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The flame spray pyrolysis of alcohol-soluble precursors allows particular, have been explored. Chemical processing permits
the synthesis of mullite-composition nanopowders (average  atomic mixing of the desired components at early stages, unlike
size of ~60-100 nm) that, when annealed carefully, provide traditional processing methods. Thus, several groups recently have
processable nano-mullite powders. The powders have been used sol-gel processing to form single phase, orthorhombic
characterized using several spectroscopic and microscopy  mullite (o-mullite) at ~1250°CH®**~*3This result represents an

methods, including thermal gravimetric analysis, differential improvement in temperature of 400°C, relative to conventional
thermal analysis, diffuse reflectance infrared Fourier trans- methods.
form spectroscopy, and transmission electron microscopy. Sol-gel processing is useful to form powders, coatings, fibers,

Preliminary studies on the pressureless-sintering behavior of  and high-surface-area microporous materials. Unfortunately, sol—
these powders are presented. Without additives or any efforts  gel processing is not particularly useful for forming dense mono-
to optimize the process, powder compacts could be sintered to  liths, because of the extensive volume changes involved in
relative densities of >90%, with grain sizes of <500 nm at converting wet, porous gels to fully sintered, dense monoliths.
1600°C. Furthermore, despite the high chemical homogeneity of sol-gel-
processed powders, low diffusion rates still present an obstacle to

) achieving high densities with coincident control of microstructure,

[. Introduction especially using pressureless-sintering methods.

. . . Polymer-precursor processing represents a complementary ap-
uLLte (3A1,04-2Si0,) is an often-studied material, because roach to sol—gel processing that also brovides atomic mixin
Mof its high melting point (1830°C), low coefficient of thermal b 9el p Ing provi ! IXINg.

expansion (CTE= 4.4 X 10°-5 x 10-%°C), low thermal This approach also provides access to fibers, films, and micro-

o ; : = X . porous materials; however, it also is problematic in processing
conductivity, high chemical stability, high thermal shock resis- o506 monoliths, because ceramic yields are typically low, which,
tance, and excellent creep resistaticeAll these factors contrib

e 4 d hiah-t " hanical t' Al i again, lead to excessive volume changes that thwart efforts to
ute to good high-témperaturé mechanical properies, especially In gcpjeye near-net-shape processing with good control of the micro-
composites where mullite serves as the matrix matériabr

R - . ; structure. However, polymer precursors can be easily designed to
example, SiC-fiber-reinforced mullite composites offer bend o gjther melt- or solution-processable, unlike sol—gel precursors;
strengths of 800 MPa and toughnesses of 29 m@sa In therefore, the opportunity exists to develop powder-filled precur-
?g?}gﬁ{;lsigr:nmittgéalues of 330 MPa and 1-2 MR for sor systems that do not suffer the volume changes of the precursor

. . alone. Hence, the opportunity to fabricate near-net-shaped parts
The low thermal conductivity, low density, and low CTE of P y pedp

. . : S L can be improved greatly.
Egulgte rr;ak.e(;t useful Iforloptlg.all applications, e.?G., zzs;r)ud-mfrzlargd In this regard, we recently described a low-cost mullite precur-
—5um) windows?® Its low dielectric constant (6—6.7), couple that i issolving th ts of i 1 2
with a smaller CTE mismatch to silicon (4% 10 °-5 X sor that is made by dissolving the products of reactions (1) and (2)

10"°/°C) than ALO, (7.2 X 10-°-8.8x 10 9°C) also make ita " co! alcohok i ]

valuable material for use in microelectronics packaging and o
substrateg:®°-1° P 9 AI(OH), +N(CH,CH,OH), — 20 5 N/\o—\}d
Unfortunately, the good high-temperature stability (low atomic- H0 &0/
diffusion rates) of mullite makes it difficult to process to full A
density with complete control of both the stoichiometry and
microstructure, especially using solid-state reaction methods. Con- @)
sequently, alternate approaches such as chemical processing in /\0
Q
$10,+N(CH,CH,OH), — 2C2% 5 NC-}; 0" “om

“H,0 \/ /
O
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)

This atomically mixed precursor readily converts to stoichiometric
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nanopowders. We also provide results from preliminary efforts to To
produce dense monoliths through the pressureless sintering of Exhaust
nanopowder compacts.
. Atomizer
Cooling
Collar A M
: e Scrubber
Il.  Experimental Procedures ESP Wator In
(1) Precursor Synthesis . ;
) . . . Spray Ignition To 1 i
(A) Qeneral. All chemicals used in thIS. study were used ead Torches 10V, Aluminum
as-received, except ethylene glycol (EgHwhich was distilled f Spherical ~—Sourct A , Tubes
under nitrogen gas before use. EGWas recovered from the / Joints \ J
synthesis reactions described below and then redistilled and Serubbe
Piitibribiiadiiiidiiiiiiii cru T
reCyCIEd- - Water Out
(B) Synthesis of Mullite Precursor:The mullite precursor o Quartz | Pyrex =
was synthesized using aluminum hydroxide hydrate

(AI(OH) xH,0, 54.6 wt% ALO; via thermogravimetric analysis Y-Tube

(TGA); Aldrich Chemical Co., Inc., Milwaukee, WI), fumed silica Fig. 1. Schematic of the flgme spray pyrolysis (FSP) apparatus. Distance
(Si0,, Cabot Corp., Tuscola, IL), laboratory-grade EG{fisher from spray head to Y-tube is 1 m, rates of 100—-400 @&/l 15-100 nm
Scientific, Fair Lawn, NJ), and triethanolamine (TEQHDow (average).
Chemical Co., Midland, MI).

(C) (TEAAIl): Quantities of AI(OH}xH,O (54.6 wt%
Al,O,) (1.8 mol, 168.0 g), TEAH (1.8 mol, 268.5 g), and EGH
(600—750 mL) were reacted ia 2 L flask (via reaction (1)). The

studies. Additional powder samples (1-2 g) were heated at
1200°-1600°C for 2 h for analysis via X-ray diffractometry (XRD)

mixture was stired and heated to 200°C (the boiling point of and diffuse reflectance infrared Fourier transform spectroscopy

EGH,) under a nitrogen atmosphere. The reaction became clear(DRIFTS)' o

after 3-4 h, after 600-700 mL of EGHand water had been (2) Characterization

distilled off. Vacuum evaporation was used to isolate the product.  The as-processed powders, powders that were calcined at 800°

(This product is now commercially available from Tal Materials, or 1000°C for 5 h, and sintered compacts (using the method

Ann Arbor, Ml.) described below) were characterized using various methods. These
(D) TEA-Si-egH: Quantities of SiQ (0.6 mol, 36.1 g), me_thods incl_ude TGA, differential thermal analysis (DTA), diff_er-

TEAH, (0.8 mol, 119.3 g), and EGH350-400 mL) were reacted ~ €ntial scanning calorimetry (DSC), XRD, DRIFTS, gas sorption,

ina 1 L flask (via reaction (2)). This mixture also was stirred and Wet chemical analysis (for carbon, nitrogen, and hydrogen),

heated to 200°C under a nitrogen atmosphere. After 3—4 h and thescanning electron microscopy (SEM), and transmission electron

distillative removal of 300—350 mL of EGHand water, the Si© microscopy (TEM). 3

dissolved and the reaction became clear. When the system was (A) Gas Sorption: Measurement of the specific surface areas

cooled, the product was isolated via filtration and washed with (SSAs) and micropore analyses were conductedl®6°C (77 K),

acetone. (This product, and the mullite precursor described below, Using a sorption analyzer (Model ASAP 2000, Micromeritics
are now commercially available from Tal Materials.) Instrument Group, Norcross, GA) with nitrogen as the adsorbate

(E) Mullite: The TEA-Si-egH solution was added to the gas. The samples were degassed at 110°C for 4 h, then at 400°C

previously synthesized (TEAAJ)solution, stirred, and heated to until the outgas rate was:5 mm Hg/min (typically 4 h). SSAs

200°C under a nitrogen atmosphere to distill off an additional Were calculated via the Brunauer—Emmett-Teller (BET) multi-
50-100 mL of EG. When the system was cooled to room point method, using at least five data points with relative pressures

temperature, a clear, viscous, yellow solution resulted. The ce- of 0.001-0.20. Micropore analyses were conducted using a soft-

ramic yield via TGA in air was 23%. The low ceramic yield Ware package that was supplied with the instrument. _
(versus a theoretical yield of 28.2%) was likely due to the presence  (B) Chemical Analysis: Elemental analyses for carbon, ni-
of unreacted TEAK and free EGH. Additional details have been  trogen, and hydrogen (CHN analysis) were performed using a
reported elsewheré:”To prepare the resulting solution for FSP, CHN elemental analyzer (Model 2400, Perkin—Elmer, Norwalk,

it was diluted with 1.9 L of 200-proof ethyl alcohol, which resulted CT) that was operated at 1000°C (combustion tube) and 640°C
in a 7-wt%-ceramic-yield solution (via TGA). (reduction tube) with helium as the carrier gas. Duplicate analyses

(F) Powder Synthesis:A schematic of the FSP apparatus Were performed. The detection limit of the instrument was 0.1%.

used to prepare the mullite powders is shown in Fig. 1. The (C) Thermogravimetry/Differential Thermal AnalysisTher-
apparatus consists of a precursor reservoir, an aerosol generator, f1al analyses (TGA and DTA) of the mullite precursor and
combustion chamber, and electrostatic precipitators. The 7-wt%- as-collected mullite powders were performed (Model SDT 2960
ceramic-yield solution of the mullite precursor in ethyl alcohol is  Simultaneous DTA-TGA, TA Instruments, Inc., New Castle, DE).
pumped (50 mL/min) to the aerosol generator, from a 10 L Gold was used to calibrate the instrument. The measurements
reservoir, into the combustion chamber. The solution is atomized (40 mg samples) were performed using@®} crucibles in flowing
using oxygen gas to produce an aerosol, which is ignited using @r (100 mL/min); rates of 10°~50°C/min to 1400°C were used.
methane pilot torches. Combustion occurs>2000°C, which Calcined ALO; (Alcoa, Pittsburgh, PA) was used as a reference.
produces nano-oxide powder. The powders are collected down- (D) Particle-Size Analysis: Particle-size distributions were
stream (at a temperature of500°C) in parallel electrostatic  measured using a particle analyzer (Model pK Acoustophor 8000,
precipitators (ESPs) at a dc potential of 10 kV. The powder is Pen Kem, Bedford Hills, NY). The analyzer uses an electro-
recovered from the ESPs after 1-2 h. A typical run requires 3-5 h acoustic technique that exposes a particle slurry to sound waves. A
at production rates of 100-300 g/h (depending on the solids particle-size distribution is calculated from the attenuation of the
loading of the starting precursor solution), with an ESP collection sound waves.
ef‘ficiency of ~80%. A detailed deSCfiption of this method has (E) X_ray Diffractometry: Powder and compact samp|es
been reported elsewhef®. were analyzed by powder XRD, using a rotating-anode goniometer
(G) Powder Calcination: Small samples (2-5 g) of FSP  (Rigaku Denki Co., Ltd., Tokyo, Japan). Sintered compacts were
mullite powder were calcined at a rate of 10°C/min to 800°C (to ground to a powder (100 mg), using an,®; mortar and pestle.
remove residual water, carbon, or carbonates (0.1-0.15 wt%, viaThe powder was packed into a glass specimen holder and placed
TGA)) and 1000°C (to fully crystallizeémullite powder). Powders into the goniometer. Scans were measured ovef aahge of
calcined at 800° and 1000°C were used for most comparative 5°~80° at a scan rate of 109/2nin, using increments of 0.0592
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and CiKa radiation § = 1.542 A); the apparatus was operated at (t) of 3.30 + 0.30 mm) had a green density,fee) Of 46%-50%,

40 kV and 100 mA. Scans that were used to compare the integratedrelative to the theoretical densityecoretical: fOr the 90 MPa
peak intensities of the (120) and (210) peaks were obtained at acompacts angy,ce, = 42%—44% Ofpyeoreticaif0r the 180 MPa

rate of 1° B/min, using increments of 0.0592The peak positions compacts. The compacts were sintered subsequently at selected
and relative intensities of the powder patterns were identified by temperatures.

comparison with ICDD" data (ICDD Powder Diffraction File (B) Sintering Conditions: Sintering was conducted in a box

Card No. 15-776). furnace (Model 58114, Lindberg/Blue, Watertown WI) that was
(F) Diffuse Reflectance Infrared Fourier Transform Spectros- controlled by a microprocessor (Model 818P, Eurotherm, North-

copy: DRIFT spectra of the powder and compact samples were ing, England). Powder compacts were heated at ramp rates of

recorded on a spectrometer (Model Galaxy Series FTIR 3000, 5°-50°C/min to 1600°C and held for selected times (2—24 h). The

Mattson Instruments, Inc., Madison, WI). Random single-crystal sintered mass and size were used to determine the sintered

potassium bromide (KBr) (International Crystal Laboratories, densities. These values were corroborated with values obtained

Garfield, NJ) was ground using an &), mortar and pestle. The  using the Archimedes method.

ground KBr powder was used as the nonabsorbing medium.

DRIFTS samples were prepared in air, using the following

procedure: (i) 0.5 wt% of analyte was mixed rigorously with Ill. Results and Discussion

ground KBr; (ii) 10 mg of ground sample was added to 200 mg of

ground KBr, and this mixture was ground together; (iii) then, 50 In the following sections, we first discuss the synthesis of flame

mg of this resulting mixture was ground together with 400 mg of spray pyrolysis (FSP) powder and powder characterization. Then,

ground KBr. Then, the dilute samples were packed into sample we discuss preliminary studies on the processing and sintering

holders, leveled off, and transferred to the sample chamber, which behavior of powder compacts.

was constantly flushed with nitrogen gas. A minimum of 250 scans

was collected for each sample, at a resolution-df cm™ ™.

G) Scanning Electron Microscopy:Grain evolution and .
grcgvvt)h were efamined using an SIFE)?\I/I system (Model S-800, The nanopowders .used below were produceq via FSF.> of the
Hitachi, Tokyo, Japan) that was operated at an acceleration voltagePrecursors from reactions (1) and (2) that were dissolved in ethyl
of 5 keV. The samples were prepared for SEM analysis by alcohol. In the FSP process, ethyl alcohol solutions that contained
mounting the powder and fractured-compact samples on an alu-/ Wi% ceramic (as a precursor) were ultrasonically aerosolized
minum stub, using double-sided tape. Then, the samples WereW|th oxygen in a quartz combustion chamber, as illustrated in

sputter-coated with two layers (45° aréd5° off-axis) of Au/Pd Fig. 1, and ig?ii%%o;rhzeooe&%i%g con(’jl_bustionhresullts in flame
for 90 s at a potential of 10 mV, to reduce particle charging. €mperatures o = , depencing on the solvent, precur-

; i at1E.16
Line-fraction analyses were used to determine the average particleSC"_l0ading, and rate of aerosolizatitir .
Combustion of the precursor forms metal-oxide vapors that

size. . , . . ;
likely consist of gaseous atoms, ions, and molecular-oxide species

(H) Transmission Electron Microscopy:Powder particles o o° M0 “monomers,’<5 A in size), which co-react to form
were analyzed at the Microscopy/High Resolution Electron Mi- clusters (e.g., (M-O),, wherex ~ 10; <5 nm in size) that then

croscopy (TEM/HREM and SEM) facilities at the University of coalesce to form larger particles-10 nm in size)®2° These

Cadiz, using a TEM system (Model 2000-EX, JEOL, Tokyo, 4 icies in turn, form aggregates and agglomerates. A general
Japan) that was equipped with a top-entry specimen holder and argrocess is suggested in Fig. 2.

lon-pumping system. This TEM_ system was operated at an Although gas-phase reactions can generate multimetallic ox-
accelerating voltage of 200 kV, with a nominal structural resolu- jqes21 the' production of homogeneous materials is often difficult
tion of 0.21 nm. Samples were prepared for TEM analysis by i e yarious gaseous species have different condensation rates.
dipping a holey carbc_Jn copper grid into an ultrasonic dispersion of These differences occur because the vapor pressures of the gaseous
the mullite powders in hexane. o species and/or the surface energies of the condensed oxides differ
~ Micrographs were taken over a range of magnifications. The greatly and thereby affect which materials nucleate and grow from
images were developed chemically; then, the micrographs werethe multiple species presetft.One component often nucleates
digitized, using a charge-coupled device (CCD) camera, and thenfirst, and the other component(s) may nucleate subsequently on the
processed and analyzed using the SEMPERs6ftware package  surface of existing particles or as new, single-component parti-
(Synoptics, Cambridge, U.K.). The crystal-size distribution was cles?2 The result can be nonstoichiometric, inhomogeneous- pow
obtained by measuring the size (longest apparent width) of a largeders, even for nanoparticles.

population ¢-300) of crystals from micrographs that were taken For example, Chungt al*® produced AJO, and SiQ particles

(1) Flame Spray Pyrolysis

over a range of magnifications. via the counterflow diffusion flame combustion of AlCand/or
SiCl,. In this process, a flow of oxygen/nitrogen gas is directed
(3) Compact Processing against a flow of AIC} or SiCl,/H,/N,. The impinging gas streams

(A) Pressing of Powder CompactsCompacts were formed  are ignited by a flame burner and flow outward. The combustion
by loading 1.00+ 0.10 g of FSP-processed mullite-composition ©of SiCl, and AICL together produces particles with a mullite
powders or heat-treated powders into a stainless-steel double{(3Al,052Si0,) composition. Mullite-composition powders
action die (diameterd) of 12.75 mm) and pressing in a laboratory ~Produced at 2000°C were amorphous agglomerates that consisted
press (Model 3912, Carver). No additives or binders were used. ©f primary particles 20—-30 nm in size. At2250°C, the particles

Before final compaction, the powders were granulated as Were spherical agglomerates 13020 nm in size (according to
follows. Powder was compacted at loads of 90 or 180 MPa for light scattering; 150 nm according to TEM analysis) that were
10 min in air (i.e., 90 MPa/10 min/air). The compacts were composed of poorly crystalline mullite and spinel, again consisting
removed from the die and ground with an,@®; mortar and pestle. ~ of primary particles 20-30 nm in size. _
Then, this “granulated powder’ was loaded into the die and  In situlight scattering, which was used to measure the particle
pressed again at 90 MPa/10 min/air or 180 MPa/10 min/air. The Size and number density (abundance), showed that the mullite-
dimensions and mass of the compact were used to obtain greercomposition particles formed at the same location in the reactor

densities. The formed compacts 12.75+ 0.05 mm, thickness (6.5 mm from the flame center) as that when only Al@#s used
to make ALO, particles. Thus, Chungt al'® suggested that

mullite-composition particles may nucleate from-AO clusters
(A—0)). _ , .
Minternational Center for Diffraction Data, Newtown Square, PA (formerly Joint Chung et al.™ also discussed four pOSSIble stages for p_artlcle
Committee on Powder Diffraction Standards (JCPDS), Swarthmore, PA). growth as the reactant gases, and then gaseous species, flow



954

Journal of the American Ceramic Society—Baranwal et al.

Vol. 84, No. 5

Stage 1 | Stage 2 Stage 3 Stage 4
1 1

\; i AROj3 '
Metal  Metal ARG ALO; i Particle |
A“f‘m"de 3’“"‘* (Al O)y Clusters partide ! Particle Growth i Growth .
‘Da]():r apo Coalescen ce/ & % Formatmn : : :

T s ot O 0o

1
m"’— e o o : i :
Thermal Condensatio & I Al,05/Si0 i
S ! 2038103 1 !
Decomposi tion N —Pﬁ —-O - Particlk Formation: Al,03/Si0, !
N . . /

' Clusters o 203 : :
: @@@ % particles) ! O :

. ‘ L S —» L
~ Coalescerice/ ! &S’ﬁ § ' !
A Collisions 1 , '
. @ aC :

BFE &, D —* Ly
H )
H )
| )
1 ]
- )

0 sio, ! Si02
L=~ (8i0)x Particle 1 Particle
L - Clusters Formation : Growth

\\ Coalescence _»:
\Collslons % & '
1
M !
. 4 @_& O .
Condensauon‘ 9 ﬁ (@] :
O f

Fig. 2. General schematic depicting the possible gas-phase formation mechanisms of nanoparticles from a mullite-composition precursor.

toward the flame. In the first stage (farthest from the flame),
particles form from the AIO; vapor, with sizes that increase from

efforts were made to reduce the particle sizes, which ranged from
100 nm to 4 mm (600 nm on average) with SSAs of 6-7gn

60 nm to 130 nm, with coincident decreases in number density XRD studies revealed that powders produceda#00°C, with a

from 2 X 10%cm? to 2 X 10’/cm?®, which suggests growth via
coagulation. Agglomerated particles form via coagulation when
the rate of fusion is too slow to produce spherical partiéfes.

During the second stage (closer to the flame)QAl“particles”
continue to grow to a size o170 nm as the particle number
density increases to ¥ 10°/cm®. The increase in number density
likely results from the generation of agglomerated Si@articles”
from the SiQ vapor, which condenses in the reactor closer to the
flame center (3 mm vs 6 mm for the &, “particles”). Normally,
one would expect Si9to condense at lower, not higher, temper
atures (the condensation temperature ofQAlis 2470°C at a
pressure of 2.7 kPa; the condensation temperature of &0
~1800°C at the same pressufé)However, the hydrolysis of
AICl, occurs at lower temperatures than that for SiQ@bhich
results in an earlier formation of AD; particles. This observation
suggests that M-Cl hydrolysis is the rate-limiting step in particle
formation.

SiO, vapor also can condense on existing,®@} and SiQ
“particles.” The SiQ-coated ALO, “particles” thus formed, and
vapor-derived SiQ “particles,” can grow via coagulation. There
fore, “particle” growth in the second stage results from both
condensation and coagulation.

The third stage proceeds with the further generation of new
“particles” via the nucleation of SiQvapor, further increasing the
number density to 5 10%cm?; however, the fusion of previously

30 s residence time, were primarily amorphous with some
v-Al,O,. Powders produced at 1600°C, with a residence time of
30 s, were phase-pure mullite. The particle sizes of the 1400° and
1600°C powders were not differentiated.

Suzuki et al?® used sol-gel processing (with Si(OFt)
AI[OCH(CH,),]4/isobutyl alcohol) to produce powders that crys
tallized to Al-Si spinel at 980°C (according to XRD, DTA, and
TEM) and then to phase-pure mullite 2t1200°C (according to
XRD) (probablyo-mullite, although it was not mentioned). This
behavior is typical of an inhomogeneous, single-phase precursor.
A small percentage of hard agglomerates were formed. Heating at
1100°C produced particles 6—11 nm in size (according to TEM)
and 11-21 nmin size (according to BET analysis (SSA89-167
m?/g)). After conversion to mullite at 1500°C (XRD), SSAs were
6-38 nf/g and the final particle sizes were 50—320 nm, according
to BET. The particles seemed be agglomerated.

Geet al?” also used the sol-gel method (with AI(NQ9H,O/
Si(OEt),/EtOH) to process submicrometer mullite powders (100
nm-1.5pm, with an average size of 560 nm), using HN&s a
catalyst. A single-phase gel that converted-toullite at 980°C
(according to XRD) was formed. If NJ#OH was used as a catalyst,
particles with an AJO5-rich core and a Si@shell precipitated. No
explanation was given for this behavior. When the powders were
heated to 980°C, they were X-ray amorphous, with some Al-Si
spinel. XRD studies showed a conversion to mullite at 1200°C,

formed agglomerates decreases the average “particle” size towhich was consistent with an inhomogeneous, single-phase mate-

75 nm. This observation implies that light-scattering techniques

rial. When powders were produced using afC&ONH, catalyst,

are measuring the agglomerate size rather than primary particlea diphasic precursor formed, likely due to segregation of the Al
size. In the last stage, particles grow to 170 nm via coagulation and and Si species. XRD studies revealed the presence of the following

the particle number densities decrease ta 10° cm®.*8
Related literature on the processing of ultrafine mullite-

compounds: after heating to 980°C, amorphous powders, with
some mullite andy-Al,O,; after heating to 1200°C, mullite and

composition powders describes the formation of other phases insomea-Al,O,; and after heating to 1300°C, phase-pure mullite.

addition to, or before, the formation ¢fmullite. Moore et al?®
spray-pyrolyzed aqueous AI(N{9H,O and fumed SiQ mix-

The above-mentioned literature provides context for a discus-
sion of particle formation in FSP-generated mullite-composition

tures (7 wt% ceramic) by passing the solutions through a tube nanopowders. Several particle-formation scenarios are possible
reactor that was heated to 900°C, then in a second pass tothat are most easily identified by the behavior of the as-processed
>1400°C, with residence times of 15 and 30 s, respectively. No mullite powders when they are heated. Consider, for example, the
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behavior of nanopowders wherein 8, and SiQ particles of crystallized samples (from 50 nm at 900°C for 10 h to pr
nucleate and grow separately but coincidentally, with limited at 1600°C).
co-condensation. These materials should exhibit diphasic behavior
when heated, as observed by &eal?’ When these powders are
heated, the first phase transformations to be observed will be the
crystallization of mullite, y-Al,O;, and/or a spinel phase at
<1000°C, followed by the crystallization of more mullite and
a-AlL,O; at >1200°C, with full crystallization to mullite at
~1300°C. Similar diphasic behavior might be expected for core—
shell particles wherein AD; cores form first, based on Chureg (4) Thermal Analyses
al.,*®followed by SiQ, coatings. One potential issue is whether the The DTA profile (not shown) of as-processed powder (10°C/
diffusion distances in the core—shell particles are sufficiently great min/air) reveals only one event: an exotherm at 980°C. The
to cause diphasic behavior. absence of any other exotherms suggests that the precursor is
A less-extreme particle-formation process would produce par- single phase and forntsmullite directly, as also corroborated by
ticles with only partial segregation (or partial mixing). For exam- XRD and FTIR studies. However, increasing the ramp rates to
ple, one might expect AD; clusters to form first and then nucleate  30°-50°C/min retards the nucleation of mullite to 1005°C. To the
growth of a co-condensed phase simply because there are mordest of our knowledge, this is not an overshoot phenomenon,
AlL,O, species in the gas phase. For particles of this type, one because it is observed in the sintering studies described below.
might expect to see behavior similar to that observed by Stetuki The DTA results are similar to those observed by Karetal
al.,?® wherein the typical exotherm at 980°C leads to the crystal al.,"* although they reported the formation smullite at 990°C
lization of t-mullite and/or a spinel phase, followed by phase-pure using polymer-precursor-derived powder. The conversion to
mullite at >1200°C. t-mullite observed here, using as-processed mullite-composition
The most-desirable processing scenario is one in which com- n-powders (derived from the same polymer precursor used by
plete mixing is obtained. If this scenario occurs, then three possible Kansalet al.*%), happens at a temperature that is 10°C lower than
FSP outcomes can be expected: (i) particles form and crystallize inthe Kansakt al** data. These differences may not be significant,
the form of mullite - and/ort-mullite), (ii) partial crystallization although the lower crystallization temperature may indicate higher
occurs, and (i) amorphous powders are produced. In the latter two purity levels (the chemical analysis in the earlier studies shows that
instances, a typical exotherm, which corresponds to the formation a trace of carbon was present).
of t-mullite (Si:Al ~ 1:5) and nano-segregation of SiQwill be
observed at 980°C. Then, the crystallizatioroahullite (Si:Al ~
1:3) will occur at>1200°C, as observed for atomically mixed,
precursor-derived materiat§:>42° As discussed below, partially
crystalline powders are produced.

(3) Wet Chemical Analysis

CHN analyses give values below the detection limits
(<0.1 wt%) of the instrument for as-processed powders. Thus,
only trace impurities are likely present at the powder surfaces.

(5) Particle-Size Distribution

The particle-size analysis of as-processed powders (no milling
necessary) was obtained using electro-acoustic methods (see the

. . 18 experimental section). This particle-size analysis shows a broad
Of the above-cited literature, the efforts of Chueigal.© are log-normal size distribution (Fig. 3) between 10 nm angra.

most similar to the FSP processing of n-powders; however, “The average particle size was80 nm. The log-normal size
considerable differences remain. For example, FSP combustSyisiribytion argues against the presence of agglomerates; however,
metal alkoxides; therefore, combustion only needs to strip away Tg\ analyses indicate that many particles actually consisted of
the organic components to generate gas-phasa)Sanq A'._O primary particles that were joined to other primary particles by one
species. Thus, the distribution of$D and Al—O species inthe 4ty necks. Thus, the particle size that was determined from the
gas phase should be similar to the initial composition in the gjectro-acoustic particle-size distribution matched that determined
solution phase. Furthermore, combustion heats the precursor SPethrough TEM studies. The particle size that was determined by
cies directly to the highest temperature, followed by a very steep gga Dae) gives an average particle size of 44 nm, which follows
(>1500°C) quench? In contrast, counterflow diffusion flames  fom the necking that was observed via TEM (see Figs. 4 and 5).
heat the precursor to increasingly higher temperatures underte ohservation of a few necks suggests that the particles had time

conditions where rapid quenching is not observed. Thus, the t5r only one or two collisions at or above the fusion temperatures,
particle-formation processes may be entirely different. Given these

perspectives, we can now discuss the characterization of the
as-processed FSP mullite-composition powders.

1.2+
(2) Surface Area Analysis
BET analyses of as-processed powders give SSAs of 48 1.0
m?/g (for a grouping of five samples). BET SSAs and a density of
3.156 g/ci were used to calculate an average particle diameter
(Dgey) of 44 = 2 nm. The SSA of heated, uncompacted powder 2 0.8
decreases from 43y at 600°C to 0.4 rfig at 1600°C. The loss B
of surface area on heating is indicative of grain growth, as b
confirmed by SEM studies. Table | lists the calculagg+ values ,%D 0.6
-3
2
Table I. XRD Mean Crystallite Size and BET Particle Size & 0.4
of Crystallized Nano-mullite
XRD mean crystallite siZe BET particle size,
Sample conditions (nm) Dgert (nm) 0~2“‘
900°C for 10 h in air 34.4
1000°C fa' 5 h in air 38.8 51 00— : I
1200°C fa 2 h in air 44.9 66 1o 2 T A
1400°C fo 2 h in air 58.8 80 0 lo- 10 10 10
1600°C fa 2 h in air 113.7 5261 Diameter [um]

TStandard deviation of-0.2 nm.*Standard deviation of-2.5 nm.

Fig. 3. Particle-size distribution (PSD) for mullite powder (as-collected).
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Fig. 4. TEM micrograph of as-processed mullite-composition nanopow-
der.

before quenching was effective. These results also suggest that therig. 5.  TEM micrograph of mullite-composition nanopowder after heat-
particles might be partially or fully melted at some point in the ing at 1000°C fo 5 h in air.
flame. Note that no change in the particle-size distributions
occurred after annealing. o o o )
Barringeret al%° claimed that narrow particle-size distributions ~ Processed powder exhibits traces of crystallinity, which is consis-
(10-500 nm, with an average particle size of 80 nm) are critical to tent with mullite formation (in agreement with the TEM studies);
the retention of a fine-grained structure in sintered compacts. This however, the powder is primarily amorphous. When the powders
size range is Suggested’ to permit the formation of uniform green are heated, they first convert to fU”y Crystalll’nmulllte at 1000°C
bodies that sinter without significant particle rearrangement (ICDD Powder Diffraction File Card No. 15-776). The conversion
(which leads to grain growth). Uniform powders, in turn, inhibit to t-mullite is corroborated by the DRIFTS data given below and
grain growth' because of the absence of partic]es with lower follow from our earlier work and that of other researchkyg®31
surface energies. XRD studies also were conducted to trace the conversion of
t-mullite to o-mullite. Figure 7 shows the splitting of the (120) and
] (210) peaks at 26.15°2in t-mullite (which forms on heating to
(6) X-ray Diffractometry 900°C for 10 h) into 25.97° and 26.26% 4n o-mullite. The
Powder XRD studies were used for phase identification and splitting of this peak was used to estimate the percent conversion
estimation of the particle size. XRD patterns of the as-processedof the tetragonal phase to orthorhombic phase, per Thoreson
and calcined powder samples (see Fig. 6) show that the as-al.?° The ratio of integrated peak intensities for the (120) and (210)

*
*
3} * L
8 . 1000°C/5h/air
g “ o s
=
(S
: 'N ’" +  900°C/10h/air
g n e l%e* e o & @ . .
E L 900°C/5h/air
> - AP il by st b Py W e e
= " 800°C/5h/air
as-collected
T T 1—[—’—1—7 LI JNLUL B B B L L B B B I lﬁ—l_l'—l-l—'_l_l_l_f-r-r_ﬁ_l_'_l_l'
0 10 20 30 40 50 60 70 80
20

Fig. 6. Powder XRD patterns of as-processed mullite nanopowders heated (using a “temperature/time/air’ notation) to selected temperatures for selected
times. Note the slight crystallinity of the as-processed powdér” fepresents a mullite peak, according to ICDD Powder Diffraction File Card No. 15-776.)
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]
)

{1700 °C, 100 % o-mullite // \\

1600 °C, 100 % o-thullite
11400 °C, 94 % o-millMe//
11200°C,94 % o-milllite_/-

11000 °C, 0% o-muflite

| S T S TS T T AN W1

Relative Intensity

25.0 25.5 260 26.5 27.0
20

Fig. 7. Peak splitting of 26.15°®into 25.97° and 26.26°@(the (120) and (210) peaks, respectively) during phase transformation from tetragonal mullite
to orthorhombic mullite. At 1200°-1400°C, the samples are 94% orthorhombic; at 1600°C, the sample is 100% orthorhombic.

peaks (at 25.97° and 26.268,2respectively) for ICDD Powder Table Il. d-spacings of Various Planes of Mullite
Diffraction File Card No. 15-776 was used as a reference (mullite (3A1,0,°2Si0,), 8-Al,O,, and B-Al,0,"
crystallized at 1600°C).

These calculations indicate that the 1000°C sample is 100% Plane bkl d-spacing (A) Possible matchies
tetragonal. No peak splitting seems to have occurred, although the Mullite, 3A1,052Si0,
very small crystallite size (very broad peak(s)) may hide the 110 5.3 5.34 A; 1000°C for 5 h
presence of some orthorhombic phase. At 1200°C, the sample 120 3.43 3.26 A, 3.38 A; as-collected
seems to be>90% orthorhombic. Assessment of the 1400°C 111 2.54 2.92 A; as-collected
sample suggests that it also 890% orthorhombic, with the 200 3.77 4.22 A; as-collected
1600°C samples being 100% orthorhombic phase. We note that, 0-Al,0,
because of the crystallite sizes, the differences between the 1400°C 202 2.73
sample and the 1600°C sample may be too small to distinguish 112 1.91
between 100% and-90% orthorhombic phase. Thus, at 1400°C, B-ALO,
conversion may be complete. Additional work is necessary to 102 4.45 4.22 A as-collected
establish this possibility. 006 3.78 3.38 A; as-collected

_The absence of a spinel phase (such as that detected I e e 5 e Bifcion File Card Nos. 15776 (for mulite),
single-phase precursors produced via sol-gel rotftégjicates a  35-121 (for-Al,0,), and 10-414 (foB-Al,0,). ‘Measured interplanar distances of
high degree of homogeneity, which likely is due to better atomic as-processed mullite and nano-mullite heated to 1000°C for 5 h are matched with
mixing that is provided by the polymer precursor. Despite this T¢SedSPacings.
observation, complete conversiondenullite does not occur until
1400°C, when the (120) and (210) peaks split from 26.16bn2 ) ]
the tetragonal phase to 25.97° and 26.26; r2spectively, in the mullite transformation that occurs at the same temperatures as
orthorhombic phase, per Li and ThomsSi those observed in the XRD studies. A standard mullite IR spectrum

The crystallite sizes, according to XRDgyp), were calculated ~ consists of tetrahedral AlQv(Al—O) vibrations at 740 and 830
using the diffraction peak of the (120) planed(2 26.15° for cm %, octahedral AlQ v(AI—O) vibrations at 530-680 crt,
samples heated at1200°C, ® = 26.26° for samples heated to anqltgjrggedral SiP v(SHO0) vibrations at 1130 and 1170
>1200°C) from ICDD Powder Diffraction File Card No. 15-776 ¢m ~.7~
and the Debye-Scherrer equatiinThe Dygp values of the
heated samples are listed in Table II. (8) Bond Vibrations

The mean crystallite sizeD{rp, after 1000°C for 5 h) for (A) AlO, v(Al—0O): Vibrations due to AlQ tetrahedra ap
nanosizedt-mullite, as calculated from XRD ||r_le-broaden|ng pear at 830 cmt (literature value) in the as-processed nano-
methods, was 36 2 nm. TheDger value, after heating at 1000°C  mullite-composition powder and remain present in samples that
for 5 h, as calculated from the SSA, was 513 nm. Note that the  have been heated to higher temperatures. A well-defined band at
TEM studies (Fig. 5) show that the particles have rough surfaces, 740 cn1?, typical of AlO, v(Al—O) vibrations, develops when
which could explain the disparity in the two techniques. These the powder is heated to 900°C for 10 h, coincident with the
results are better than the mean particle size that was determineconversion ta-mullite. This band appears with the crystallization
from particle-size-distribution analyses, which actually gave size of t-mullite, as also corroborated by the above-discussed XRD

distributions for the necked particles. data.

) ) Both bands intensify as crystallization continues during heating
(7) Diffuse Reflectance Infrared Fourier Transform at 1000°C fo 5 h and then become fully resolved when the
Spectroscopy conversion too-mullite occurs at temperatures pf1200°C. The

The DRIFTS analysis of the as-prepared, calcined, and crystal- above-described results differ slightly from those of Kansal
lized nano-mullite (Fig. 8) show a tetragonal-to-orthorhombic al.,** who observed a broad envelope that was centered at
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700 cmi %, because of a combination of Aj@nd AlQ; v(Al—O)
vibrations, which shifts to 720 cnt at 900°C, then to 740 cmt
(literature value) at 1000°C, where it intensifies on heating to
1300°C. The absence of the broad envelope at 700*dm the
nano-mullite powders may again be attributed to the fact that they
have already been exposed to a temperature of 2000°C.

(B) AIOs v(AI—0): In the as-prepared powder, bands at
530-680 cm?' that are attributable to octahedralAl—O)
vibrations are absent. When the powder is heated at 900°C for 5 h,
a v(Al—O0) band appears at 600 cr, indicating formation of
octahedral AIQ chains in t-mullite. This band continues to
sharpen and intensify on further heating.

(C) SiQ, v(Si—0): The band located at-1100 cni?t in
samples that have been heated at 900°C for 10 h is attributed to
tetrahedral SiQ v(SO) vibrations, such as those observed for
Si0,, as also reported by Kansat al* When the powder is
heated at 1000°C for 5 h, the 1100 chband sharpens as the
formation of ALO4-rich t-mullite forces SiQ to segregate out. At
higher temperatures, the 1100 chband splits into two bands, at
1170 and 1120 cm, which is typically observed foo-mullite
formation as the segregated Si®® readsorbed?—3°

(9) Transmission Electron Microscopy

TEM was used to elucidate crystallite size and shape, index-
match the phases, and identify phase segregation. A TEM micro-
graph of as-processed mullite particles that exhibit a small degree
of crystallinity is shown in Fig. 9. The selected-area diffraction
(SAD) patterns and interplanar distances of 3.26 and 2.92 A are

consistent with the (120)/(111) planes of mullite (see Table II).
Note that differences 0&15% in thed-spacings are acceptable
when index-matching the measured interplanar distances using
high-resolution transmission electron microscopy (HRTE).

For the as-processed mullite powder, the SAD pattern (see Fig.
10) and measured interplanar distances of 4.22 and 3.38 A, as well
as the interplanar angle of 67°, are consistent with the (200)/(120)
planes of mullite. These interplanar distances also are consistent
A U A U UL with the (102)/(006) planes @-Al,O4 (ICDD Powder Diffraction

3500 300 25\(’)8ave112101031ber 150 1000 S0 File Card No. 10-414)%-Al, 05 was thought to possibly segregate
in the formation of mullite particles; however, an index match with
Fig. 8. DRIFT spectra of as-processed mullite-composition nanopowders g_a| ,0; (ICDD Powder Diffraction File Card No. 35-121) does
heated to selected temperatures for selected times (‘temperature/time/airy, ¢ support the presence of tf@@)/(llZ) planes 06-Al,O..
notation has been used). The TEM micrograph in Fig. 11 shows samples that were
heated at 1000°C for 5 h. All the particles have exactly the same
orientation, which suggests epitaxial crystallization. The SAD

1400°C/2 h/air

1300°C/2 h/air

Relative Intensity

orthorhombic
1200°C/2 h/air

1000°C/5 h/air

==

tetragonal

900°C/10h/ air

amorphous —

Fig. 9. HRTEM micrograph of as-processed mullite-composition nanopowder, showing crystalline traces in the particles. Diffractogram in inset is
consistent with the (120)/(111) planes of mullite.
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Fig. 10. HRTEM micrograph of as-processed mullite nanopowders (an SAD pattern is shown in the inset). All the particles have exactly the same
orientation, suggesting that nucleation from one site leads to epitaxial crystallization.

Fig. 11. HRTEM micrograph of nano-mullite formed after 1000°C for 5 h, showing the (110) planes (an SAD pattern is shown in the inset).

pattern corresponds to the (110) planes of mullite. The measuredat a later date. Our preliminary goal was to identify processing
interplanar distance of 5.34 A observed in Fig. 11 also correspondswindows that offered the most potential for full densification with
to the (110) planes of mullite. minimal grain growth.

Following the above-described characterization, we conducted Powders were compacted (12.7 m¢n2 mm) at loads of 90 or
preliminary densification studies, using simple powder- 180 MPa. All the compacts were sintered to 1600°C, at varying
compaction methods. ramp rates, and held at that temperature for 2 h (10°C/min to

1600°C for 2 h). Lower temperatures did not permit full densifi-
cation, because of the low self-diffusion rates of mullite. Density
(10) Densification measurements first were calculated using mass/volume measure-

Compacts were pressed using (i) powders pretreated at 800°Cments, and then via the Archimedes method. Powders compacted
for 5 h, to remove trace amounts of surface contaminants ( e.g.,at 180 MPa attained densities that were similar to powders
carbon), without initiating crystallization, and (ii) powders pre- compacted at 90 MPa. Thus, all further studies were conducted
treated at 1000°C for 5 h, to crystallizenullite. Compaction was using compacts that had been pressed at 90 MPa.
performed without binder or sintering aids, to minimize the effects In sintering studies on yttrium aluminum garnet (YAG) fibers,
of additives. The object of these studies was to establish baselinewe established that grain growth competed quite strongly with
conditions that would allow more-detailed studies to be conducted densification in a system that was known to have low diffusion
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92 I salient points must be considered. First, the material that was
3 heat-treated at 800°C is mostly amorphous but transforms to
90 i ; ] t-mullite and thero-mullite as the compacts are ramped to 1600°C.
L] In addition, heating the nanopowders at 900°€ 5oh does not

promote crystallization, whereas heating for 10 h (Fig. 6) does.
88 This observation suggests that nucleation is slow; however, once it
does occur, crystallization is rapid.

Given these observations, it is possible to suggest that, at

Percent Theoretical Density

86 sufficiently high ramp rates, partial sintering occurs before crys-
tallization. Thus, some surface area is lost in the formation of
84 } necks, etc. However, at some point, nucleation occurs, which
results in rapid crystallization and a decrease in diffusivity. The
a2 . 3 loss of surface area, coupled with the lower diffusion rates, would

i be expected to lead to lower final densities. Support for this
4 scenario comes from the TEM image in Fig. 11, where epitaxial
80 = crystallization is observed, which suggests that one nucleus has
t formed and crystallization has occurred through the particle necks.

Still, other possible explanations exist. If we compare the TEM
images in Figs. 4 and 5, the particle surfaces of the material that
was heated at 1000°Crf& h are visibly roughened, possibly as a
result of the crystallization process. Roughening may lead to
Fig. 12. Density of mullite compacts prepared from powder calcined at increased surface area not detected via BET analysis, which might
(#) 800°C fa 5 h or @) 1000°C fa 5 h (each compacted at 90 MPa),  aid in densification. However, more work must be done to
sintered at various ramp rates to 1600°C for 2 h. understand the events that actually occur.

In contrast to the 800°C materials, the compacts that have been
heated at 1000°C fdb h are already crystalline. Thus, competing

rates®® We found that increases in ramp rates allowed densifi transformation processes will not inhibit densification and, within
cation to compete with grain growth, which allowed full the error limits of the measurements, the densities that are
densification with modest control of the grain size. On this observed at all heating rates are very simitai90% of theoreti-
basis, and given the low diffusion rates for crystalline mullite, cal). We believe that these values are quite good for powder
we explored the effects of ramp rates on densification. compacts that have been pressureless-sintered and produced with-

The densities of compacts that have been sintered at variousout compaction aids. In future studies, we hope to improve on
ramp rates are shown in Fig. 12. For the samples that have beerthese results through the use of precursor binders. The possibility
calcined at 800°C for 5 h, the densities do not change significantly that microstructural evolution can be controlled remains to be
when the ramp rates increase from 5°C/min (relative density of determined.
91%) to 10°C/min (relative density of 90%). Then, the densities
decrease as the ramp rates are increased further to 50°C (relative ) )
density of 77%). For the samples that have been calcined at 1000°C(11) Scanning Electron Microscopy
for 5 h, the relative densities remain in the range of 89%-93% for = SEM was used to examine the effects of sintering on micro-
ramp rates in the range of 5°-50°C/min, although the highest structural evolution. Micrographs of fresh fracture surfaces of
densities were obtained with ramp rates of 10°~15°C/min. compacts (90 MPa) are shown in Fig. 13. These micrographs

Several explanations for this behavior are possible; however, suggest that failure occurs via intergranular, rather than cross-
without the extensive studies that are planned in the future, a granular, fracture. Again, more-detailed studies, using more sam-
detailed discussion of all the possibilities is not realistic. Two ples, are required to fully delineate the fracture process.

T 8 mpespspusnpuny pusspupsg pugy L L e
0 10 20 30 40 50
Ramp rate (°C/min)

Fig. 13. SEM micrograph of compacted, sintered nano-mullite powders (powder treated at (a) 80@ € iiv air (92% dense), and (b) 1000°C for 5 h
in air (91% dense)). Each powder was compacted at 90 MPa, and then each compact was heated to r1800DCai0.
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Following heat treatments at 1600°C and conversion to
o-mullite, the grain sizes are 300—420 nm (via line-fraction
analysis). These values are quite reasonable for initial efforts;
however, we believe that, with better control of the FSP process,
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13W.-C. Wei and J. W. Halloran, “Phase Transformation of Diphasic Aluminosili
cate Gels,”J. Am. Ceram. Soc71 [3] 166—72 (1988).

14p_Kansal, R. M. Laine, and F. Babonneau, “A Processable Mullite Precursor
Prepared by Reacting Silica and Aluminum Hydroxide with Triethanolamine in
Ethylene Glycol: Structural Evolution on Pyrolysis]? Am. Ceram. Soc80 [10]

even-smaller average particle sizes can be obtained, which, in turn,2597-606 (1997).

will provide better control of both densification and microstruc-
tural evolution.

IV. Conclusions

Ultrafine mullite (3ALO4-2SiQ,) particles were produced suc
cessfully via the flame spray pyrolysis of a polymer precursor.
Powder production rates were 100—-300 g/h. The formation of
ultrafine particles occurs via combustion of the reactants to form
metal-oxide vapors, which then form clusters that, in turn, form
particles that grow ta>10 nm in size. The resulting powders
(40—80 nm) were amorphous (according to X-ray diffractometry
(XRD)) and converted to tetragonal mullite (after heating at 900°C
for 10 h) and then orthorhombic mullite (after heating to
>1300°C). The BET particle surface area (43g) decreased (to
0.4 ntf/g) when the samples were heated to 1600°C. Diffuse

reflectance infrared Fourier transform spectroscopy corroborated

15@)C. R. Bickmore, K. F. Waldner, D. R. Treadwell, and R. M. Laine, “Ultrafine
Spinel Powders by Flame Spray Pyrolysis of a Magnesium Aluminum Double
Alkoxide,” J. Am. Ceram. Soc79 [5] 1419-23 (1996). (b)C. R. Bickmore, K. F.
Waldner, R. Baranwal, T. Hinklin, D. R. Treadwell, and R. M. Laine, “Ultrafine
Titania by Flame Spray Pyrolysis of a Titanatrane CompléxEur. Ceram. So¢18,
287-97 (1998). (c)R. M. Laine, K. Waldner, C. Bickmore, and D. R. Treadwell,
“Ultrafine Powders by Flame Spray Pyrolysis,” U.S. Pat. No. 5 958 361, Sept. 28,
1999.

16A. C. Sutorik, S. S. Neo, D. R. Treadwell, and R. M. Laine, “Synthesis of
Ultrafine B’’-Alumina Powders via Flame Spray Pyrolysis of Polymeric Precursors,”
J. Am. Ceram. Soc81 [6] 1477—-86 (1998).

17R. M. Laine, D. R. Treadwell, B. L. Mueller, C. R. Bickmore, K. F. Waldner, and
T. R. Hinklin, “Processable Aluminosilicate Alkoxide Precursors from Metal Oxides
and Hydroxides: The Oxide One Pot Synthesis (OOPS) ProcksSliem. Mater.6,
144143 (1996).

183.-L. Chung, Y.-C. Sheu, and M.-S. Tsai, “Formation of $i®@l,0,, and
3Al,042Si0, Particles in a Counterflow Diffusion FlameJ. Am. Ceram. Soc75
[1] 117-23 (1992).

19. Okuyama, Y. Kousaka, N. Tohge, S. Yamamoto, J. J. Wu, R. C. Flagan, and
J. H. Seinfeld, “Production of Ultrafine Metal Oxide Aerosol Particles by Thermal
Decomposition of Metal Alkoxide Vapors,J. AIChE 32[12] 2010-19 (1986).

20y, Suyama and A. Kato, “TiQ Produced by Vapor-Phase Oxygenolysis of

the phase transformations that were observed in the XRD studies.ricy,” 3. Am. Ceram. Soc59 [3-4] 14649 (1976).

Nano-mullite particles were calcined at 800° or 1000°C for 5 h,

21C. Roger, T. Corbitt, C. Xu, D. Zeng, Q. Powell, C. D. Chandler, M. Nyman,

then compacted at 90 or 180 MPa and sintered at 1600°C usingM. J. Hampden-Smith, and T. T. Kodas, “Principles of Molecular Precursor Selection

various ramp rates. Compacts with a final density of 9t%% of
the theoretical density and grain sizes<o420 nm were obtained.
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