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The United States aerospace, automotive, bio­
materials, chemical, electronics, energy, met­

als, and telecommunications industries collectively 
employ more than 7 million people in materials sci­
ence and engineering and have sales in excess of 
$1.4 trillion. Recent reportsl11 have called the 1990s 
the "Age of Materials" and have concluded that the 
field of materials science and engineering is enter­
ing a period of unprecendented intellectual chal­
lenge and productivity. Chemical engineers, with 
their background in reaction engineering and trans­
port processes, have the skills necessary to make 
significant contributions in this area. 

A strong component of materials science and en­
gineering is ceramics science and engineering. Al­
though many applications of ceramics have in the 
past been low-tech, a vast number of new high-tech 
ceramics have been developed in recent years, open­
ing up a large number of new and exciting applica­
tions for a wide variety of industries. Ceramic super­
conductors may provide new methods of energy trans­
mission and new types of electronic devices. Elec­
tronic ceramics such as BaTiO

3 
and SrTiO

3 
are used 

to make capacitors and sensors. Ferroelectric ceram-
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ics can be used to produce memories for computers. 
A variety of metal oxides, nitrides and silicides are 
used in computer chips and to make substrates for 
the chips themselves. 

Ceramics can also be used to make chemical sen­
sors for detecting small amounts of hazardous sub­
stances for applications in hazardous waste control. 
They are also used as catalysts for chemical reac­
tions or as catalyst supports in the chemical indus­
try. These and other applications have led to a tre­
mendous interest in the synthesis, processing, and 
characterization of ceramic materials in the form of 
powders and films. 

The chemical engineering department at the 
University of New Mexico dramatically expanded its 
program in ceramics science and engineering follow­
ing the establishment of a National Science Founda­
tion-supported UNM/NSF Center For Micro-Engi­
neered Ceramics (CMEC). Numerous research proj­
ects, many in the areas mentioned above, are now 
available to interested students. These opportuni­
ties are particularly interesting since demand is high 
for students with a background in ceramics, with 
fewer than forty PhDs being granted in the United 
States each year in Ceramics Science and Engineer­
ing (with roughly half of them going to foreign stu­
dents). 

This article briefly describes some of the research 
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A strong component of matrerials science and engineering is ceramics science and engineering. Although 
many applications of ceramics have in the past been low-tech, a vast number of new high-tech 

ceramics have been developed in recent years, opening up a large number of new and 
exciting applications for a wide variety of industries. 

opportunities in ceramics science and engineering at 
the University of New Mexico and the unique inter­
disciplinary nature of the projects which involve in­
vestigators from chemical engineering and other 
departments, from centers at UNM involved in ma­
terials, and from Sandia and Los Alamos National 
Laboratories. 

RESEARCH AREAS 

The authors of this paper have extensive pro­
grams in ceramics science and engineering. Their 
projects span ceramics synthesis, processing, and 
characterization. 

Jeffrey Brinker is investigating sol-gel proc­
essing of ceramics-films, fibers, powders, and bulk; 
physics and chemistry of film deposition from liquid 
precursors; defects in glasses; controlled porosity 
materials for sensors, membranes, and adsorbents; 
nanoscale materials; multifunctional composites; and 
fractals. 

Sol-gel processing (see Figure 1) refers to the 
room temperature formation of inorganic materials 
from molecular precursors.l21 lnorganic salts or metal 
organic compounds dissolved in aqueous or organic 
solvents are hydrolyzed and condensed to form poly­
mers composed of M-0-M bonds. These polymers 
may be deposited on substrates to form thin films, 
drawn into fibers, or cast in molds and dried to form 
"near-net-shape solids." Prior to drying, the struc­
tures of the polymers are often described by fractal 
geometry/31 a consequence of kinetically-limited 
growth mechanisms such as reaction-limited cluster 
aggregation.l41 The properties of fractal objects may 
be exploited to prepare materials (films, fibers, 
or bulk) with precisely controlled pore structures 
(e.g., pore size, surface area, and percent porosity). 
Films with controlled pore sizesl51 may be used as 
molecular sieves to impart steric selectivity to sen­
sor devices or to separate a mixture of gases on the 
basis of size. 

The inherent porosity of sol-gel-derived materi­
als provides access to reagents throughout the mate­
rial's interior. Surfaces may be modified by reactions 
with gas or liquid reagents, and secondary phases 
may be depositied within the pores to form nano-
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FIGURE 1. Processes occurring during sol-gel process­
ing of materials 

scale composite materials.l61 Alternatively, secondary 
phases may be incorporated in the liquid or sol. 
Under certain conditions, deposition of the diphasic 
sol results in a composite film in which the second 
phase is embedded in a dense gel matrix. Zeolite/gel 
composites made by this procedure can impart mo­
lecular recognition capabilities to sensor surfaces.l71 

Sol-gel-derived materials are highly metastable; 
their structures are dictated by kinetics rather than 
by thermodynamics.l21 Kinetic pathways may be ex­
ploited to prepare novel inorganic materials. Only 
when these materials are processed in the vicinity of 
the glass transformation temperature do their struc­
tures approach those of their conventionally pre­
pared counterparts. lBJ 

Abhaya Datye is interested in: heterogeneous 
catalysis and surface science; structure and proper­
ties of thin films and interfaces in ceramics and 
semiconductors; and materials characterization by 
electron microscopy. 

Phenomena occurring at the interfaces between 
dissimilar materials have enormous implications in 
materials we use every day. For instance, the strength 
of the bond between a metal and a ceramic deter­
mines the properties of glass metal seals as well as 
the high-temperature stability ofheterogeneous cata­
lysts. Sometimes a weaker interface is desired (as in 
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a fiber-reinforced composite) to redistribute stresses 
at the interface and deflect cracks to make a brittle 
ceramic tougher. In semiconductors the performance 
of a device is often determined by the impurities and 
defects at an interface. Therefore, engineering of 
such complex materials requires a good understand­
ing of the interface region and the means of tailoring 
the interface to achieve desired properties. Since 
even a monolayer of a hydrocarbon can affect the 
wetting of water on a solid substrate, it is apparent 
that interfacial properties are determined by changes 
occurring over the scale of atomic dimensions. It is 
therefore necessary to use probes having high spa­
tial resolution as well as those that give chemical 
information from the near-surface region. In the re­
search at the University of New Mexico, high-resolu­
tion transmission electron microscopy and surface­
sensitive spectroscopies are used to study these 
materials and correlate their structure with proper­
ties relevant to their commercial applications. 

One project involves the study of thin-film coat­
ings of non-oxide ceramics and their interactions 
with ceramic substrates.l91 We are examining the 
potential of boron nitride for use as a high-tempera­
ture coating material for fiber-reinforced compos­
ites. The interaction of BN with ox-
ide ceramics is quite strong, and BN 
appears to readily wet and coat these 
substrates. However, a detailed 
studyl101 of the atomic structure of 
this interface reveals that the inter­
atomic spacing between the BN 
sheets and MgO is larger than dis­
tances normally associated with 
chemical bonding (see Figure 2). 

Other projects deal with funda­
mental studies of oxide surfaces in 
order to understand the surface 
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chemistry involved in preparing 
monolayer and multilayer films of 
other oxides for potential catalytic 
applications. l11,121 Studies of surface 
structure in small metal particles 
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Toivo Kodas is studying: the formation and proc­
essing of electronic, mechanical, and superconducting 
ceramic powders; laser-processing of materials; 
chemical vapor deposition of ceramics and metals for 
microelectronics applications; and aerosol physics 
and chemistry. 

High-purity powders with controlled chemical 
compositions, particle size distributions, and micro­
structures are required as precursors for fabrication 
of superconducting and conventional ceramic parts. 
The goal of this work is to develop gas-phase routes 
for the formation of powders with these characteris­
tics. Both gas-to-particle conversion and intrapar­
ticle reaction processes are being examined. Research 
is focused on obtaining a basic understanding of the 
physical and chemical processes controlling multi­
component powder production by chemical reaction, 
and processing these powders to produce ceramics 
with unique electrical, optical, and mechanical prop­
erties. Examples include Ag/YBa2Cu3O7

_xl16·181 for a 
variety of applications, Ba1.xCaxTiO3 for tempera­
ture sensorsl191 (see Figure 3), mullite for electronic 
device substrates,[2°1 and BN for structural applica­
tions.l211 

Chemical vapor deposition is used extensively in 
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are being conducted in the labora­
tory to examine the effect of pre­
treatments and the ceramic support 
on catalytic behavior.l131 Finally, the 
high spatial resolution of TEM is 
exploited to study the structure and 
properties of materials ranging from 
strained layer superlatticesll4l to fine 
pores in oxides. ll5J 

FIGURE 2. A high-resolution electron micrograph of the BN/MgO inter­
face. 1101 The array of white spots on the left corresponds to a projection of the 
MgO structure imaged along the <110> direction. The rows of light contrast 
on the right come from the basal planes of the hexagonal BN lattice. The 
micrograph was digitally processed to allow precise measurement of the 
spacing between the atomic planes. Shown above is a microdensitometer 
trace of image intensity along a direction normal to the interface. Spacings 
are indicated in mm (to an accuracy of ±1 pixel= 0.01 mm). A variation in 
the BN interatomic spacing is evident in the region near the interface. 
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industry for the formation of thin films of a wide 
variety of materials. This process begins with a vola­
tile molecular species that is transported to a sub­
strate where it decomposes and results in deposition 
of material with desorption of volatile byproducts. 
The chemistry occurring during deposition deter­
mines the deposition rate, minimum deposition tem­
perature, adhesion to the substrate, and electronic 
properties. Yet the chemistry occurring during most 
CVD processes is poorly understood. Our research 
involves the use of high pressure and ultrahigh vac­
uum systems utilizing mass spectrometry, Auger 
electron spectroscopy, temperature-programmed 
desorption, FTIR, and Raman spectroscopy to study 
the surface and gas phase chemistry. The goal is to 
develop a better understanding of the role of chemis­
try in determining the properties of the deposited 
material. Current projects are the examination of 
deposition of PLZT with Radiant Technology, Cu 
with Motorola/221 and YBa2Cu

3
0

7
_x with Los Alamos 

National Laboratories. 

Aerosols (fine particles suspended in a gas) play 
a fundamental role in fine metallic and ceramic par­
ticle production, optical fiber production, thin film 
formation, and contamination control in cleanrooms. 
We are currently examining the interaction between 
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particles made by aerosol 
decomposition. 
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the chemistry and aerosol dynamics in systems for 
gas phase particle production,f23·241 deposition of these 
particles onto surfaces to form coatings ,c221 and dur­
ing laser-induced deposition processes .r251 

Douglas Smith is currently examining charac­
terization of porous materials, transport phenomena 
in porous media, sol-gel, and powder processing. 

The pore structure of materials is of considerable 
interest for a large number of applications which in­
clude ceramics processing, catalysis, membrane sepa­
rations, radioactive waste isolation, and coal gasifi­
cation. The basic approach is to study the physics of 
both established and innovative pore structure analy­
sis tools in an attempt to extract more detailed infor­
mation about porous solid systems. 

Conventional techniques for pore structure analy­
sis include mercury porosimetry, nitrogen adsorp­
tion/condensation, and microscopy (optical, scanning, 
and transmission electron). Each of these techniques 
suffers from different disadvantages which limit ac­
curacy and preclude their use for in-situ pore struc­
ture analysis. Therefore, considerable incentive ex­
ists for the development of new techniques for pore 
structure analysis. Professor Smith's laboratory has 
pioneered the development of low-field, NMR spin­
lattice relaxation measurements of fluid contained 
in pores as a structure analysis technique. This ap­
proach allows the study of pores of "wet" materials 
and allows imaging of pore structure as a function of 
time while the structure evolves. 

In addition to pore structure analysis, the study 
of the physical nature of surfaces is of interest. In 
particular, the fractal nature of surfaces is being 
studied via molecular probe techniques. L261 A parallel 
effort using SAXS (small angle x-ray scattering) and 
SANS (small angle neutron scattering) is underway 
in collaboration with investigators at Sandia Na­
tional Laboratories. The growth of fine particles and 
polymers in solution is studied via both SAXS and 
light scattering. 

Using expertise in pore structure analysis, a num­
ber of ceramics processing problems are being exam­
ined. These include pore structure evolution and 
elimination during sintering of ceramic green bod­
ies, dispersion of powder agglomerates, packings of 
powders during green body formation,L271 and pore 
structure development during sol-gel processing of 
xerogels and aerogels (both bulkr21 ,291 ) and coat­
ings_ cao,311 Ceramic powder synthesis is conducted us­
ing a range of techniques including reactive laser 
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ablation, sol-gel processing,c321 precipitation, and aero­
sol processing. czoi 

CENTER FOR MICRO-ENGINEERED CERAMICS 

Much of the research in ceramics science and 
engineering is being carried out in the National Sci­
ence Foundation Center for Micro-Engineered Ce­
ramics, which is housed in the chemical engineering 
department. The Center consists of fifteen profes­
sors from the University of New Mexico (seven from 
chemical engineering, four from chemistry, one each 
from mechanical engineering, physics, and geology), 
over ten staff members from Sandia National Labo­
ratory, and over ten staff members from Los Alamos 
National Laboratory. A critical feature of the Center 
is the membership of more than fifteen industrial 
members. This allows the Center to combine the 
expertise of the national labs, the university, and 
industry to attack ceramics-related problems of 
interest to industry. The goals are to attack use­
ful problems, to transfer technology between indus­
try, the National Labs and the University, and to 
train students in ceramics science and engineering. 
A key feature of the Center is the hands-on policy for 
use of equipment. The Center is equipped with a 
variety of state-of-the-science equipment, shown in 
Table 1. 

INTERACTIONS WITH OTHER DEPARTMENTS 
AND NATIONAL LABORATORIES 

Another feature of the CMEC and the chemical 
engineering department is the extensive interactions 
with other departments at the university. The proj­
ects in the CMEC are interdisciplinary with faculty 
from chemical engineering, chemistry, physics, geol­
ogy, mechanical engineering, and the national labo­
ratories involved in each project. In addition, signifi­
cant interactions occur with the Center for High 
Technology Materials in electrical engineering whose 
strength is optoelectronic materials. 

The extensive interactions of the chemical engi­
neering department and CMEC with the national 
laboratories has numerous advantages. The strengths 
of SNL include electronic ceramics and glasses, while 
LANL is primarily involved in structural and super­
conducting ceramics. These skills complement the 
strength of the University in chemical routes to ce­
ramics and materials characterization. Scientists and 
engineers at the Center and in the chemical engi­
neering department have access to state-of-the-sci­
ence equipment at the national laboratories. In ad-
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Another feature . . .is the extensive interactions 
with other departments . . . the projects are inter­
disciplinary, with faculty from chemical 
engineering, chemistry, physics, geology, 
mechanical engineering, and the 
national laboratories involved 
in each project. 

TABLE 1 
CMEC Facilities 

• High-field solution and solids FT-NMR spectrome­
ters: GE NT-360, JEOL GX-400, Bruker AC-250P, 
Varian 400 MHz Unity 1 

• Low-field pulse NMR spectrometers: 10 MHz, 20 
MHz, 4-60 MHz, for sol-gel and green body structure 
analysis 

• Hitachi S-800 field emission SEM (20 angstrom 
resolution) with low Z x-ray analysis and advanced 
image analysis 

• Electron Beam Microanalysis Facility, including 
JEOL 2000FX TEM with TN5500 EDS, JEOL Super­
probe with 5 spectrometers, Hitachi S-450 SEM 

• Electron spin resonance spectrometer 

• FT-Infrared spectrometers: NIC-6000, Perkin-Elmer, 
Galaxy 6020 coupled to high-vacuum IR cell for 
powder studies 

• Single-crystal and powder x-ray diffractometers 

• Powders and Granular Materials Laboratory, 
includes: Autoscan-33 mercury porosimeter, Quan­
timent 720 image analyzer, Autosorb-1 automated 
nitrogen sorption analyzer, Sedigraph particle-size 
analyzer, Coulter Counter, 4 adsorption instruments, 
gas permeation apparatus, Micromeritics Accupyc 
1330 - Pycnometer, Micromeritic ASAP-2000 adsorp­
tion analyzer 

• Small-angle x-ray scattering (SAXS) 

• Two RF high-temperature (3000°C) furnaces 

• High-temperature thermal analysis instrumentation 
(TGA, OTA, DSC, Dilatometer) 

• Laser birefringence facility for the in-situ study of 
stress in sol-gel and polymer processing 

• Aerosol powder reactors including high-temperature 
(1700°C) and scale-up aerosol reactor for production 
of oxide ceramic powders (kilograms per day) 

• Coupled TPD/Auger apparatus for surface analysis 

• Light scattering: Spectraphysics 2000 krypton laser, 
Brookhaven Gonimeter, Bl-2030 AT controller 

• Nuclear Magnetic Resonance Imaging (NMRI) for in­
situ studies of transport phenomena in porous 
materials 

• Four gas membrane test stands. 
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dition, fellowships such as the UNM/LANL PhD fel­
lowship are available to outstanding students with a 
stipend of $16-18 k/yr. 

Researchers at the chemical engineering depart­
ment and CMEC have access to various facilities at 
the national laboratories. The facilities of LANL in­
clude the Exploratory Research and Development 
Center for Superconducting Ceramics, the LANSCE­
Los Alamos Neutron Scattering Center, the Center 
for Materials Science, and the Ion Beam Materials 
Laboratory. The facilities of SNL include the Sur­
face Modification and Analysis Facility, Ceramics 
and Glass Processing Facility, SNULANL dedicated 
EXAFS lines at Brookhaven and Stanford, and a 
30,000 ft2 materials research and development labo­
ratory which is jointly administered by UNM and 
SNL. 

REFERENCES 
1. Press, F ., and White, R. , Materials Science and Engineer­

ing for the 1990s, National Research Council, National 
Academy Press, Washington, DC (1989) 

2. Brinker, C.J., and G.W. Scherer, Sol-Gel Science: The Phys­
ics and Chemistry of Sol-Gel Processing, Academic Press, 
San Diego, CA (1990) 

3. Mandelbrot, B.B., The Fractal Geometry of Nature, Free­
man, San Francisco, CA (1983) 

4. Witten, T.A., and M.E. Cates, "Tenuous Structures from 
Disorderly Growth Processes, Science, 232, 1607 (1983) 

5. Brinker, C.J., A.J. Hurd, G.C. Frye, K.J. Ward, and C.S. 
Ashley, "Sol-Gel Thin Film Formation," J . Non-Cryst. Sol­
ids, 121, 294 (1990) 

6. Brinker, C.J., and D.M. Haaland, "Oxinitride Glass For­
mation from Gels," J. Amer. Chem. Soc. ; 66, 758 (1983) 

7. Bein, T., K. Brown, G.C. Frye, and C.J . Brinker, "Molecu­
lar Sieve Sensors for Selective Detection at the N anogram 
Level," J . Amer. Chem. Soc., 11), 7640 (1989) 

8. Scherer, G., C.J. Brinker, and E.P. Roth, "Structural Re­
laxation in Gel-Derived Glasses," J. Non-Cryst. Solids, 82, 
191 (1986) 

9. Datye, A.K., Q. Mei, R.T. Paine, and T.T. Borek, "Stability 
ofBN Coatings on Ceramic Substrates," Better Ceramics 
Through Chemistry N , MRS Symposia Proc. V 180, 807 
(1990) 

10. Allard, L.F., A.K. Datye, T.A. Nolan, S.L. Mahan, and R.T. 
Paine, "High Resolution Electron Microscopy of BN on 
MgO, A Model Ceramic-Ceramic Interface," Ultramicro­
scopy, in press (1991) 

11. Anderson, S.L., AK. Datye, T.A. Wark, and M.H. Smith, 
"Homogeneous Rh-Sn Alkoxide Coatings on Silica Sur­
faces: A Novel Route for the Preparation of Bimetallic Rh­
Sn Catalysts," Cata[. Lett., 8, 345 (1991) 

12. Srinivasan, S., A.K. Datye, M.H. Smith, I.E. Wachs, G.B. 
Deo, J.M. Jehng, A.M. Turek, and C.H.F. Peden, "The 
Formation of Titanium Oxide Monolayer Coatings on Sil­
ica Surfaces," J . Catal., in press (1991) 

13. Logan, A.D., and A.K. Datye, "Oxidative Restructuring of 
Rhodium Metal Surfaces: Correlations Between Single 
Crystals and Small Metal Particles," J . Phys. Chem., 
95,5568 (1991) 

14. Chadda, S., A.K. Datye, and L.R. Dawson, "The Nature of 
Defects in IR Detectors Based on Strained Layer Super-

Fall 1991 

lattice Structures," Proc. 49th Ann. Meet. of Electron Mi­
croscopy Soc. of Am., G.W. Bailey, ed., San Francisco Press, 
p. 852 (1991) 

15. Kaushik, V.S., A.K. Datye, S.S. Tsao, T.E. Guillinger, and 
M.J. Kelly, "Microstructure of Pores in N• Silicon," Mater. 
Lett., 11, 109 (1991) 

16. Carim, A. , P . Doherty, and T.T. Kodas, "Nanocrystalline 
Ba2YCup/ Ag Composite Particles Produced by Aerosol 
Decomposition," Mater. Lett., 8, 335 (1989) 

17. Kodas, T.T., E .M. Engler, V. Lee, R. Jacowitz, T.H. Baum, 
K. Roche, S.S.P. Parkin, W.S. Young, S. Hughes, J. Kle­
der, and W. Auser, "Aerosol Flow Reactor Production of 
Fine Y1Ba2Cup7 Powder: Fabrication of Superconducting 
Ceramics," Appl. Phys. Lett., 52, 1622 (1988) 

18. Kodas, T.T. , A. Datye, V. Lee, and E. Engler, "Single­
Crystal YBa2Cup7 Particle Formation by Aerosol Decom­
position," J. Appl. Phys., 65, 2149 (1989) 

19. Ortega, J., T.T. Kodas, S. Chadda, D.M. Smith, M. 
Ciftcioglu, and J. Brennan, "Generation of Dense Barium 
Calcium Titanate Particles by Aerosol Decomposition," 
Chem. in Mater., in press (1991) 

20. Moore, K. , D. Smith, and T.T. Kodas, "Synthesis ofSubmi­
cron Mullite via High Temperature Aerosol Decomposi­
tion," J. Amer. Cer. Soc., in press (1991) 

21. Lindquist, D.A. , T.T. Borek, C.K. Narula, R. Schaeffer, 
D.M. Smith, and R.T. Paine, "Formation and Microsctruc­
ture of Boron Nitride Aerogels," Communications of the 
Amer. Cer. Soc., 73, 757 (1990) 

22. Shin, H .K., K.M. Chi, M. Hampden-Smith, T.T. Kodas, J. 
Farr, and M. Paffett, "Selective Low Temperature Chemi­
cal Vapor Deposition of Copper Using Hexofluoroacetylace­
tonato Copper(I) Trimethylphosphine," Ad. Mat., 3, 246 
(1991) 

23. Kodas, T.T., "Generation of Complex Metal Oxides by 
Aerosol Processes: Superconducting Ceramic Particles and 
Films," Angewandte Chemie: Internat. Ed. in English, 28, 
794 (1989) 

24. Chadda, S., T.T. Kodas, T. Ward, D. Kroeger, and KC. 
Ott, "Synthesis ofY1Ba2Cup1_, and Y1Ba2Cu4O8 by Aerosol 
Decomposition," J . Aerosol Sci., in press (1991) 

25. Kodas, T.T., and P . Comita, "Role of Mass Transport in 
Laser-Induced Chemistry," Accts. of Chem. Res., 23, 188 
(1990) 

26. Hurd, A.J., D.W. Schaefer, D.M. Smith, S.B. Ross, and A. 
LeMehaute, "Surface Areas of Fractally Rough Particles 
by Scattering," Phys. Rev. B., 39, 9742 (1989) 

27. Hietala, S.L., and D.M. Smith, "Porosity Effects on Par­
ticle Size Determination via Sedimentation," Powder Tech­
nology, 59, 141 (1989); T.T. Borek, W. Ackerman, D.W. 
Hua, R.T. Paine, and D.M. Smith, "Highly Porous Boron 
Nitride for Gas Adsorption," Langmiur, in press 

28. Lindquist, D., T.T. Kodas, D.M. Smith, X. Xiu, S. Hietala, 
A. Datye, and R.T. Paine, "Boron Nitride Powders Formed 
by Aerosol Decomposition of Poly(borazinylamine) Solu­
tions," J. Amer. Cer. Soc., in press (1991) 

29. Glaves, C.L., C.J. Brinker, D.M. Smith, and P .J. Davis, 
"In-Situ Pore Structure Studies ofXerogel Drying," Chem. 
of Mater., 1:1, 34 (1989) 

30. Glaves, C.L., G.C. Frye, D.M. Smith, C.J. Brinker, A. 
Datye, A.J. Ricco, and S. Martin, "Pore Structure Charac­
terization of Films," Langmuir, 5:2, 459 (1989) 

31. Glaves, C., P.J. Davis, KA. Moore, D.M. Smith, and P . 
Hsieh, "Pore Structure Characterization of Composite 
Membranes, J. Colloid and Interface Sci., 133:2, 377 (1989) 

32. Hietala, S.L., J.L. Golden, D.M. Smith, and C.J. Brinker, 
"Anomalously Low Surface Areas and Density in the Sil­
ica/Alumina Gel System," Comm. Amer. Cer. Soc. , 72, 
2354 (1988) 0 

209 


