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SUMMARY OF PROGRESS

Support by the US. Air Force Office of Scientific Research during the last several years has
enabled the two co-principal investigators to make a lasting impact on ceramic materials synthesis in
two areas. First it helped them develop the second generation sol-gel research which led to the
discovery and development of nanocomposites. Unlike the first generation sol-gel research which was
developed by one of the proposers (R.R.) in the early fifties and is presently practiced throughout the
world, the goal of the second generation sol-gel research is to achieve ultraheterogeneity or
nanoheterogeneity during processing, i.e., to make nanocomposites. The solution sol-gel (SSG) derived
nanocomposites have led to (a) lower crystallization temperatures, (b) enhanced densification at lower
sintering temperatures, and (c) phase and morphology control in some cases. Most recently we have
worked with glasses and also achieved spectacular results. For example we have been able to
crystallize, by using nanocomposite seeding, albite glass which has been impossible to crystallize. The
“nanocomposite” theme has now been widely and accurately copied and used worldwide and developed
especially in Japan which held the first international conference on the topic two years ago (see
Reprints #1 and #2 for developments in nanocomposites and sol-gel).

The main objective of the present grant is to extend this concept and try to crystallize
nanocomposite glasses through solid-state epitaxy. This approach could in principle then lead to a
universal composition glass ceramic process. An additional objective is to prove the critical role of
epitaxy in crystallization by fabricating sol-gel films on single crystal substrates of a particular
orientation. During the first year of this AFOSR grant, we have made a high visibility advance by
crystallizing albite glass which has been considered to be impossible to crystallize (please see Interim
Report of December 12, 1990). During the second year of this grant, the nanocomposite approach has
been extended to glasses in BaO-Al203-SiO2 system and to ceramics of the Al203-TiO; system. In
addition solid state epitaxy has been demonstrated on single crystals of TiO2 and SrTiO3 (please see
Interim Report of November 21, 1991). During the third year this concept has been extended to other
glasses and ceramic systems as described below.

1. Crystallization of Oxide Glasses and Gels Through Isostructural and Non-Isostructural Seeding

Na20-A1,03-5i0; System. Albite glasses seeded with CaAlSi2Og and SrAl3SipOg crystallized
faster than those seeded with LiAlSi3Og or NaAlSi3Og crystals. The results of crystallization of
albite seeded glasses have been reported earlier (see Interim Report of December 12, 1990) and the
results of crystallization of anorthite seeded glasses have been published recently (see Reprint #3).
The albite gels seeded with different feldspars crystallized only partially unlike the glasses.
However, no crystallization of albite was observed in gels and glasses which are unseeded or those
seeded with non-isostructural seeds such as TiO2, ZrO», etc.




K20-Al203-Si02 system. Glasses and monophasic gels of orthoclase (KAISi3Og) could not be
crystallized to feldspar by seeding with KAISi30g, NaAlSi3Og, LiAlSi3Og, CaAl;Si2Og and
SrAlSiOg feldspar crystals. Both the seeded and unseeded glasses and gels remained amorphous up
to about 1000°C but crystallized to leucite (KAISi2Og) above this temperature. However, we have been
able to crystallize high sanidine (KAISi3Og) feldspar using multiphasic gels of orthoclase composition
by seeding them with NaAlSi3Og, KAlSi3Og, CaAl3Si2O0g and SrAlpSizOg feldspar crystals but not
with LiAlSi3Og. This approach constitutes the use of so-called both compositionally and structurally
different nanocomposites. The use of these nanocomposites in this system suppressed partially or fully
the formation of leucite in the temperature range of 850°-1100°C.

Ba0-Al203-5i02 System. Several types of celsian (BaAlSi3Og) gels were made among which
the gel from alkoxide method led to sintered samples of highest density. The unseeded gel crystallized
only to hexagonal celsian above 900°C. Feldspar crystalline seeds of NaAlSi3Og, KAISi3Og,
CaAl3Si20g, SrAlzSi20Og and BaAlrSipOg did not affect the transformation kinetics of hexagonal
celsian formation in the temeprature range of 900°-1000°C. But monoclinic celsian started to form
around 1200°C and became phase pure above 1300°C. Unseeded gels did not transform to monodinic
celsian below 1450°C. Celsian gels seeded with LiAlSi3Og crystallized to hexagonal celsian above
850°C and phase pure monoclinic celsian above 1200°C. When these gels were seeded with rutile
(TiOy), the gels started to form hexagonal celsian at 850°C and transformed to pure monoclinic celsian
at 1300°C but with much slower kinetics compared to the feldspar seeded gels. The crystallization
with rutile can be explained by some epitaxial relations between rutile and the feldspar.

Li20-A1203-5i07 and CaO-Al303-Si0; Systems. No seeding effects have been detected in the
crystallization of LiAlSi3Og and CaAlSi2Og glasses and gels. The crystallization of feldspars in
these two systems is too rapid to detect the effect of solid state epitaxy by the addition of crystalline

feldspar seeds.

2. Effect of Isostructural Seeding on Crystallization of Non-Oxide Glasses

We have reported earlier that isostructural seeding with SiC crystals of silicon oxycarbide
glasses was found to be ineffective. High temperature stability studies of oxycarbide glasses revealed
that they have a highly polymerized structure which led to their greater resistance to crystallization
(see Preprint #1).

3. Demonstration of Solid State Epitaxy on Single Crystals Using Sol-Gel Films

We have thoroughly demonstrated the role of epitaxy in the crystallization of TiO7 and SrTiO3
sol-gel films deposited on single crystals of TiO2 and SrTiO3 of special orientation (see Interim Report
dated November 21, 1991). We have recently prepared Pb{(Zrg 52Tig 4g) thin films on platinum-coated
single crystal silicon by a modified sol-gel process using lead acetylacetonate as the lead source. The




T RN TR e

use of this new lead precursor provided more stability to the PZT precursor solution compared to the
commonly used lead acetate trihydrate (see Manuscript #2 for details).

In summary, the twin goals of this research have been accomplished and several papers have
been published or are in press. A Ph.D. thesis will be prepared shortly on the crystallization of glasses
through solid-state epitaxy.
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FEATURE ARTICLE

Nanocomposites

Sridhar Komarneni

Materials Research Laboratory and Department of Agronomy, The Pennsylivania State University,

University Park, PA 16802, USA

The use of nanocomposites in materials processing can iead to monophasic or muitiphasic ceramics. glasses
or porous materials, with tailored and improved properties. This review deals with a variety of nanocomposites
such as sol—gel, intercalation, entrapment, electroceramic and structural ceramic types, which exhibit superior
properties when compared to the monophasic or microcomposite alternatives. The utilization of nanocomposites
in materials processing is forecasted to have a major impact in catalytic, sensor, opticai, electroceramic and

structural ceramic materials.

Keywords: Nanocomposite. Sol-gel processing; Catalyst; Sensor; Electroceramic; Feature Article

1. Definitions

The term *nanocomposites’ was first coined by Roy, Komar-
neni and colleagues sometime during the period 1982-1983
to describe the major conceptual re-direction of the sol-gel
process, i.e. using the solution sol-gel (SSG) process to create
maximally heterogeneous rather than homogenecous mate-
rials.'~* Di- and multi-phasic nanoheterogeneous sol-gel
materials were prepared and documented in 1984.'~* Nano-
composites should be clearly differentiated from ‘nanocrystal-
line’ and ‘nanophase’ materials, which refer to single phases
in the nanometre range. ‘Nanocomposites' refers to composites
of more than one Gibbsian solid phase where at least one
dimension is in the nanometre range and typically all solid
phases are in the 1-20 nm range. The solid phases can be
amorphous, semicrystalline or crystalline or combinations
thereof. They can be inorganic or organic, or both, and
essentially of any composition. The ‘nanocomposite’ theme
has now been widely and accurately adopted, used worldwide,
and developed especially in Japan. Although the term ‘nano-
composites’ was coined only recently, nanocomposites are
pervasive throughout the biological systems (e.g. plants and
bones). Only very few man-made materials, such as intercal-
ation compounds (e.g. graphite intercalation compounds, pil-
lared clays and clay-organic complexes) and entrapment-type
compounds (e.g. zeolite-organic complexes) have dealt with
this size of material. In the biological world, plants form
nanocomposites with the accumulation of significant amounts
of inorganic components such as Si, Ca, Al, erc. at the tissue
and cellular level to deal with the mechanical and biophysical
demands of their survival. In the animal world, bones, teeth
and shells consist of nanocomposites of inorganic and organic
materials to achieve several key properties. The objective of
this article, however, is to review the work on man-made
nanocomposite materials and to identify areas where further
developments are likely to occur.

2. Different Families of Nanocomposites

Although nanocomposites can be classified as other com-
posites based on connectivity,® here I have identified several
major (amilies of nanocomposites based on their material
function, physical and chemical differences, temperature of
formation, etc. There are five major groups of nanocomposites
at present: (1) sol-gel nanocomposites, which are composites
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made at iow temperatures (<100); these nanocomposite pre-
cursors can lead to homogeneous single-crystailine phase
ceramics or multiphasic crystalline ceramics upon high-
temperature heating; (2) intercalation-type nanocomposites.
which can be prepared at low temperatures (<200 °C) and
lead to useful materials upon heating 1o modest temperatures
(< 500 °C); (3) entrapment-type nanocomposites, which can be
prepared from three-dimensionally linked network structures
such as zeolites which can also be synthesized at low tempera-
tures (< 250 °C); (4) electroceramic nanocomposites, which can
be prepared by mixing nanophases of ferroelectric. dielectric,
superconducting and ferroic materials in a polymer matrix at
low temperatures (< 200 °C); (5) structural ceramic nanocom-
posites, which are prepared by traditional ceramic processing
at very high temperatures (1000-1800 “C). These five major
categories can be subdivided further and are described beiow
in detail.

2.1 Sol-Gel Nanocomposites

The worldwide goal of all SSG work has been ultrahomogen-
city, while our goal in this area has been switched in the early
1980s to the preparation of nanocomposites that exhibit
ultraheterogeneity or nanoheterogeneity. This conceptual
innovation of nanocomposite materiais was a new direction
for sol-gel research. The concept of diphasic ceramic—ceramic
gels as a new ciass of materials with interesting potential was
first introduced by Roy.? This new direction for the sol-gel
processing science is now well established in our laboratory
and elsewhere.>-7 The goal of ceramic materials processing
via the nanocomposite ceramic gels is to exploit the thermo-
dynamics of metastable materials and, in particular, to utilize
the heat of reaction of the discrete phases and the advantages
offered by epitaxy. Here the concepts are illustrated with the
processing of densification of different types of sol-gel nano-
composite leading to the crystallization and densification of
mullite, alumina, and zircon ceramics which have numerous
technological applications such as infrared transmitting mate-
rials, refractory materials, substrate materials and high-
temperature structural materials. The readers are requested
to refer to the numerous publications cited above for a
thorough understanding of these concepts. In addition to the
above exploitation of the thermodynamics of sol-gel materials.
one can also process sol-gel materials into various shapes
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such as fiims. fibres and monoliths with pore sizes in which
organic and inorganic second phases can be incorporated.
Sol-gel nanocomposites are further subdivided into six
categories: (1) compositionally different nanocomposites:
{2 structurally different nanocomposites: (3} both composi-
tionally and  structurally  different nanocomposites:
(4} nanocomposites of gels with precipitated phases:
(5) nanocomposites of xerogels with metal phases;
(6) nanocomposites of inorganic gels and organic molecules.

2.1.1 Compositionally Different Sol-Gel Nanocomposites

These are very intimate mixtures composed of two or more
solid phases that differ in composition and each with particle
size of the order of 10-20 nm. Solid phases of these dimensions
produce ‘sols” when dispersed in a liquid. Two or more sols
of different composition can be uniformly mixed and gelled
to obtain compositionally different nanocomposites. Fig. 1
shows the transmission electron microscope (TEM) picture of
a sol-gel nanocomposite of mullite composition consisting of
spherical silica particles (20 nm) and rod-like alumina (boehm-
ite) particles (ca. 7 nm). Such a uniform physical mixture can
be distinguished from a homogeneous sol-gel material which
does not show any non-uniformity because it is mixed on an
atomic scale [Fig. 1()].%-3? The compositionally different sol-
gel nanocomposites have been shown to sinter to crystalline
products in several compositional systems®23-26-27:37 yith
close to theoretical density at much lower temperatures than
the homogeneous gels.?*?” Fig.2 compares the scanning
electron micrographs of sintered bodies of cordierite made
from nanocomposites and homogeneous gels. This exampie
clearly shows that the compositionally different soi-gel nano-
composites densify much better than the homogeneous geis.

ot

Fig. 1 Transmission electron micrographs of muilite composition
gels: (a) nanocomposite and (b) homogeneous (single phase)
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Fig. 2 Scanning electron micrographs of fracture surfaces of cordierite
composition gels sintered at 1300°C for 2 h: (a) nanocomposite and
(b) homogeneous (single phase). Reprinted by permission from ref. 27

Similar results have been obtained in other compositional
systems such as Al;0,-Si0,. Si0.-MgO. Al,0;-TiO,.
etc.3%°7 The enhanced densification of the nanocomposite
gels made from two or more sols or nanophases may be
attributed to the heat of reaction among the sols or nano-
phases. The nanocomposite gels store much higher metastable
energy than the single-phase gels (Fig. 3)* and thus the
enhanced densification of the nanocomposites may be attri-
buted to the additional energy provided during the excthermic
heat of reaction. Another reason for enhanced densification
in the nanocomposites appears to be due to the simultaneous
densification and crystallization, unlike the homogeneous gels
where crystallization precedes densification because of atomic-
scale mixing. Once the crystallization of the equilibrium phase
takes place, it is difficult to densify unless very high tempera-
tures are used. The above concept of compositionally different

- sol-gel nanocomposites is generalizable and applicable to all

oxide ceramics which can be used as structural or electro-
ceramic materials. The lower processing temperatures are not
only useful in conserving energy but also advantageous in
preparing electroceramics and multilayer capacitors, which
contain volatile elements and therefore need to be processed
at low temperatures.

2.1.2 Structurally Different Sol-Gel Nanocomposites

These nanocomposites consist of two or more solid phases
with the same composition but different structure. Examples
include mixtures of ultrafine crystalline seeds in amorphous
or semicrystalline xerogels. The gel materials are highly amen-
able for uniformiy distributing the ultrafine crystalline seeds.
Using the system Al,O,, the effects of x-Al,Q; seeds in
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Fig. 3 Representation of G-T relations among isoplethal phases. Reprinted by permission of the American Ceramic Society (J. 4m. Ceram.

Soc.. 1984, 67 468)

lowering  crystallization  temperature through epit-
axy!0-16.30:24.25 have been clearly demonstrated. Further evi-
dence for epitaxy has been thoroughly demonstrated with
sol~gel films on single-crystal substrates*! %3¢ where the gel
crystallized into a single-crystal-like film with the same orien-
tation as the substrate. Fig. 4 shows an X-ray diffractogram
of a TiO, film on a TiO, single-crystal (110) substrate with
the same orientation: the film is indistinguishable from the
substrate below.’® The role of solid-state epitaxy in lowering
the crystallization temperature is now well established in
numerous compositional systems including electroceramics.
The resuitant effects of this structural epitaxy on microstruc-
ture and sintering of alumina and other gels have already

@ (g (220)

004
(o) (200)

A
O T S I | dddn
40 )
20/degrees

Fig. 4 X-Ray diffractogram o1 a TiO, film on rutile single crystal
(110) substrate (a) After 6h at 900 °C: (b) after 1 h at 650°C. ° =
anatase. @ = rutile. Reprinted by permission of the American Ceramic
Society (Sol-Gel Fabrication of Epitaxial and Oriented TiO, Thin
Films. U.Selvary, A.V. Prasadarao, S. Kamarneni and R. Roy.
J. Am. Ceram. Soc., 1992, 78, 1167)
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been reported. Using the structurally different nanocomposite
sol-gels, it is now possible to crystallize some feldspar gels
{and glasses, see below) which have been found previously to
be impossible to crystallize. The effect of solid-state epitaxy
in compositional systems which have high energy barriers is
significant and can be exploited in the making of all types of
ceramic. Further developments are likely to occur in electro-
ceramics where there are some useful phases such as lead zinc
niobate. which cannot be crystallized under ordinary
pressures.

2.1.3 Both Compositionally and Structurally Different
Sol-Gel Nanocomposites

These nanocomposites are a combination of the above two
types of nanocomposite and consist of compositionally dis-
crete phases with crystalline seeds of the equilibrium phase.
This combination utilizes the heat of reaction of the composi-
tionally discrete phases and the lowering of the energy barrter
through epitaxial growth on the crystalline seeds. Using
zircon'” as the prototype model, we have shown that both
the compositionally and structurally different sol-gel nano-
composites crystallize at a fower sintering temperature than
either the compositionally or structurally different sol-gel
nanocomposites. Table | shows the lowest temperatures at
which zircon formed for different types of nanocomposite. It

Table 1 Lowest temperature at which zircon formed in different
mono- and nano-composite precursors’

compositional diphasicity

structural

diphasicity no ves
no 1325 C 1"n=s c
yes 1100 C 1078 C

Reprinted by permission of Chapman and Hall.
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is obvious from Table I' that both the compositionally and
structuraily different nanocomposite gels vielded zircon at the
lowest temperature. Similar results were obtained for ThO,-
SiO; and Al,O;-MgO systems.'®-'® In the latter case,
densification and microstructural studies of Al,O, (93%)-
MgO (7% (abrasive grain composition by 3IM Co. geis
seeded with both 2-Al,O; and MgAl.O, seeds revealed that
the double seeding has led to complete densification with very
fine microstructure.'”

2.1.4 Nanocomposites of Gels with Precipitated Phases

These are one type of ceramic-ceramic nanocomposite which
are prepared by the growth of extremely fine crystalline or
non-crystalline phases inside the pores of a pre-made gel le.g.
Si0,) structure.! >~ The growth of fine phases is accomplished
by soaking the gel in metal salt solution and subsequent
precipitation of the metal with selected anions. Such a precipi-
tation presents a vastly more versatile (with respect to com-
position of the matrix) approach to such nanocomposite
materials than is possible with, say. precipitation out of a
glass. The gel pores can be modified by liquid- and gas-
deposition techniques.’® This leads to modification of the
chemical character and the effective pore size and gives rise
to nanophases well below the size of the pores.>® The nano-
composite materials made by this method extend the pro-
cessing options for photochromic glasses and catalytic
materials with interesting and improved transport, catalytic
and mechanical properties.

2.1.5 Nanocomposites of Xerogels with Metal Phases

The sol-gel process has been extended to the preparation of
new diphasic xerogels leading to new ceramic-metal nano-
composite materials.’ These nanocomposites have been pre-
pared by two methods (Fig. 5). Xerogels of Al,0;, SiO, and
ZrO, have been prepared as the matrices with Cu, Pt and Ni
(5-50 nm) as the dispersed metal phases. Very finely dispersed
metal particles (2-4 nm) have been deposited by liquid- and
gas-deposition techniques in sol-gel membranes.’® These
materials are obviously important as catalysts and they can
be optimized by manipulating the process parameters of the
sol-gel methods. Iron:silica or alumina gel nanocomposites
have been prepared. and properties such as spin-glass mag-
netic behaviour, change in magnetic state with ammonia
treatment and iron magnetic moments3?-*? have been investi-
gated. Sol-gel-derived glass-metal nanocomposites involving
Fe. Ni and Cu in a silica glass matrix have been prepared
and electrical and optical properties have been studied.***¢
Although the use of these nanocomposites in electrical, mag-

{a) one soiution (b) sol + solution

step
sol

|
o N ES

homogeneous heterogeneous 1

- . .
o

ceramic or cermet

heterogeneous

Fig. $ Two preparation routes used in making ceramic-metal nano-
composites. Method ta). solution mixing of all components simul-
taneously. Method () uses a pre-made sol to which a further solution
is added before gelation. Reprinted by permission from ref. 3
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netic and optical devices is a long shot. their future in catalysis
appears to be bright.

2.1.6 Nanocomposites of Inorganic Gels and Organic
Molecules (Dyes)

The sol-gel process is highly amenable to incorporating
optically active organic molecules such as laser dyes in porous
gel or glass-like matrices because the geis can be prepared at
room temperature and the porosity can be controlled. One
can incorporate the organic species including polymers during
gelation®” or the organic molecules can be introduced into
the pre-made sol-gel matrices through diffusion. Various laser
dyes. conducting and conjugated polvmers. polvmers that
contain hydrogen-bond acceptor groups and photochromic
molecules have been successfully incorporated into silica
gels*™*® and these nanocomposites may have interesting
optical. non-linear optical. conducting and photochromic
properties with potential applications in optical devices. laser
materials and chemical sensors. Preliminary studies of the last
5 vears or so have demonstrated that the activity of the
different molecules is not impaired by their incorporation in
sol-gel matrices. Further studies in this area include the
interactions between the sol-gel matrix and the guest mol-
ecules for optimizing the properties of the resulting nanocom-
posites for various applications and the engineering of the gel
pore structure to incorporate selectively chemical malecules
which will lead to the development of optically based chemical
sensors. Further details about these nanocomposites can be
obtained from an excellent review by Dunn and Zink.*®

2.2 Intercalation-type Nanocomposites

Naturally occurring or synthetic crystals of layer structure,
such as graphite and clays, can be intercalated with inorganic
and organic species to generate bi-dimensional nanocom-
posites. The layered crystals are of two types: (1) with an
unbalanced charge on the layers and (2) neutral layers. The
2:1 clay minerals and hydrotaicites (anionic clays) belong to
the first group while the 1:1 clay minerals and graphite are
examples of the second type. Table 2 gives numerous examples
of the layered crystals®® which can be utilized in the prep-

Table 2 Layered crystals®®

molecular lavered crystals  cation exchangeable layered crystals

element silicates

graphite Montmoriilonite
chalcogenides vermiculite

MX; (TiS,. NbSe,. MoS,) hectorite

MPX; (MnPS,. FePSe,) phosphates

Ta:s;c ZﬂHPO‘):'nH:O
oxides TiHPO,);'nH,0

Mo0O,. V,0, Na(UO,PO,)-nH,0
oxyhalides titanates

FeOC). VOC!I. CrOCl Na,Ti,0.

ZeNCl KTiNbO,
hydroxides Rb Mn,Ti, .0,

Zn{OH),. Cu(OH), vanadates
silicates KV,0,

kaolinite. halloysite K,V,0,,

H,Si,0, CaV,0,,-nH,0

H,Si,.019°5H,0 NaiCO,V,0,)-nH,0

miscellaneous niobates
NUCN), K.NbO,-
VOSO,. VOPO, KNb,0,
wO,Cl, miscellaneous
Na,W,0,,
Na,U,0-
Mg, Mo,0-

hydrotalcites
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aration of nanocomposites. Although there are numerous
layered crystals. only a few. such as clays and graphite. have
been e¢xtensively studied as intercalation compounds. There
is a large amount of literature on the graphite intercalation
compounds®® and this subject will not be covered here. The
main intercalation-type composites which will be described
in detail are tu) pillared clays: (h) metal-intercalated clays.
and. (¢) clay -organic composites.

221 Pillared Clays

Swelling clay minerals such as montmorillonite. hectorite.
saponite. nontronite and biedellite of the smectite family can
be pillared in the interlavers by exchanging their interlayer
cations with polymeric hydroxy cations followed by dehy-
dration, which leads to ceramic oxide pillars (Fig. 6). The
silicate layers are permanently propped apart by the oxide
pillars and zeolitic micropores are formed between the silicate
layers. Pillared clays are the perfect example of a nanocom-
posite because the clay layer is ca. 1 nm and the oxide pillars
are ca. -2 nm. Vaughan et al®' were the first to synthesize
pillared clays with alumina and subsequently, several other
oxides such as ZrO,, Cr,0,. TiO,, Fe,0,, Bi,0; etc 32-5"
and mixed oxides such as Al,0,~Si0;,, Si0,-TiO, and $i0O, -
Fe,0,%8-% have been introduced as pillars between the clay
layers. Pillared clays are versatile microporous materials
because the dimensions and the surface characteristics of the
micropores can be designed by changing the size and composi-
tion of the pillaring species. In addition, they have high surface
areas and high thermal stabilities. Therefore, these have
potential applications as catalysts, catalyst substrates, selective
adsorbents®*-%¢ and desiccants.®” % We have determined the
water adsorption and desorption isotherms of several pillared
clays for determining their suitability as desiccants for gas-
fired cooling and dehumidification equipment. Fig. 7 shows
the adsorption isotherms of several pillared clays and the data
show that these can serve as good desiccants.®’ Although
there is a great deal of research on the pillared clays, the
pore-size distribution is not well understood. One can estimate
the pillar sizes from the basal spacings (Table 3) by subtracting
9.6 A for the thickness of the clay layer but the size of the
pores along the a-b directions is mostly unknown. It is
imperative that more research is needed to determine the pore
sizes of these samples before they can find wide-ranging
applications. The pore size along the a-b directions is expected
to depend upon the charge density, the uniformity of charge
distribution. the size and type of polymeric cations used, erc.
The pore structures are usually characterized by nitrogen or
water adsorption measurements. Techniques such as neutron
and X-ray scattering and nuclear magnetic resonance may
help unravel the pore structure of these nanocomposite porous

U viawipi 77
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Fig. 7 Water adsorption isotherms of different smectites with alumina
pillars (a) nontronite treated with NH, and exchanged with Ca’".
tb) original pillared nontronite. (¢} origina' pillared saponite.
(d) original pillared montmorillonite (kunimi~.e). (¢} original pillared
hectorite (hectabrite AW), and i) ideal icotherm shape for use in
dehumidification and cooling equipment®”

Table 3 Precursor cations used in pillaring the clay and the resulting
basal spacings®® .

pillar oxide precursor basal spacing A
Al,O, [Al,,0,(0HI, T " 17-19
Zr0, [ZRJ(OH), )" 17-20
Fe,0, {Fe,OIOCOCH,),]~ 17
Cr,0, [CriOH), )3 =~ 21-17
Bi,0, [Big(OH),, 1%~ 16
Al;O;-Si0;  [Al,;OOH)y, .. ]~(OSiOHI, ], ~ 17-19
TiO, sol solution 24-27
Si0,-TiO,  sol solution 40-50
$i0,-Fe, 0, sol solution 10-100

materials and this information will be useful in the future
design of chemical sensors from these nanocomposites.

In addition to the above cationic clays. anionic clays
of the hydrotaicite group, [Mg,ANOH)] Cl™-xH.O.
[Al;Li{OH)s] " Cl~-xH,0 are potential layered compounds
which can be utilized in the making of porous nanocomposites.
The anionic species in the interlayers can be exchanged with
bulkier inorganic or organic anions.”®~"® Hydrotalcite group
of materials containing Cl~. NOj3. SO%~ or CrO}~ have
interlayer spacings in the range of 3.0-4.0 A.”*~ " Substitution
of CO3~ gives the smallest interlayer spacing. ie. 28 A,

T TTIITII,TT),
7 sican syt /)
oxide pillar

/. siicate layer

, siicate layer 7/

Fig. 6 Schematic illustration of the pillaring process in bidimensional clay: (a) ion exchange with precursor cations and () conversion to oude
by calcination. Reprinted by permission of the American Ceramic Society (Design and Synthesis of Functional Layered Nanocomposutes.

S. Yamanaka, Am. Ceram. Soc. Bull. 1991, 70. 1056)
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whereas substitution with F&(CN) ™ or FetCN);~ gives a
spacing of 6.1 A.™ An interlaver spacing of 8.1 A was obtained
by the intercalation of naphthol vellow S*~ in hydrotaicite.™®
Thus. one can design porous nanocomposites for potential
applications as adsorbents. For example. a CoiCN)~-
exchanged sample shows™ the following order of adsorption
for several hydrocarbons: hexane x 2-methylpentane »
cyvclohexane > methylcvclohexane. In addition to the pore size.
the surface properties can be modified through numerous sub-
stitutions.®~™® Because these materials are not stable above
ca. 300 C. all the applications are restricted to temperatures
below this. Although the anionic species in the interlayers of
these nanocomposites are not dehydrated. unlike pillared
clays. because of their poor thermal stability, it should not be
impossible to create pillared anionic clays with low-
temperature dehydration of the anionic species through future
molecular engineering.

2.2.2 Meal-intercalated Clays

Expandable layer silicates such as montmorillonite can be con-
verted to efficient heterogeneous catalysts by introducing cata-
Iytically active sites or guest species between the layers or on
the external surfaces. Previous attempts to produce interca-
lated zero-valent transition-metal particies in {ayer silicates,
by hydrogen reduction for example. have, however, failed: the
layers tend to collapse. sometimes followed by deposition of
metal particles on the external surfaces. Recently Malla
et al.,”®®° have described the successful intercalation of copper
metal clusters of 4-5 A in montmorillonite by in situ reduction
of Cu?~ ions using ethylene glycol. These metal-cluster
intercalates were stable up to at {east 500 °C. The clusters prop
the silicate layers apart. much as metal oxides do in pillared
clays. and may thus be able to introduce unique catalytic prod-
uct selectivity through a moiecular sieving effect similar to that
in cluster-loaded zeolites. As metal clusters of these dimensions
behave very differently from the bulk metal, intercalates of this
sort may prove to be versatile catalysts.

2.2.3 Clay-Organic Nanocomposites

These are often referred to as clay-organic complexes and
have been around since at least biblical times.®! During this
period., clays have been used to decolourize edibie oils and
clarify alcoholic beverages utilizing clay-organic reaction or
complexation.®' The interaction of clays with organic species
has been implicated in the origin of life.®? The structure of
swelling clays, especially of the smectite group is amenable to
forming clay-organic nanocomposites because of the weak
bonding (van der Waals and electrostatic) between the layers.
The clay-organic intercalation compounds can be grouped
into two main types: (a) those that are formed by ion exchange
of interlayer exchangeable cations, and (b) those that are
formed by adsorption of polar organic molecules. Clay-
organic complexes have been utilized in the past for surface-
area measurements. layer-charge determination, soil stabiliz-
ation, etc. Recently, clay-organic nanocomposites have been
proposed for several new applications in the materials field.
Because of the nanoscale mixing of inorganic and organic
components in the clay-organic nanocomposites, they can be
utilized as precursors in the preparation of structural non-
oxide ceramic materials such as Si;N,, SiC, AIN. Sialon.
etc.2*-°! When the clay-organic nanocomposites are heated
in an inert atmosphere, carbothermal reduction reactions take
place leading to the formation of non-oxide structural ceramic
materials as follows:

38i0, + 6C + 2N, —+Si;N, +6CO H
Si0, + 3C-SiC+2CO 2

J.MATER. CHEM.. 1992, VOL. 2

Several naturally occurring clay minerals such as montmor-
illonite. kaolinite. pyrophvllite and illite have been studied as
raw materials in the synthesis of non-oxide ceramic mate-
rials®>~°! but montmorillonite-polyacrylonitrile complex was
found to be the best because of the intimate mixing. An alum-
ina pillared clay has been found to be a suitable precursor to
mix with carbon in the synthesis of f-sialon by carbothermal
reduction.”>  Sugahara et al.®* used a magadiite
{Na,S8i,30:9nH,0)-C;H.N(CH,); nanocomposite and a
physical mixture of magadiite with carbon in their carbother-
mali reduction reactions and found that the former yielded fi-
SiC while the fatter yielded SiO.. Thus the reaction process in
the nanocomposite is quite different because of the intimate
mixing achieved on a nanoscale.

Clay-organic nanocomposites have also been proposed as
low relative permittivity substrates.”>~°® These nanocom-
posites consist of a quasi-two-dimensional layered structure
(fluorohectorite or other swelling clay) and an organic com-
pound such as polyaniline. n-C HsNH, intercalated between
the layers by ion exchange. The ceramic (clay) layer imparts
good mechanical and thermal stabilities while the organic
compound gives low relative permittivity and good pro-
cessability to the nanocomposite material. The present dis-
advantage with these nanocomposites is that they are
hydrophilic. i.e. they adsorb water, which can increase the
relative permittivity. To alleviate this probiem, future work
needs to deal with the incorporation of hydrophobic polymers
in the interlayers. With other applications in mind. clay-
organic nanocomposites having hydrophobic characteristics
have already been prepared by exchanging aminosilane or
organic chrome complex for Li~ or Na~ from swollen clay
gels.?” These nanocomposite gels can be processed to form
paper, board, film, fibre and coatings and the dried gel powders
can be hot-pressed to give a body of crosslinked organic polyc-
ation—mica derivatives.

Intercalation of electroactive polymers such as polyaniline
and polypyrrole in mica-type layered silicates leads to metal-
insulator nanocomposites.”%° The conductivity of these
nanocomposites in the form of films is highly anisotropic with
the in-plane conductivity 10°-10° times higher than the con-
ductivity in the direction perpendicular to the film. Conductive
polymer-oxide bronze nanocomposites have been prepared
by intercalating polythiophene in V,0; layered phase which
is analogous to clays.'® Studies of these composites are
expected not only to provide fundamental understanding of
the conduction mechanism in the polymers but also to lead to
diverse electrical and optical properties.

Intercalation of ethylenediamine functionalized buckminis-
terfullerene in fluorohectorite clay has been achieved'®' and
these nanocomposites may lead to microporcus materials
analogous to pillared clays upon the elimination of the ligands
by suitable heat treatment in oxygen. A new microporous
tubular silicate-layered silicate (TSLS) nanocomposite has
been synthesized by selective hydrolysis of ;-aminopropyl
triethoxysilane from the external surfaces of imogolite. which
led to its intercalation into layered silicate.'®? The N adsorp-
tion and (-plot analysis of this porous nanocomposite showed
a bimodal pore structure which is attributed to intratube and
intertube adsorption environments.'®> The TSLS nano-
composite has been found to be active for the acid-catalysed
dealkylation of cumene at 350 *C, but this composite has been
found to be less reactive than a conventional Al,O, pillared
montmorillonite.'®® High-surface-area (ca. 900 m* g~ ') micro-
porous materials have been prepared'™-1%* by calcining nano-
composites of alkyltrimethylammonium-kanemite
{NaHSi,043H,0). the latter being a layered polysilicate.
During the organic intercalation, the SiO, layers in the
complexes condense to form three-dimensional SiO, networks.
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The calcined products of the complexes have micropores in
the range 2-4 nm (Fig. 8) and such materials are expected to
find applications in catalysis.

Clay -fluorescence dye nanocomposites have been prepared
by ion exchange and the fluorescence properties of different
dyes. as affected by the inorganic crystal field of the clay. have
been investigated extensively.'®®~''° Such confinement can
lead not only to high thermal stability but also to higher lumi-
nescence efficiency 7 110

2.3 Entrapment-type Nanocompoasites

The entrapment-type nanocomposites can be prepared from
zeolites and are of two types: (l) zeolite-inorganic. and
(2) zeolite-organic. Zeolite crystals are three-dimensionally
linked network structures of aluminosilicate. aluminophosph-
ate (ALPO) and silicoaluminophosphate (SAPO) composition
and are porous. the pores being in the range 2.8-10 A. Many
of the highly siliceous. ALPO and SAPO zeolites have been
synthesized using organic templates such as tetrapropyl-
ammonium. tetramethylammonium,  di-n-propylamine.
etc.'''"''2 After the synthesis, the organics are removed by
different techniques. the main one being combustion. to get
access to all the pore space.

23.1. Zeolite~Inorganic Nanocomposites

Fine metal clusters supported in zeolites are a good example
of this type of nanocomposite and they possess unique cata-
Iytic properties. molecular selectivity and polyfunctional
activity.!*>~''* A large volume of literature exists on the prep-
aration and the catalytic properties of metal clusters or aggre-
gates dispersed in zeolites.!'®''” Various methods, such as
ion-exchange, evaporation. irradiation, thermal decompo-
sition. particle-beam method. impregnation, adsorption or
deposition and coprecipitation, have been used to introduce
metai ions or complexes which are then reduced to zerovalent
metal forms by molecular or atomic hydrogen. ammonia,
metal vapours and various organic compounds. We have
recently used!'® a new approach., i.e. polyol process to entrap
Ni and Cu metal clusters in zeolites. The interface chemistry
associated with nanophase confinement and packaging and
some features of three-dimensional surface confinement using
zeolites and molecular sieves has recently been reviewed,''®
and silver sodalites have been touted as novel optically respon-
sive nanocomposites.'?® Future studies may exploit the zeo-
lite-inorganic nanocomposites for materials applications
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Fig. 8 Pore-size distributions of {—) Calcined product obtained from
hexadecyltrimethylammonium-kanemite complex and (---) cal-

cined product obtained from trimethylsilylated derivative. Reprinted
by permission from ref. 105
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other than catalysis because of the great potential for nano-
designing.

232 Zeolite-Organic Nanocomposites

There has not been a great deal of work utilizing the zeolite-
organic nanocomposites directly in materials applications.
Recently. pyridine (CsH, N) incorporated ZSM-39 and
Dodecasil-3C zeolites have been synthesized'®! and these
nanocomposites show an optical memory effect and interesting
domain structure. The ability to rotate polar groups within
unusual symmetries gives rise to field response in the molecu-
lar nanocomposite properties.'>! Future work in this area
needs to emphasize the growth of large single crystals of zeo-
lites with organic molecules incorporated in them for optical
and other applications.

2.4 Electroceramic Nanocomposites

Newnham and co-workers have developed a large family of
microcomposite materials with properties superior 1o those
obtainable from single phases for use as electrochemical trans-
ducers, PTC and NTC thermistors, piezoresistors, and chemi-
cal sensors during the past decade and recently they have
turned their attention to nanocomposites for electronic appli-
cations.'?%'2> Recent advances in both information and
charge storage in the electronics industry may be attributed
to electroceramic nanocomposites and especially those that
are based on ferroic materials because both the presence of
domain walls and the ferroic transition are affected by the
crystallite size. The size dependence of ferroic properties is
shown in Fig. 9.'2> Multidomain effects accompanied by hys-
teresis take place in large crystallites. Reductions in size (Fig. 9
led to single domain particles, and yet smaller sizes to destabil-
ized ferroics with large property coefficients. and finally. to
normal behaviour as the particle size approaches the nano or
atomic scale.'?? Because of the nanoscale, there are different
quantum effects leading to variation of energy states and elec-
tronic structure of their components. Other basic features of
these nanocomposites are the remarkable modification of the
electronic structure by widespread interface interaction at the
electronic level and the great variety of nanostructures ranging
from high-level ordered three-dimensional periodic structures
to stoichiometrically dispersed medium of nano-particles.'**
Electroceramic nanocomposites can be further classified into
(a) magnetic () ferroelectric and (c) superconducting, ferroelec-
tric, (d) dielectric and (e) conducting, semiconducting and insu-
lating types of materials. Two excellent reviews have been

ferromagnetism terroelectricity ferroelasticity
g (1 |

single domain é
HEH g0, Qod 3

superparamagnetic  superparaelectric superparaelastic

a8 Dea c

D8 88 Q0

paramagnetic paraslectric paraelastic

2 Sl IR ‘

Fig. 9 Changes in the domain configurations of ferroics as a function
of size. Reprinted by permission from ref. 122
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published on magnetic. ferroelectric and ferroelastic nanocom-
posites'*2*3 and the readers are advised to refer to these for
more details.

Among the electroceramic nanocomposites. the magnetic
nanocomposites consisting of small particles or ultrathin films
have been investigated extensively. The use of nanoparticles in
magnetic recording media can lead to smaller storage units
where the information is stored at a higher density.'* Nano-
particles are also used in ferrofiuids where the size of the crys-
tallites is small enough to prevent settling in the fluid.
Ferrofluids can be construed as solid-fluid nanocomposites
and they have applications in non-contaminating seals. loud-
speakers. ink-jet printers, levitation systems for separating
materials of different density, vibration dampers. engines for
converting low-grade heat to usable energy and devices to
measure very small inclination angles.’**'** -!2% A novel fabri-
cation of a Co-Cr nanocomposite by r.f. sputtering has led to
very-high storage density with the perpendicular recording
technique.'**-'3° Another innovative example is the processing
of a 1-3 nanocomposite for uniform. high-density magnetic
components.' *” In this work. an aluminium alloy substrate is
first oxidized to achieve a regular network of honeycomb cells
on the surface. The columnar pores which are formed during
the oxidation are etched and then back-filled with iron to
create a high density of magnetic elements with practical
values for the coercive force.!22-133

24.1 Ferroelectric Nanocomposites

These nanocomposites have not yet been explored to a signifi-
cant extent because research is concentrated on microcompos-
ites. which have been found to be extremely useful as pressure
transducers, vibration dampers and transducers. The need for
optical transparency or low driving voltages may lead to the
development of ferroelectric nanocomposites in the future.'?*
A solid 0-3 ferroelectric nanocomposite has been prepared
recently using ultrafine (ca. 20 nm) PbTiO, powders dispersed
in a polymeric matrix. This type of composite may be useful
in optical applications. Single-phase relaxor ferroelectrics exhi-
bit compositional and order-disorder inhomogeneities on a
nanometre scale.'?2 '3 These single phases on a macroscopic
scale can be construed as ‘nanocomposites’ if the definition of
the nanocomposite term can be extended to include materials
which show inhomogeneities in structure, composition or
properties on a nanoscale. For exampie, the A(B| ,. B} ,)O,
and A(B; .. By ;)JO; perovskites have been found to display
microdomains (ca. 2-3 nm in size) of 1:1 ordering on the B
sublattice dispersed in a disordered matrix.'3*~'3¢ Other types
of ferroelectric nanocomposites can be prepared by mixing
two or more nanophases. By mixing nanoparticies of a ferro-
electric in an organic liquid, one can design ferroelectric fluids
which are analogous to ferromagnetic fluids discussed above.
A ferromagnetic fluid prepared from ultrafine BaTiO; par-
ticles and an organic carrier liquid showed a maximum in the
dielectric constant at the tetragonal-cubic phase transition of
the perovskite phase.'*?!*” By dispersing 10 nm particles of
BaTiO; in a mixture of heptane and oleic acid, Bachman and
Barner'?® have shown that the nanoparticles show permanent
polar moments. These types of ferroelectric fluids may be use-
ful as an aiternative to liquid crystals in display panels.'**
Future research in the ferroelectric nanocomposites may lead
to applications in optical devices.

2.4.2 Superconducting Ferroelectric Nanocomposites

Thin-film heterostructures of Bi Ti,0,, Bi,Sr;CuOs., have
been grown on single crystals of SrTiO,. LaAlO, and
MgAl,O, by pulsed-laser deposition.'® These films have been
found to be ferroelectric and the thickness of the layers can be
in the nanometre range if so desired. These thin films look
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promising for use as novel, lattice-matched. epitaxial ferroelec-
tric film electrode heterostructures in non-volatile memory
applications.

2.4.3 Dielectric Nunocomposites

There is a need for substrates with very low relative permit-
tivity (< 3) 1n very-farge-scale integration (VLSI) devices so
that acceptabie limits of cross-talk. signal-line impedance and
transmission delay are maintained."*® Ceramic-polymer
nanocomposites using fumed silica and polydimeths lsiloxane
have been fabricated to achieve low relative permittisuty sub-
strates."*! Clay-organic nanocomposites are also proposed as
low-permittivity substrates (see above). Future studies in this
area can try to take advantage of highly microporous. hadro-
phobic zeolites mixed in an organic or norganic matnx to
achieve veryv-low-permittivity substrates for electronte
packaging.

244 Conducting-Semiconducting-insulating Nunocomposites
Nanocomposites in the form of superlattice structures have
been fabricated with metallic.'** semiconductor.'** and cer-
amic'** materials for semiconductor-based devices.'** The
material is abruptly modulated with respect to composition
and or structure. Semiconductor superlattice devices are usu-
ally multiple quantum structures. in which nanometre-scale
layers of a lower bandgap material such as GaAs are sand-
wiched between layers of a larger bandgap material such as
GaAlAs."** Quantum effects such as enhanced carrier mobility
(two-dimensional electron gas) and bound states in the optical
absorption spectrum. and aon-linear optical effects. such as
intensity-dependent refractive indices. have been observed in
nanomodulated semiconductor multiple quantum wells.'*®
Examples of devices based on these structures include fast
optical switches, high-clectron-mobility transistors. and quan-
tum-well lasers.!4® Room-temperature electrochemical depos-
ition of nanomodulated (5-10 nm) ceramic superlattice thin
films of T1,Pb,O, T1,Pb, O has been reported recently.'*® The
electrochemical method offers several advantages over vapour
deposition methods such as molecular-beam epitaxy for
depositing nanomodulated materials with nearly square-wase
modulation of composition and structure, because the low
processing temperatures minimize interdiffusion.'*® These
structures are hoped to show quantum electronic. optical or
optoelectronic effects as the modulation wavelength
approaches the electron mean path.!**

Other methods such as sputtering. electrodeposition and
chemical techniques'*™~'%3 have also been used to prepare
nanocomposites. Nanocomposites of Mo in Al matrix were
prepared by sputtering techniques. Nanoscale particles of Mo
were first produced by high-pressure sputtering at
> 100 mTorr in a thermal gradient and then they were embed-
ded in an Al matrix by normal sputtering.'*® A new class of
diamond-like nanocomposite materials was synthesized.'*"
consisting of Si—O and transition-metaf networks imbedded
in a diamond-like C matrix. In metal-containing nanocom-
posites. the conductivity can be varied continuously over 18
orders of magnitude by varying the concentration of metal
atoms. Conductivities as high as 104Scm ™' have been
achieved with W-containing films.'** Clusters of metallic silver
have been formed by electrodeposition within the surface of
an oxide glass which was subjected to a silver-ion exchange
process.'*® The clusters have a fractal structure and the fractal
growth within the glass results in the formation of a glass-
metal nanocomposite with particle diameter of ca. 12nm. A
new approach in nanocomposite synthesis has been developed
and it involves rapid condensation of metallic and non-
metallic species produced by laser-induced reactions.'*! These
composite surface layers form by codeposition of fine amorph-
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ous silica fibres of 25-120 nm diameter and a metal matrix
where the fibres exist in the form of a random-weave structure.
A chemical technique has been used to produce metal-poly-
mer nanocomposites.'*? In this method. polytvinylpyridine)s
were heated with copper formate in MeOH to 125 C and the
resuiting thermal decomposition of the complex initiated a
redox reaction which reduced the Cu® ~ 1o Cu metal and oxid-
ized the formate to CO. and H,. leading to solid Cu-polymer
nanocomposites containing up 10 23 wt.®s Cu. A review article
by Hirai and Sasaki'*? deals with the in situ preparation
methods such as chemical vapour deposition for different
nanocomposites.

2.5 Structural Ceramic Nanocomposites

Glass ceramics. which are well known materials constitute a
type of ceramic nanocomposite with nanocrystals being
embedded in the glassy phase. These will not be treated here.
However. one recent breakthrough in glass ceramics is worth
mentioning.'>* Albite glass. which has been thought to be
impossible to crystallize. has been crystallized by seeding both
gels and glasses with fine albite seeds. i.e. the nanocomposite
approach.'>* Recently. Niihara and his colleagues!*s-!™
developed ceramic nanocomposites from oxide-non-oxide
and non-oxide-non-oxide mixtures and they have classified
these into four categories: (a) intragranular, (b) intergranular,
(c) both intra- and inter-granular and (d) nano:nanocom-
posites (Fig. 10). In the intra- and inter-granular nanocom-
posites. the nano-size particles are dispersed mainly within the
matrix grains or at the grain boundaries of the matrix, respect-
ively (Fig. 10). The intragranular and intergranular nanocom-
posites or their combination showed tremendous improvement
in mechanical properties such as hardness, strength and creep
and fatigue fracture resistances even at high temperatures com-
pared to those of monophasic and microcomposites. The
nano.nanocomposites were found to offer advantages in
machinability and superplasticity.!™ Ceramic nanocom-
posites can be fabricated by chemical vapour depos-
ition,'”*-1""  pressureless sintering, HIPing and hot
pressing.'3*~'"3 The fabrication process of oxide-based nano-

intra-type inter-type

intra/inter-type  nano/nano-type

Flg. 10 Schematic illustration of ceramic nanocomposites. Reprinted
by permission from ref. 173
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composites is shown in Fig. 11. Niihara and co-workers suc-
ceeded in prepanng numerous ceramic nanocomposites such
as Al;0; SiC. Al;O; SiyN,. AL O, TiC. mullite SiC. B,C SiC.
B,C TiB,. SiC amorphous SiC. Si,N, SiC and others. Table 4
shows the significant improvements in mechanical properties
which can be achieved by the nanocomposite route for various
compositional systems.!”® The improvement in mechanical
properties is attributed 10 the nano-size dispersions.' ™
Niihara and Nakahira'™ have also made hybrid composites
with nanocomposites and microcomposites and found signifi-
cant improvements in not only toughness but also strength.
Low-temperature methods have been used to fabricate
ceramic nanocomposites. in addition to the above solid-state
method. A gel-based method has been used to prepare
SiC Al,O; nanocomposites. which also exhibited enhanced
mechanical properties,'! ® A novel epitaxial growth of nickelti
hydroxide on layer silicate followed by sintering led to metal -
ceramic nanocomposites.'™® A proprietary. apparentls low-
temperature process. has been used to produce synthetic opal
which is 2 nanocomposite of amorphous silica and crystalline
zirconia. ' The synthetic opal invented by Gilson. is commer-
cially availab'e from Nakazumi Chemicals.'®' Unlike natural
opal. synthetic opal revealed the presence of separate crystal-
line ZrO; balls that were nearly spherical and ranged in diam-
eter 7-50 nm among the 200 nm non-crystalline SiO. balls.
The ZrO, balls were arranged in basically two patterns: hexag-
onal rings and nearly square grids {Fig. 12(al®]. This nano-
composite also showed significantly higher fracture toughness
compared to the monophasic nz.aral opal.'®® The above stud-
ies demonstrate that the nanocomposites are clearly superior
to the monophasic or microcomposite alternatives in ceramic
processing.

3. Semmary and Conclusions

The nanocomposite approach in sol-gel. catalytic. optical.
sensor, electroceramic and structural ceramic materials is now
wel) established. Sol-gel nanocomposites have been shown o0
lower crystallization temperatures and enhance densification
of ceramic materials. in general. Tailoring of nanocomposites

A0, MgO [~ SlyN,
(rtype) (Bype)  (artype)
0.3um) (0.1pm) (<0.3um) (0.3 m)

|

mixing
(oal-milling in ethanol)
hot-pressed in N st 30 MPa
(18001800 °C for AlOy/SIC)

(1600 °C for AlgOy'SisN,)
{1700-1800 °C for MgO/SiC)

l

circular disks
(50 x 5 mm)

l

micro- & nano-structure
mechanical tests

Fig. 11 The fabrication process of nanocomposites. Reprinted by
permission from ref. {73
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, . Table 4 Improvement of mechanical properties observed for the ceramic nanocomposites. |Reprinted by permission from ref. 173)

%‘ composite system toughness MPam' ° strength MPa max. operating temperature® C
AlL,O,-SiC 1548 3501520 8300 — 1200
ALLO,-S1,N, 1347 3508350 800 — 1300
MgO-SiC 1.2 =43 30-700 600 — 1400
S1,N,-SiC 4573 830 = 13550 1200 — 1400

* Maximum operating temperature at the high loads.
8 g

89-0446. [ thank Professor Rustum Roy for his valuable com-
ments on the manuscript.
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SOLUTION-SOL-GEL
TECHNOLOGY AND SCIENCE:
PAST, PRESENT, AND FUTURE

RUSTUM ROY

INTRODUCTION

My colleague at Penn State, the social historian, Professor [van lllich, wrote last
year that “the present is the future of the past,” and it is the only future worth
studying and knowable for sure. My curve describing the progress of scientific
knowledge (Fig. 91.1) tells us why we cannot expect to be able to predict what
will be happening in solution-sol-gel (SSG) research with any degree of
assurance for more than a few years. The serendipitous step functions obviously
cannot be predicted. Yet they can have a profound effect on the conduct of
science. Think of the hundreds of ceramists working today on superconductors
and the dozens who have abandoned cold fusion. The difference is obviously not
connected with the intrinsic need to know the answer to a burning scientific
question, nor to the technological pull, not to the societal need. A $100 million
government program decided the “future” of ceramic superconductor research
activity. Had a $50 million program in cold fusion been started, there would no
doubt be a thousand more scientists doing something or other in cold fusion.
Conferences would proliferate, papers would be written by the hundreds, very
few would ever be read, and even fewer cited. Sic transit gloria scientiae.

Chemical Processing of Advanced Matevials,
Edited by Larry L. Hench and Jon K. West.
ISBN 0-471-54201-6 > 1992 John Wiley and Sons. Inc.
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Figure 91.1. New materials synthesis often consists of two steps: (1) A chance observation by an
experienced observer; (1a) after a postdiscovery frenetic phase, there is (2) the rational “engincering”
optimization phase. The advances in desired property achieved by phase 2 are often as large as the
advance in phase [1].

I begin with this particular observation because I believe the future may hold
a very different method of funding science from the past. The fact is that
somewhere between 50 and 90% of the research on soi-gel science would
probably not have been done except that the money was there. The self-test is
simple. If you had been given the same amount of money before you ever started
SSG research and told to do whatever you please, would you have started in
SSG? The future may hold a time when we will see a higher percentage of idca-
pulled science by the relatively small number of those who have such ideas. The
future will also no doubt hold more technological target-driven science, in which
the optimization and detailed backup are studied and done in areas where there
is a national need (Fig. 91.1).

Figures 91.2 and 91.3 provide a different approach to predicting the future.
The two figures plot the numberst of papers listed in Chemical Abstracts as s
function of time under two sets of key words: quasicrystals and sol-gel. In spite
of the rosy rhetoric with which Nature's editor announced the first papers on
quasicrystals, no technological value whatsoever has been found for this
curiosity—as expected, as I pointed out at that time. Yet the numbers of papers
skyrocketed for 2-3 years but now have peaked and have started to decline. One
can predict that the numbers will trail off soon roughly symmetrically. The $SG
processing led to many valuable products: window coatings, nuclear fuel pellets,
ceramic fibers, abrasive grains, and so on, before the steep rise in papers, indecd
15-30 years ago. During that period the numbers of papers on SSG were very

t1 am fully aware of the limitations of these crude measures due 0 the key words chosen, of not, 1n
the title. Indeed my original first SSG review, J. Am. Ceram. Soc. (1956), which is the first tatiwa
clussic in all of ceramics and the first in that Journal, would not have been picked up by this seanch.
The data, however, are quite appropriate for the present purposes.
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modest. Indeed I recall that after 1948 when we presented papers on “solution-
ceramics” and sol-gel preparation of ceramic powders and glasses, virtually no
other groups worked in the field for 10- 15 years. The recent activity in SSG has
paralleled the development of some rather modest new technologies such as
silica optics, transparent aerogels, and so on. But these will not likely be
justification enough to sustain a continued large basic science effort much
longer. The past history of SSG itself compared to the recent history of other
processing discoveries such as Lanxide’s directed oxidation process prove that
technological opportunity is not what drives academic and government
scientific research. In the latter field of the most innovative high-tech structural
composites one corporation has filed over 2500 patents in 5 years (over 500 have
issued, 100 in the United States), announcing its results in dozens of papers, and
new products appear regularly. Yet less than 5 papers appear to have been
written by scientists outside the company in S years. Comparisons of the
superconductors, diamond films, and Lanxide inventions have been presented
elsewhere [2]. So much for innovation driving scientists.

WHAT THE PAST CAN TEACH US

In spite of my theory that step function advances in the discovery of new
materials happen largely by chance events, we also recognize that in new
processes, the innovation is done quite deliberately. Examples abound in
ceramics research: Glass-ceramics at Corning, although advanced by the double
accident in Stookey’s laboratoryt, was very much a targeted effort. So also was
float glass at Pilkington. Likewise, in July 1948, I was very clearly focused on
making homogeneous reactive ceramic powders and homogeneous glasses
starting with all the components in solution. The use of organic precursors—
some of which I had to make—was simply the only way to mix all components
in solution. Compositionally we started with simple systems: Al,0,, Ga,0,,
and Al,0,-SiO, (and are still doing work in this system), but in the next 5 years
we moved in the direction of making homogeneous gels of four- and five-
component systems and involving a very wide range of oxides. The titanates and
niobates did not present difficuities, but the alkali ions did. Gels corresponding
to synthetic micas and beidelliteclays such as KNi;GaSi;O,4(OH), or
Na,AlLAlLSi,-,0,0(OH);-nH,O pose a real challenge for retaining
homogeneity on a nanoscale. The solutions we arrived at in those early days
were effective, albeit primitive, but they were adequate for the task.

The future of SSG in general will, I am sure, as it has already started to do in
the superconductors and ferroelectrics, move in the direction of dealing with
complexification toward multicomponent systems. Whenever the gels arc
heated to temperatures greater than = 1000°C, it has not been established that
greater sophistication in processing at the precursor level offers much benefit.

1The furnace controller malfunctioned, but the glass body did not meit. Then on pulling the sampie
out it dropped on the floor and did not break —indicating its remarkable strength.
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THE PRESENT

The fine review article by Don Ulrich is really an admirable snapshot {3], while
the Brinker and Scherer book Sol-Gel Science is a veritable album [4] of the
present (1990) state of play. [ admire it for its scope and thoroughness especiaily
with reference to the science of SSG. Perhaps the state of play in the present
overall SSG research is most evident in the book in the ratio of pages devoted to
“science” (835 pages) and its “applications” (31 pages). Moreover, what is most
significant is that a closer examination of the application chapter shows that in
most cases the application had preceded the science and that hardly any
connections could be made, even retrospectively, between the two. In other
words, the two-tree theory of S&T (Shapley and Roy [5]) is alive and well in
SSG. We have two independently developing fields: SSG technology and SSG
science. The former will no doubt use bits and pieces of the enormous body of
science that had been generated and are available to all, but they are probably of
marginal significance to technological advances on the horizon or further in the
future.

However, in order to be able usefully to extrapolate into the future, one needs
to examine the early hints in the present and to make a judgment as to which will
produce significant science or technology. [ have selected a few areas of research
I believe will yield significant new technology and derivatively new science.

Maximum Heterogeneity via SSG: Nanocomposites

In 1982-1983 I presented four papers [6-9] outlining the rationale behind my
reversal of the original and still universal goal of SSG processing—making
homogeneous ceramics. I do not believe that the significance of the idea of
maximizing heterogeneity has been understood or appreciated by many in the
community. First, of course, SSG is valuable in attaining this goal because as we
are dealing with charged colloids it becomes possible to mix very easily and
efficiently two sols, so that one gets nominally perfect mixing of two different
phases in the Gibbsian meaning— hence “diphasic gels of maximum heterogene-
ity.” Moreover as Fig. 91.4 shows, one can have heterogeneity of structure and of
composition or of both.

These di-, or more generally, multiphasic gels are really a whole new class of
materials of controllable reactivity. We have demonstrated beyond any doubt the
following remarkable properties of these materials and in some cases of these
materials alone.

1. The phase to be formed by heat treatment can be completely controlled by
the use of the proper second phase. Vilmin, Komarneni, and Roy [10]
could form either huttonite or thorite (10%; less dense) from ThSiO just by
changing 1% of the second phase (example of Fig. 91.4¢c).

2. Reaction temperatures can be lowered by as much as 250-350°C due to
the compositional heterogeneity (Fig. 91.4b) or solid-state epitaxy (Fig.
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Figure 91.4. Different types of maximum heterogeneity accessed via SSG.

91.4¢c) due to structural heterogeneity. Thus we showed that mullite and
later cordierite could be formed at the lowest temperatures and greatest
speeds by using the heterogeneity strategy. This is hardly an academic
exercise, although we have again found very few science papers on
compositional heterogeneity. Yet the Chichibu Cement Company in Japan
is making compositionally diphasic mullite powders for the ceramic
industry in the amounts of some 6 tons/month. Crystallographic seeding
of gels (structural heterogeneity), which we had used with very mixed
success at low temperatures in the early 1950s, has caught on in industry
and to some extent in academia [11-13].

3. Proper use of heterogeneity as in Fig. 91.4d can also be used to control the
morphology of crystals.

4. Properties of nanocomposites can be created outside the range of
properties of the end members.

Thus my first generalization for the near-term future is that the exploitation
of gel-derived nanocomposites is likely to increase substantially. Moreover, it is
very likely that the applications for such SSG-derived nanocomposites are much
more likely to be in magnetic, optical, or “chemical,” not “structural” appli-
cations. Thus Komarneni et al. [15] have created new nanocomposite desiccants
with optimized thermodynamic efficiency.

(Epitaxial) Thin Films for Electroceramics

As a direct consequence of Fig. 91.4c it has become possible to grow highly
oriented (nearly single-crystal) films of a wide variety of electroceramic com-
positions including the ferroelectrics and superconductors (e.g., at the University
of lllinois, Westinghouse, and Penn State). In a review by Roy, Etzold, and
Cuomo [14] these SSG-derived crystalline films have been compared with films
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made by CVD. PVD, and laser ablation techniques and found to be equal or
superior to the others. This is an area that is certain to be studied more
extensively in the near future.

Microwave Processing of Ceramics

When Yang, Komarneni, and Roy [16] discovered the anomalous heating and
melting of ordinary white ceramics in a home microwave oven, it was in a gel, as
was also true of the Oak Ridge work on UQ, [17]. Microwave processing of
ceramics in general appears to be on a fast track. However, the role of the gel as
a key clement. especially in ceramic joining and welding (16), is not fully
appreciated. Varadan (17) analyzed the absorption process and attributed the
intense absorption to the size and concentration of the phase discontinuities
inherent in the gel structure.

Complexification of Compositions:
Addition of Organics in Final Products

It was noted above that inevitably there will be a drift away from the
simplification of Al;O, and SiQ,, and there will be extensive exploration of
more complex inorganic compositions.

In the next phase one can also expect that useful organic—inorganic hybrid
materials will be created. Hints of this appear in the work of Shimada [18] who
encapsulated luminescent materials such as rhodamine B in clays and showed
an order-of-magnitude increase in the luminescence under ultraviolet stimula-
tion and an increase in thermal stability.

Crystal Growth in Gels is Not Biomimesis

For nearly 100 years the phenomenon of precipitation of inorganic phases in
organic (and inorganic) gels has been studied intensively. The Liesegang
phenomenon of rhythmic precipitation has not yet been explained fully even in
the post-Prigogine era. In the 1950s and 1960s we had an extensive research
program in the field, and much of the results were summarized by Henisch [19]
and McCauley and Roy [20]. Much later, Hoffman, Roy, and Roy [21] applied
these principles to create one set of nanocomposites precipitating extremely
small ( ~ 1-nm) size crystals of BaSO,, CrPO,, AgCl, and Cds. in SiO, gels. [t is
an example of totally unscientific exaggeration to claim that the identical
process applied to the precipitation of CdS in an organic gel [22,23] (without
any reference to the extensive earlier work of crystal growth in gels) is in some
unspecified way connected to biomimesis, to which we now turn. I do not see
much crystal growth in gels in the future.
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‘Biomimesis’’ (or Just Plain Hype-Mimaesis)

Materials scientists have recently been subjected to a new onslaught of media
stories and symposia on what I will call “biomimetic synthesis.” This term and
others used to cover this amorphous field trade on the vague idea that one can
use either biological processes or biological structures as patterns for the
creation of new families of materials. Unfortunately agencies and managers even
a little distance removed from the field get caught up in the “excitement” of the
supposedly new concept: imitate nature and life and create startling new
materials. The idea unfortunately is neither new nor, so far, successful.

The idea is at least 20 years old, and its great future may be largely behind us.
Indeed, the study of natural “hard tissue” in animals can hardly be new. After all,
human bones and teeth are of major interest to us all, and the detailed chemistry,
macrostructure, and microstructure of all such animal tissues have been studied
so as to produce volumes, that fill shelves. [n the technological world it has
proved much easier to use substitutes for human hard tissue than to mimic them.
The real biomaterials range from gold and sapphire in teeth to titanium and
glassy carbon in bone prostheses. Here one mimics only the shape nature gave
us. The interesting detailed structure of, say, tooth enamel, with its very slender
fibrils of hydroxyapatite embedded in collagen, has been known for decades but
has not led us to any insights on mimicking the process of growing teeth in vivo
or in vitro—that would indeed be biomimesis. In fact, the process leading to egg
shells probably is better understood than any other.

Our own work in the area of biomimetic materials was first reported in 1969,
We were trying to understand a much stronger biological hard tissue—sea
urchin spines (see Weber et al. [24,25]). Weber was intrigued by the different
microstructures of sea urchins and corals that aithough he could not swim, he
scoured the South Sea Islands for different species in his scuba gear at depths up
to 20m. Qut of this came our own successful effort at genuine biomimesis.

Excellent starting points for studying the biological structures and their value
to materials science may be found in the reviews by Currey [26] and Birchall
[27] and Birchall and Thomas [28]. What is to be noted from this work is that
we do know and have known for a long time about the microstructure and
micromechanics of biological materials. Furthermore, even these leaders of the
field have not been able to use either the process or the material as a template to
make any materials. Indeed, Birchall’s brilliant analysis of the strength of the
cuttiefish bone has not provided utilizable guidance yet to designers of
structural ceramics. Yet Birchall correctly states that biomineralization has a lot
to teach us in the realm of ideas.

Some 15 years before the major Currey and Birchall reviews, Weber, White,
and Roy [24, 25] had found that the microstructure of the hard tissue of different
species of corals, sea urchins, consisted of an intriguing 3 : 3 composite structure
(see Newnham [29] for composite terminology) with intergrown polymeric
proteins and CaCO; cither as single-crystal calcite or polycrystalline aragonite.
Moreover, different coral microstructures were very different, and some matched
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human bone rather closely. White, Weber, and White [25] then developed what
was called the “replamine form™ process: the dissolution of either the inorganic
or the organic fraction of the 3 : 3 composite and replacement with a wide variety
of ccramics, metals. and so on. In a final step of double biomimesis, D. M. Roy
[30] took the mimetic microstructure of Porites coral—aragonite with the
polymer leached out—and imitated the composition of human bone by in situ
hydrothermal transformation of aragonite to hydroxyapatite. This stellar
example (the only one known to us) of a biomimetic material is commercially
manufactured by Interpore International, still based on corals imported from
the South Sea [slands. A nonbiomimetic example of the formation of a
microstructure that resembled that of a mollusc shell appeared unexpectedly
recently [31] on the precipitation of vaterite from viscous organic solutions. The
visual observations and SEM photos of the assemblage of CaCO,-vaterite
crystals did in fact resemble many natural shells. This obviously had nothing
whatever to do with biomimesis; moreover, we did not feel we had established
even a crystallographic relationship between the hydroxy-ethyl-cellulose and
the CaCO,, although its concentration clearly affected the morphology.

An Emerging New Material Family: Aerogels

In contrast to some of the sections above in which no real “new material” is
involved stands the recent work on aerogels. Although the discovery goes back
to Kistler in 1931 [32], it was the recent demand for thermal insulation use and
the use of CO,-supercritical method (see Tewari [33]) that helped reopen this
field.

Thus, the study of acrogels, in contrast to other subfields of SSG, is likely to
become significant. [Fricke (Chapter 1) has a detailed review in these
proceedings.]

From Future to Present

In summary, in the very near term we shall see a change in the accountability
demanded of publicly funded science. The questions that will be (and, in my
opinion, should have been) asked about sol-gel research should include:

How does this science contribute to the national well-being? (This does not
imply that all such science should directly do so, but it requires that we
think, with data and analysis, about such issues.)

What evidence is there that the author has read the literature?

Can one convince a body of normally skeptical peers that there is a new idea
behind the proposed research?

If the work was totally successful, what would result besides some papers?

In the light of these observations, all SSG researchers should be open to new
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ideas. They should then follow through on these ideas and perhaps a new step
function increase in innovation will occur in SSG.
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Crystallization of Anorthite-Seeded Albite Glass by Solid-State Epitaxy

Chunling Liu,” Sridhar Komarneni."* and Rustum Roy*

Marerials Rescarch Laboratory. The Pennsyivania State University. University Park. Pennsyivania 16802

stoichiometric albite glass (NaAlSi, O,) was seeded with §
wt% crystalline anorthite | CaAlSi.0,) to make albite glass-
ceramics. The epitaxial crystallization of the albite glass to
the glass-ceramics was investigated by X-ray diffraction
(XRD), scanning electron microscopy (SEM), and energy

i ve spectrometry (EDS). High aibite was observed as
the major crystallization product over the temperature
range of 800-1200°C. No crystalline albite could be crystal-
lized from pure albite glass without seeds. Small amounts of
sepheline (NaAISiO,). however, crystallized along with
sibite after heat treatments at temperatures lower than
1000°C. The platelike microstructure of albite crystals was
revealed in the seeded glasses. The albite blades grew epi-
taxially from the anorthite seeds, and the Ca content
decreased in the direction away from the seeds. The degree
of crystallization and the grain size were dependeat upon
the heat treatment conditions. By increasing the particle
size of the seed, the crystallization process was retarded and
the resultant microstructure was degraded. The seeding
efciency was also lowered by adding noaisostructural hex-
agenal anorthite seeds which produced less albite but more
sepheline crystals. Crystallization of albite giass by seeding
with 5 wt% amorthite is much greater than with the surface
aucleation which takes place in a homogeneous 95 wt%
sibite + 5 wt% anorthite glass.

1. Introduction

Aurrz glass is extremely difficult to crystallize, and
compositions which form albite are naturally avoided in
making glass-ceramics.' Yet the high stability of albite glass
may result from its structure. Because albite glass is a sodium
aluminosilicate glass (NaAlSi,0,) with equal content of Al,O,
and Na,O, the sodium only charge compensates aluminate tet-
rahedra and no nonbridging oxygen exists theoretically. Thus
the activation energy for electrical conductivity reaches a mini-
mum and the viscosity a maximum.’ Taylor and Brown’ found
that the experimental radial distribution function of NaAlSi,O,
glass was inconsistent with the four-membered rings of tetrahe-
dra associated with crystalline albite, but was, instead, consis-
tent with interconnected six-membered rings. This structural
difference between glass and crystalline phase helped explain
the slow crystallization kinetics of albite glass. Schairer and
Bowen’ could not crystallize albite giass at res 100°C
below the melting point, but they obtained 1% albite crystals
within a few hours after an “acclimating™ treatment involving
cooling, crushing. and reheating for several months. They
believed that during the acclimation treatment, the glass struc-
ture is more closely related to the strucutre of crystalline albite.
Uhimann er al. published several studies®’ on the viscosity and
crystallization of glasses containing albite and anorthite. They
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suggested that albite glass is a random network of SiO, and
AlQ, tetrahedra. that crystallization takes place by a surtace
nucleation mechanism. and that the growth rate is decreased by
increasing albite content.

In the latter stage of formation of a glass-ceramic. epitaxial
growth from nucleating agents occurs and is supported by the
fact that the lattice spacing of growing crystals is simular to that
of nucleants.' The first direct proof of epitaxial growth in glass-
ceramics was obtained in a modified Li,0-Al,0.-SiO. glass
containing P.O, nucleating agent." Since 1982. this laboratory
has developed a new concept of using solid-state epitaxy to
make a variety of nanocomposite materials.” It has been shown
that seeding can lower the crystallization temperature. modify
the microstructure. and enhance densification in gels and
glasses.'™"* The most recent work'* in our laboratory succeeded
in further crystallizing albite glass epitaxially by adding 5 wi%
of very fine albite crystals. while no crystalline albite was
obtained in unseeded and ZrO,-seeded glasses. This implies
that by solid-state epitaxy, many highly stable glasses like
albite can be reconsidered as starting materials for glass-ceram-
ics. This study is a followup of the above investigation and
focuses on the effects of crystalline anorthite on crystallization
of albite glass. There are at least four reasons for choosing anor-
thite as a seed: (1) anorthite and albite have similar crystalline
structures and they form complete solid solutions in the whole
compositional region at high temperatures. " though subsequent
exsolution can occur in the subsolidus region:'’
(2) amorphous anorthite crystallizes much faster than albite:
(3) fine anorthite seed can be made more easily. and t4) by
using a seed which has a composition different from the matnix.
the seeding effect can be studied in more detail by EDS. Since
crystallization in albite—anorthite glasses takes place via a sur-
face nucleation mechanism.® a glass with 95 wt% albite and
5 wt% anorthite (AbysAns) was also studied to distinguish this
effect from epitaxial growth.
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Fig. 1. Powder XRD of albite glass seeded with fine. tn-
clinic anorthite and crysailized at 950°C for vanous holding imes.
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Fig. 2. Quantitative XRD analysis of albite glass seeded with fine.
triclinic anorthite and heated for various times at different tempera-
tures: (A) 950° and (B) 850°C.

I1. Experimental Procedure

The Prepantion of albite glass was described in our previous
study."” Abs,An, glass was prepared by mixing 95 wt% albite
glass and S wt% anorthite glass with an agate mortar and pestle.
The mixture was melted in a platinum crucible at 1550°C for
12 h followed by quenching into cold water, and the resultant
glass was ground and sieved to obtain 325 mesh. Fine hexa-
gonal anorthite seed (<2 pwm) was made hydrothermally by
heating a mixture of | g of anorthite glass and 8 mL of water in
2 25-mL Pasr bomb (Parr Instrument Co., Moline, IL) at 245°C
for | day. The hexagonal phase was transformed to the stable
triclinic phase without significant coarsening by heating at
850°C for | day. The triclinic powder was then dispersed in
alcohol under ultrasonic vibration for several hours until an
agglomerate-free suspension was obtained. Coarse triclinic
anorthite seeds were obtained by a sol—gel route as follows: tet-
racthyl orthosilicate, aluminum nitrate nonahydrate, and cal-
cium nitrate (molar ratio 2:2: 1) were mixed completely and
gelled slowly in an oven at 60°C, and then fired at 700°C to
form a xerogel. The xerogel was then heated at 1350°C to
achieve the highest crystallization rate® which led to large crys-
tals. The crystals were powdered and sieved 10 <200 mesh but
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Fig. 3. Degree of crysiallization in albite glass samples seeded with
four differem phases as a function of heating tempersture: (a) fine, tri.
clinic anorthite: (b) anorthite xerogel: (c) fine. hexagonal anorthite;
and (d) coarse. tnclinic anorthite.
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Fig. 4. XRD patterns of albite glass seeded with triclinic anorthite
seeds of different sizes: (a) coarse and (b) fine. and hear-treated at
950°C for 8 h.

>325 mesh. The hexagonal anorthite and xeroget were also
used directly to study the effect of phase transformation of
seeds on the epitaxial growth.

The seeded powders were prepared by mixing the glass pow-
ders with 5 wt% seeds in alcohol for several hours using an
agate mortar and pestle. The seeded and unseeded glass
powders were dry-pressed at 5000 kg to form 0.5- and
0.75-in.-diameter disk samples. To determine the crystalliza-
tion behavior, a portion of each sample was ground for X-ray
diffraction analysis (XRD) and quantitative XRD measure-
ment. For quantitative determination, a-Al.O, was used as an
internal standard. A 0.4-g sample was mixed with an equal
amount of the internal standard and used to fill a I-cm* cavity of
a glass slide. A part of the sintered pellet was polished t0 0.5
im with diamond paste and then etched in 2 voi% hydrofluoric
acid prior to SEM and EDS analyses. In most cases, the sample
was carbon coated, but gold coating was also used for obtaining
better SEM pictures.

III. Resuits and Discussion

(1) Cryssailization Characteristics

The albite glass mixed with 5§ wt% fine, triclinic anorthite
seed and the unseeded albite glass were heated at 850° and
950°C for various periods to study the crystallization kinetics-
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Fig. 5. Powder XRD pattems of albite glass sceded with (2) he:o'!c’
onal anorthite and (b) fine, triclinic anorthite. and crystallized at 81
for 4 days.
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fg. 6. A center crystalline region of albite glass seeded with heu'g-
onal anorthite and partially crystallized at 850°C for 4 days: (A) SEM
micrograph and (B) EDS plot.

Figure | shows the powder XRD patterns of the seeded samples
afer holding for different times at 950°C. The principal crystai-
line phase in these patterns is albite which may have incorpo-
rated some Ca from the seed forming an albite-anorthite solid
solution. The composition of the solid solution, however, could
a0t be determined by XRD. Small peaks of nepheline began to
appear in the diffraction patterns after | to 2 days of heating.
Figure 2 shows the results of quantitative XRD measurement of
the amount of crystalline albite formed in these seeded samples.
The relative intensity was obtained by comparing the integrated
intensity of albite (002) and (040) peaks and that of the a-Al,0,
(012) peak. At 850°C, albite crystallization started after 1 day
ad reached a plateau after 2 days. At 950°C, the albite crystal-
lization started after heating for 1 h and reached a plateau after
3. By 2 rough approximation, the activation energy Q, was
etimated by using the Arrhenius equation to be about 363
tlgggll and the preexponential constant, A,, to be 1.14 X
s.

Based on the kinetic analysis above, a time period of 4 days
¥ chosen to the effect of temperature on the crystal-
keation of albite glass seeded with different phases. As shown
aFig. 3, no crystaliization occurred below 800°C. The crystal-
&ation of albite increased to a maximum in the temperature
Rgiom of 330-1000°C, and dropped to a minimum above
HO°C. The quantitative XRD measurements are consistent

3
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Fig. 7. A crystalline region at the edge of aibite glass seeded with
hexagonal anorthite and partially crystallized at 8. for 4 days: (A)
SEM micrograph. (B) EDS of upper crystalline region near the seed.
and (C) EDS of lower region away from the seed.

with the SEM observations (see next section). There are varia-
tions in the amounts of albite crystallized around 850°C (Fig. 3)
depending upon the type of seed. Fine, triclinic seeds are the
most effective in crystallizing the albite glass. Coarse, triclinic
anorthite seeds are less effective than their fine counterparts. as
expected, because of the lower surface available in the former.
The effect of seed size on the crystallization can be seen very
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Fig. 8. SEM micrographs of albite glass seeded with fine, triclinic anorthite and reacted under different heat-treaiment conditions: (A, B) 950°C. 48

h: (C)900°C. 96 h: and (D) 1050°C. 96 h.

clearly in Fig. 4. The difference in crystallization could be
measured only by using short treatment times in the tempera-
ture region of maximum crystailization (Fig. 3) when differ-
ently sized seeds were used. Although crystallization of albite
glass occurred with all of the different types of seeds (Fig. 3).
the use of hexagonal anorthite and xerogel of anorthite led to
increased formation of nepheline compared to the other two
seeds. Figure S shows the XRD patterns of albite glass seeded
with fine triclinic or hexagonal anorthite and crystallized at
850°C for 4 days. Hexagonal anorthite led to increased crystal-
lization of nepheline compared to the triclinic phase (Fig. ...
We reported earlier'® the enhancement of nepheline crystalliza-
tion in albite glass with ZrO, seeding. Thus. it appears. nephe-
line crystallization increases with nonisostructural seeding of
albite glass.

(2) Microstructure Development

The microstructure of fine-anorthite-seeded albite glass is
similar to that of crystalline-albite-seeded glass.' It can be
described as elongated platelike crystals at the center of crystal-
line areas (Fig. 6) and needlelike small crystals near the inter-
face between the crystalline phase and the glassy matrix (Fig.
7). The elongated shape of the crystal indicates high growth
rate anisotropy. which results from the anisotropy of the surface
energy. Mineralogists describe the morphology of feldspar
crystal as habit.'” The habits of feldspars depend mainly on
crystallization temperature and to a lesser extent on chemical

environments. An additional explanation by Uhlmann'" is that
the high growth anisotropy in albite and anorthite is due to the
large entropies of fusion. He claimed that for materials with
entropies of fusion AS,,.> 4R, the most closely packed surfaces
should be smooth. the less closely packed surfaces should be
rough, and large anisotropy in the growth rate between such
orientations should be observed.

Microstructural observation of partially crystallized aibite
glass seeded with hexagonal anorthite in Fig. 6(A) reveals 0.5-
pm-thick and 3-pm-long platelike albite crystals in the center
of a crystalline region. The region appears to be close to an
anorthite seed. because high Ca content was detected by EDS
(Fig. 6(B)). It is not clear whether the Ca diffused before. dur-
ing. or after the crystallization. and whether the diffusion
helped the crystallization due to the formation of the albite-
anorthite solid solution. The epitaxial crystallization around the
anorthite seeds is so fast and the first formed al’ wte crystals are
so small that no clear image of the early-stage solid-state epi-
taxy could be obtained. However. evidence for epitaxy has been
demonstrated in anorthite-seeded albite gel'™ where the albite
fibers grew directly from the anorthite but did not contain Ca.
Figure 7(A) is an edge of the crystalline region where a small
amount of Ca was detected in the upper left region (Fig. 7(B).
whereas no detectable Ca was found tn the lower right region ot
the glassy phase (Fig. 7(C;). The upper left region apparently 1s
close to the anorthite seed whereas the lower nght region 1
away from the seed




Fig. 9. SEM micrographs of nepheline crystals in albite glass sample

seeded with hexagonal anorthite and treated at 850°C for 4 days.

In almost “fully” crystallized samples, it was difficuit to find
segregated regions with detectable Ca content. The crystals
were distributed randomly and the original seed location could
not be identified. Figure 8 shows SEM photographs of fine-tri-
clinic-anorthite-seeded samples heated for different periods
aftef heavy etching. The samples heated at 950°C for 8 to 48 h
have microstructures similar to that in Fig. 8(A). Figure 8(B)
shows the randomly oriented platelike crystals of the same area
under a lower magnification. The particle size of the crystals
remained stable up to 2 days of heating, and this is probably the
best stage to form glass-ceramics. Significant grain growth
occurred after heating for 4 days (Fig. 8(C)). The grain size and
the inter-grain glassy phase increased after heating at higher
temperatures (Fig. 8(D)).

Nepheline crystals were easily observed under SEM in the
glassy region of hexagonal anorthite-seeded albite glass heated
at 850°C for 4 days where about 10% of the phase was formed.
As shown in Fig. 9, nepheline appeared in the glassy phase as
hexagonal prisms which were not larger than S pm in all
dimensions. A similar morphology was reported in earlier stud-
ies of Na,0-Al,0,-SiO, glasses* and TiO,-catalyzed nepheline
glass-ceramics.® The EDS analysis did not show any Ca in
nepheline, aithough up to 6 wt% of CaO could be added to a
nepheline glass to form solid solution. ™ Note that in the region
where nepheline formed, little or no albite crystals could be
found. Thus nepheline cannot act as a nucleating agent for
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Fig. 10. Powder XRD patterns of Ab,,An, glass devitrified at 950°C
for various holding times.
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Fig. 11. Degree of devitrification in Ab..An, glass vs holding time:
(a) quantitative XRD analysis of sample heated at 950°C. and (b) quan-
titative XRD analysis of sample heated at 850°C.

albite. It seems that nepheline crystals formed along a certain
boundary which can be referred to as a grain boundary from the
SEM pictures.

(3) Surface Devitrification in AbyAn; Glass

Pellets of AbysAn, were heat-treated together with anorthite-
seeded and unseeded albite glasses. After heat treatment. the
edges of the AbysAn, samples were round and the surfaces were
rough with many smail holes which contained white crystals in
the translucent glassy matrix. The anorthite-seeded samples
were always opaque with sharp edges. and the unseeded albite
glass samples were translucent with round edges. Figure 10
gives XRD patterns of AbyAn, glass after heat treatment at
950°C. Compared with the patterns in Fig. 1. the two peaks
around 20 of 28° are sharper, and the peak at 28 of 24° is always
more intense than that at 26 of 22°. This may be due to the big-
ger size and different composition of the crystals in Ab..An,.
After polishing of the material at the surface, the peak intensit-
ies lowered significantly. Note in Fig. 10 there are no nepheline
peaks. Figure 11 is the quantitative XRD of the powder from
the whole sample. At 850°C, only a small number of crystals
started to form at one surface of the sample after heating for 4
days. The crystals began to form after 16 h at 950°C. A rough
approximation with the Arrhenius equation gives g, = 205
kJ/mol and A, = 1.05 x 10~*. Compared with the A, and Q,
values for epitaxial crystallization. the much higher A, (1.0 x
10* times) and lower Q, means much slower nucleation but a
faster growth rate via surface nucleation. Figure 12 shows
etched surfaces and vertical fracture cross sections of AbysAn;
glasses heated at 950°C for | and 4 days. Skeletal crystals
formed after short-time heatings (Figs. 12(A) and (B)). Big
dendritic crystal clusters and small crystal “flowers™ were
observed on the surface-sfter prolonged heating (Fig. 12(0)).
but only big clusters showed up in the cross section (Fig.
12(D)). The amounts of crystals in cross sections are not equal
to those at the surfaces, and the crystals both in etched surfaces
and in fracture cross sections are much less than those measured
with quantitative XRD using the powders containing mostly the
outerlayers of the sample. It was expected that the crystal mor-
phology could be spherulitic or fibriilar at an undercooling
greater than 100°C.* but no such crystals were found here with
an undercooling of about 190°C.

IV. Summary

Albite glasses seeded with 5 wt% anorthite were crystallized
with maximum crystallization in the temperature range of 850
1000°C. SEM studies indicated that after short-time holding at
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Fig. 12 SEM micrographs of Ab,,An,
a surface after 950°C, 96 h; and (D) a cross section after 950°C, 96 h.

low temperatures, many small crystals nucleated from the
seeds, suggesting an epitaxial growth mechanism, and ulti-
mately grew to fine elongated needlelike and platelike crystals.
Significant grain growth occurred in the sample heat-treated at
950°C for 4 days, and few but large crystals formed when the
temperature was raised over 1000°C. The crystallization behav-
ior of albite glass was affected by the nature and the size of
anorthite seeds. The maximum crystallization was reached
within 8 h at 950°C when fine seeds were used. Unlike the
apparent epitaxial crystallization in 5-wt%-anorthite-seeded
albite glass, the devitrification in AbyAn, glass was via a sur-
face nucleation mechanism. and the morphology and distribu-
tion of the crystals implied that this surface devitrification is
useless for making glass-ceramics.
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ABSTRACT

The stability of silicon oxycarbide glasses has been studied at
temperatures up to 1500°C. The silicon oxycarbide glasses were synthesized
using a sol/gel process. The pyrolysis treatment in argon influenced the
structure and composition of the synthesized glasses, and in turn, their high
temperature stability in oxidizing atmosphere. The oxycarbide glasses
pyrolyzed at 2 1000°C had lower hydrogen concentration and a more
polymerized network structure, and thereby were more resistant to oxidation
and crystallization at higher temperatures.

I. INTRODUCTION

The thermochemical and thermomechanical stability of glasses has
always been a critical issue in their high temperature applications.
Ordinarily, oxide glasses crystallize and soften at elevated temperatures.
There has been great interest in enhancing the stability of the glasses by
incorporating carbon into glass structures{1-2l, The sol/gel process has made
it practical to synthesize these glasses(3-5), Carbon offers the possibility of 4
coordinate bonds to replace the oxygen anion which is only 2 coordinate,
and this is expected to strengthen the molecular structure of the glasses.
Chil2), Zhang and Pantanol4], and Runland!®) have independently reported
that there was limited crystallization of SiO, from the oxycarbide glasses.
But these oxycarbide glasses were processed and evaluated in very different
ways. Thus, the goal of this study was to systematically examine the
relationships between processing and high temperature stability. The gels
were synthesized using an established procedure and they were pyrolyzed to
the glassy state in argon over the temperature range 800°C to 1400°C. Solid
state Magic Angle Spinning 29Si Nuclear Magnetic Resonance (MAS 29Si
NMR), 13C NMR and chemical analysis were used to characterize these
glasses. The decomposition and oxidation resistance was examined by
thermogravimetric analysis (TGA). The role of glass structure and
composition in the thermochemical stability will be discussed.




L. EXPERIMENTAL PROCEDURES

The oxycarbide glasses were synthesized by a sol/gel process(4).
Methyltrimethoxysilane was the starting material. 1 mole of MeSi(OMe);
was mixed with 4 moles of H,O in a beaker, and the pH value of the
solution was adjusted to 1 or 2 by adding 1M HCI solution. After 2 hours of
stirring, the pH value of the solution was raised to 6.5 by addition of 2M
NH4OH. The solution gelled within about 24 hours. The gels were further
dried in petri-dishes for 48 hours during which time the gels shrank by
syneresis. The solid gels were dried at 65°C to 105°C for about a week. The
dry gels were pyrolyzed to the glassy state in flowing argon at 800°C,
1000°C, 1200°C and 1400°C for 60 minutes. The oxycarbide glasses
obtained were pulverized into 100 mesh powder for solid state 29Si NMR™,
TGA** and chemical analysis***. In the TGA analysis, the oxycarbide
glasses were heated at 10°C/min up to 1500°C and held for 60 minutes. The
powders studied in the TGA were subsequently examined by x-ray
diffraction.

III. RESULTS AND DISCUSSION

The carbon and hydrogen contents of the oxycarbide glasses are
shown in Figure 1. There is a big difference in composition between the
glass heat treated at 800°C relative to those heat treated at 21000°C. The
carbon content increases from 12.5% at 800°C to 14% at 1000°C and
remains almost constant at higher temperatures. The hydrogen content
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Figure 1. The variation of the carbon and hydrogen contents of the
oxycarbide glasses with pyrolysis temperature.
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Figure 2 is the Cross Polarization !3C NMR of the glass pyrolyzed at
800°C. CP NMR depends upon the fast relaxation of H (to shorten the
spectra acquisition time) and hence is only sensitive to those carbons that
are bonded with or in the close proximity of, hydrogen. The glasses heat
treated at higher than 1000°C exhibited weak spectra and this verified their
low concentration of hydrogen. The strong signals in Figure 2 indicate that
there is a large amount of elemental carbon and =SiCHj; in the structure of
the oxycarbide glass pyrolyzed at 800°C.

The 29Si NMR spectra of the oxycarbide glasses pyrolyzed at
progressively higher temperatures are shown in Figure 3. The 29Si NMR
spectrum for the gel is also shown for comparison. The assignment of the
peaks was made using standard compounds(S]. There are two species in the
gel, {03SiCHj3] and {HOO,SiCH;3]!4). The hydroxyl group left in the gel is
the result of incomplete polymerization of the gel structure. The spectra for
all the glasses show the presence of [SiO4], [O3SiC] and [0,SiC,] species,
but the amount of the oxycarbide species is quite different. With the increase
of pyrolysis temperature, the relative concentration of [03SiC] decreases.
Above 1200°C, [SiC4] ( ~ -15 ppm) appears in the 29Si NMR spectra. At
1400°C, most of the [03SiC] species in the glass decompose and [SiC,]
species increase in concentration.

It should be noted that the [O,SiC] peak shifts from -65ppm in the
spectrum of the glass pyrolyzed at 800°C to ~ -75ppm in these higher
temperature glasses. The broad [O5SiC] peak at -65 ppm in the spectrum of
the 800°C glass probably represents a distribution of [03SiCH3] and
[OHO,SiCH3); these species are clearly resolved in the spectrum of the gel
at -68 and -58 ppm, respectively. At 2 1000°C, the downfield shift of this
broad peak denotes a relative loss of the terminal OH species (-58 ppm).
This is consistent with the 29Si NMR spectra of silicate minerals where
polymerization of the silicate structure leads to a down field shift of the
peaksl7). Here the [04SiC] peak shift from -65 ppm to -75 ppm corresponds
to the removal of network terminating OH and CH; groups through
polymerization of the network structure.

elemental carbon CH;Si=
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Figure 2. CP 13C MAS NMR of the oxycarbide glass pyrolyzed at 800°C.
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Figure 3. 295i MAS NMR spectra of the gel and the oxycarbide glasses
pyrolyzed at various temperatures

Reactions which result in the polymerization of the glass structure can
be shown as:

| | |
H3CSIOH + HOSICH; — HyCS}-O-SiCH; + Hy0 1)

=8iCH; + H3CSi= — =Si-CH,-Si=+ 2H, + C (free carbon) 2)

The evolution of HyO and H, accounts for the chemical analysis in
Figure 1 where a relative increase in total carbon, and decrease in hydrogen,
is revealed.

TGA of the glasses in oxygen up to 1500°C is shown in Figure 4. The
weight change values are listed in Table I. The TGA results in Ar are
included for reference.

Table L Weisht CI Behavior of the C bide GI 1500°C1
Atmosphere O, Ar
lysis Temperature(°C)
-8% -13%
000 +2% -11%
200 +2% -71%
400 +2% -6%
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Figure 4. TGA of the oxycarbide glasses in Oxygen up to 1500°C

The behavior of the oxycarbide glass pyrolyzed at 800°C is very
different from the other glasses. The glass loses weight up to 400°C and
then gains weight between 400°C and 600°C. Above 600°C, the sample
loses weight again. The residual material left after the TGA runs is almost
white, and shows a strong peak of crystalline SiO, in the x-ray diffraction -
pattern. Conversely,. the glasses heat treated in argon loses weight
continuously in this temperature range.

Weight loss in O, has two possible sources:

1. Oxidation of the methy] group in the silicate network:

2 =Si-CHj + 30— 2 =5i-0, + 2COT + 3H,0T  3)

Weight loss is the result of the mass difference of CH; and Oy,.
2. Oxidation of free (aromatic) carbon:

2C+ 0, »2coT 4)

Since free carbon undoubtedly exists in the oxycarbide glasses, its oxidation
contributes a weight loss.

Weight gain can be explained by replacement of network carbon by
oxygen. One possible reaction is :

2 =5i-CH,-Si= + 20, — 2=Si-0-Si=+2COT 5)
The sample gains weight from the mass difference of CH, and O.
Because of the terminal CH; and OH groups in the network of the
glass pyrolyzed at 800°C, it has much less resistance to oxidation and

crystallization. The terminal sites enhance the mobility of the network. The
CH, is more readily oxidized than the network carbon that forms at high
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pyrolysis temperature. The OH groups, which can condense to water at high
temperatures, lower the viscosity and provide internal oxidants.

IV. CONCLUSION

It has been shown that there is a relationship between pyrolysis,
structure/composition, and stability of oxycarbide glasses synthesized
through the sol/gel process. Although the oxycarbide glass pyrolyzed at
800°C has abundant Si-C bonds in the glass structure, the network is
terminated by Si-CH3 and SiOH groups. These terminating groups increase
the mobility and reactivity of the glass at high temperatures. Pyrolysis at >
1000°C in argon is found to create a polymerized oxycarbide glass structure
that is more stable upon further oxidation and decomposition at even higher
temperatures.
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SOL-GEL FABRICATION OF Pb(Zro,52Tio.48)O3 THIN
FILMS USING LEAD ACETYLACETONATE AS THE
LEAD SOURCE

Abstract

Lead zirconium titanate (PZT) thin films of the morphotropic phase boundary
composition [Pb(Zrg 52Tip.48)03] were deposited on platinum coated silicon by a modified
sol-gel process using lead acetylacetonate as the lead source. The precursor solution for
spin-coating was prepared from lead acetylacetonate, zirconium n-butoxide and titanium
isopropoxide. The use of lead acetylacetonate instead of the widely used lead acetate
trihydrate provided more stability to the PZT precussor solution. Films annealed at 700°C
for 12 min. formed well-crystallized perovskite phase of Pb{(Zro 52Ti0.48)03.
Microstructures of these films indicated the preseace of submicron grains (0.1 t0 0.2 ym).
The dielectric constant and loss values of these films were approximately 1200 and 0.04,
respectively, while the remanent polarization and coercive field were ~ 13 uC/cm2 and
~ 35kV/cm. Aging of the solution had almost no effects on the dielectric and ferroelectric
propetties of these films.




SOL-G..._ FABRICATION OF Pb(Zrg.52Tio.43)03 THIN
FILMS USING LEAD ACETYLACETONATE AS THE
LEAD SOURCE

INTRODUCTION

The lead zirconate - lead titanate system [PY(Zr)«Tix)O3, x =0 to 1 or PZT] forms
perovskite type solid solutions over the entire compositional ange!. PZT ceramic materials
in various forms such as sintered bodies,!-3 thin films,%5 fibersS:7 and composites® have
been extensively studied because of their excellent piezoelectric properties. Compositions
close to the morphotropic phase boundary (x = 0.52 to 55), exhibit high dielectric
constants, and electromechanical coupling coefficients. PZT thin films have been prepared
by various methods including rf-sputtering,? laser ablation,!0 metallo-organic
decomposition!! and sol-gel process.4.5 The potential applications of these films include
non-volatile memories, capacitors, pyroelectric sensors, surface acoustic wave substrates,
micromechanical devices, switches, spatial light modulators, optical memories and
displays, and frequency doublers for diode lasers.12-15  Sol-gel processing of PZT thin
films has gained much interest because of its (i) simplicity, (ii) low processing temperature,
(ili) chemical homogeneity and stoichiometry control and (iv) the ability to produce
uniform film over a large arca.

PZT films have been prepared by sol-gel methods by using a variety of metal -
organic precursors.43:16-19 The widely used precursors for the preparation of PZT thin
films include lead acetate trihydrate, titanium isopropoxide and zirconium isopropoxide or
zirconium isobutoxide. Gurkovich and Blum?20 used lead acetate trihydrate and titanium
isopropoxide dissolved in 2-methoxyethanol for the first time to synthesize monolithic lead
titanate. This precursor method has been adopted by Budd, Day and Payne!6 to fabricate
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lead titanate, lead zirconium titanate and lead lanthanum zirconium titanate films.
We have followed this procedure to fabricate coatinuous lead titanate, PZT and modified
PZT fibers.5:7 It has been reported that the ferroelectric properties of PZT films
degrade with aging of the precursor solution.12 In addition, to obtain good properties
complete dehydration of the lead acetate trihydrate is required. Multiple distillations of
lead acetate dissolved in 2-methoxyethanol lead to the formation of
PH{OOCCH3;}OCH2CH20CH3). xH20 (x < 0.5).2!  Other lead sources are also available

to prepare PZT precursor solution. Chen et al.17 and Hsueh and Mecartney!8 used lead 2-

ethylhexanoate as the lead source for preparing PZT liquid precursors and thin films.
Tohge, Takahashi and Minami !9 prepared PW(Z15;Ti1.x)O3 [x = 0 to 0.6] thin films from
metal alkoxides such as lead ethoxide, zirconium n-butoxide and titanium n-butoxide
stabilized with ethanol solution containing monoethanolamine and acetylacetone.
Fukoshima et al.22 deposited PY(Zrp sTio.5)O3 films from a complex precursor of lead 2-

Modified metal chelate complexes with f-diketones, f-ketoesters, alkanolamines
and diols are known to be more stable towards hydrolysis than the alkoxides of some
metals such as Al, Ti and Zr.23-26 These more stable chelated complexes have therefore
been recognized as convenient starting materials for the preparation of homogeneous
coating of AlyO3, TiO2 and ZrO2. We have used for the first time lead acetylacetonate
complex as the source of lead in preparing a stable Pb(Zro_ 52Tig.48)O3 precursor solution.
In this paper, the preparation of Pb(Zrp 52Tio.43)O3 thin films using the new precursor
solution, film microstructure, and dielectric and ferroelectric properties are discussed.
Characterization of the sol-gel derived PZT powder by differential thermal analysis (DTA),
thermogravimetric analysis (TGA) and X-ray diffraction (XRD) is also reported.




EXPERIMENTAL

The modified scheme for the preparation of Pb(Zrp s2Tio.48)O03 precursor solution
is outlined in Fig. 1. Lead acetylacetonate [Pb(CsH702)2],* zirconium n-butoxide
[Zr(OBu)4] 80% solution in 1-butanol® and titanium isopropoxide [Ti(OPri)4]* were used
as the starting materials. Lead acetylacetonate was dissolved in 2-methoxyethanol by
refluxing the solution at 125°C for 12 h. To this solution, a stoichiometric amount of
Z(OBu)4 was added and refluxed at 125°C for 6 h. TOPri)4 was then added to the Pb-Zr
solution and again refluxed at 125°C for 6 h to form a 0.4 M PZT (acetylacetonate)
precursor solution. Finally, 4 vol% formamide® was added to the solution in order to
improve the drying behavior of the sol-gel.

PZT films were deposited onto platinum coated silicon substrates using a spin
coater® operated at 3000 rotations per minute for 20 s. Before coating, the precursor
solution was passed through 0.2 um nylon filters.* Rapid pyrolysis of PZT gel films was
achieved by placing on a hot plate at 350°C for $ min. Multilayer depositions (7 and 10
coatings) were performed to increase film thickness. These films were subsequently
converted to crystalline Pb(Zrg s2Tio 48)03 by annealing between 600 and 700°C in air.

Crystallization behavior of the films was studied using a grazing angle X-ray
diffractometer.* Film microstructure and thickness were evaluated using a scanning

+Alfa products, Ward Hill, MA.

*Aldrich Chemical Company, Milwaukee, WI
€p.6000, Integrated Technologies, Achushnet, MA.
#Mode! DMICROS, Scintag, Santa Clara, CA
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electron microscope (SEM).¥ Capacitance as a function of slowly varying bias voltage
was measured with 10 mV signal at 10 kHz using an impedance analyzer.® The dc bias
voltage was stepped through 0.2 V increments from 0 to 10 V to -10 V and back to zero.
Sputtered gold (~ 1000 A) deposited through a shadow mask was used as the top contact
electrode. The P-E hysteresis curves of these films were measured using a Sawyer -
Tower circuit at 60 Hz. In addition, gel powder obtained from the coating solution was
characterized using a differential thermal analyzer,} a thermogravimetric analyzer$ and an
X-ray diffractometer.}

RESULTS AND DISCUSSION
SOLUTION STABILITY

The gelation time was taken as a measure of solution stability. At room
temperature, when 9 moles of water was added to each mole of the PZT (acetylacetonate)
solution, gelation occured in 4800 min. Under identical hydrolysis conditions, PZT
(acetate) solution prepared using lead acetate trihydrate as the lead source gelled within 10
min. The procedure for preparing the PZT(acetate) solution is discussed in detail by
Selvaraj et al.6 Increased gelation time for the PZT (acetylacetonate) solution reflects its
stability against hydrolysis and polycondensation reactions. Based on NMR results,
Ramamurthi and Payne2! interpreted the multiple distillation product of lead acetate
trihydrate dissolved in 2-methoxyethanol as Pb(OOCCH3)(OCH,CH20CH3).xH0
(x<0.5). The increased chemical stability of PZT (acetylacetonate) solution as compared

¥is1.Ds 130, Akashi Beam Technology Corporation, Tokyo, Japan.

®Model 4192A, Hewlett Packard, Cupertino, CA
$Model DTA , 1700, Perkin-Eimer, Norwalk, CT.
$Delta Series TGA7 , Perkin-Elmer.

IModel DMC, 105, Scintag.




to PZT (acetate) solution can be attributed to the greater steric effects of the bidentate
acetylacetonate ligands relative to acetate or 2-methoxyethoxide.22-23

GEL POWDER

XRD patterns of the gel powder heat treated at 500° and 600°C for | h are shown
Fig. 2. A mixture of pyrochlore and perovskite phases were formed at 500°C, while
complete perovskite phase resulted at 600°C. Fig. 3 shows the DTA and TGA curves for
the gel powder pre-heated at 300°C for 2 days to remove the organics and residual carbon.
From the TGA curve it can be seen that the gel exhibited approximately 4% weight loss in
the temperature range of 50 to 700 °C due to the presence of adsorbed water and residual
carbon. Removal of organics and the major amount of residual carbon from the gel powder
by heat treating at 300°C provided unambiguous assignment of the DTA peaks at 480° and
585°C to pyrochlore phase formation and its transformation into perovskite, respectively.

THIN FILMS

Fig. 4 shows the grazing angle X-ray diffraction patterns of Pb(Zrq s2Tig.48)03
thin films on platinum coated silicon and heat treated at 500° and 700°C in air. These films
formed pMm phase at 500°C and complete perovskite phase at 700°C. Fig. 5 shows
the SEM micrographs of 7 and 10 layer thick films of Pb(Zrp s2Tio.43)O3 heat treated at
700°C for 12 min. The thicknesses of the 7 and 10 layer films as measured from SEM
cross sections were 0.40 and 0.65 um, respectively. These films exhibited fine grained
microstructures with grain size ranging from 0.1 t0 0.2 ym. Island-like regions 1t02 ym
across were also observed. Compositional analysis by Energy Dispersive Spectroscopy
(EDS) showed no variation between the island regions and the surrounding film.




Figs. 6a and 6b show the dielectric constant versus bias field for 0.40 and 0.65
pm thick films. The arrows are indicative of the sequence of data collection, for slowly
varying bias field. The two peaks in Figs. 6a and 6b originate from the ferroelectric
polesization reversal and domain switching.5 The field separation between these two peaks
correspond to coercive field values of 30 kV/cm and 27 kV/cm for films of 0.40 and 0.65
pum thickness, respectively. The dielectric constant (€,) of these films measured at zero bias
was about 1200 whereas the diclectric loss value (tan5) was about 0.04. Figs. 7a and 7b
show the hysteresis loops of 0.40 and 0.65 um thick films. The measured saturation and
remanant polarizations (P, and P;) for the 0.40 ym thick film were 31 and 13 pC/cm?2,
respectively. For the 0.65 um thick film the saturation and remanant polarizations were 29
and 13 uC/cm2. The coercive fields, Ec, calculated from the hysteresis loops were 36 and
33 kV/cm, respectively, for the 0.40 and 0.65 um thick films. These values are slightly
higher than those obtained from the C-V analysis described above.

To determine the aging effects of the PZT (acetylacetonate) solution on the dielectric
and ferroelectric properties, thin films were formed using solution aged for 1 and 150 days.
The dielectric and ferroelectric properties of these films (~ 0.4 um thickness) deposited
onto platinum coated silicon and annealed at 700°C for 12 min. are summarized in Table 1.
Aging of the solution virtually had no effect on the dielectric and ferroelectric properties of
these films. It can be attributed to the greater stability of PZT(acetylacetonate) solution
relative to PZT(acetate) solution. 12

CONCLUSIONS

A modified sol-gel process was developed to form Pb(Zrg s2Tip.48)O3 thin films on
platinum coated silicon. Lead acetylacetonate was used for the first time as the lead
precursor instead of the widely used lead acetate trihydrate. A more stable PZT precursor
solution resulted from the use of lead acetylacetonate. Thin film XRD results indicated that
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the amorphous films formed well-crystallized PZT perovskite phase when annealed at
700°C for 12 min. The measured diclectric constant and loss values of these films were
about 1200 and 0.04. Ferroelectric hysteresis with P; of ~ 13 uC/cm?2 and E. of ~ 35
kV/cm was demonstrated for PbY{(Zro s2Tio.48)03 films. Aging of the solution virtually
had no effect on the dielectric and ferroelectric properties of these films. It has been shown
from the present study that a stable PZT precursor solution can be prepared by using lead
acetylacetonate as the lead source and this precursor can be used for the preparation of a
variety of multicomponent thin films with lead as one of the constituents.
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FIGURE CAPTIONS

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. §

Fig. 6

Fig. 7

Scheme for the preparation of Pb(Zro, s3Tio.48)0 3 precursor solution using lead
acetylacetonate as the lead source in a modified sol-gel process.

DTA and TGA curves for the Pb(Zrg_s;Tio 48)03 gel preheated to 300°C for 1
day.

XRD pattems for the Pb(Zrg 52Tip.48)03 gel heat treated at 500° and 600°C for
1h

Thin film XRD patterns of the Pb(Zrg_s,Tio 48)O3 gel films heat treated at 500°
and 700°C.

SEM micrographs of (a) 0.40 um thick and (b) 0.65 um thick
PW(Zro s2Ti0.48)03 films annealed at 700°C for 12 min.

Dielectric constant versus bias field for: (a) 0.4 um thick and (b) 0.65 um thick
PY(Z 1y, 52Tio.48)03 films.

Ferroelectric hysteresis loops for: (a) 0.4 um thick and (b) 0.65 pm thick
PY(Zrp,52Ti0.48)03 films.




Table 1

Dielectric and ferroelectric properties of 0.4 ym thick Pb(Zrg s2Tig.48)03
films with the precursor solution aging

Aging & tan d | P, E
(days) (uC/em?) (uC/cm?) (kV/cm)
1 1200 0.04 13.0 31 36
150 1210 0.04 13.1 30 34




Lead acetylacetonate
in 2-methoxyethanol

Reflux in argon
at 125°C for 12 h

Add Zirconium n-butoxidﬂ
in 2-methoxyethanol

Reflux in argon
at 125°C for6 h

Lead-Zirconium complexj
Solution

Add Titanium isopropoxidcﬂ
Solution

Reflux in argon
at 125°C for6 h

@ZI‘ Complex Solution)

( Add Formamid@

CPZT Precursor Solutio@

Fig. 1 Scheme for the preparation of PZT precursor
solution using lead acetylacetonate as the
lead source in a modified sol-gel process.
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