrystalline Mn20 3 (3950 C) and nanocrystalline 7YZ (558 0 C) (Figure 2.25).

The particles in 25 wt% Mn20 3-doped 7YZ were quite uniform in size, as they

corresponded to 7YZ grains (Figure 2.23). No separate Mn20 3phase was detected by TEM or



XRD when calcined at 7000 C. There was no distinct difference in the TEM images of the

sample before and after two runs of methane combustion, despite the minor decay at high

conversions in the activity profiles (Figure 2.16(b)).

Figure 2.21 TIEM micrographs of 700 0 C-calcined powders of (a) 7YZ, and (b) 25 wt%
Mn20 3-coated 7YZ. Mn20 3 and 7YZ grains were identified by lattice fringes calculations, and
denoted by solid circles and dotted circles, respectively, in (i), (ii) and (iii).
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Figure 2.22 TEM micrographs of 700 0 C-calcined 25 wt% Mn20 3-coated 7YZ (b) before and
(c) after 2 runs of methane combustion performed with 1% CH 4 in air at a flow rate of 50
ml/min.

Figure 2.23 TEM micrographs of 7000 C-calcined 25 wt% Mn 20 3-doped 7YZ (a) before and
(b) after 2 runs of methane combustion performed with 1% CH 4 in air at a flow rate of 50
ml/min.



Figure 2.24 (a) STEM micrograph, and (b) Mn and (c) Zr elemental maps of 700 0 C-calcined
25 wt% Mn203-coated 7YZ.
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Figure 2.25 Methane conversion over 7000C-calcined (o) 7YZ, (A) Mn20 3, and (m) 25 wt%
Mn203-coated 7YZ. Catalytic testing was performed with 1% CH 4 in air at a flow rate of 50
ml/min.

2.3.4 CeO 2-Coated and Doped 7YZ

2.3.4.1 Catalytic Activity

Catalytic activities of CeO2-coated and doped 7YZ are presented in Figure 2.26 and

Figure 2.27, respectively. CeO2-coated 7YZ samples showed significantly higher catalytic

activities than the CeO2-doped 7YZ samples at a given CeO2 loading. 20 wt% CeO2-coated

7YZ demonstrated the highest catalytic activity among the CeO2-coated and doped 7YZ

samples. It has a light-off temperature of 510 0 C, providing for full methane conversion at

7500C.

Unlike the CeO2-coated 7YZ samples, the CeO2-doped 7YZ samples actually showed

lower catalytic activities than the unmodified 7YZ. Unlike the manganese dopants, cerium

dopants have the same valence as the zirconium ions. Thus, they would not introduce any

oxygen vacancies into zirconia, which might have improved the catalytic activity in the case

of Mn20 3-doped 7YZ. In addition, cerium dopants could be readily introduced into the

zirconia lattice, thus a highly dispersed amorphous CeO2 coating might be absent on the 7YZ

grains. Such a highly dispersed CeO2 coating might be essential towards increasing the 7YZ

activity in CeO2-modified 7YZ samples.
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Figure 2.26 Methane conversion over 800 0 C-calcined 7YZ coated with (o) 0, (A) 5 (x) 10,
(A) 15, (+) 20 and (m) 25 wt% of CeO2. Catalytic testing was performed with 1% CH4 in air
at a flow rate of 50 ml/min.
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Figure 2.27 Methane conversion over 800 0C-calcined 7YZ doped with (o) 0, (A) 5 (x) 10,
(A) 15, (+) 20 and (m) 25 wt% of CeO2. Catalytic testing was performed with 1% CH4 in air
at a flow rate of 50 ml/min.

The light-off temperatures of 800 0 C-calcined CeO2-coated 7YZ and 25 wt% CeO2-

doped 7YZ over multiple runs were summarized in Table 2.7. Like 7YZ, they showed

negligible changes in light-off temperatures. 20 wt% CeO2-coated 7YZ showed the lowest
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light-off temperature. Its catalytic activity profile did not vary substantially over three

consecutive runs (Figure 2.28). However, this best 800 0 C-calcined CeO2-modified 7YZ

catalyst could not compete with any of the 7000 C-calcined Mn20 3-coated and doped 7YZ

samples in catalytic activity (Tables 2.2 and 2.3), even though it significantly enhanced the

catalytic activity of 7YZ.

Table 2.7 Light-off temperature of 8000 C-calcined 7YZ coatedt and doped* with the
specified CeO2 loading. Catalytic testing was performed with 1% CH4 in air at a flow rate of
50 ml/min.

Light-off CeO2 Loading (wt%)
Temperature (°C) O0 5T 10T 15T 201 251 25*
Run # 1 540 510 505 500 485 510 540
Run # 2 540 510 505 500 495 510 545
Run # 3 540 510 510 495 485 515 540
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Figure 2.28 Methane conversion in runs (m) #1, (o) #2 and (A) #3 over 800 0 C-calcined 20
wt% CeO2-coated 7YZ. Catalytic testing was performed with 1% CH 4 in air at a flow rate of
50 ml/min.

2.3.4.2 Materials Characterization

Figure 2.29 illustrates the XRD patterns of 800 0C-calcined CeO2-coated and doped

7YZ samples. CeO2emerged as a separate phase when > 10 wt% CeO2was coated onto 7YZ.



For the CeO2-coated 7YZ system, negligible XRD peak shifts were noted, and the lattice

parameter of cubic zirconia remained essentially unchanged for the range of CeO2 loadings

examined (Figure 2.30). This indicated that cerium was hardly substituted into the zirconia

crystal structure by the coating route.

In contrast, at least 25 wt% of CeO2 could be doped into 7YZ without forming a

separate crystalline phase (Figure 2.29(ii)). With increasing doping of 7YZ with CeO2, XRD

peaks were shifted to the smaller diffraction angles. Figure 2.30 illustrates a steady increase in

the lattice parameter of cubic zirconia with increasing CeO2 loading. This confirmed the

successful substitution of cerium ions into the zirconia crystal structure, expanding the latter

due to the larger ionic radius of Ce4+ compared to Zr4+.
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Figure 2.29 XRD patterns of 7YZ (i) coated and (ii) doped with (a) 0, (b) 5, (c) 10, (d) 15, (e)
20 and (f) 25 wt% of CeO2, after calcination at 8000C in air for 2 h. Peaks of CeO2 were
denoted by #.
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Figure 2.30 Lattice parameters
calcination at 8000C in air for 2 h.

of (A) CeO2-coated and (m) CeO2-doped 7YZ, after

Table 2.8 Theoretical and actual Ce loadings
calcination at 8000C in air for 2 h.

in CeO2-coated and doped 7YZ, after

Samples Nominal Targeted Actual
CeO2 Loading Ce Loading Ce Loading*
(wt%) (wt%) (wt%)
5 4.1 4.0
10 8.3 8.9

CeO2-Coated 7YZ 15 12.4 13.2
20 16.5 17.9
25 20.6 22.6
5 4.1 4.0
10 8.3 8.8

CeO2-Doped 7YZ 15 12.4 13.1
20 16.5 17.3
25 20.6 21.8

*Determined by ICP-AES.

The best CeO2-modified 7YZ, 20 wt% CeO2-coated 7YZ, was characterized by TEM,

which showed negligible changes in the microstructure of the catalyst before and after two

cycles of methane combustion (Figure 2.31). It has a similar particle morphology and a

slightly finer grain size than unmodified 7YZ. The ceria and zirconia XRD grain sizes were

20.4 nm and 17.4 nm, respectively (Figure 2.29(i)(e)). The ceria and zirconia grains showed

.................. ............. ...................... .................... ..I ........... ........... ........ .................. ....... .................. .............. ........... ....... ........ ...... ...................

A A A -AV-- A

· ·l "kv.v



similar particle size and morphology by TEM (Figure 2.31). STEM images confirmed that the

two phases were highly dispersed and in close contact (Figure 2.32), providing a synergistic

effect in catalytic performance.

Figure 2.31 TEM micrographs of 800 0 C-calcined (a) 7YZ, and 20 wt% CeO2-coated 7YZ (b)
before and (c) after 2 runs of methane combustion performed with 1% CH4 in air at a flow
rate of 50 ml/min.



Figure 2.32 (a) STEM micrograph, and (b) Ce and (c) Zr elemental maps of 800 0 C-calcined
20 wt% CeO2-coated 7YZ.

2.3.5 Kinetics and Mechanism of Methane Combustion

The catalysts with the highest activities, 25 wt% Mn20 3-coated and doped 7YZ, were

subjected to further mechanistic studies.

2.3.5.1 Temperature-Programmed Reduction with Methane and Desorption of Oxygen

The catalytic oxidation of CH4 to CO 2 would begin with the abstraction of hydrogen

from methane, resulting in the formation of activated methane species. At temperatures above

7000 C, these activated species would desorb from the catalyst surface to produce gas-phase

methyl radicals. The methyl radicals would react with gas-phase oxygen or activated oxygen

species on the catalyst surface, leading to the formation of CO 2. Since methane is a very

(a)

100 nm

II~mi °(b)

10 m



stable molecule, hydrogen abstraction from methane is typically considered to be the rate-

limiting step. The activity and selectivity of methane oxidation depend on the nature and

amount of oxygen species on the catalyst surface.27-31

At lower temperatures, the activated methane species might not desorb into the gas

phase, but may further react with adsorbed oxygen species leading to carbonate formation.

Subsequent desorption of carbonate and hydroxyl species from the catalyst surface would

regenerate the active site. Therefore, the catalytic mechanism of methane oxidation could be

divided into three steps (see Figure 2.33): (1) hydrogen abstraction from methane to form

activated methane species, (2) oxidation of adsorbed methane species to surface carbonate,

and (3) regeneration of active sites by carbonate and hydroxyl desorption, and oxygen

adsorption."8 To study the individual steps involved in this mechanism, TPR of 25 wt%

Mn20 3-coated and doped 7YZ was performed with methane. On heating the catalyst in the

presence of methane, the temperature at which methane was activated to form an adsorbed

methoxy species could be determined, which might be related to the intrinsic activity for

hydrogen abstraction from methane. The desorption temperatures of CO 2 would indicate the

stability of surface carbonate species, and/or the kinetics of transformation of adsorbed

methoxy species to surface carbonate species.

Figure 2.34 shows the TPR curves for 7000 C-calcined 25 wt% Mn 2O3-coated 7YZ.

Methane activation was found to occur at - 3000C, with the simultaneous formation of CO2.

This suggested that conversion of adsorbed methoxy species to surface carbonate, and its

subsequent desorption as CO 2 were fast reaction steps.

The TPR curves for 7000 C-calcined 25 wt% Mn203-doped 7YZ are illustrated in

Figure 2.35. Activation of methane was found to occur at a lower temperature of - 230*C,

indicating that the greater substitution of Mn3+ for Zr4+ in the doped sample increased the

intrinsic activity for hydrogen abstraction from methane. CO2 formation was observed along

with methane activation, suggesting that conversion of adsorbed methoxy species to surface

carbonate, and its subsequent desorption as CO2 were fast reaction steps.
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Figure 2.33 Graphical representation of catalyst activation in methane combustion.
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Figure 2.34 TPR curves for 7000 C-calcined 25 wt% Mn20 3-coated 7YZ, showing (A) CH4
detected in outlet stream, and (m) CO2 formation. TPR was performed under 0.5% CH4 in He
at a flow rate of 20 ml/min.
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Figure 2.35 TPR curves for 7000 C-calcined 25 wt% Mn20 3-doped 7YZ, showing (A) CH4
detected in outlet stream, and (0) CO2 formation. TPR was performed under 0.5% CH4 in He
at a flow rate of 20 ml/min.

Figure 2.36 shows the TGA profiles of 7YZ, and 25 wt% Mn20 3-coated and doped

7YZ in the presence of CH4. 7YZ showed very gradual weight loss. This could be attributed

to the difficulty in significantly reducing 7YZ below 550 0 C. Figure 2.37 also illustrates that

negligible oxygen desorption occurred below - 510 0 C. The observations correlated well with

the high light-off temperature (558 0C) for 7YZ. In contrast, Mn20 3 exhibited oxygen

desorption at a much lower temperature (- 2500 C) (Figure 2.37), suggesting its ability to

oxidize methane at a relatively low temperature, as demonstrated by Stobbe et al. and Dobber

et al.32,33 However, the amount of oxygen desorbed was small due to the low surface area of

Mn20 3 (Figure 2.38(b)). This could be attributed to the large grain size of Mn20 3, which was

greater than 100 nm upon calcination at 5500C, and was thus not shown in Figure 2.38(a).

Compared to 7YZ and Mn20 3, Mn20 3-modified 7YZ samples demonstrated much

greater weight losses in methane (Figure 2.36) and much more oxygen desorption (Figure

2.37). This could be attributed to the superior thermal stability of the Mn20 3-modified 7YZ

samples, especially 25 wt% Mn20 3-doped 7YZ, which exhibited a much higher surface area

than 25 wt% Mn2!03-coated 7YZ, 7YZ and Mn20 3 after calcination at 7000C.

25 wt% Mn20 3-coated 7YZ showed a two-step weight loss in methane, and two major

oxygen desorption peaks. The low-temperature peak centered at - 3000C might be attributed



to the desorption of weakly adsorbed oxygen species (such as 02) from the surface of the

Mn20 3 coatings on 7YZ. Such species did not participate in the hydrogen abstraction from

methane, which was only initiated at - 3000 C (Figure 2.34). The second oxygen desorption

peak emerged above 380 0 C. It could be attributed to the desorption of active chemisorbed

oxygen species associated with the substitution of Mn3+ for Zr4+ in the zirconia lattice. This

TPD peak temperature corresponded well to the light-off temperature of 375 0 C.

25 wt% Mn20 3-doped 7YZ presented even greater weight loss in methane than 25

wt% Mn20 3-coated 7YZ (Figure 2.36). Its weight loss occurred in four steps, and could be

attributed to the ease of reducing zirconia substituted with a much higher concentration of

manganese (Figure 2.19), which could exist in multiple valences (+2, +3, +4 and +7). The

major oxygen desorption peak at - 3000 C could be attributed to the release of active

chemisorbed oxygen species by the heavily doped zirconia (Figure 2.37). Such oxygen

species corresponded to the low-temperature methane activation in 25 wt% Mn20 3-doped

7YZ (Figure 2.35), enabling a remarkably low light-off temperature of 358 0 C.
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Figure 2.36 TGA profiles for (a) 7YZ, and 7YZ (b) coated and (c) doped with 25 wt% of
Mn203, after calcination at 7000 C in air for 2 h. TGA was performed under 5% CH 4 in He at a
flow rate of 20 ml/min. The dotted lines were used to identify the four regions with different
curvatures in (c).
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Figure 2.37 TPD of oxygen from (a) Mn203, (b) 7YZ, and 7YZ (c) coated and (d) doped with
25 wt% of Mn20 3, after calcination at 7000C in air for 2 h. TPD was performed in He at a
flow rate of 20 ml/min.
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Figure 2.38 (a) Zirconia XRD grain sizes and (b) BET surface areas of (x) Mn20 3, (n) 7YZ,
and 7YZ (A) coated and (A) doped with 25 wt% of Mn20 3.

Figure 2.39 shows that 25 wt%-coated and doped 7YZ possessed similar XPS Ols and

Mn2p 3/2 peak positions, which were similar to those observed for Mn20 3.3 4 This indicated that

the two samples have similar surface species and oxidation states (Mn3+), This finding could

partially explain the similarity in the light-off temperatures for 25 wt% Mn20 3-doped 7YZ

(358°C) and 25 wt% Mn20 3-coated 7YZ (375*C). The two samples have similar bulk Mn

concentrations by ICP-AES analysis (Table 2.9). However, 25 wt% Mn20 3-coated 7YZ
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showed a much higher surface Mn concentration (by XPS analysis) than 25 wt% Mn203-

doped 7YZ. This confirmed that there was more Mn20 3 segregated on the surface of the 25

wt% Mn20 3-coated 7YZ. However, this higher surface Mn loading did not lead to better

catalytic activity. The greater surface area of the 25 wt% Mn20 3-doped 7YZ might have given

this sample a slight edge in the light-off temperature by providing a superior surface

dispersion of active sites.

3OV

300
0

S250
x
C) 200

150

c 100

- 50

0
540

3OO

300

250

200

150

100

50

0
664

535 530 525 520
Binding Energy (eV)

654 644 634

Binding Energy (eV)

515

624

Figure 2.39 XPS spectra of 7YZ (-) coated and (---) doped with 25 wt% of Mn20 3.
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Table 2.9 Surface and bulk compositions of 25 wt% Mn20 3-coated and doped 7YZ, after
calcination at 7000C in air for 2 h.

Catalysts Surface Concentration (wt%) Bulk Concentration (wt%)
Mn Zr O Mn

25 wt% Mn203-Coated 7YZ 37.8 33.6 28.6 20.6
25 wt% Mn20 3-Doped 7YZ 20.5 52.9 26.6 20.3

2.3.5.2 Apparent Reaction Rates

Table 2.10 shows the methane and oxygen rate orders for 25 wt% Mn20 3-coated and

doped 7YZ measured at 3300C under different gas concentrations, based on the data shown in

Figure 2.40. The rate order for methane deviated significantly from unity. This suggested that

methane was chemisorbed on the catalyst surface. The Eley-Rideal mechanism, generally

accepted for oxidative coupling of methane, 27,30 ,31 was not applicable at lower temperatures

where surface reactions dominated. 25 wt% Mn20 3-coated 7YZ has a similar methane rate

order and oxygen rate order as 25 wt% Mn20 3-doped 7YZ, confirming our XPS observation

that similar surface species were present in the two samples (Figure 2.39). As the oxygen

concentration increased from 7.5% to 21%, methane rate order remained essentially

unchanged for both 25 wt% Mn20 3-coated and doped 7YZ.

Table 2.10 Apparent reaction rate orders of CH4 and 02 for methane oxidation over 25 wt%
Mn203-coated and doped 7YZ. The samples were calcined at 7000C in air for 2 h, and tested
at 330 0 C at various feed gas concentrations.

Catalysts CH4 Rate Order (a) 02 Rate Order (f3)
7.5% 02 21% 02 2.0% CH4

25 wt% Mn20 3-Coated 7YZ 0.78 0.80 0.45
25 wt% Mn20 3-Doped 7YZ 0.76 0.75 0.49
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Figure 2.40 Reaction rate as a function of (a) CH 4 concentration for 7YZ (A, A) coated and
(m, o) doped with 25 wt% Mn20 3, with 02 concentration of (A, m) 7.5% and (A, o) 21%, and
(b) 02 concentration for 7YZ (A) coated and (m) doped with 25 wt% Mn20 3, with CH4
concentration of 2.0%, after calcination at 7000C in air for 2 h. Testing was performed at
330*C under different gas concentrations at a flow rate of 100 ml/min.

The apparent activation energies for methane combustion are summarized in Table

2.11, based on the data shown in Figure 2.41. Mn20 3 and Mn20 3-modified 7YZ showed a

much lowered activation energy, which corresponded to the low oxygen desorption
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temperatures observed in the TPD curves for these catalysts (Figure 2.37). The most active

catalyst, 25 wt% Mn20 3-doped 7YZ, has an activation energy of 76 kJ/mol, after calcination

at 7000 C in air for 2 h. Doping and coating of Mn 20 3 successfully lowered the activation

energy of 7YZ. This corresponded with the greatly reduced light-off temperatures. The

remarkably low light-off temperatures were competitive even with the supported Pd and Pt

catalysts, 3537 which are significantly more expensive than our 25 wt% Mn2O3-coated and

doped 7YZ nanocomposites.

Table 2.11 Light-off temperature and activation energy
and doped 7YZ, after calcination at 7000C in air for 2 h.

of 7YZ, and 25 wt% Mn203-coated

Catalysts Light-off Activation Energy
Temperature (oC) (kJ/mol)

7YZ 558 113 19
Mn20 3  398 89 6
25 wt% Mn203-coated 7YZ 375 85 ± 5
25 wt% Mn203-doped 7YZ 358 76 ± 5
2.7 wt% Pd/Tetragonal Zirconia 35 297
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Figure 2.41 Reaction rate as a function of 1/T for (A) 7YZ, (m) Mn20 3, and 7YZ (o) coated
and (A) doped with 25 wt% Mn20 3, after calcination at 7000C in air for 2 h. Testing was
performed with 1% CH 4 in air at a flow rate of 50 ml/min.



2.4 Summary

Nanocrystals of 7YZ were synthesized with ultrafine grain sizes and high surface

areas by chemical co-precipitation. They were modified with secondary components, such as

A120 3, TiO 2, CeO2 and Mn20 3, in the form of coating or dopants. These modifications led to

different dispersion and interaction between the secondary components and 7YZ. They could

be employed to significantly improve the thermal stability and catalytic activity of 7YZ-based

systems. In particular, CeO2- and Mn2zO3-modified 7YZ gave rise to excellent catalytic

performance in the flameless combustion of methane. 25 wt% Mn20 3-coated 7YZ and 25

wt% Mn20 3-doped 7YZ showed remarkably low light-off temperatures of 375 0 C and 358 0 C,

respectively. These catalysts were highly attractive as they were competitive with the much

more expensive supported noble metal catalysts. Their catalytic activity could be attributed to

the availability of active surface oxygen species, which facilitated the methane activation at

low temperatures.
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Chapter 3 - Synthesis of Nanocrystalline Yttria-Zirconia Ceramics

3.1 Introduction

Nanostructured ceramics exhibit interesting mechanical properties such as improved

hardness and bending strength.' However, due to processing challenges, systematic study in

the nanometer regime remains limited, due to the sensitivity of the properties to the ceramic

density.5 A synthesis/processing scheme that would produce fully dense nanocrystalline

ceramics is key towards a systematic investigation of size-dependent properties of ceramics in

the submicron regime.

3 mol% yttria-doped zirconia (3YZ) (tetragonal structure) and 8 mol% yttria-doped

zirconia (8YZ) (cubic structure) are among the two most studied oxides because of their

strong mechanical strength and high electrical conductivity, respectively. These two ceramic

systems are also very interesting and challenging due to their simple structures and high

sintering temperature requirements.

One of the most effective ways of limiting grain growth in fully dense, single-phase

ceramics is to reduce the sintering temperature. However, it is difficult to remove pores

trapped in the ceramic body at low sintering temperatures without using high pressures. 6-8

Evans 9 and Vasylkiv et al.5'10 have indicated that the microstructural inhomogeneity (e.g. due

to non-uniform particle packing and presence of agglomerates) was the main obstacle in the

densification of ceramics. Efforts to remove the microstructural non-uniformity have been

mainly focused on deagglomeration in liquid suspension by casting or electrochemical control

of the powder suspension to achieve better particle packing in the ceramic green bodies. 1 -'3

The approach presented in this study was different from the conventional strategy. The

agglomeration of grains, which were formed naturally during the drying process due to the

capillary force associated with water vaporization, was used to achieve a narrow pore size

distribution in the green compact. This successfully avoided the formation of larger pores that

would grow preferentially at high temperatures. As a result, fully dense nanocrystalline

ceramics could be attained at a relatively low sintering temperature without significant grain

growth.



3.2 Experimental

3.2.1 Synthesis

Hydrothermal treatment was used to provide the powder suspension. This method has

been shown to produce finer grain size with a uniform distribution.8' 10' 14 The synthesis scheme

for the wet processing of nanocrystalline yttria-zirconia ceramics is shown in Figure 3.1. 3YZ

and 8YZ were synthesized via chemical co-precipitation. 15 Part of the hydroxide suspension

was hydrothermally treated at 180 0C for 24 h.8 The precipitate was collected by centrifuging,

and washed thrice in deionized (DI) water (0.1 M). It was then either (i) dried directly to form

a dried compact (DC), or (ii) dried and grounded. The powder was (i) subsequently sintered at

various temperatures under pressure in a hot press (HP), or (ii) compacted by hydraulic press,

and cold isostatically pressed (CIP) at 300 MPa for 3 min in a 7-liter vessel (Fluitron Inc.),

followed by sintering at various temperatures without pressure as a powder compact (PC)

(Figure 3.1 solid line). Hot pressing was performed under vacuum (Materials Research

Furnaces Inc.). The other part of the hydroxide suspension was not hydrothermally treated

(see dotted line in Figure 3.1); it was washed, dried, grounded, and calcined at 550 0C in air

for 2 h. The calcined powders were then hot pressed under vacuum to form the calcined

compact (CC).

Figure 3.2 illustrates the processing and sintering of TOSOH© yttria-zirconia powders,

non-spray-dried 3 mol% yttria-doped zirconia (TZ-3YB), spray-dried 3 mol% yttria-doped

zirconia (TZ-3YSB), and non-spray-dried 8 mol% yttria-doped zirconia (TZ-8Y). These

control samples were subjected to conventional ceramic processing, such as hot pressing

(HP), pressureless sintering after CIP, or hot isostatic pressing (HIP). All samples were

calcined or sintered in air in a Lindberg Model 54434 tube furnace if the temperature was

above 1100 0C, or a Lindberg Model 55122 hinged tube furnace if the temperature was below

11000C, unless otherwise specified. CIP was performed at 300 MPa for 3 min, as in the case

of PC. HIP was preformed by American Isostatic Presses Inc. (Columbus, OH).
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3.2.2 Characterization

A Siemens D5000 0-0 X-ray diffractometer (Cu Kca) was used to identify the

crystalline phases of powder samples. Average grain sizes were calculated based on peak

broadening using Scherer's equation (for grain sizes below 100 nm). All ceramic samples

were polished with 1-jim diamond suspension, and thermally etched at 500C below sintering

temperature for 30 min. Their grain sizes were examined by field-emission high-resolution

scanning electron microscopy (SEM) (JEOL 6320FV) (for grain sizes below 1 jLm) or

environmental scanning electron microscopy (ESEM) (FEI/Philips XL30 FEG) (for grain

sizes above 1 pm), and calculated according to ASTM E112-96. Archimedes' method was

applied to the samples in DI water to determine the ceramic density. N2 adsorption-desorption

isotherms and B.E.T. surface area were obtained with a Micromeritics ASAP 2010 system.

3.3 Results and Discussion

3.3.1 Nanocrystalline Ceramics from Hydrothermally Treated Yttria-Zirconia

3.3.1.1 Characterization of Hydrothermally Treated Powders

3YZ and 8YZ were synthesized via hydrothermal treatment at a controlled pH of -

10.5. Figure 3.3 shows that the tetragonal phase and cubic phase associated with 3YZ and

8YZ, respectively, could not be distinguished after calcination at low temperatures due to the

nanocrystalline grain sizes. The tetragonal phase of 3YZ was confirmed only after calcination

at 11000 C.

Figure 3.4 shows that rapid grain growth occurred at - 10000C for DC, PC and

powders of 3YZ and 8YZ. Luo et al.'s dilatometric studies of 3YZ indicated that the changes

in density as a function of temperature was rapid at 1000-1 150 0C and at 1250-13300C."6

Thus, it would be ideal to achieve ceramic densification below 1000-1 1500C in order to

suppress grain growth during sintering.
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Figure 3.3 XRD patterns of (A) 3YZ and (B) 8YZ powders (a) after hydrothermal treatment
at 1800C for 24 h, and after calcination at (b) 5500C, (c) 7000 C, (d) 9000 C and (e) 1100 0 C in
air for 2 h.
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3.3.1.2 Sintering of Nanocrystalline Yttria-Zirconia

DC and PC of 3YZ and 8YZ were sintered at various temperatures in air (see Figure

3.5). The CIP samples of TOSOH© TZ-3YB and TZ-8Y were sintered for comparison. All

samples started with similar green densities of 48-49%, but demonstrated different

sinterability. However, DC of 3YZ and 8YZ achieved > 99% density at 11000C and 1150 0 C,

respectively, while the CIP samples of commercial powders only attained a density of < 75%

1200



at 1200 0 C. Figure 3.6 confirmed the successful densification of DC of 3YZ and 8YZ after

sintering at 11000C and 1150 0 C, respectively. Ultrafine grain sizes averaging - 87 ± 2 nm and

85 ± 16 nm were retained at these relatively low sintering temperatures.

Unlike the DC samples, the PC samples of 3YZ and 8YZ did not achieve full

densification during the first rapid change in density. Their density reached a plateau at -

95%, in agreement with the observation of Sagel-Ransijn et al.'7 The CIP samples TOSOH©

TZ-3YB and TZ-8Y were fully densified, but at a much higher temperature of 14000C.

DC samples of 3YZ and 8YZ were subjected to calcination at higher temperatures

beyond full densification for grain growth studies (Figure 3.7 and Figure 3.8). DC of 3YZ

showed some grain growth to - 146 ± 17 nm upon heating to 12000C, with minor grain

growth to - 180 ± 31 nm with further treatment to 13000 C. In contrast, the DC of 8YZ

exhibited significant grain growth to - 537 ± 34 nm when heated to 12500C, with continued

grain growth to 819 ± 71 nm and 2.8 ± 0.4 gm with further treatment to 13000C and 14000 C,

respectively. The difference in grain evolution between 3YZ and 8YZ could be explained by

the different grain growth activation energy of 105 kcal/mol for tetragonal zirconia and 69

kcal/mol for cubic zirconia. 18'19 The difficulty in achieving 8YZ with ultrafine grains under

normal sintering conditions has also been noted in the literature.7

Hot pressing has been known to be effective in closing residual pores and in

establishing a positive sintering pressure20 to suppress grain growth. Since hydrothermally

treated 3YZ and 8YZ powders could achieve full density as DC at 11000C and 11500C,

respectively, these powders were also subjected to hot-pressing under various pressures in

vaccum for 1 h at 11000C and 1150oC, respectively. Figure 3.9 shows that increasing pressure

led to improved densification for HP samples. A pressure of 150 MPa was sufficient to fully

densify 3YZ at 11000C, 8YZ at 11500C, TZ-3YB at 11000C, and TZ-8Y at 1150 0C. Grain

sizes of 75 ± 3 nm, 151 ± 10 nm, 78 ± 4 nm, and 154 ± 16 nm were attained (see Figure 3.10).

When a non-hydrothermally treated 3YZ powder was hot-pressed (CC), full density was not

achieved at 11000C, even at 150 MPa.
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Figure 3.6 SEM images of DC of (a) 3YZ sintered at 11000C in air for 2 h, and (b) 8YZ
sintered at 11500 C in air for 2 h.

Figure 3.7 SEM images of DC of 3YZ sintered at (a) 1200 0C and (b) 13000 C in air for 2 h.



Figure 3.8 SE~v1/ESEM images of DC of 8YZ sintered at (a) 1250°C, (b) 1300°C and (c)
1400°C in air for 2 h.
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Figure 3.10 SEM images of HP samples of (a) 3YZ at 11000C, (b) 8YZ at 1 150 0C, (c) TZ-
3YB at 1100 0 C, and (d) TZ-8Y at 11500C under 150 MPa in vacuum.

3.3.1.3 Discussion

DC was shown to have a better sinterability than other compacts. Thus, DC of 8YZ

was further examined to elucidate its characteristics in relation to sintering kinetics.

Porosimetry of 8YZ

Hydrothermally treated 8YZ powders calcined to various temperatures consisted of

near-spherical grains with a uniform size distribution (Figure 3.11). It has a similar pore size

distribution as its DC before calcination (Figure 3.12(a)). At low temperatures (< 7000 C),

both 8YZ powders and DC showed only one peak at a pore size below 20 nm, while 8YZ PC

showed an additional peak at - 30 nm. The presence of two peaks in pore size distribution has



also been reported by Luo et al. on ceramics based on calcined powders.1 6 Sintering studies

indicated that densification was not initiated below 9000 C (Figure 3.5(b)). Thus, the fine

pores in 8YZ powders and DC at low temperatures were intraagglomerate pores. The

additional peak at - 30 nm in 8YZ PC could be attributed to the forming process, which

included CIP at 300 MPa. These 30-nm pores might be due to interagglomerate pores, which

were finer than the typical micron-sized pores observed in the conventional systems.21

Figure 3.11 TEM micrographs of hydrothermally treated 8YZ powders (a) before calcination,
and after calcination at (b) 550 0 C, (c) 7000 C and (d) 9000 C in air for 2 h.
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Figure 3.12 Pore size distributions of hydrothermally treated 8YZ (-) powders, (-) DC and
(-) PC (a) before calcination, and after calcination at (b) 550 0C, (c) 7000C and (d) 900°C in
air for 2 h.

After calcination at 9000C, 8YZ powders and PC showed broad pore size distributions

of 10-40 and 10-50 nm, respectively, while the DC displayed a sharp pore size distribution of

< 20 nm. The broadening of the pore size distribution in 8YZ PC could be attributed to the

pore growth and evolution at the expense of finer pores. The single, narrow pore size

distribution of the DC greenbody prevented the pore growth during sintering at higher

temperatures. This allowed the DC to be completely densified in one step between 9000 C and

11500 C (see Figure 3.5(b)). According to Luo et al.'s dilatometry findings, 16 the small pores

would collapse in the first sintering step at 1000-1150°C, while the larger pores could only be

eliminated in a second sintering step. This explained why the PC could only be densified to

95% at 1200oC; a second sintering step would be needed to collapse its larger pores of > 20

nm.

Effect of pH on 8YZ DC

8YZ DC was formed by direct drying of the washed powders. The uniform greenbody

of the DC was key towards rapid sintering in one step. The low-temperature sinterability of

8YZ DC in turn allowed a dense nanocrystalline ceramic to be attained. Therefore, pH

adjustment aimed at breaking up agglomerates during casting" should not have a significant

impact on the sinterability of 8YZ DC. This was demonstrated in Figure 3.13, which showed



that the effect of suspension pH was negligible on the final density of 8YZ DC. We note that

only a narrow pH range could be examined since stoichiometric 8YZ has to be processed in a

narrow pH range due to the solubility difference between yttrium and zirconium ions in

water.14
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Figure 3.13 Densification of 8YZ DC at various temperatures in air for 2 h. The samples
were first processed at a pH of(A) 10.0 and (i) 10.5.

Sintering Kinetics

Coarsening (grain growth) and densification are the two processes that often occurred

simultaneously during ceramic sintering. The relative rate of these processes determines the

microstructure of the sintered body. To study the sintering kinetics of various systems in their

final sintering stages, Cannon and Yan developed a model for normal coarsening and

densification.22 23 In this model, standard graphs of relative grain size (D/Do) vs. density were

calculated for different coarsening and densification mechanisms, and values of relative

coarsening/densification ratios were presented graphically. Comparing our experimental

graphs with these standard graphs, we could gain insights into the microstructural evolution

during the final-stage sintering.

Using this model, the relative grain size (D/Do) for 8YZ DC and PC was studied as a

function of density, with Do represented the grain size of 8YZ DC and PC at 70% density

I I I I I



(21.3 nm and 22.0 nm, respectively). Compared to the PC, the DC possessed negligible pores

of > 20 nm (Figure 3.12). This facilitated the low-temperature sintering, allowing one-step

densification with little grain growth. The main difference between DC and PC of 8YZ was

the geometric factors along the grain boundaries of the green body. Since pores were not

present within the grains, grain boundary diffusion would control the densification process

during sintering. Thus, the extent of grain growth during the final stage of sintering could be

given by the relative coarsening/densification ratio (F),23

3 wD, YgbF= O (3.1)
176 Dgb 7sy,

where D, and Dgb = surface and grain boundary diffusivities, respectively, y, and ygb

surface and grain boundary energies, respectively, and co and 8 = effective widths of surface

and grain boundary diffusion, respectively. Since it can be assumed that the surface and grain

boundary diffusivities and energies are fixed values for a given system, only the geometric

values c and 8 may be varied. Further examination of these two values suggested that w

should also be a fixed value for 8YZ DC and PC. By comparing Figure 3.14 with the standard

graph of grain boundary and surface diffusion controlled sintering,22 F value of 8YZ DC was

determined to be - 3-6 times higher than that of 8YZ PC. Thus, the grain boundary diffusion

width in 8YZ PC should be - 3-6 times that of 8YZ DC. This calculation agreed with the

difference in pore size between 8YZ PC (- 30 nm) and DC (- 10 nm) (Figure 3.14).
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Figure 3.14 Relative grain size as a function of density for 8YZ (m) DC and (A) PC.

3.3.2 Yttria-Zirconia Ceramics from TOSOH© Powders

3.3.2.1 Pressureless Sintering of TOSOHo Powders

Due to the low grain growth activation energy of 8YZ, 3YZ was examined in detail

for the processing of commercial powders. Non-spray-dried TZ-3YB and spray-dried TZ-

3YSB from TOSOHI were selected based on the study of Gibson et al.24 Their characteristics

are summarized in Table 3.1. After CIP under 300 MPa for 3 min, the green densities of all

TZ-3YB and TZ-3YSB samples were - 48-49%.

Table 3.1 Characteristics of TOSOHC TZ-3YB and TZ-3YSB powders.

Grain Size (nm) Surface Area (m2/g) Pore Volume (cm 3/g)
TZ-3YB 54 11 0.044

TZ-3YSB 98 5 0.013

Figures 3.15-3.17 show the evolution of grain size and density of TZ-3YB and TZ-

3YSB with sintering. TZ-3YB and TZ-3YSB grew to 265 ± 6 nm and 186 - 11 nm,

respectively by 13000 C. Further grain growth was observed at 15000C, especially when the

sample was sintered for 24 h instead of 2 h. 14000C and 1500 0 C were required for the full

densification of TZ-3YB and TZ-3YSB, respectively, in pressureless sintering in air. The non-



spray-dried TZ-3YB powder was more easily sintered than the spray-dried TZ-3YSB powder,

possibly due to its starting powder characteristics, i.e. finer grain size and higher surface area.

Compared to TZ-3YB and TZ-3YSB, the hydrothermally treated nanocrystalline 3YZ DC

could be sintered at a much lower temperature of 1100 0 C (Figure 3.5(a)). As a result, its grain

size could be effectively controlled in the fully densified ceramics to be < 100 nm (Figure

3.5(a)), unlike the commercial TOSOH© samples.



Figure 3.15 SEM/ESEM images of (a,c,e,g) TZ-3YB and (b,d,f,h) TZ-3YSB after sintering in
air at (a,b) 1300 0 C for 2 h, (c,d) 14000 C for 2 h, and 1500 0 C for (e,f) 2 h and (g,h) 24 h.
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Figure 3.16 Grain size of (A,A) TZ-3YB and (m,o) TZ-3YSB
temperatures in air for (A,m) 2 h and (A,o) 24 h.
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Figure 3.17 Density of(A) TZ-3YB and (m) TZ-3YSB after sintering at various temperatures
in air for 2 h.

To reduce grain size in densification, an inert gas atmosphere (argon) was used during

sintering as recommended by Yan.22 Figure 3.18 illustrates that the grain growth of TZ-3YB

was suppressed in inert atmosphere only at sintering temperatures of 5 1400 0 C. Since TZ-

3YB could be densified at 14000C in argon, there was some benefit in using the inert
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atmosphere for its sintering, which lowered the grain size of the densified TZ-3YB ceramics

from 285 + 6 nm (Figure 3.15(c)) to 236 ± 3 nm (Figure 3.19(b)).
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Figure 3.18 Grain size of TZ-3YB after sintering at various temperatures for 2 h in (A) air
and (n) argon.
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Figure 3.19 SEM images of TZ-3YB after sintering at (a) 13000C, (b) 1400 0C and (c)
15000 C in argon for 2 h.

3.3.2.2 Hot Isostatic Pressing of TOSOH© Powders

For the TOSOH© powders, pressureless sintering in argon presented some benefits in

suppressing grain growth for sintering at < 14000C. In this study, HIP was applied to close the

residual pores in TZ-3YB and TZ-3YSB samples that have been presintered under argon.

Table 3.2 shows that TZ-3YB could be successfully densified by HIP at 12000C in argon after

presintering at 13000C in argon. In contrast, TZ-3YSB could not be densified by HIP at

1200-13000C in argon after presintering at 13000C in argon. This was due to the limited

density of the 1300 0 C-presintered TZ-3YSB. For this spray-dried powder, it was necessary to

presinter at 14000C in argon prior to HIP. The smallest grains achieved by 3YB and 3YSB



HIP samples that were fully densified were - 150 nm and 220 nm, respectively (see Figure

3.20(a) and (b), respectively). It was found that HIP did not give rise to substantial grain

growth when performed at temperatures lower than the presintering temperature. Thus, HIP

could be effectively applied to remove the residual pores after > 93% density has been

achieved with presintering. This allowed lower temperatures to be used for densification, and

thereby provided for dense ceramics with finer grains. Nevertheless, the finest grain sizes

achieved by the fully dense TOSOH © TZ-3YB and TZ-3YSB via presintering and HIP were

still coarser than the finest grain size attained by hydrothermally treated nanocrystalline 3YZ

DC (- 87 nm). This could be attributed to the nanocrystalline 3YZ synthesis that provided

ultrafine grain size of < 10 nm, and the DC processing that led to uniform pores of < 20 nm.

Table 3.2 Densities of TZ-3YB and TZ-3YSB subjected to HIP at 200 MPa at various
temperatures in argon for 1 h, after presintering at 13000 C or 14000 C in argon for 2 h.

% Density Achieved after HIP

Presintering HIP @ 12000C HIP @ 12500C HIP @ 13000C
Temperature (oC)

3YB 1300 99.8 99.9 99.9
1400 99.8 99.8 100.0

3YSB 1300 73.2 75.1 77.9
1400 99.0 99.9 99.5



Figure 3.20 SEM images (a) 3YB presintered at 13000C in argon for 2 h and HIP at 200 MPa
and 1200 0 C in argon for 1 h, and (b) 3YSB presintered at 14000C in argon for 2 h and HIP at
200 MPa and 1200 0C in argon for 1 h.

3.4 Summary

Nanocrystalline 3 mol% and 8 mol% yttria-zirconia ceramics with an ultrafine grain

size of < 90 nm were successfully achieved by pressureless sintering at 11000C and 1150 0 C,

respectively. The low-temperature sinterability could be attributed to the well-defined

nanocrystalline particles obtained via hydrothermal synthesis, and the elimination of

secondary porosity through the dry compact processing.

Submicron-sized 3 mol% yttria-zirconia ceramics with a grain size of - 150 nm was

obtained with commercial TOSOH© powders. Grain growth during densification was

successfully suppressed by presintering to 93% density under an argon atmosphere (i.e. at

13000 C), followed by HIP in argon at a temperature lower than the presintering temperature

(i.e. 1200 0 C).

Using different starting powders and processing approaches, dense yttria-zirconia

ceramics with controlled grain sizes of > 85 nm could be attained. This would be very useful

for the systematic studies of various ceramic properties as a function of grain size.
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Chapter 4 - Mechanical Properties of Nanocrystalline Yttria-Zirconia
Ceramics

4.1 Introduction

Ceramics with ultrafine grain sizes exhibit interesting mechanical properties such as

improved hardness and bending strength. 1-4 However, due to processing challenges,

systematic studies of ceramics with nanometer-sized grains have been limited, especially for

properties sensitive to ceramic density.s Consequently, in contrast to the significant literature

in nanocrystalline metals, much less research has been reported on nanostructured ceramics.

Existing literature on nanocrystalline ceramics is mostly focused on synthesis.,' 6 Thus, this

chapter is devoted towards establishing a relationship between mechanical properties and

grain sizes for nanocrystalline ceramics.

3 mol% yttria-zirconia (3YZ) and 8 mol% yttria-zirconia (8YZ) are among the most

studied ceramic systems due to their high mechanical strength and electrical conductivity,

respectively. Through novel processing, we have shown that the grain sizes of these ceramics

could be successfully maintained below 100 nm while achieving > 99% density (Chapter 3).7

The availability of such ultrafine-grained ceramics and the possibility to attain controlled

grain sizes in 3YZ and 8YZ would allow us to examine the nanocrystalline and

polycrystalline ceramics systematically.

Traditional micro-indentation and instrumented indentation with a maximum load in

the milliNewton range were used to investigate the hardness and Young's modulus. The

sensitivity of the local structure of ceramics to the instrumented indentation would provide

insights into the mechanical properties of nanocrystalline ceramics. The fracture toughness of

the materials was also calculated in this study.

4.2 Experimental

4.2.1 Sample Preparation

Nanocrystalline and submicron 3YZ and 8YZ ceramics synthesized in Chapter 37 were

calcined to various temperatures to achieve the desired grain sizes. 3YZ was stabilized in the

tetragonal phase, while 8YZ possessed a cubic structure, as confirmed by X-ray diffraction



(XRD) patterns. The ceramics were polished and finished with 1-ipm diamond suspension.

The samples were treated so as to reveal the grain structures after the mechanical testing, and

to release residual stresses created during synthesis, if any, prior to each test. They were

annealed at 50"C below the previous calcination temperature in air for 30 min, and then

cooled to room temperature at a controlled rate of-1000 C/h.

4.2.2 Materials Characterization

Micro-indentation was performed on polished ceramic surfaces for a duration of 15

sec with a LECO DM-400 hardness tester equipped with Vickers diamond indenter. A load of

300 gf was selected to avoid undesired fractures on 8YZ indentation surface under high

loadings. Both 1 kgf and 300 gf loads were applied to 3YZ samples. All test results were

averaged over 10 points.

Instrumented indentation via a Micro Materials NanoTest with NT2 and MT

pendulums was used to record real-time relationship between the load (30-500 mN and > 500

mN, respectively) and the displacement. Based on the information obtained in nano-

indentation, the Young's modulus E, Vickers hardness Hv, and fracture toughness Kc were

calculated based on the following equations. 8 11

E=I1 -v 2 1 i Eq. (4.1)
Er E.

where E r dP Eq. (4.2)
r2 2 A dh

P
and H, - Eq. (4.3)

26.43h2

Kc = a e- Eq. (4.4)
Hv C

where v is the Poisson's ratio of the sample, Er is the reduced modulus, and E, and vi are the

Young's modulus and the Poisson's ratio of the indenter, respectively. Only the values from

non-cracked indents were evaluated. The data were obtained for each unloading curve in the

range of 60-100% for NT2 pendulum, or 80-100% for the MT pendulum, and averaged over



10 points. A, h and P are the indentation area, indentation depth and load during the test,

respectively, a and c are geometrical constant and radial/median crack length, respectively.

The indents were examined right after each test with a field emission high-resolution

scanning electron microscope (FE-SEM) (JEOL 6320FV) for ceramics with grain sizes of < 1

gm, or with an environmental scanning electron microscope (ESEM) (FEI/Philips XL30

FEG) for ceramics with grain sizes of > 1 Im. The grain sizes were calculated according to

ASTM E112-96. The existence of surface cracks (if any) around the indents was verified with

SEM/ESEM. Due to the methods employed in this study, sub-surface cracks could be missed.

4.3 Results and Discussion

4.3.1 Grain Size Control of Yttria-Zirconia Ceramics

The study of mechanical properties as a function of ceramic grain size required fully

dense ceramic samples with a specified grain size over the nanometer and micrometer ranges.

Chapter 37 showed that ceramics with > 99% density could be achieved with a grain size of -

90 nm for hydrothermally treated 3YZ and 8YZ, and a grain size of - 150 nm for TOSOH ©

3YZ after hot isostatic pressing (HIP) at 200 MPa in argon for 1 h.

Hydrothermally treated 3YZ and 8YZ could attain full density by pressureless

sintering at 11000C and 1150 0C, respectively. Their grain sizes could be increased in a

controlled manner by raising the sintering temperatures. In contrast, fully dense ceramics of

TOSOHC powders could only be achieved at temperatures above 15000 C via pressureless

sintering. Thus, TOSOH© TZ-3YB and TZ-3YSB ceramics were obtained by HIP, and then

subjected to post-treatment to attain grain size control. They were annealed at various

temperatures for different periods as shown in Table 4.1.

The grain sizes of tetragonal 3YZ ceramics were controlled between - 90 nm and ~ 1

glm (Figure 4.1), while the grain sizes of cubic 8YZ could be varied between - 150 nm and ~

5 pm (Figure 4.2). In 3YZ, a cubic phase was found to crystallize in the tetragonal matrix

when grains grew to the micron level (Figure 4.3). Matsui et al. suggested that this

phenomenon was due to the segregation of yttrium ions to the tetragonal grain boundaries at

elevated temperatures. 12 Therefore, 3YZ was not examined beyond a grain size of 1 gLm.



Table 4.1 Grain size of ceramics derived from
after post-treatment at various conditions.

TOSOH© powders, after sintering by HIP and

Sintering Post-Treatment
Grain Size HIP @ 200 MPa Anneal @ 1350'C Anneal @ 1400'C
(nm)

1200 0C 1300 0C 2 h 12 h 2 h 12 h

TZ-3YB 156 - 201 270 213 354

TZ-3YSB - 218 262 304 276 397

Figure 4.1 SEM images of 3YZ with a grain size of(a) - 90 nm, (b) - 150 nm, (c) - 330 nm,
and (d) - 1.1 pm.
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Figure 4.2 ESEM/SEM images of 8YZ with a grain size of (a) - 150 nm, (b) ~ 350 nm, (c) ~
850 nm, and (d) - 5.0 Rtm

Our study indicated that there was no detectable difference in mechanical properties
between ceramics derived by hydrothermal treatment and from commercial powders for a
given grain size. Thus, no specification on the source of ceramics would be made in the
following discussion.
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Figure 4.3 XRID patterns of 3YZ with a grain size of (a) 250 nm and (b) 1.0 gLm. Peaks of the
tetragonal and cubic phases were denoted by ^ and #, respectively.

4.3.2 Mechanical Properties

Vickers hardness Hv, Young's modulus E, and fracture toughness Kc were studied as a

function of ceramic grain size. All ceramic samples examined were > 99% dense. Thus, the

effect of porosity on mechanical properties, as discussed by various reports,5'13 was

minimized.

4.3.2.1 Vickers Hardness

Microhardness Studies

As observed previously with grain sizes in the submicron and micron regimes, 3YZ

demonstrated the Hall-Petch effect, i.e. increased hardness with decreased grain size. This is

due to an induced resistance to deformation from the pile-up of dislocations at grain

boundaries, with Vickers hardness Hv being proportional to D'', where D is the average

ceramic grain size.2' 14 This effect was extended to the nanometer regime, as shown in Figure

4.4. Under the test condition examined, a Vickers hardness of 14.0-19.6 GPa was obtained for

3YZ. 8YZ followed a similar trend at larger grain sizes (Figure 4.5). However, Vickers

hardness remained essentially unchanged instead of further increasing with increasing D&' , as

the grain size was decreased below 350 nm.
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Figure 4.4 Vickers hardness as a function
(0) 0.3 kg (this work), (A) 0.5 kg,2 and (m)

10010

250 300 350

of grain size for 3YZ under a load of(A) 0.1 kg,2
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Figure 4.5 Vickers
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hardness as a function of grain size

250 300 350

for 8YZ under a load of 0.3 kg.

Nanohardness Studies

The indentation area would be reduced when the load was decreased. As the

indentation area A approached the sample's average grain size D, the Hall-Petch effect would

no longer apply because this model assumes plasticity among many grains. This was

illustrated in both 3YZ and 8YZ (Figure 4.6 and Figure 4.7, respectively). However, when

hardness was represented as a function of A/D 2, which characterized the number of grains
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affected by the indenter, a peak in Hv value was observed when A/D 2 approached ~ 10 (Figure

4.8). Student t-test analysis confirmed that this local maximum in indentation hardness was a

statistically higher value than the value obtained at other points (p << 0.01).

D (pm)
100 10

II I I

0 50 100 150 200

D-1'2 (cm-1/2)

250 300 350

Figure 4.6 Vickers hardness
kg).

as a function of grain size for 3YZ under a load of 0.5 N (0.05

17

15

Figure 4.7 Vickers har
kg).
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Figure 4.8 Vickers hardness as a function of AID2

kg) and (b) 8YZ under a load of 0.06 N (0.006 kg).
for (a) 3YZ under a load of 0.5 N (0.05

Fully dense polycrystalline ceramics show a lower hardness than their single crystal

counterparts.' 5 This implies that grain boundary motion (local strain accommodation

mechanisms) can contribute towards decreasing the resistance to plastic flow. Therefore, as

the indentation area approaches the same dimension as the average grain size of a ceramic, the

hardness value is expected to increase and approach the value of the single crystal. On the

other hand, however, the grain boundaries create barriers for the plastic deformation for each

individual grain.2 When the number of grains affected by the indenter was large, the first
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factor was not significant, as observed in the microhardness studies (Figure 4.4 and Figure

4.5) Therefore, the 'pinning' of grain boundaries to the dislocation was the dominant

mechanism, resulting in an increase in Hv as the grain size decreased. Since the sample

volume affected by the indenter was larger than the size of the indentation itself, the two

factors mentioned were balanced at A/D 2 - 10 in both systems, reaching a local maximum

value in Hv.

4.3.2.2 Young's Modulus

Based on Oliver and Pharr's analysis of the load-depth responses,8 ' 9 Young's modulus

of 3YZ and 8YZ were determined from the unloading curve of nanoindentation, while the

formation of cracks were avoided by reducing the maximum load during indentation. The

threshold for crack generation was listed in Table 4.2, and the loads applied for Young's

modulus determination were 0.5 N and 0.06 N for 3YZ and 8YZ, respectively. The loading

associated with crack initiation reached a peak at a grain size of - 1 pm for 3YZ and - 350

nm for 8YZ.

Table 4.2 Maximum indentation loading without crack formation.

Maximum Indentation Loading (N) Increments in
Without Crack Initiation Loading (N)

90 0.5

150 2.0
3YZ 0.25

330 2.5

1080 5.0

150 0.085

350 0.165
8YZ 0.01

850 0.100
5000 0.060

Figure 4.9 and Figure 4.10 show that the Young's moduli of the yttria-zirconia

ceramics were reduced with decreasing grain size. Young's modulus was lowered from 320

GPa to 221 GPa for 3YZ as the grain size decreased from 1.1 gm to 100 nm. Young's

modulus was decreased from 386 GPa to 262 GPa for 8YZ as the grain size varied from 5.0
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Ltm to 150 nm. Reduction of Young's modulus with decreasing grain size was also observed

by Chaim and Hefetz in the 3YZ system, 13 and predicted for MgO by the calculation of

Yeheskel et al. through a percolation model. 16 Yeheskel et al.'s model16 and Chaim's model 17

stated that the physical properties of a material depend on those of its constituents and their

respective volume fractions. The property associated with one component would become

measurable only if the volume fraction of this component reached a critical value (percolation

threshold). In contrast to nanocrystalline metals, the grain boundary in nanocrystalline

ceramics has a considerable effective thickness due to the ionic/covalent nature of the

interatomic bonding. It is presumed that the effective elastic modulus of the grain boundary

region is lower than that of the grain interior. As a result, when grain size is reduced

sufficiently such that the grain boundary represents a significant volume fraction, the elastic

modulus of the nanocrystalline ceramic is expected to decrease. The grain size at which the

elastic modulus started to decrease was larger than that reported by Chaim and Hefetz'3 (< 70

nm), but the reduction in elastic modulus was not as dramatic as that observed for this same

material (3YZ) by Chaim and Hafetz. 13 This difference could be explained by the existence of

either a greater grain boundary thickness or a lower percolation threshold for the grain

packing in the percolating network of our materials, compared to that of Chaim and Hefetz. 13

400

C 350
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200fl

0 1000 2000 3000 4000 5000
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Figure 4.9 Young's modulus as a function of grain size for 3YZ under a load of 0.5 N.
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Figure 4.10 Young's modulus as a function of grain size for 8YZ under a load of 0.06 N.

4.3.2.3 Fractography of Indentation Area

Anstis et al. have reported that the fractography of Vickers indentation was affected

by the relative grain size with respect to fracture length."1 For grain size D << fracture length

c, an intergranular fracture path was observed. As D approached c, a heavily disrupted pattern

was noted. For D >> c, a transgranular fracture path was shown. However, these findings only

partially agreed with our observations.

Figure 4.11(b), (c) and (d) showed that the 3YZ system followed the expected

intergranular fracture path for 0.007 5 D/c < 0.05. This could be explained by the higher stress

concentrations over grain boundary facets in ceramics with small grain sizes.15 However, as

the grain size decreased further to - 100 nm (D/c = 0.003), a transgranular fracture was

observed (Figure 4.11(a)). Similar transgranular fracture was observed in 8YZ ceramics for

D/c << 1 (Figure 4.12(a) and (b)). In fact, a transgranular fracture path dominated over a

broader range of D/c values (0.006-0.5) for 8YZ, and no intergranular fractures were

observed (Figure 4.12(c) and (d)). In our studies, the ceramic samples were essentially fully

dense, allowing fractography to be examined for ultrafine-grained systems without the

complication of porosity. The dominance of the transgranular fracture path within

nanocrystalline 3YZ and submicron 8YZ could be due to a larger area of influence for the

enhanced stress concentration along the grain boundaries compared to the grains. Assuming
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this stress concentration area was comparable in 3YZ and 8YZ, the relative strength of grain

interior and grain boundary in 3YZ would have increased more dramatically than that in 8YZ

as the grain sizes increased. However, more detailed studies would be needed to confirm this

speculation.

Figure 4.11 Fractography of 3YZ with a grain size of (a) - 100 nm (D/c - 0.003 << 1), (b) ~
150 nm (D/c - 0.007 << 1), (c) - 330 nm (D/c - 0.02 << 1), and (d) - 1.1 gm (D/c ~ 0.05 <
1), after indentation at 1 kgf for 15 sec.
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Figure 4.12 Fractography of 8YZ with a grain size of (a) - 150 nm (D/c - 0.006 << 1), (b) -
350 nm (D/c - 0.01 << 1), (c) - 850 nm (D/c - 0.03 << 1), and (d) - 5.0 gpm (D/c - 0.5), after
indentation at 0.3 kgf for 15 sec.

4.3.2.4 Fracture toughness

As the fracture path changed from intergranular to transgranular with decreasing grain

size, 3YZ showed a reduction in fracture toughness (Figure 4.13).

Cottom and Mayo' 8 have suggested that the thermal stability of ultrafine tetragonal

grains prevented the transformation toughing of 3YZ. This might have given rise to the
almost 3-fold reduction in fracture toughness from 7.9 MPa-m"1/2 to 3.1 MPam"1/2 as the grain
size was reduced from 1.1 plm to 100 nm (Figure 4.13). Assuming the strength of grain
boundary remained unchanged as the grain size varied, this inability for phase transformation
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in 3YZ suggested a weakening of the grain interior, which would contribute to the

transformation from intergranular fracture to transgranular fracture as the grain size of 3YZ

was reduced to 100 nm (Figure 4.11). Cottom and Mayo' 8 also noted a reduction in fracture

toughness from 8.2 MPa-m-1/2 to 2.25-4.25 MPa-m /" 2 when the grain size of their 3YZ

samples was reduced from 1.4 jim to 55-160 nm. However, their samples varied in porosity

from 90.4 % to 99.3%.

Compared to 3YZ, 8YZ showed much lower fracture toughness values, with only very

minor reduction in fracture toughness with decreasing grain size (Figure 4.14). Similar

observations were made by Anselmi-Tamburini et al. in their plasma-sintered 8YZ samples.6

The minor reduction in 8YZ fracture toughness with decreasing grain size also agreed with

the common observation for cubic materials in the micron regime. 15 The existence of

transformation toughening provided for the higher fracture toughness value of 3YZ compared

to 8YZ.' 9 Likewise, the prevention of transformation toughening in 3YZ gave rise to the

strong dependence of fracture toughness on grain size.
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Figure 4.13 Fracture toughness as a function of grain size for 3YZ, after indentation at 1 kgf
for 15 sec.
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Figure 4.14 Fracture toughness as a function of grain size for 8YZ, after indentation at 0.3
kgf for 15 sec.

4.4 Summary

3YZ and 8YZ were successfully densified and stabilized in tetragonal and cubic

phases, respectively. The mechanical properties of these yttria-zirconia ceramics were

examined as a function of grain size systematically in the nanometer and micrometer regimes.

The Hall-Petch effect was found to be extended to the nanocrystalline regime for 3YZ,

with Vickers hardness Hv being proportional to D"". 8YZ showed the Hall-Petch effect only

in the micrometer and submicrometer regimes. Vickers hardness remained essentially

unchanged for 8YZ as the grain size was decreased into the nanocrystalline regime.

Maximum Hv values of 19 and 20 GPa were achieved for 3YZ and 8YZ, respectively. Local

conditions would become significant when the indentation load was reduced, affecting the

Vickers hardness values. A local maximum value in Hv was obtained at A/D 2 ~ 10 for both

3YZ and 8YZ.

A continuous decrease in Young's modulus with decreasing grain size was observed

in both 3YZ and 8YZ. Young's modulus was decreased from 320 GPa to 221 GPa as the

grain size decreased from 1.1 gim to 100 nm. Young's modulus was reduced from 386 GPa to

262 GPa for 8YZ as the grain size was varied from 5.0 gm to 150 nm. Such reduction could

be partially explained by a percolative composite model.
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Trans granular fracture was observed in 3YZ as the grain size approached - 100 nm.

This was in contrast with the dominant intergranular fracture mode observed in ceramics with

fine grain sizes. Transgranular fracture was found in 8YZ over an even broader range of grain

sizes (150 nm to 5.0 jim).

A significant reduction in fracture toughness from 7.9 MPa-m-1/2 to 3.1 MPam-1/2 was

observed as the grain size was reduced from 1.1 gim to 100 nm in 3YZ. Compared to 3YZ,

fracture toughness was much lower for 8YZ, and showed little dependence on grain size. For

3YZ, transformation toughening could account for the high facture toughness at larger grain

sizes, while the enhanced stability of tetragonal phase at finer grain sizes would explain the

reduced fracture toughness and the transformation from the intergranular to transgranular

fracture mode with decreasing grian size.
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Chapter 5 - Conclusions and Recommendations for Future Work

5.1 Conclusions

This thesis examined nanocrystalline yttria-zirconia powders and ceramics for

catalytic and structural ceramic applications. Nanocrystals of 7 mol% Y20 3-ZrO2 (7YZ) were

synthesized with ultrafine grain sizes and high surface areas by chemical co-precipitation.

They were modified with secondary components, such as A120 3, TiO2, CeO2 and Mn20 3, in

the form of coating or dopants. The resulting nanocomposites demonstrated improved thermal

stability and catalytic activity in the flameless combustion of methane. In particular, 25 wt%

Mn20 3-coated 7YZ and 25 wt% Mn2O3-doped 7YZ showed remarkably low light-off

temperatures of 3750C and 3580 C, respectively. These catalysts were highly attractive as they

were competitive with the much more expensive supported noble metal catalysts. Their

catalytic activity could be attributed to the availability of active surface oxygen species, which

facilitated the methane activation at low temperatures.

Nanocrystalline 3 mol% and 8 mol% Y20 3-ZrO2 (3YZ and 8YZ) were successfully

densified with an ultrafine grain size of < 90 nm by pressureless sintering at 11000C and

1150 0C, respectively. The low-temperature sinterability could be attributed to the well-

defined nanocrystalline particles obtained via hydrothermal synthesis, and the effective

elimination of secondary porosity through the dry compact processing. Submicron-sized 3

mol% Y20 3-ZrO2 ceramics with a grain size of - 150 nm was also obtained with commercial

TOSOH© powders. Grain growth during densification of TOSOH© powders was successfully

suppressed by presintering to 93% density under an argon atmosphere (i.e. at 13000C),

followed by hot isostatic pressing in argon at a temperature lower than the presintering

temperature (i.e. 1200 0C).

Using different starting powders and processing approaches, dense 3YZ and 8YZ

ceramics with controlled grain sizes of > 85 nm could be attained. This allowed for the

systematic studies of various ceramic properties as a function of grain size in the nanometer

and micrometer regimes. The Hall-Petch effect was found to be extended to the

nanocrystalline regime for 3YZ, with Vickers hardness Hv being proportional to D-'. 8YZ

showed the Hall-Petch effect only in the micrometer and submicrometer regime. Vickers
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hardness remained essentially unchanged for 8YZ as the grain size was decreased below 350

nm. Maximum Hv values of 19 and 20 GPa were achieved for 3YZ and 8YZ, respectively.

Local conditions would become significant when the indentation load was reduced, affecting

the Vickers hardness values. A local maximum value in Hr was obtained at A/D2 ~ 10 for

both 3YZ and 8YZ.

A continuous decrease in Young's modulus with decreasing grain size was observed

in both 3YZ and 8YZ. Young's modulus was decreased from 320 GPa to 221 GPa for 3YZ as

the grain size decreased from 1.1 gm to 100 nm. Young's modulus was reduced from 386

GPa to 262 GPa for 8YZ as the grain size was varied from 5.0 gm to 150 nm. Transgranular

fracture was observed in 3YZ as the grain size approached - 100 nm. This was in contrast

with the dominant intergranular fracture mode observed in ceramics with fine grain sizes.

Transgranular fracture was found in 8YZ over an even broader range of grain sizes (150 nm

to 5.0 Lpm). A significant reduction in fracture toughness from 7.9 MPa-m-1/2 to 3.1 MPa-m-1/2

was observed as the grain size was reduced from 1.1 gm to 100 nm in 3YZ. Fracture

toughness was much lower for 8YZ than for 3YZ, and showed little dependence on grain size.

5.2 Recommendations for Future Work

25 wt% Mn203-doped 7YZ showed the lowest light-off temperature of 358 0C among

the yttria-zirconia-based nanocomposite catalysts tested. However, its methane combustion

activity would decay at high temperatures due to grain growth. In contrast, CeO2-coated 7YZ

showed superior thermal stability to 9500C in preliminary studies. Therefore, it would be of

interest to develop Mn20 3-doped 7YZ with CeO2 coating to further optimize the light-off

temperature and thermal stability of the yttria-zirconia-based nanocomposite catalysts.

Fully dense nanocrystalline yttria-zirconia ceramics have been achieved at low

temperatures by pressureless sintering. This was accomplished by hydrothermal synthesis and

dry compact processing. This combination of synthesis and processing could be broadly

applied to other oxides to facilitate the densification of nanostructured ceramics. It would

reduce the cost of ceramics sintering associated with conventional high-temperature and high-

pressure processes, and allow ceramics with ultrafine grain sizes in the submicron and

nanometer regimes to be achieved. The latter are of broad interest in both structural and
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functional ceramic applications, and would allow for the systematic studies of mechanical,

electrical and optical properties as a function of grain size.
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