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PREFACE

This book contains the proceedings of the 9th Intemational Conference on High Temperature
Materials Chemistry (HTMC IX) held at Penn State, University Park, PA mi‘a}r 169-23,
1997, HTMC IX was part of a series of [UPAC-sponsored intemational conferences on this
Ep&cdﬂmhﬂavgymmmhmﬂmﬂcmmnfmh i conference
;:cxl:mim Ot of 115 pa prl:ur;?d.ﬁ-lm from 22 countries other than the USA.
professional expertise and activities of attendees were quite mixed, and there was a
distribution among academic, national laboratory, and industrial personnel. i

The overall focus of HTMC [X was on the exchange of interdisciplinary information related
i both the science and of high temperature materials, which include ceramics,
metals, alloys, and composites. ile secking to folfill this goal, the hope was that this
meeting would help 1o inspire the development of new materials and ses which will
overcome the limitations that cummently hold back advances in technology. These advances
include more efficient and cleaner sources and storage systems; smaller and more
reliable electronic, magnetic, optical, and mechanical devices; lightweight, comosion-resistant
structural materials for use at elevated iemperatures in extreme environments; and cconomic
methods for recyeling and safely disposing of our washe materals.

History of High Temperature Materials Chemistry Confercnees

The conferences in this series have been formally sponsored by the Inorganic Chemi
Division, Commission [1.3, “High Temperature Materials and Solid State Chemi ‘s"rgfﬂm
International Union of Pure and Applied Chemistry (TUPAC), Below is a listing of some
previous conference bocati {the names of earlier conferences varied slightly from
HTMC). Commission I1.3 of IUPAC has setded on a period of three berween
conferences, with a subcommittes chosen from past C chairs and Commission members
o make recommendations 0 Commission [1.3 as to future conference locations and chairs.

HTMC I 1981 Harwell, UK

HTMC IV 1984 Samte Fe, NM USA

HTMC ¥ 1987 Rome, Ialy

HTMC V1 1989  Gaithersburg, MD LISA

HTMC VI 1991 Orleans, France (not [UPAC sponsored)
HTMC VIII 1994  Vienna, Austria

HTMC IX 1997 Smte College, PA USA

HTMC X 2000 Juelich, Germany

Technical Program of HTMC IX

The interdiscipl technical program for HTMC IX included presentations on measuring
and predicting n[ﬂ{mmy ated to processing, fabrication, behavior, properties and
disposal of high temperature materials sysiems in both reactive and non-reactive
environments, The content ranged from experimental ohservations o predicting
behavior, from scientific principles to engi sign, from atomic-scale models 1o
performance while in use. The discussed mntcn.g ranged from metals i ceramics 1o
pulmu precursors to composites, and from high melting solids to liquids 1o gaseous

es and ions. The common thread of interest that bonded this diverse mix of




ipants was the desire to measure, predict, and understand the chemistry of materials at
ﬁm temperatures in order i advance both materials science and maierials technology.

"l'he:e:simwhmmmﬂmmhﬁmmmhamaImhmnmduﬂmw
for organizing this proceedings volume, and are below:

= Thermodynamics/Phase Equilibrian/Chemical BondingS mecture
= Waste Disposal and Environmental Issues

# Precursor Design for Ceramic Svathesis and Propettics

* Interface Chemistry, Structore, Transport and Properties

= Special Synthesis Methods/Materials/Models

= Gas-Solid Reactions and Vapor Deposition Synthesis

= (Gas Phase Chemistry/Clusters/V aporization/Mass Spectrometry
« Leaching/EtchingCorrosion/Oxidation

The communication of the technical content was by oral communications, poster papers, and
computer demonstrations. Nine plenary lectures provided detailed coverage of primary
topic areas. Shorter invited contributions provided more detail on a particularly relevant
body of research. Contributed oral papers were chosen to collectively provide a broad
coverage of a specific session topic subject. Poster papers relevant 1o a specific session topic
area were designated as such, and were clustered in the poster room to facilitate the
cominunication of current knowledge. Posters were on display during the entire conference.

Because of the increasing chemical complexity of advanced materials, the extreme thermal
and chemical environments to which they are being subjected, and the siringent
spbcd‘nunﬂsmumlchm:ymuuheﬁbrkm.lfmsadmﬁonuliﬂ'hl(}ﬂ(wm

modeling of the type that a typical experimentalisi can use to more efficientl
dcalgn ﬁxlim research or pilot plant wsting. Chem3Sage, FACT, MTData, 'Ihm'm-‘galc
and MALT? thermochemical computer sofiware were demonstrated, and conference
participants had an opportunity 1o use the software and discuss iis applicadons with experts.
The hope was that these demonstrations and hands on use of thermochemical modeling
software by participants would: Egclmrvn.’c experimentalists with insight into how they could
bener use modeling techniques, and (i) encourage more interaction and cooperation among
experimental and modeling efforts around the world. Reliable models for predicting a
material’s behavior and lifetime at high temperatures are needed for both safery and economic
TCasons,

The plenary lectures given at HTMC IX are listed below:

+ “Precursor Derived Ceramics,” F. Aldinger, Max-Planck-Inst. Metallf, Germany

* “Thermodynamic L'lodulmg of Solution and Ordered Phases - Application to Phase
Diagram Calculations,” 1. Ansara, LTPCM-ENSEEG, France

» “High Temperature Chemical Aspects of Waste Disposal and Environmental Clean-up,”
,R Bowsher, AEA Technology, UK

. ungemnnc ge Observations on Reactions of Metal Atoms and Small
Radmh A, Fonnjn.. Rennsacleer Polytechnique Institute, Troy, USA

+ “Simulation of Surface Reactions,” M. Frenklach, Univ. of California-Berkeley, USA
* “Thermal Plasma Synthesiz of Diamond,” 3.L. Girshick, University of Minnesota, USA




* “High Tem Oncidation of Ceramic Mairix Composites: SiC Matrices with BN
(ﬂud l!;bers." N. Jacobson, NASA Lewis Research Center, USA

= “Interfacial Microchemistry,” F.1J. van Loo, Technical University-Eindhoven, The
Metherlands

* “Enhancing Materials Design Capability through Understanding Multicomponent Phase
Relationships,” D.-8. Yan, Shanghai Inst. Ceramics, Chinese Academy Sei., China

International Advisory Commiitee

Gianni Balducel  (Rome, Ttaly) Meral Kizilyalll  {Ankara, Turkey)
Janv-Diio Carlsson  (Uppsala, Sweden) Drago Kolar (Ljubljana, Slovenia)
Christian Chatillon (Grenoble, France) Kurt Komarck {Vienna, Austrig)
John Corish (Dublin, Ireland) Kunihito Koumoio (MNagoya, Japan)
Jean Piere Coutures (Orleans, France) Rudoll Metselaar  {Eindhoven, Netherlands)
Jimimie Edwards  (Toledo, OH, USA) Adolf Mikula {Vienna, Austria)
Gunnar Eriksson  (Aachen, Germany) Seiji Mnmd-ima {Gifu, Japan)
Paul Gilles (Lawrence, KS, Malcolm Rand {Abingdon, UK}
John Hastic (Gadthershurg, MD, USA) Gerd Rosenbiai {Berkeley, CA, USA)
Klaus Hilpen (Juelich, Germany Gennady Voronin  (Moscow, Russia)
Mathan Jacobson  (Cleveland, OM, USA) Dong-Sheng Yan  (Shanghai, China)

Local Organizing Commitiee Guest Program Committee

Karl E, Spear (chair) Nancy § (chair)

A. Welford Castleman lanicigI me

Suzanne Mohney Wendy Schlom

Carlo Pantano Swe Tressler

Darrell Schilom

Richard Tressler
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A NOVEL ROUTE FOR THE PREPARATION OF
ULTRAFINE
YTTRIA-DOPED ZIRCONIA POWDERS

Jive Fang”™, John Wang', Ser-Choon Ng, Leong-Ming Gan™
and Chwee-Har Chew™

*Department of Materials Science,
*Departments of Materials Science and Physics &

" Departments of Materials Science and Chemistry,
Faculty of Science, The National University of Singapare,
Singapore 119260, Republic of Singapore
“E-mail; scip5039ileonis. nus sg

Ultrafine zirconia powders, doped with various amounts of yitrium oxide,
have been prepared from inverse microemulsions consisting of eyelohexans
as the oil phase, mixed poly{oxyethylenc); nonyl phenol ether (MP3) and
pelyiexyethylenels nonyl phenol ether (MP9) as the non-ionic surfactant,
and agquesus solution containing zircomum (vitrum) salis as the water
phase. The precipitation reaction hetween zirconium (vitrium) oxynitrate
and mmmonia solution was made o take plsce in the nanosized
microemulsion domains. Subsequent calcination of the hydroxide precursors
at 600 *C led 1o the formation of ulirafine zirconia powders. This paper also
presents a comparison between the microemulsion-derived zirconia powders
and that commercially available for particle size, size distribution and
densification at various sintering lemperaiures.
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INTRODUCTION

Yitria stahilized tetragomal zirconia is considered to be one of the most promising
candidate materials for structural applications due to its excellenl mechanical properties
such as high fracture toughness and fracture strength. It has been extensively studied in
recent years (1). Its performance is largely dependent on parameters such as the amount of
yitria doped, grain size and size distribution, simered density, and the tvpe and amount of
grain boundary phase present st grain houndaries and grain junctions in sintered ceramic,

Many novel techniques have been employed for the preparation ofulirafine zirconia
powders, including aerosol reactions (2}, spray pyrolysis (3), coprecipitation in emulsions
{4} and the electrostatic atomization of liquid droplets into air (5). In recent years, several
important ceramic powders have also been successfully prepared from water-in-ol
microemulsions (G), 1t has been shown that the microemulsion-derived ceramic powders are
finer in particle size, narrower in particle size distribution, higher in sinterability, and more
homogeneous in  composition than those prepared comventionally, An  inverse
microemulsion, which consists of an oil phase, a surfactunt and an agueous phase, is a
thermodynamically stable isotropic dispersion of the aqueous phase in the continwous ol
phase (7). The sree of the aqueous droplets is in the range of 5 to 20 nm, rendering the
microemulsion systems optically transparent. Chemical reactions, such as coprecipitation,
will take place when droplets containing the desirable reactants collide with each other.
Each of these aqueous droplets in the two microemulsion systems will thus be acting as a
nanosized reactor for forming nanosizad precursor particles.

The aim of the present work 15 o prepare and characterize an ultrafine yitriz-doped
eircomia powder via micreemulsion processing route,

EXPERIMENTAL PROCEDURES

The starting materials used in the present work included; a high purity zirconyl
nitrate solution (MEL Chemical Ca,, LK) in which the concentration of Zrik was 207.7
mg/ml as analysed using atomic emission technigue; vitrium (1) nitrate hexahydrate ( =
9% 9%, Acros Company, Belgium); a high purity cyclobexane {(Analyeed Grade, 1. T, Baker
Inc.. USA) and an ammonia solution {concentration; 280 - 30.0 wi%s, AJAX Chemicals
Co., Australia). A commercially available yiiria-doped zirconia powder (TZ3Y), which was
doped with 3 mol.% Y30, was characterised for comparison purpose,

The proceduse of establishing a partial phase diagram at room temperature for the
temary system consisting of cyclohexane, NP5+NPY and an aqueous solution has been
detailed elsewhere (6). To locate the demarcation between the microemulsion and non-
microemulsion regions, the aqueous phose was titrated into a mixture of given cyclohexane
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o surfactant ratic. Thorough mixing of the three components was achieved using a Vorlex
mixer. Microemulsion compositions appear optically transparent when the size of aqueous
droplets is in the range of 5 1o 20 nm, due to the fact that the nanosized aqueous droplets do
nid cause a substantial degree of light scattering. A series of such demarcation points were
obiained by varving the cvclohexane o surfactant ratio. Two tvpes of aqueous phase was
studied: 2.85 M NHpH:0 and 0.570 M Ze0(NOs) containing 0,029 M and 0.036 M
YN0y, respectively.

Twao microemulsion compositions were prepared, They baoth consisted of 56.0 wi¥s
eyclohexane, 24.0 with NPSMNPY (2:1, wii) and 20,0 wi% agueous phase. The agueous
phaze was either 0,570 M ZrONOs: + x M Y(NOy)h (x = 0,029 or 0L036) or 285 M
MH:+H20, Precursors were prepared by mixing the two microemulsion systems together via
vigorously stirring for 1 hour at room temperature. To retrieve the precipitates formed in
microcmulsions, the oil and surfactant phases were washed oflT using distilled ethanol, and
the precursors were recovered by centrifugation, (ollowed by vacuum-drying a1 room
temperature for 48 hours. Oxides were then scquired by calcining the hydroxide precursors
al 600 °C in a furnsce for 3 hours using a heating/cooling rate of 3 *C/min. The resulting
zirconia powders are referred to as Z2.5Y and Z3Y, corresponding 1o 0,570 MZri{NOs ) +
0.029 M Y(NOs) and 0.570 M ZrO(NOs) + 0.036 M Y(NOs)s in the agueous phase,

respectively,

The two as-dried precursors from the sbove processing route and the resulting
#rconia powders were analyzed using Xeray diffraction (Cukio, Philips PW1729, 30 kv
and 20 mA) for phases present Crystallite sizes were estimated on the basis of line
broadening a1 hall maximum of the (111) peak. The calcined zirconia powders wers
characterised for particle/agglomerate size distribution using laser light scattering technigue
{Hariba LA-910), BET surface analyser (Nova 2000, Quantachrome) and scanning electron
microzcope (JEOL, JSM-35CF) were also emploved to analvse the specific surface area,
and particle/agglomerate morphology  of the sirconia  powders, respectively. The
microemulsion-derived zirconia powders, together with the commercial one (TZ3Y), were
then compacted into pellets of 10 mm in diameter at a pressure of 250 MPa, following by
sintering at various femperatures ranging from 800 to 1500 *C at a heating/cooling rate of
10 “Cémin, The sintered pellets were measured for sintered density (Ultrapyenometer 1000}

RESULTS AND DISCUSSION

Figures 1(a.b) show the partial phase diagrams established al room temperature for
the ternary systems consisting of cyclohexane, NPS+NP9 and agqueous solution containing
285 M ammonia and 0570 M ZeOiNOy + 0.029M ¥Y(NO;)h respectively. In both
systems, the microemulgion reglon increases with increaging surfactant 1o cyclohexane
ratio. 1t is apparent that the composition of 56,0 wi%i cyclohexane, 24.0 wile NPS/NPY
(2:1, wit%) and 20,0 wi%h aquaous phase is within the microemulzion region in both ternary
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systems.

The as-dried zirconia precursors exhibit a broadened XRD trace, indicating that they
were amorphous, Caleination at 600 °C for 3 hours resulted in the occurrence of
crystallization in these precursors. Figure 2 shows that tetragonal is the only phase
detectable in both Z2.5Y and Z3Y. This is different from the phases present in TZ3Y, in
which there exists ~20 wi monoclinic phase. The absence of monoclinic phase in the
microemulsion-derived zirconia powders may be sccounted by the much more refined
crystallite sizes when compared with that of TZ3Y, although many other parameters may
affect the phases present in a zirconia powder (B). As shown in Figure 2, the two
microemulsion-derived zircomia powders exhibit @ more apparent broadening of (111}
peak than that of TZ3Y. Using Scherrer equation (%), an average crystallite size of T nm
was estimated for the former two, in contrast to 22,5 nm for the latter,

The particle/agalomerate size and size distributions of the three powders are shown
in Figure 3. The two microemulsion-refined powders are similar in particle/agglomerate
size distribution {in the range of 0.1 to 1.5 pm), akthough Z2.5Y is slightly smaller in
average particle size than that of Z3Y. Both are finer than TZ3Y, which covers the size
range from 0.20 to 2.6 wm. This 15 supported by the specific surface areas of the three
powders. For example, Z2.5Y and Z3Y exhibit a specific surface area of 89.6 and 106.9
me/g, respectively, in conteast to 116 ni'ig for TZ3Y. Therefore, the microemulsion-
derived zirepnia powders (11,1 and 9.3 nm for Z2.5Y and Z3Y, respectively) are much
finer in discrete particle size than that of the commercially available one (85.6nm).

Table 1 Charscterization of Z2.53%, Z3Y and TZ1Y

Poweders L2 5Y Z3Y TZ3Y

mean particle size (nm) 204 335 il2
from light scatterin

specific surface area (m™g) B9.6 1069 1.6
from BET

average particle dizmeter (nm) 1. 93 B5.6
from BET (nm}

average crysiallite size (nm) ] 6.5 22.5
from XRI

Figures 4{ab.c) are SEM micrographs showing the microstructure of the three zirconia
powders. The two microemulsion-derived zirconia powders are similar in appearance.
They both consist of small particle agglomerates (in the range of 100 nm), which are
rounded in morphelogy, although small particle agplomerates can be seen. They are
considerably differemt from TZ3Y, which is much larger in parmicle/agglomerate size and
much maore irmegular in particle/agglomerate morpgology. These SEM observations are
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Fig. 1: Partial phase diagrams established Fig. 2: XBD traces of the poswders
al room temperature for the ternary system (a) TZ3Y; (b} Z2.5Y; and (c) Z3Y.

consisting of eyeloheane, NP5S+NPY, and
aqueous solution containing  (a) 285 M
ammonia selution; (b) 0.570 M ZeO(NO, ),
and 0.02% M Ymﬂl‘,l] solution.
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Fig. 3: The particle’agglomerate size Fig. 4: BEM mikcrographs showing the
distribution of powders, yitria-doped zirconia powders.
(a) TZ3Y; (b) £2.5Y calcined at (a) TZ3Y; (b) £2.5Y; () Z3Y

600 °C for 3 hours; () Z3Y calcined
at 600 *C for 3 hours,
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in agreement with the expenmental results of particle/agelomerate measurement using laser
scattering techiique discussed above, Table | summanzes the difféerences between the bwo-
microemulsion-derived zirconia powders and the commercially available TZ3Y.

A preliminary study of sintered density (expressed gs a percentage of theonetical
density) as a function of sintering temperature for each sintered specimen has been
performed. It has shown that the two microemulsion-derived zirconia pewders exhibit a
higher sinterability than that of the conventionally precipitated zirconia powder. For
example, the former two were sintered Lo a relative density of = 90% theoretical densaty at
1200 °C and > 95% theoretical density at 1300°C,

CONCLUSIONS

Ulrafine yitria-doped zirconia powders bave successfully been prepared from
inverse microemulsions consisting of cyclohexane as the oil phase, mixed NP5 and NP9 as
the non=ionic surfactant, and aqueous solution conlaining Zirconium {vitrum) oxnilrate 15
the water phase, The precipitation reaction between zirconium (vitrium) oxynitrate and
ammonia solution was made to ke place in the nanosized microemulsion domains.
Subsequent calvination of the hydroxide precursors at 600 *C led to the formation of
ultrafine zirconia powders. The microemulsion-denved 1etragonal #Hrconta powders exhibit
a much finer particle’agglomerate size than the commercially available TEZ3Y.
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