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NANODESIGNING OF HIERARCHICAL MULTIFUNCTIONAL CERAMICS

Ilhan A. Aksay

Executive Summary

This report is the final technical report for AFOSR grant number F49620-93-0259, covering
the period September 1, 1992, through December 31, 1995. This is the final segment of the
project entitled “Nanodesigning of Hierarchical Multifunctional Ceramics” that began October 1,
1990 at the University of Washington, Seattle, which extended the preceding project sponsored
by the AFOSR “Microdesigning of Lightweight/High Strength Ceramic Materials” from 1983
through 1990 (Grant Nos. AFOSR-83-0375, 1 October 1983 to 30 November 1986, and AFOSR-
87-0114, 1 December 1986 to 28 February 1991). On September 1, 1992, the project that is the
subject of this report was transferred from the University of Washington to Princeton University.

The principal focus of our earlier projects under AFOSR sponsorship from 1983 to 1991 was
to establish guidelines for processing low density (< 3.0 g/cc) and high strength (> 800 MPa)
ceramic matrix composite materials for structural applications. The achievements of the first six
years of the research program have led to the development of improved ceramic fabrication
processes involving the use of colloidal dispersion and consolidation methods. Although
significant gains in understanding the processing of dense ceramic matrix composites resulted

" from that work, it became apparent that our understanding of the structural and optoelectronic

properties of composite materials failed as we approached length scales between 1 to 100 nm.
Within this size range our knowledge of materials synthesis and processing by deliberate design
is the weakest, yet we came to understand that nanometer-scale interactions strongly determine
the macroscopic properties of materials. In response, our work over the preceding past four years
shifted to those address issues related to the nanodesigning of ceramic matrix composites using
colloidal dispersions and molecular precursors.

The overall goal of our work has been to demonstrate the practical advantages of applying

" the concept of hierarchy to developing superior macroscopic properties in ceramic matrix

materials. To this end, we seek to design materials with predictable properties, requiring that
structural development be closely controlled at each step during processing, beginning with
mixing (at the nanometer scale) and continuing through the densification of the constituent
phases (at the micron and larger scales). For example, ceramic/ceramic nanocomposites have
been reported to have significantly improved mechanical properties (§1.2) yet it is also claimed
that these observations are merely the result of poor sample preparation. We have developed
reproducible methods for synthesizing nanocomposite powders to be used to fabricate test
specimens for mechanical testing. A model describing the effect of nanometer-sized inclusions in
a continuous matrix has been proposed. .

The research projects summarized in the following sections were all selected to meet the
goal of designing multifunctional ceramics for structural and functional applications with a
starting point at the atomic and nanometer level, recognizing that modeling of physical
phenomena is a requisite part of any integrated materials research group. A colloidal approach to
processing has been taken in the most part, stemming from our recognition that this will be the
most feasible approach for the production of large scale devices and components. Tasks within




the program are categorized into three areas: (i) applications (§1.), (ii) functional ceramics (§2.),
and (iii) model systems (§3.). In the first task area the research projects are concerned primarily
with the fabrication of monoliths, built up from nanoscale structures. In the second task area the
key emphasis is on the application of fundamental concepts generated in our previous projects to
produce novel composites that can be utilized in novel optoelectronic applications. Finally,
model experiments are designed to (i) provide guiding principles for applications and functional
ceramics and (ii) develop new concepts in materials processing.

Manuscripts and theses that have been completed within the reporting period are included in
the Appendices.




Technical Report

1. Applications

In this portion of our project the emphasis is on basic issues in the processing of hierarchical
materials. We choose to work at the nanometer scale as this holds the most promise for
fabricating multifunctional materials with the desired properties. Proper fabrication of applied
materials involves controlling each step of manufacture, from the synthesis of the starting
materials to the production of the final monolith, making this area the most wide-ranging of the
three task areas described above. Grouped within the study of applications are task areas on
(i) processing methods (§1.1), (ii) ceramic/ceramic composites (§1.2), and (iii) low and high
temperature ceramic/metal composites (§§1.3, 1.4).

1.1. Processing Methods
Investigators: Matt Trau, Fatih Dogan, John Mellowes, James S. Vartuli, Dudley A.
Saville, and Ilhan A. Aksay

Processing methods for the production of nanocomposites are shown schematically in Fig. 1.
Of the seven methods shown in the diagram, we avoid milling due to the lack of process control.
Generally, we seek to develop methods that will allow the controlled fabrication of hierarchical
nanocomposites through chemical techniques, physical manipulations, or a combination of the
two. Ultimately, the success of any proposed process method is the production of materials
which exhibit the desired mechanical and/or optoelectronic properties. In all of the methods
described below, we seek to produce samples for testing under realistic conditions. To achieve
this, we first must focus on developing suitable methods for producing the desired materials.
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Fig. 1: Processing methods for the production of nanocomposites.




1.1.1. Pressure Filtration of Seeded Boehmite Gels for Monolithic a-Alumina
Previous research has shown that fully dense a-alumina of millimeter dimensions can be
processed by sintering seeded boehmite gels in the temperature range of 1300 to 1400°C."
However, the processing of larger size samples has been
100 hindered due to excessive cracking of the gels during
drying. We have shown that this problem can be
eliminated by densifying the gels by pressure filtration
prior to drying. Acid stabilized suspensions of boehmite
seeded with a-alumina have been gelled and pressure
filtered to green densities of ~58%. Samples as large as
2.5 cm in diameter were sintered to densities higher than
99.4% TD at 1300°C without any cracking.
Seeded samples can be sintered crack-free and
‘ . without deformation. The sintering densities of seeded
1300 1500. 1700 samples were 99.4 and 99.7% of the theoretical density at
Temperature ("C) 1300 and 1400°C, respectively; whereas, unseeded
samples could be sintered to 98% of the TD only at
Fig. 2: Sintered densities of seeded (®) and temperatures above 1600°C (Fig. 2). A homogeneous
unseeded boehmite (C1). microstructure with an average grain size of 2 pm was
obtained with the seeded samples. This work demonstrates the importance of seeding as a
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_ . processing tool in fabricating high density ceramics. These results are now being applied to

functional ceramics such as PZT thin films (§2.3) and mesoporous silicates (§3.2.2).

1.1.2. The Osmotic Consolidation of Ceramic Suspensions

The fabrication of ceramic monoliths with consistent mechanical properties requires the
production of highly dense and uniform green bodies. As the particle size decreases to the
nanometer scale the effective packing density is found to decrease due to the increased attraction
between the fine particles; aggregation is uncontrolled, highly porous ramified structures form,
and the green density declines.” Model studies within this research project have used ultrafine
gold particle suspensions to examine the sintering of nanoscale materials from colloidal
suspensions (see §3.1.2). Other studies performed within our research group but not supported in
the AFOSR program have studied the compaction behavior of powder suspensions with the goal
of approaching slip-cast green densities. Miller and Zukoski have demonstrated a method by
which extremely high pressures (~12MPa) can be exerted on suspensions and gels using osmotic
pressure.10 They report volume densities in excess of 60 vol% for alumina green bodies by this
method. For the proposes of our project, osmotic consolidation offers a method by which
consistently high green densities can be achieved in suspensions of ultrafine particles.

Miller and Zukoski obtained very dense alumina green bodies by placing dilute alumina
suspensions (20 volume percent) inside dialysis bags immersed in a concentrated poly(ethylene
oxide) (PEO) solution. Our modification of this procedure sought to maximize the amount of
material that could be processed and to minimize the time necessary to achieve high densities. To
meet these two goals, our procedure uses a constant flow of PEO through a ~2m long dialysis
tube (2.1cm diameter) immersed in a ceramic suspension (initially 1 vol% AKP-30 alumina).
The PEO solution could be recycled simply by removing the excess water by heating. Using this




method, the initial water extraction rate was measured to be ~350mL/h; the final water extraction
rate was found to be SOmL/h. Green densities as high as 58% have been achieved.

Difficulties with the process include: (i) maintaining pH balance between the suspension and
the PEO solution (differences significantly reduce the effective osmotic pressure); (ii) the
increasing viscosity of the suspension as density increases; and (iii) the formation of nearly
impermeable cake layer at the membrane. These issues are the current and future task areas for
developing a useful application of osmotic pressure consolidation for use with ceramic
suspensions.

1.1.3. Field-Induced Pattern Formation in Colloidal Dispersions

The formation of patterned colloidal structures has many applications in materials
processing. Examples include catalytic support honeycombs produced by extrusion, 112
hierarchical electronic devices made with ceramic multllayers 3 electro-rheological fluids, 1316
and “smart materials” formed from patterned comp051tes ” Moreover, nested levels of structural
hierarchy in comp051te materials can impart vastly superior properties over a homogeneously
structured material.'®?! Due to the intrinsic dimensional limitations of mechanical forming,
pattern formation in such materials has hitherto been restricted to length scales larger than a few
tens of microns. We have been investigating the use of electrohydrodynamic forces which act
directly on non-homogeneous regions in a colloidal dispersion so as to form patterned colloidal
dispersions. Once the patterns are formed, the structures can be set by solidifying the fluid matrix
via gelation or polymerization.

To illustrate the process, we used 100 nm barium tltanate (BaTiO,) particles prepared via a
hydrothermal process (see §2.1) and dispersed in castor oil. Barium titanate was chosen because
it has an extremely high dielectric constant (between 300 and 10,000, depending on its crystalline
form), and is a technologically useful material in both the electronic and optical component
industries. Castor oil was chosen as the fluid medium because: (i) it has a low conductivity
(c=1.8x 10" Sm™); (ii) fatty-acid based oils are good dispersing media for barium titanate
particles; (iii) its conductivity may easily be varied over a wide range by doping with small
amounts of soluble organic salts (e.g., tetrabutylammonium tetraphenylborate, TBATPB); and
(iv) its viscosity is similar to those of polymerizable silicone oils used to prepare colloidal
barium titanate structures within a solid silicone polymer matrix. To form the system depicted in

: - Fig. 3, a dilute dispersion of barium titanate

particles (0.025 vol%) in castor oil was

oo 00 o oo, injected into clear castor oil fluid via a pin
©®e % ¢ ¢ "¢ holeina metal electrode. Slow injection of
e0%e o ® ¢ the dispersion into the clear fluid results in a
® spherical bolus of the dispersion nested

®°e® o0 ® ., ® ®° yithin clear castor oil [cf. Figs. 4(a) and (e)].
° : .. 0®°%°,0° % . The 4 x 4 cm metal electrodes were 1.5 cm

o o .. 0,000, apart; the diameter of the colloidal bolus was

approximately 5 mm.

Surroundlng Fluid o000
(Region 2) -

loidal ' oo ®
Co OI?F?egSigrs]psnsmn * .. Paps .. : ° :.. Fig. 4 illustrates the results for two ex-

o0, 0 periments, the first in which the conductivity
Fig. 3: A schematic diagram of our model system: a of the dispersion is higher than that of the

spherical, particle-containing bolus (region 1) nested inside
clear ambient fluid (region 2).




surrounding fluid and the second in wh1ch this was reversed. The series of images show

the effect of applying a 2000 Vem™ electric field over a time interval of approximately 0.2
seconds. In sequence (a)-(d) (higher conductivity in the dispersion), the spherical droplet deforms
immediately in the direction of the applied field and continues to stretch until it collides with the
top electrode to form a near-perfect column. The column remains intact for several seconds. In
the (e) to (h) sequence (higher conductivity in the surrounding fluid), a different flow pattern is
caused by application of the field. The spherical bolus deforms orthogonal to the applied field,

Fig. 4: Two examples of the deformation of a colloidal dispersion via an applied electric field.

Panels (a)-(d) and (e)-(h) are video sequences taken after a steady DC field was applied to a '
spherical cloud of a BaTiOj; dispersion nested inside clear castor oil. The dispersion consisted of

100 nm BaTiO; particles in castor oil (0.025% by volume). The resulting images have been
colored to enhance the contrast between particle containing regions and clear fluid, In the two
experiments the conductivity mismatch between the inner and outer bolus reglon was reversed by
dissolving a trace amount of tetrabutylammonium tetraphenylborate (0.2 x 10° mol-dm™) either in

the inner region, sequence (a)-(d), or in the surroundmg clear fluid, sequence (e)-(f). In both cases

the magnitude of the applied field was 2000 Vem'™, applied in the vertical direction.




forming a disk shape which continues to expand laterally. After some time, a film forms across
the bottom electrode. Steady (DC) fields were used to generate all of the patterns shown in Fig. 4
but the direction and speed of the motion was found to be insensitive to the field’s polarity.
Similar flow patterns are induced by applying low frequency AC fields (approximately 100 Hz)
which shows that the particle motions are not the result of electrokinetic phenomena but can be
explained in terms of an electrohydrodynamic flow.
A qualitative picture of the flow patterns can be
obtained from a simple model where the dielectric
T Eoo constant and conductivity distributions are prescribed.
This was done for situations where a transverse electric
field acts on a circular region with dielectric constant
g, and conductivity o, surrounded by a region with
properties o, and €, and each property varies smoothly
in the (thin) transition zone. Fig. 5 depicts the situation
and shows the streamlines of the velocity field
calculated when the dielectric constant and
conductivity of the interior exceed those in the exterior.
In this case the dispersion would be drawn out into a
ribbon-like shape oriented parallel to the field (in three
dimensions the shape would be a cylinder). The flow

. Fig. 5: Streamline pattern for flow engendered direction reverses when the conductivity of the interior

by a circular shaped cloud of a dispersion ¢ Jess than that of the exterior and the sample takes up

immersed in a clear fluid with a lower N

conductivity and dielectric constant, a flat configuration orthogonal to the field. These
qualitative features are in complete agreement with our

experimental observations.

Although the experiments presented here have been performed solely on BaTiOj/castor oil

dispersions, this technique is in no way restricted to this system. Indeed, provided that there

exists a sufficient mismatch in conductivity and/or dielectric constant, any colloidal dispersion

nested within any ambient fluid may be manipulated in a similar manner (§1.1.4).

1.1.4. Field-Induced 2-Dimensional Nanolaminates

We have been conducting experiments -to determine whether colloidal nanolaminates of
controlled morphology can be produced by the technique of electrophoretic deposition
(EPD). 23 EPD of colloidal particles is a long established technique for the production of
macroscopic particulate films, however, hitherto has not been successfully applied to the
formation of mono- or multilayered colloidal films with precise morphological control.? To
observe the deposition mechanism in microscopic detail, we have constructed an apparatus
consisting of an optically transparent indium tin oxide (ITO) electrode coupled to an optical
microscope. A video camera is used to record the dynamics of the particles depositing on the
electrode under the influence of an applied electric field.

Initial experiments have been performed on silica (900nm diameter) and polystyrene (2-4pm
diameter) particles. These experiments have revealed very surprising results: Provided the
colloidal stability of the particles is maintained with respect to each other and with respect to the

‘electrode and in the presence of a sufficiently strong applied electric field, colloidal particles are

attracted to each other on the surface of the electrode. This (lateral) attraction force acts’in a




direction normal to the applied field and is strong
enough to bring the particles together to form
ordered structures, such as 2-dimensional colloidal
crystals (Fig. 6). This observed attraction 1is
surprising given that a strong repulsion would be
expected from electrostatic considerations: all of
these particles are similarly charged and contain a
diffuse ionic cloud (double layer) which will be
polarized in the presence of the field; as these
particles approach each other on the surface of the
electrode, electrostatic repulsion should be
experienced both from monopole and dipole
interactions. Currently, we believe that the
observed attraction is a result of a combination of
Fig. 6: Monolayer of colloidal polystyrene particles the. electrochemical reaction at the electrode
formed by EPD. - interface (which allows for current to pass through
the system) and fluid flow which is set in motion
as a result of this reaction.

It has been observed that the magnitude of the lateral attraction between the particles can be
modulated by either the amplitude or frequency of the applied external field. The ability to
modulate the strength of the lateral attraction allows the formation of different colloidal phases
on the surface of the electrode (e.g., crystalline, liquid and gaseous); phase transitions can be
conveniently induced by varying the amplitude of the applied field. By cycling between liquid
and solid phases (cyclic annealing), particles in the electrophoretically deposited layer can be
continually redistributed until a perfect colloidal monolayer is formed (i.e., all EPD particles are
located in the first layer, with no particles populating the second or third layers). Once the
monolayer is formed, it can be “frozen” into place by inducing coagulation via the applied field.
Using this approach, submicron monolayers of silica and polystyrene particles have been
assembled and “frozen”. We expect that this technique can be generally applied to any type of
colloidal particles (§1.1.3). Research on the formation of controlled multilayered structures is
continuing.

1.2. Mullite Matrix Composites (Ceramic/Ceramic Composites)
Inyestigators: Richard A. Brynsvold, David L. Milius, Fatih Dogan, Yoshihiro Sakka,
Dilshad Shahid, Daniel M. Dabbs, and Ilhan A. Aksay

1.2.1. Effect of Cr,0; and MnO, Additives on the Mechanical Properties of Colloidally
Processed Alumina

MnQO, and Cr,05 are known to increase the hardness of alumina ceramics.* The effect of
these additives on the microstructural evolution and mechanical properties of a-alumina is part
of our continuing work on the processing of ceramic matrix composites. In order to achieve a
uniform distribution of the additives, we coated submicron size alumina particles with soluble
chromium- and manganese acetates. Suspensions were freeze dried to process granules which
were then used in the preparation of compacts by dry pressing and slip casting. Chromia, as a
solid solution additive, inhibited the grain growth. Excessive grain growth was observed with




MnO, additions. In both cases, an increase in hardness was observed. Tensile strength increased
with Cr,0; and decreased with MnO, doping. The results were correlated with the
microstructural features.

The hardness of alumina increased with both additives. Slip cast samples with Cr,03 and
MnO, additives yielded microhardnesses up to ~2600 and 2700, respectively. These values are
higher than the hardnesses reported in previous studies.* We attribute these higher values to the
homogeneity of the slip cast samples. Although we have not yet confirmed the respective
mechanisms, additive, precipitation hardening is expected in the case of MnO, whereas in the
case of Cr,05 solid solution hardening is thought to be the dominant mechanism.

In the case of tensile strength, however, MnO, containing samples were lower in strength
whereas the strength of Cr,O5 containing samples increased from 500 to 700 MPa. We attributed
the decrease in the first case to significantly larger size (100 pm) grains since these grains can act
as critical flaws. However, since in the case of chromia addition the grain size does not change
noticeably in comparison that of the undoped samples, we attributed the increase in this case to
the solid solution effect of the chromia. Studies are underway to confirm these suspected
mechanisms.

1.2.2. Processing of Nanocomposites Silicon Nitride-Mullite-Alumina By Reaction
Sintering

In the first phase of this work we developed a new method for processing SiC-mullite-Al,O4
nanocomposites by the reaction smtermg of green compacts prepared by colloidal consolidation
of a mixture of SiC and Al,O4 powders.”> The surface of the SiC particles was first oxidized to
produce silicon oxide and to reduce the core of the SiC particles to nanometer size. Next, the
surface of silicon oxide was reacted with alumina to produce mullite. This process results in
particles with two kinds of morphologies: nanometer-sized SiC particles that are distributed in
the mullite phase and mullite whlskers in the SiC phase. Both particle types are immersed in an
Al,O3 matrix.

Densities greater than 95% of theoretical were obtained by sintering fine SiC and alumina at
1600°C for two hours in argon atmosphere. This process offers several advantages and thereby
warrants further research: (i) it eliminates the need to reduce the particle size of the inclusion
phase to the nanometer range by milling and thus provides better control in minimizing
impurities; (ii) due to a volume increase during reaction sintering, sintering shrinkages are lower;
and (iii) the presence of amorphous silica as a transient phase results in enhanced densification
by viscous deformation and thus provides an opportunity to process these composites without
pressure.

We are continuing studies on the high resolution imaging of the phase boundaries observed
in these composites with the goal of determining the reaction parameters important to the
formation of a stable nanocomposite. High temperature mechanical testing has not been done on
these materials so the overall stability of these systems is not known. Future studies will
principally concern the optimization of the mechanical properties and stability of the comp051te
systems. Other nanocomposite systems involving silicon nitride have been added to this work as
well as preliminary studies on the applicability of this procedure to. other potential
nanocomposite systems (§1.3. 1)




1.2.3. Processing of a Mullite Matrix, Molybdenum Disilicide Reinforced Composite
A mullite matrix reinforced with MoSi, particles was investigated as a potential high

~ temperature composite material.>”?* Samples containing 2.5 to 20 vol% MoSi, were processed

using both hot pressing and pressureless sintering techniques.29 Room temperature mechanical
testing was performed both in the as-sintered state and after oxidation. Densities of greater than
97% of theoretical were attained for composites containing less then 7 vol% MoSi, via
pressureless sintering. Ky, and strength values of the as-sintered composite were found to be up
to two times that of monolithic mullite. After oxidation at 1400°C for 96 hours, the strength
improved by 1.5 times over the as-sintered strength, and fracture toughness improved by a factor
of 2.5 over the as sintered fracture toughness, indicating that the composite was self-healing
during oxidation.

Work in this project focuses on the pressureless sintering process for the production of fully
dense composites, using the viscous phase that exists at the particle-matrix interface. High
temperature mechanical tests are also planned to determine the suitability of this composite at
high temperatures.

1.2.4. Processing of Nanocomposite Powders

The effect of nanoscale inclusions in ceramic monoliths has been reported by Niihara to
greatly enhance the strength and toughness of dense ceramics.”®?' More recently, Wu and
Clausen has described enhanced physical properties in SiC/mullite matrix composites, although
the intergranular inclusions are hundreds, rather than tens, of nanometers in size.3? These claims
are considered somewhat controversial principally due to the difficulty in synthesizing dense
monoliths with uniform distributions of nanoscale inclusions. The results of our own
investigations on materials strengthened by the addition of (microscale) inclusions (§§1.2.2,
1.2.3, and 1.3.1) plus our study on chromia and manganese oxide additives in colloidally
processed alumina monoliths (§1.2.1) are positive indicators that the processing of powders
containing nanoscale inclusions is a viable method for producing such monoliths.

‘Two processing routes are concurrently under study. One route uses sol-gel processing since
powders made from sol-gels sinter to full density at low temperature, as shown in our past
work.>> In the case of mullite, densification is favored by the presence of a viscous phase up to
the mullitization temperature (~1250° to 1300°C in TEOS/boehmite sol-gels). Furthermore, we
have also shown that mullitization of sol-gels prepared from well-classified boehmite
suspensions resulted in the formation of nanoscale silica-rich nanoscale inclusions within the
mullite grains. The very fine grains that result from this process yields visibly translucent
monoliths that are transparent in the mid-infrared (3-5um) region of the electromagnetic
spectrum.34

However, maintaining two phases at high temperature can lead to the concentration of the
additive into one phase, encouraging phase segregation and/or the formation of large inclusions
in the final powder. These artifacts can be avoided by maintaining chemical homogeneity in the
powder. Flash pyrolysis results in dry homogeneous amorphous powders which, in the case of
mullite, reduces the temperature of mullitization to ~1000°C.>**¢ Extremely fine grained, highly
dense powders result. We believe that the proper processing conditions can result in the
precipitation of nanoscale inclusions in these powders and that the precipitation can be controlled
using simple thermal treatments. Mullite is very difficult to sinter due to its high creep resistance
and this presents a possible limiting factor to the use of powders made using pyrolysis.
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Three systems are currently under study: alumina/mullite, chromia/mullite, and
titania/mullite. Powders containing varying levels of excess alumina have been made by both the
sol-gel and pyrolysis methods. At higher processing temperatures (>1350°C), the resulting
powders are similar, consisting of fine grained particles containing small inclusions ~10-20nm in
diameter. At lower temperatures (>1000°C) mullitization in the pyrolyzed powders appears
complete but the number of inclusions is reduced. XRD results suggest the presence of the
second phase at lower processing temperatures in the pyrolyzed powders; high resolution TEM
work is required to determine if smaller inclusions can be found within the grains of the powder
particles.

Chromia/mullite and titania/mullite powders have been made using the pyrolysis method.
Sol-gel procedures have not yet been used with these systems due to the rapid hydrolysis rate of
the titania and chromia precursors. As in the alumina/mullite powders XRD characterization
indicates the presence of a second phase after mullitization (~1100°C) but mlcroscoplc
characterization to confirm the morphology of this phase has yet to be performed.

Following the completion of the characterization studies, future work will involve two goals:
- (i) determining and improving conditions required for the production of mullite powders
containing nanoscale inclusions and (ii) using these methods to produce sufficient quantities of
powder for densification and sintering studies. Ultimately, we plan to produce test bars from the
nanocomposite powders for mechanical testing.

1.3. Ceramic/Metal Composites (<1000°C)
Investigators: Yong Li Zhang, Kamal Janghorban, David L. Milius, Mehrdad Yasrebi,
: Jun Liu, and Ilhan A. Aksay

1.3.1. Processing of SiC/Al-Si Alloy Laminated and Monolithic Composites

Green compacts of m1xtures of alumina and SiC powders have been prepared in our
laboratory by colloidal processmg 7 In the next phase of the study, the following two steps were
performed: (i).the surface of the SiC particles was oxidized to produce silicon dioxide and to
reduce the size of the remaining SiC down to the nanometer scale; and (ii) this was followed by
reaction sintering in which a matrix of mullite was produced by reactlng the silicon dioxide with
alumina, leaving the SiC particles suspended in the matrix material.*®

Alumina and SiC powders were dispersed using PMAA in aqueous solution at high pH in
order to obtain high-density green compacts. These suspensions were consolidated by filtration.
The densities of the green bodies were 62 to 64% of theoretical density. Reaction sintering was
carried out at temperatures ranging from 1550° to 1750°C for 2 or 5h in an argon atmospbere.
During sintering the cristobalite phase disappeared and mullite was produced. The quantity of
mullite produced depended on the extent of oxidation in the SiC. Moreover, the oxidation
treatment was effective in forming high-density sintered bodies. SEM and TEM experiments are
now planned to determine the degree of SiC dispersion and the structures of the interfaces.

Liquid metal infiltration in vacuum was successfully used for manufacturing SiC/Al- Si
laminated and ceramic matrix monolithic composites . The chemical reactions between SiC and
molten Al were studied by TEM.?" 1t was confirmed that the formation of Al,C; was through the
dissolution of SiC into the liquid Al and then the reaction of SiC with liquid Al. Systematic X-
ray diffraction investigations revealed that the amount of silicon in the metal phase and the free
carbon content in the SiC powder were two of the main factors that affected the nucleation of

11




Al,C;. The formation of Al,C; was effectively eliminated with 8vol% Si add1t10n The
infiltration was improved to some extent by coating SiC particles with Kzsz6 Strong
chemical bonding at the interface provided an excellent combination of strength and fracture
resistance. Composites with flexural strength higher than that of fully dense SiC and fracture
toughness three times that of SiC were produced. Higher mechanical properties were obtained
with SiC/Al-Si laminates, especially the laminate with metal foils between ceramic layers, due to
the specific multi-layered structure and shorter infiltration distance resulting in better
infiltration.** Toughening was apparently due to the ductile phase reinforcement.

From our past work, the following conclusions can be made: (i) In the system of SiC-Al, the
formation of Al,C; is through a two- step approach: dissolution of SiC into liquid Al and reaction
of SiC with liquid Al. The Si level in the metal phase obviously affects the equilibrium of Al(S1)-
SiC-Al,C;. The formation of Al,C; is effectively eliminated by alloying Al with Si. (ii) Liquid
Al-Si alloy infiltration of SiC in vacuum gives good bonding by mechanical trapping. The strong
interface contributes to the good combination of strength and fracture resistance. (iii) Besides
ductile phase reinforcement toughening, the specific structural features, the shorter infiltration
distance and thus shorter infiltration period, and the versatile possibilities of designing materials
are advantages provided by the laminated structure. SiC/Al-Si laminates with continuous metal
phase are preferable for higher reliability requirements and higher toughness can be achieved
with this structure.

1.3.2. The Wetting Behavior of SiC with Al(Si) Alloys

The effect of silicon addition on the wetting behavior of SiC with Al was evaluated by the
sessile drop technique in vacuum. The measurement of the contact angle between SiC substrates
and molten Al( Si) showed that at low temperatures there was no apparent difference in the
contact angle with or without silicon additions; however, at high temperatures the rate of
decrease in the contact angle increased with increasing Si content in the Al(Si) alloy. 4 1t was
also shown that the addition of Si to Al lowered the transition temperature from non-wetting to
wetting for the SiC-Al system. EDS analysis indicated spreading and penetration of the Si(Al)
alloy on the surface of and into the SiC substrate. A sharper drop in the contact angle was
observed in the wetting of Zr containing compound coated SiC with Al(Si) alloy. X-ray
diffraction identified the reaction products as ZrSi and AlZrSi.

This study demonstrates the" feasibility of making SiC-Al(Si) cermets by liquid metal
infiltration in vacuum. Future studies will characterize the SiC-Al(Si) interface through the use of
high resolution electron microscopy.

1.4. Methods for Obtaining High Temperature (>1000°C) Ceramic/Metal Composites
Investigators: Fatih Dogan, John S. Lettow, David L. Milius, and I. A. Aksay

To be useful in structural applications it is necessary to engineer metal/ceramic composites
to achieve high strength, oxidative re51stance creep resistance, coupled with the low density of
the ceramic and the metal’s toughness 4749 The mechanical properties of metal/ceramic
composites depend on the properties of the constituents, phase compatibility, and microstructure.
For a ceramic matrix containing metallic inclusions, the size, location, and connectivity of the
included phase may s1gn1ﬁcantly affect the mechanical properties (i.e., fracture strength) of the
composite material.’®!  The nickel/aluminum oxide system is particularly attractive as a
potential high temperature structural material, possibly exhibiting significant improvements over
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nickel-based superalloys currently employed in high stress applications (e.g., jet engine turbine
components) While the maximum operating temperature of most superalloys is around
1000°C, nickel/alumina composites could potentially operate at temperatures hundreds of
degrees higher, with greater creep and oxidation resistances.

Several methods for processing nickel/alumina composites have been developed. Ni/Al, O,
composites have been prePared by suspending AlL,O; particles in an aqueous solution of
Ni(NO;), and adsorbing Ni~" cations onto the surfaces of the pamcles 3 Gels fabricated from
aluminum alkoxides were used to improve sinterability in powders ' NiO powder and a-ALO;,
have been mixed in a ball mill and reacted at 1600°C in air for four days to obtain NiAl,O,. The
NiAl,O, was subsequently reduced to produce a nickel/alumina composite. 52 These samples
were severely cracked due to the large volume difference between N1A1204 and the Ni/ALO3
composite, calculated to be ~19% when going from NiAl,O, to Ni/ALO;. % However, it has
been shown that keeping the size of the nickel inclusions in the reduced samples below ~2pum
eliminated cracking in the comp051te

Our goal was to develop a viable processing method for producing highly dense N/ALO;
composites for testing as high temperature structural materials. Two different means of
accomplishing this were studied: (i) reduction of NiAL,O, powder and (ii) electrophoretically
depositing colloidally dispersed ceramic particles onto a substrate, then coating these with nickel
metal through electrodeposition (§1.1.4).

For the thermal method, our first efforts focused on the production of suitable NiALO,
powders for subsequent reduction. A pH of approximately 9.5 was found to be optimum for the
precipitation of nickel nitrate from solution. Coprecipitation of NiOH and AIOH (possibly
containing AIOOH as well) from a 1:2 ratio of nickel nitrate and aluminum nitrate in aqueous
solution at a pH of 9.5 produced an amorphous powder with the appropriate stoichiometry for
conversion to NiAl,O,. With coprecipitation, processing temperatures and times for the
formation of NiAl,O, were reduced from 1600°C for four days to 900°C for four hours.
Additionally, X-ray experiments have revealed that the average crystallite size in the NiALO,
powders converted at 900°C was 13nm. The small size of the nickel aluminate crystallites should

~ facilitate the reduction of the NiAl,O, to form nickel/alumina composite powders, the next phase

of the study.

The electrical processing route for making metal/ceramic composites involves the
electrophoretic deposition of a well packed monolayer of ceramic particles on to an electrode.
After deposition the monolayer of ceramic particles is coated with a thin metal layer by
electrodepositing metal cations from an aqueous solution. Experiments with high resistivity
coated glass electrodes revealed that a thin (~1-2pm thick) layer of nickel metal could be
electrodeposited on a ceramic monolayer which was previously formed through electrophoretic
deposition of submicron ceramic particles on the electrode (§1.1.4). In regions of the ceramic
monolayer well coated with nickel, the nickel deposits completely filled the gaps between
ceramic particles and then spread laterally to form a smooth layer over the ceramic particles. On
lower resistivity coated glass electrodes, an applied potential of -1.2V with a constant flow of

" nickel sulfate solution at 0.1pm/min produced regions of smooth but discontinuous nickel

deposits. We propose that the electrical process for making nickel/alumina composites could be
used to make highly patterned metal/ceramic laminates built up from submicron structures.
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‘2. Functional Ceramics

Barium titanate, BaTiO;, is a ferroelectric material with enormous potential for applications
in photonic processing (e.g., optical information storage and optical computation). Because of the
current difficulties associated with growing large, inexpensive, optical quality crystals, practical
electro-optic or optical-optical switching devices have not yet been produced from BaTiO; based
materials. In order to remedy this situation, the formation of polycrystalline thin films
investigated via the synthesis of nanosized BaTiO; colloid particles, followed by sol/gel
processing to produce polycrystalline films and monoliths (§2.1). Grains in these polycrystalline
ceramics have to be significantly smaller than the wavelength of light, to minimize internal
scattering, so that optically transparency is achieved.

Preliminary work in this area has suggested that the dielectric properties of the resultant film
are sensitive to the grain size of the BaTiO; (§2.2). It is postulated that this effect could either be
due to a different crystal domain structure within the particles (as opposed to the crystal domain
structure within bulk crystalline material) or, for particles smaller than 10 nm, to quantum
confinement (Stark) effects. Although these effects have extremely profound consequences for
the performance characteristics of ferroelectric films and monoliths, to date no fundamental study
has been performed to measure the dielectric properties of individual BaTiO; colloidal particles
as a function of colloid size. A fundamental understanding of these effects should enable the
dielectric properties of the final BaTiO; films and monoliths to be specifically tailored for
required applications (§§2.5 and 2.6).

 2.1. Formation of BaTiO; Particles by Low Temperature (<100°C) Hydrothermal Processing
Investigators: Chang-Min Chun, Fatih Dogan, and Ilhan A. Aksay

We have synthesized nanocrystalline dielectric BaTiO; particles at 80°C using hydrothermal
methods. Since we seek to more fully understand the parameters that control particle size and
morphology, our research in this area has been focused on a detailed study of the nucleation and
growth of BaTiO; particles (a general discussion may be found in Nielsen® ) In part, this has
been motivated by the growing commercial demand for uniform particles to be used in
applications but, in addition, our previous work has highlighted the conflicts between different
mechanisms advanced to explain uniform particle formation. Therefore, our principal goals
remain (i) to describe the parameters that control particle size and morphology in hydrothermal
processing, and (ii) to determine the mechanism by.which particles are formed and aggregate.

BaTiO; particles were formed from the reaction between nanometer-sized TiO, colloids
(30nm diameter) Ba(OH), (aq) at 80°C. Increasing the Ba(OH), concentration was found to
decrease the average particle diameter, from 200 nm in 0.46 M solution to 50 nm in 2.23 M
solution. No significant difference in particle size (around 40~50 nm) was observed for particles
produced at higher concentrations (>2.23 M). The particles were nanosized, spherical, finely
divided, monodispersed, and very pure. On the other hand, particles formed at low Ba(OH),
concentrations (<0.23 M) produced quite different morphologies: the particles were observed to’
consist of aggregated structures composed of smaller subunits, each ~50nm on edge. Decreasing
the Ba(OH), concentration increased the aggregate size, from 0.25-0.5 um in 0.23 M Ba(OH),
solution to 1.0-2.5 pm in 0.12 M solution. ‘

We determined that the hydrothermal formation of BaTiOj; is controlled by three distinct,
but interrelated, processes: (i) Titania first dissolves in the Ba(OH), solution, quickly followed
by precipitation. (ii) The primary particles aggregate to form the BaTiO; nuclei. (iii) The BaTiO,
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clusters spherodize through the lowering of the total surface free energy via dissolution and
recrystallization. -

Hertl has proposed that the diffusion of barium ions to the TiO, particles is the rate-limiting
step in the formation of BaTiO; partlcles > This implies that nucleation of the BaTiO; should be
observed at the TiO,/solution interface. However, we have observed that BaTiO; nucleates
directly from solution, implying that the dissolution of titanium oxide is the determinant in
forming barium titanate in the colloidal suspension. This agrees both with the general feature of
hydrothermal reactions (solution-based reactions) and with the effect of increasing Ba(OH),
concentrations and temperature, both of which enhance the solubility of TiO,. Therefore, the
particle size and morphology variation can be explained by considering two competing
parameters, the nuclei generation rate and the diffusion rate for aggregation, both of which are
limited by the dissolution rate of TiO,. .

The initial primary nuclei are unstable
due to their small size (<10 nm), and
aggregate although negatively charged (Fig.
7). Because the crystal structure of BaTiO; is
cubic, cubical first generation aggregates with
rough surfaces form. The evolution of BaTiO;
illustrates that small BaTiO; nuclei emerge
very early and implies that these particles are
present throughout the growth stage.
According to Zukoski’s nucleation and
aggregation model,® the critical
supersaturation value was exceeded during the
complete course of the process and that
: nucleation proceeded for a substantial fraction
Fig. 7: HREM image of BaTiO, particles formed within Of the reaction period. Further studies should
one minute of mixing the precursors. The nuclei demonstrate that nucleation is continuing

. precipitate to form an aggregate of crystallites with throughout most of the growth period.

matching crystal lattices. Growth by. aggregation results in faceted
aggregates. The solubility of the small (<10nm diameter) primary particles, particularly at higher
pH, encourages spherodization via dissolution and reprecipitation within the BaTiO; aggregates
to form uniform, spherical particles. :

We have not yet proven the existence of separate primary nucle1 during the formation of
BaTiO; from colloidal TiO, particles, nor have we quantified the clustering that leads to the
forming of the ultimate particle. Our current research seeks to answer the remaining questions
using titanium alkoxides as the titanium source, dynamic light scattering to chart the growth and
aggregation of the primary particles, and TEM for adjunct studies on the structure of the particle
clusters and the evolution to the final spherical particles found in suspension. These experiments’
will be used to construct a mechanism to explain particle aggregation with respect to particle
formation and the energy of interaction between small particles.
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2.2. Theory of the Size Effect of Small BaTiO; Particles

Investigators: Wan Y. Shih, Wei-Heng Shih,*, and I. A. Aksay
* Department of Materials Engineering, Drexel University, Philadelphia, PA 10104.

Bulk BaTiOj; has a ferroelectric transition at T, = 122°C. Above T, the crystals are nonpolar
and the crystal structure is cubic. Below T,, the crystals become ferroelectric and the crystal
structure changes to tetragonal. However, unlike bulk materials, the BaTiO; particles made in our

laboratory using a hydrothermal approach have diameters ranging from 0.03 to 0.3um and are
cubic at room temperature (§2.1). In addition, composites made of these particles in organic
polymer displayed enhanced dielectric properties below room temperature.

Ishikawa et al.”” and Uchino et al.,”® using Raman spectroscopy and X-ray diffraction
respectively, have shown that the cubic-to-tetragonal transition temperature of small PbTiO; and
BaTiO; particles is size dependent. Arlt et al.” and others have shown that the dielectric constant
¢ of BaTiO; ceramics is also grain size dependent. The dielectric constant & was observed to peak
at a grain size near 1um and the peak value is higher than the dielectric constant in either the a or
the ¢ directions. Arlt et al. also showed that in the ferroelectric phase the grains are highly
twinned and the twin size decreases with decreasing grain size. They attributed the increase in €
with decreasing grain size to the increasing presence of twin boundaries resulting from a balance
between the stress energy within the domains and the twin boundary energy. However, they
could not account for the decrease of the dielectric constant at smaller grain sizes.

Our goal is to develop a theory that can explain all of the above phenomena, including:

* (i) the size dependence of T, in small particles, (ii) the dielectric anomaly in BaTiO; ceramics,
and (iii) the unusual enhancement observed in the dielectric constant of BaTiO,
particles/polymer composites at low temperatures.

For small particles, surface effects become important. For ferroelectric particles, the
important surface effect is the depolarization effect due to the bound surface charge arising from
polarization. Therefore, we will consider the effect of depolarization on ferroelectricity. BaTiO;
is not perfectly insulating as a space charge layer will arise to shield the bound surface charge.
To accurately account for the depolarization effect in BaTiO; particles, we must also include the
space charge layer effect. '

The depolarization energy is reduced through a process by which the small particles form
internal domains. The domain siZe is determined by the balance between the depolarization
energy of the domains and the domain-wall energy. The depolarization energy and the domain
wall energy will be incorporated into the Landau-Ginsburg expression for free energy which is
known to be a good description of the ferroelectric transitions in large single crystals. The
domain-wall energy can also be put within the framework of the Landau-Ginsburg free energy by
assuming a hyperbolic tangent polarization profile at the domain wall. The domain-wall energy
and the domain-wall width for a given domain polarization can be obtained by minimizing the
domain-wall energy with respect to the domain width. So, for a given particle size and a given
temperature, the free energy (a function of the polarization P and the domain size D) will be
minimized with respect to P and D to obtain the equilibrium values of both P and D.

Our results to date have shown that both the domain-wall energy and the domain-wall width
are in good agreement with the literature values. We have also shown that the ferroelectric
transition temperature T, decreases with a decreasing particle size, in agreement with the XRD
and Raman experiments of Ishikawa et al. and Uchino et al. The domain size decreases ‘with
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decreasing particle size (Fig. 8), in agreement with the TEM observation of Arlt et al”® F inally,
due to the size dependence of T, at a given temperature, the dielectric constant peaks at a certain
size (Fig. 9), again in agreement with past and current observations.®
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Fig. 8: The change in the ferroelectric transition Fig. 9: Because of the size dependence of Tc at a given
temperature Tc as a function of particle size. temperature, the dielectric constant & peaks at a certain
size L of the particles.

2.3. | Low Temperature (<500°C) Processing of PZT Thin Films T hrough Seeding
Investigators: W. David Clifton, Fatih Dogan, and Ilhan A. Aksay

This study involves forming thin films of the ferroelectric material lead-zirconate-titanate
(PbZr, 5,Tig 4303, PZT) onto the direct gap III-V semiconducting material GaAs. Direct gap
semiconductors have been envisioned for use in a high speed optical computer which can operate
at speeds several orders of magnitude greater than current silicon based electronic computers.61
Development of these computers is hindered by the production of a material which can switch
light at the high operating speeds desired of this new computer. Thin films of PZT have the
potential of achieving the necessary high switching speeds for both light and electronic signals.
This switching is only possible in the ferroelectric tetragonal perovskite crystal assemblage of
PZT. Unfortunately, to develop the perovskite phase within the film normally requires
processing at 650°C, a temperature which destroys GaAs. 6264 If a thin film of perovskite PZT
~can be produced below 400°C, the coupling of PZT and GaAs would be possible. This
temperature reduction is the goal of this study.

To date, our work has isolated several problems which hinder the crystallization of the
perovskite PZT phase at temperatures around 400°C and we have partially solved the
crystallization temperature problem based on our observations. All current wet chemical
techniques used for the deposition of PZT films require processing at 650-700°C to fully
crystallize the perovskite phase. These films are initially amorphous after deposition and upon
heating they first crystallize into an undesirable pyrochlore phase above 475°C followed by very
slow crystallization of the perovskite phase. Lower temperature perovskite formation is hindered
by the high perovskite nucleatlon temperature (>525°C) and the low density of perovskite,
nucleation sites (1-5 sites/100 mm ) requiring long growmg times for complete perovskite phase
transformation. :

We have prevented pyrochlore formation by depositing a monolayer of 100-200nm
perovskite PZT 52/48 particles onto the substrate surface onto which we then spin coat a film of
PZT 52/48 precursor solution. The perovskite partlcles act as nucleation sites for the perovskite
phase and thus seed the growth of the perovskite. 6 Upon heat-treatment, the seeded films
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crystallize directly from the amorphous state to the perovskite phase at 460°C, completely
circumventing the formation of the pyrochlore phase. Electrical property measurements of the
low temperature seeded films indicated that they have a dielectric constant of over 700 and a
remnant polarization of 11 mC/cm?, while unseeded films have to be heated to 700°C to have
similar properties. With these encouraging results, our future research will emphasize greater
reductions in the perovskite crystallization temperature along with attempts to place PZT films
onto GaAs substrates.

2.4. Piezoelectrical Properties of Pb(Zry 5,Tiy 45)O; Sintered at Low Temperature
Investigators: Fatih Dogan and Ilhan A. Aksay

Nb-doped PZT powders containing excess PbO have been prepared by coprecipitation from
metal-nitrate solutions followed by freeze-drying. We have found that if, prior to freeze-drying,
the precipitate is washed free of nitrates and then dispersed in a suitable solvent the formation of
agglomerates could be controlled. Powders can be compacted without milling to a narrow
nanometer-sized pore distribution and then sintered at 750°C to 98.5% of theoretic density.
Evaporation of PbO during sintering is significantly reduced. For low temperature sintering, a
diffusion-controlled mechanism has been proposed based on the high vapor pressure of PbO at
lower temperatures.

Samples are thickness mode resonant from 1.5 to 1.75 MHz. The capacitance of the sample
measured at 1 kHz gives a good estimate of the free dielectric constant and its associated loss
- tangent. Electrical impedance magnitude and phase were used to identify the thickness resonance
frequencies f; and f, in order to calculate the electromechanical coupling coefficient ;. Dielectric
and piezoelectric properties are summarized in Table 1.

Sintering Temperature 800°C 1000°C
Dielectric Const. (@ 1 kHz) 501 622
Loss Tangent 0.032 0.044
Coupling Coef. k; << 0.55

Table 1. The sample sintered at 800°C shows no resonance peaks, thus exhibiting no measurable
piezoelectrical activity. In contrast, a sample sintered at 1000°C exhibits normal resonance
characteristics and piezoelectrical activity comparable to commercial PZT. The loss tangents are
within normal bounds.

The improvement of piezoelectrical properties has been usually attributed to the increased
grain size.%2 In this study, no significant difference in grain size was observed between the
samples sintered at 800°C and the samples sintered at 1000°C. Detailed microstructural
characterization is necessary to determine the influence of grain boundary composition,
development of tetragonal perovskite structure, and domain formation on the piezoelectrical
properties. The calcination temperature has been shown to affect the sintering behavior and
dielectrical properties of the samples. Powder (from a different batch as described above),
calcined at 400°C resulted in 80.6 % of theoretic density after sintering at 800°C. Sintering
density of >95 % theoretic density was obtained when the powder was calcined at 600°C. This
may be attributed to the pyrochlore phase which forms at low calcination temperatures.  The
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phase transformation during heat treatment can alter the pore structure of the compacts due to the
density differences between the pyrochlore and perovskite phases. '

The dielectric constants (@ 25°C) of the samples calcined at 400°C and 600°C were ~500
and ~700, respectively. At the curie temperature the dielectric constants were 2100 and 4400 for
low and high temperature calcined samples respectively. This behavior is attributed to the
significant difference in the respective porosities of the samples as it is known that increasing
porosity results in decreasing dielectric constant.®’

2.5. Pressure Filtration of Hydrothermal BaTiO; Powder
Investigators: Fatih Dogan and Ilhan A. Aksay

Lowering the sintering temperatures of BaTiO; 1s necessary for reasons of economic
processing in addition to maintaining material propertles 8 Lower sintering temperatures permit
the use of low cost electrode materials having low melting temperatures in the manufacture of
multilayer capacitors. Further, novel material properties are expected through better
microstructural control, such as in making transparent materials for optoelectronic applications.
Our long term goal is the processing of polycrystalline transparent BaTiOj; our approach uses
low sintering temperatures by reducing the grain size. To achieve highly dense green compacts
with narrow pore size distribution colloidal processing and pressure filtration techniques are
required.

The use of fine BaTiO; powders with particle size <0.1 pm should succeed in preparing
fine-grained (<0.3. pum) BaTiO; monoliths under the correct conditions. We can control the
average particle size of powders between 0.01 pm and 1 pm by adjusting the process parameters
during hydrothermal processing. Sintering densities of up to ~99% of theoretical density have
been achieved at 1225°C using dry pressed compacts. In these samples, the grain size was
reduced to 0.4 um using 0.9 wt% Nb addition.

Preliminary dispersion studies on BaTiO; in aqueous and nonaqueous solvents have
revealed that the particles can be dispersed and sterically stabilized in water using PAA as the
dispersant and’ at a suspension pH of 9. Pressure filtration of sterically stabilized suspensions
formed crack-free compacts (25 mm diameter by 5 mm thick). A highly concentrated acetate-
based precursor of BaTiO; was used as dispersant to achieve in situ infiltration of the compacts
during pressure filtration. This approach enables infiltration of bulk samples without forming
concentration gradients.

Continuing studies on the pressure filtration of BaTiO; suspensions will be done with and
without the addition of niobium as sintering aid. The role of niobium in controlling the grain size
will be investigated using high resolution electron microscopy. The green and sintered densities
of pressure-filtered samples will be compared with those of dry-pressed samples. To achieve yet
higher packing densities, nanometer-sized particles (§1.1.2) will be pressure filtered. This will
eliminate the drying step and thus the concomitant agglomeration of nanometer-sized particles.

T

2.6. Low Temperature Processing of BaTiO; Thin Films
Investigators: Fatih Dogan and Ilhan A. Aksay

The fabrication of BaTiO; thin films by conventional techniques, such as the use of sol-gels,
requires high temperature heat treatments (>1000°C) mainly due to formation of BaCO; as an
intermediate reaction product which decomposes above 900°C. Because of the high processing
temperatures, controlling of the grain size is difficult, especially when small grain sizes are
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required. For the same reason, the selection of substrate materials is limited. Crystalline BaTiO;
has been prepared at low processing temperatures (<200°C) through the reaction of a titania
precursor and barium hydroxide solution (§2.1). Thermodynamically, the synthesis of BaTiO; at
room temperature is possible.67’68 The reaction is, however, kinetically favored above 50°C. Our
goal is to prepare dense and crack-free BaTiO; thin films at low processing temperatures so that
a variety of substrate materials can be used in the fabrication of optoelectronic devices and
composites.

Sputtering titanium onto a substrate is a common technique used to form a continuous metal
precursor layer prior hydrothermal treatment in Ba(OH), solution.’*®® Our titanium precursor
films were prepared by sol gel process and spin coating of metalloorganic compounds having
very slow hydrolysis rates (such as titanium diisopropoxide bis(2,4-pentanedionate)). The slow
hydrolysis permits the formation of crack-free and transparent coatings after drying. Polystyrene
and glass substrates were chosen due to their respective stability when exposed to strong bases at
high temperature. The substrates were hydrothermally treated at 80°C to form crack-free,
continuous transparent films composed of densely packed particles less than 0.1 pm in size.
XRD analysis could not distinguished between cubic and hexagonal phases in the film.

The formation of the film is thought be via a mechanism of dissolution and precipitation as
described for the formation of nano-sized particles. Experiments to confirm this model and the
role of processing parameters in the production of fine grained thin films are continuing.

~ 3. Model Systems

3.1. Formation and Sintering in Nanometer Size Particles
Investigators: Wan Y. Shih, Wei-Heng Shih,* Daniel M. Dabbs, Nan Yao, and

Ilhan A. Aksay
*Department of Materials Engineering, Drexel University, Philadelphia, PA 10104.

Past studies within earlier AFOSR-sponsored projects have use gold particles for model
studies on the formation, agglomeration, packing, and sintering of nanometer-sized particle
suspensions. As determined by our group in earlier and on-going studies (§3.2),7°’71 the growth
of necks between touching particles falls into two kinetic regimes, the first in which the neck
diameter scales with the cube root of the sintering time, the second in which the neck diameter
scales with the square root of the sintering time . Our preliminary model relates this observation
to the relative sizes of the domains within the particles in contact and the neck diameter (based
on pore elimination models). We have further proposed that sintering between nanometer-sized
particles is due to a form of viscous phase sintering since discrete boundaries were not observed
between the particles.

3.1.1. Surfactant Mediated Deformation of Gold Agglomerates

In addition to the sintering of gold particles, we have observed the apparent surfactant driven
“desintering” of ramified gold agglomerates. Using the method of Turkevich et al.,”” we have
made suspensions of nanometer size gold particles from mixtures of sodium citrate (aq) and gold
chloride (aq). The formation process can be divided into three distinct stages: (i) In the first
stage, nuclei of about 2nm in diameter form and aggregate to form large clusters. {-potential
measurements showed that adsorption of the negatively charged citric ions onto the gold surface
continued during this stage. The duration of the first stage was short, less than one minute at
90°C. The surface was soon saturated with citric ions and the size of the clusters stabilized. (ii) In
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the second stage, the clusters undergo extensive restructuring, leading to the breakup of the
clusters into smaller gold particles. (iii) In the third stage, the gold particles reach a uniform size
and remain stable in the suspension.

Fig. 10: (a) Ramified gold agglomerate with twin domains (domain size<10nm). (b) Final gold
particles (~24nm average diameter).

We established that the negatively charged citric jons adsorbed on the gold surface were the
principal components in the reaction mixture which determined the size of the final spherical

" particles seen at the end of stage (iii). The adsorption of the ions set the total electrostatic surface

energy on the gold and the magnitude of the gold-water interfacial tension. The minimization of
the total surface energy then set the final size of the gold particles. We have shown both
theoretically and experimentally that the gold particle size is proportional to (C/Cq4 )2/3, where
C, is the citric acid concentration and C,, is the concentration of gold ions in solution.

However, during the second stage of particle formation, we have recently observed that
ramified clusters formed from the sintering of nanometer size nuclei formed in stage (i) (Fig.
10).73 These structures were multiply twinned into domains smaller than 10 nm and eventually
broke up to form the final spherical particles. This breakup involves desintering or “dewelding” 4
from the continuous agglomerate to form the distinct particles.

The goals of this research topic are to (i) establish the mechanism of desintering and
(ii) determine the effect of surface modifications on desintering and sintering.

Spectroscopic studies of citrate-stabilized gold suspensions have been done using attenuated
total reflectance (ATR) infrared spectroscopy. As shown in Fig. 11, significant changes in the
spectrum of the citrate result from its interaction with the gold particles. First, the strong
presence of the two anti-symmetric and symmetric stretching modes at ~1550 and ~1400 cm”
and the absence of significant absorption between 2500-3000 cm” in the citrate solution
spectrum indicates that sodium citrate is completely dissociated in solution. Once gold particles,

have been formed, the spectrum shifts markedly. The presence of bands near 2860 cm” and 1700

cm”! indicate the presence of saturated carboxylate ions, supported by the pronounced decrease in
the ~1550 and ~1400 _cm'l bands. Absorbance bands now appear at 1150 and 1200 cm’'; their
Jocation corresponds to the presence of hydroxides unencumbered by hydrogen bonding.

In terms of ultimate stability, the rod-like structures in the intermediate stage is unstable
against the formation of spherical particles. It is known that the negatively charged citric ions
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LA I B B have already adsorbed on the gold surface. With
surface charges, the rod-like structures observed in
the intermediate stage have a high electrostatic
energy than spherical particles.

Due to the adsorbed citric ions, the electrostatic
energy not only influences the final particle size and
shape but also governs the dewelding process. For
example, let us consider a flat metal surface with a-
constant potential as illustrated in Fig. 12. On such
wmn N flat surface, the formation of a corner is favored
' it because the electric field is diminishing at the
! corner. The narrower the corner the more stable the

i, | corner. As driven by this electrostatic stability, the
: kw ~ corner will become sharper and sharper until the rod

Absorbance (arbitrary linear units)

1 min
m ll “l l“i il brfaaks up, which is observed in our 'TEM
sooe 1a00 1600 1400 12'00' -2 Micrographs. The dewelding phenomenon is the
Wavenumbers (cm) : sharpening of the corners.

Fig. 11: ATR spectra for (i) sodium citrate in To facilitate the sharpening of the corners, gold
aqueous solution and (i) gold particles stabilized atoms must be able to move around. It is well
by citrate ions in aqueous suspension. known surface atoms can have much higher (often
" several orders of magnitude higher) mobility than
33333} -E(P)}—— bulk atoms. The enhanced mobility of the gold
atoms in these nanometer-size rods to facilitate
- P dewelding is conceivable: (i) the diameter of the
rods is on the order of 10 nm, therefore, a high
" percentage of atoms are on the surface. (ii) These
-E(P) P rods are highly twinned. Each crystalline domain
(likely separated by twin boundaries ) is smaller
B then 10 nm. The high population of the domain
Fig. 12: Smooth metal surface with constant boundaries also contributed to the high mobility of
potential (top) and surface containing cusp of low ' go]d atoms in these rods. The other evidence is that

potential (bottom). The high density of adsorbates each corner is connected to a domain boundary.

within the cusp forces migration of metal atoms .

from the apex, sharpening the cusp and eventually To conclude, the dewelding phenomenon

leading to separation. observed in these gold rods is a process (a) driven
" by the minimization of the electrostatic energy and

(b) facilitated by the h1gh mobility of the gold atoms in these structures. The high mobility is

attributed to the extensive presence of crystalline domain boundaries and the high surface area of

these rods.

t

3.1.2. Neck Formation of Nanometer Sized Particles

Preliminary experimental observations of the necking between two nanometer size gold
particles showed that the neck size L increases with time ¢ as L ¢ at small t'and as L oc '” at
large t. Our previous simulations on single-pore elimination in a polycrystalline matrix also
showed two scaling regimes: 575 for small pores, the pore elimination time #, scales with the
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initial pore radius r as r o tp”3 and for large pores, r oc t‘pl/2 . The crossover from 7 « z‘pl/3 to re
t‘p”2 corresponds to a pore radius r that is approximately equal to the grain radius G.

' We have observed that small gold particles are
usually multiply twinned into about five or six
domains as seen in TEM micrographs (Fig. 13).
Therefore, we think that the observation of two
scaling regimes in the neck formation between two
nanometer-sized gold particles is a result of
crossover from one regime where the neck is
smaller than the domain size to another where the
neck is larger than the domain size, analogous to
the presence of two scaling regimes in single pore
elimination. Thus, our objective in this portion of
the project is to explain the observed crossover
from one scaling regimes to another in the neck
_ formation in nanometer sized gold particles.

Our approach consists of two parts: computer simulations of the necking process and scaling
analysis. In the first, simulations are performed using a model we previously developed capable
of modeling both orientational flipping and diffusion. Orientational flipping gives rise to grain
growth and diffusion gives rise to sintering. The model is capable of displaying various sintering

Fig. 13: Necking between nanometer sized particles.

- phenomena such as densification, the growth of large pores, pore coalescence, pore shrinkage,

evaporation and condensation, thermal etching, rounding of a sharp corner, and necking. In this
study, we are looking at the neck formation between two spherical particles each containing five
to six domains of different crystalline orientations.

The results of our scaling analysis to date have shown that the neck size indeed goes as L o
£ for L smaller than the domain size G and as L oc ¢ for L larger than G. The difference in the
scaling behavior between the region where L is smaller than G and the region where L is larger
than G is a function of the total area of the intersecting domain boundaries. In the region where

- L> G, the total area of the domain boundaries intersecting the neck region is given by L*YG,

where d is the Euclidean dimension. Where L <G, the total area of the domain boundaries
intersecting the neck region is L%~ The scaling laws have been shown to be independent of the
dimensionality. :

3.2. Mesoporous Silicate and Aluminosilicate Materials
Investigators: Michael D. McGehee, Sol M. Gruner, Nan Yao, Chang-Min Chun,
Alexandra  Navrotsky, Itaru Honma, Thara  Srinivasan, and
Ilhan A. Aksay

The synthesis of materials with nanoscale (1-100 nm) pores and pore structure is important
to a host of applications including catalysts, ultrafiltration, protein stabilization and
characterization, and separation technology. Microporous materials are usually crystalline

‘framework solids (such as zeolites) whose pore dimensions formed are in a range of 10-15A.

Recent work by Mobil scientists have revealed a surfactant-based procedure which yields
mesoporous silicate/aluminosilicate materials with pores up to 10nm in size arranged in either
lamellar, hexagonal, or bicontinuous cubic structures.”®’’ Two different models have been
proposed to explain the formation of these materials: either (i) the mineral precipitates onto the
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exposed surface of a water-surfactant liquid crystal phase or (ii) the condensation of the mineral
acts in concert with the crystallization of the surfactants to form the ordered structure (co-
assembly). Our work using time-resolved X-ray diffraction show that transitions between the
structures occur during synthesis, supporting the co-assembly model. We have also demonstrated
that the morphology of the co-assembled phase can be controlled and have begun to apply these
materials to coating and nanocomposite processing.

3.2.1. Self Assembling Mesoscopic Materials

Cubic surfactant-silicates were synthesized by mixing tetracthoxysilane (TEOS)with Arquad
(a proprietary surfactant), NaOH, and water. The TEOS dispersed into the surfactant solution and
hydrolyzed. Heating resulted in the formation of solid particles. The surfactants were removed
from the particles by calcination at low temperature to preserve the pore structure.

X-ray diffraction (XRD) and TEM analyses showed that the particles had an [a3d cubic
symmetry before and after calcination, but that the lattice parameter shrank from 97 to 84A asa
result of the densification. Fig. 14 shows examples of the lamellar, cubic, and hexagonal
surfactant-silicates made by similar methods, but with different chemical ratios of reactants.

- The formation of cubic surfactant-
silicates was studied with time-resolved
XRD using a specialized X-ray
beamline.”®” Three distinct phases were
observed during reaction (Fig. 15). The
first phase had an XRD pattern with only
one broad peak and could not be identified
(Fig. 15a). This phase persisted for weeks
in synthesis solutions which were kept at
20°C, but was replaced by the second
phase within 30min at 100°C. The second
phase had a 2-peak XRD pattern (Fig.

Fig. 14: TEM images of (a) the lamellar morphology, (b) the 1>0) Which was consistent with a lamellar
cubic phase with la3d symmetry viewed along its [111] zone morphology having a 35 A repeat distance.

axis, and (c) the hexagonal phase viewed along its [001] zone The third phase had an XRD pattern (Fig.
axis (bars = 30 nm). ' - 15¢) consistent with Ia3d symmetry.

o Transformation from the lamellar to cubic
phase has been observed as the Ia3d cubic mesophase growing epitaxially from the lamellar
phase. Controlled phase morphology is achieved by using slightly different surfactant groups and
coassembling the surfactant and silicates into the desired structure. Although questions remain
about the mechanism of coassembly, the knowledge that we can control the microstructure
permits work on the applications of mesophase materials, described in the following sections
(§83.2.2 and 3.2.3).%°

3.2.2. Thin Film Formation of Mesoporous Silicate

Mesoporous materials now include titanium silicate, antimony oxide, tungsten oxide, iron
oxide, lead oxide, and zinc oxide.®"®> The self-organized regular array structure of the
mesoporous channels is formed through the replication of the liquid crystal templating (LCT)
phase of the surfactant/water system. Depending on the LCT structure, lamellae, hexagonal,
cubic crystalline phase particles can be precipitated homogeneously in the solution (§3.2.1). For
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applications involving chemically functionalized surfaces,
a method for forming continuous and homogeneous films
onto substrates would be a valuable tool. Ceramic thin-
film formation on functionalized interfaces mimics
biological processes responsible for forming natural
composites such as teeth, bones and shells.” By
manipulating the nucleation and growth on the
functionalized interface, the films can be formed at
ambient temperatures. The important parameters
controlling formation appear to be the proper combination
of solution chemistry and surface functionalization.
In general, we have observed that as the
surfactant/TEOS ratio is decreased, the solution condition
“ moves from the particle precipitation region to the film
formation region. In the system used in this study, a four-
fold dilution of the concentrated particle-precipitated
T NP solution can be used to form continuous films on
0.0 0.1 0.2 03 substrates such as Mylar or glass. As water is removed the
q (A film fo‘rms as a 'white‘ gel. Subsequent hydrothermal
Fig. 15: XRD patterns from a time-resolved processmg.results in a rigid transparc?nt glass. XRD and
experiment, The numbers with the peak TEM studies shf)wed that the obtained ﬁlfn‘ structure
consists of a disordered mesophase containing small

labels are the square of the peak indices. (a)
20min exposure taken during the first 20 inclusions of a crystalline phase. The mesophase has short

Intensity (arbitrary linear units)

min of heating. (b) 20min exposure taken
after 160 min of heating. The two peaks are
consistent with a lamellar structure, as
shown by the peak labels. (c) The average
of six 20min exposures taken after 20 h of
heating. The 8 peaks are consistent with

- Ia3d symmetry, as shown by the peak

labels. There were two faint rings at higher
q which did not match the Ia3d pattern and

range ordering of ~40-45A, equivalent to the d-spacing of
both the lamellae and hexagonal phase, but lacks long
range ordering. This is probably related to the phase
behavior in the biosurfactant/water system. Dilution can
shift the equilibrium solution phase from hexagonal to
disordered hexagonal/lamellae and, as a result, the film
consists of the disordered mesostructure phase largely
because the film structure replicates the LCT structure of

are not explained.

the biosurfactant. Additionally, the seeding of crystalline
particles onto the substrate did not enhanced the crystalline film growth indicating that
modifying the substrate surface does not prevent the disordering of the film simply because the
deposited film structure is primarily determined by the structure of the solution.

We have found that the film structure is closely related to the phase behavior of the
surfactant/water system. The key goal in this work is to find the appropriate conditions under
which the solution surfactant/silicate structure remains in crystalline hexagonal region and the
film forms onto the substrate without particle precipitation. If transparent and continuous films
can be successfully prepared on the substrate, new application are envisioned . through the
chemical and physical infiltration of functionalized molecules, clusters and small particles, dyes,
and proteins into the mesoporous channels. Because of the potential advantage of uniformity of
the pores, high doping ratio, and uniform orientation of the channels, such films can be used to
form optical non-linear devices, high dielectric capacitors, separation membranes, and templated
supports for nanocomposites.
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3.2.3. Fabrication and Characterization of Mesosilicate Nanocomposites

Several synthesis routes are under investigation for fabricating nanocomposites using
mesoporous materials. Second phase materials include: (i) metal alkoxide precursors
(ceramic/ceramic composites), (ii) organic monomers, and (iii) metals. Once infiltrated, larger
potentially more useful materials can be formed from the resultant nanocomposite powders. As
described in the preceding section (§3.2.2), thin film formation is currently under investigation.
Continuous mesoporous films offer a suitable substrate for the formation of nanocomposite
layers that might be built up to form larger and/or graded materials. Further, chemical
modification of the pore surfaces may be used to both stabilize the mesoporous structure and
enhance the infiltration of the pores by the appropriate second phase precursor.

Attempts to infiltrate the mesoporous silicate with metal alkoxides has had mixed results.
Using a technique developed for the infiltration of wood cell walls by alkoxides (§3.3), it was
determined that slower hydrolyzing alkoxides achieved higher penetration depths. Infiltration by
TEOS resulted in up to 40% of the pore volume being filled with silica gel. However, the more
rapidly hydrolyzing aluminum and titanjum alkoxides merely coated the outside of the
mesoporous powder. In the coassembled materials, the surfactant is believed to act as a steric
barrier to infiltration by organometallics; when the surfactant is removed, the high hydroxyl
content on the pore surfaces favors hydrolysis and condensation and penetration is blocked by
the plugging of the pores by the resulting ceramic or gel. Hydrolysis of the organometallic can be
slowed by the use of larger functional groups on the metal cation but steric hindrance is enhanced
- and infiltration is not improved.

We have shown that suitable organics can infiltrate the mesostructure. A zwitterionic
monomer can be inserted into the pores and then polymerized in-situ to form a ceramic/polymer
composite. BET surface sorption and TGA measurements indicate that the polymer coats the
pore surfaces although the uniformity of this coating has not been determined. Effective surface
areas 1n the mesoporous material were reduced from 576m /g for the calcined material to
17.0m*/g in the infiltrated material.

Finally, metal infiltration has been attempted using a two step process: (i) solution
infiltration by aqueous solutions of metal salts and (ii) reduction of the metal ions in the pores.
The resulting materials are highly colored but we have not yet shown the formation of nanoscale
metal particles within the mesostructure.

Current studies emphasize the role of the surface to the successful mﬁltratlon of the
mesostructure by precursors or precursor solutions. Subsequent processing conditions, such as
the method used to reduce the metal cations to metal, must be designed so as to optimize the
retention of the second phase while preventing the collapse of the mesophase.

3.3. The Formation of Ceramic/Cellulose Cellular Composites
Investigators: Sara E. Keckler, Daniel M. Dabbs, Nan Yao, and Ilhan A. Aksay

Cellular organic structures such as wood can be used as scaffolds for the synthesis of
complex structures of organic/ceramic nanocomposites. The wood cell is a fiber-reinforced resin
composite of cellulose fibers in a lignin matrix. A single cell wall, containing several layers of
different fiber orientations and hgnm content, is separated from its neighboring wall by the
middle lamella, a lignin-rich reglon * In order to achieve total mineralization, deposition on and
in the cell wall must be achieved.®® Geological fossilization of wood occurs as permmerahzatlon
(filling the void spaces with mineral) and petrifaction (mineralizing the cell wall as the organic
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component decays) through infiltration of wood with inorganics after growth.85 Conversely,
living plants can incorporate inorganics into their cells and in some cases into the cell walls
during growth.86 This project has involved attempts to mimic geological fossilization via
infiltrating inorganic precursors into wood cells; by doing so we hope to enhance the physical
properties of the wo00d.¥” Our most current work has used electron microscopy and vibrational
spectroscopy to study the structure of silica formed in the cell walls after infiltration of the cell
walls by tetraethoxysilane (TEOS).

Partially hydrolyzed TEOS in ethanol (25% by volume) was infiltrated into rehydrated kiln-
dried lumber samples of hemlock and pine. Impregnation was completed in a partially evacuated
reaction chamber at room temperature. After curing for two days at 105°C, the impregnated
samples were heat treated at temperatures between 200° and 600°C to fully convert the precursor
to silica and to remove part or all of the organic matrix. Electron micrographs reveal that the
structure of the wood cell is unaffected by the presence of silica (in the form of silica gel).
Energy dispersive spectroscopy (EDS) measurements confirm the presence of silica gel across
the cell wall prior to heat treatment. Infrared spectroscopy revealed that the formation of the
silica gel is preferential within the cell wall. Binding between the gel precursors and the organic
component of the cell wall is seen in the formation of C—O-Si bridges within the cell wall; these
bridges decay with increasing temperature and the loss of the organic phase.88

Two forms of silica are found within the cell wall: (i) particles on the wall bordering the
middle lamella and (ii) dense uniform silica gel in the bulk of the cell wall. The pH of wood

- extractant is around 4.6 suggesting that the silica on exposed surfaces results from acid-catalyzed

hydrolysis and condensation of TEOS. This is indicated by the particulate nature of silica
observed at the boundary layer. The bulk silica is finer in texture than the boundary layer silica.
We attribute the finer bulk texture to the geometrical constraint imposed on the polymerization of
silica within the inter-cellulosic confinements of the cell wall. Before and after the removal of the
organic phase by pyrolysis, the gross cellular structure of the wood is maintained, replicated on
the micron scale by silica (Fig. 1).88

Fig. 16: SEM micrographs of infiltrated wood (a) before pyrolysis and (b) after pyrolysis at
600°C. The wood’s cellular structure has been replaced by silica in (b). :
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