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CHEMICAL VAPOR DEPOSITION IN THE SILICON-CARBON AND. 
BORON-CARBON-NITROGEN SYSTEMS* 

T. M. Besmann 

ABSTRACT 

The chemical vapor deposition of Sic from methyl- 
trichlorosilane was studied using a combination of measure- 
ment and analytical techniques. Equilibrium analysis and mass 
spectrometric measurements were used to identify gas-phase 
species and determine their concentrations. Analysis of  kinetic 
data coupled with a thermokinetic assessment allowed determina- 
tion of rate-limiting mechanisms. 

The preparation of a two-phase coating of B,C-BN was 
addressed as a potential wear coating, because of  its likelihood 
of  having a high fracture toughness resulting from its composite 
nature and inherent lubrication resulting from the presence of 
BN. Equilibrium analysis identified appropriate deposition con- 
ditions; however, deposited coatings were found to be single- 
phase BN with a high degree of  substitution of carbon for 
nitrogen. 

INTRODUCTION 

This report is an account of  work performed on the Energy Conversion and 

Utilization Technologies Program f r o m  October I., 1985, to September 30, 

1987. The efforts are divided into two related areas. The first area was 

a study of the fundamental, rate-limiting processes in the deposition of 

Sic coatings. This included thermochemical analysis and experimental 

determination of gas phase compositions. The second area was an 

investigation of the preparation of  two-phase B,C-BN as a potential wear 

coating. Equilibrium analysis was performed to determine likely deposition 

conditions, and coatings were prepared and analyzed. 

Research sponsored by the Office of  Energy Utilization Research, Energy 
Conversion and Utilization Technologies (ECUT) Program, U.S. Department of 
Energy, under contract DE-AC05-840R21400 with Martin Marietta Energy 
Systems, Inc. 

* 

1 



2 

S i c  DEPOSlTION PROCESSES 

'The understanding o f  rate-limiting processes in the chemical vapor 

dep o s i. t 

using a 

il~volve 

species 

asses sm 

on (CVD) of Sic from methyltrichlorosjlane (MTS) has been developed 

coinLinai:ion of  measurement and analytical techniques T'nese 

equilibrium analysis, mass spectrometric measurements of  gas-phase 

in the CVD reactor, analysis of  kinetic data, and thermokinetic 

nt , 

EQU LT,IBIflUM ANALYSIS 

An equilibriurn analysis W B S  prrformed FOK the system o r  MTS diluted 

w i t h  either hydrogen o r  an inert gas. individual calculations were 

performed uti1 izing the SOLGASMIX-PV computer code (Besrndiin, 1 9 7 7 ) ,  

considering 81 gaseous species and 6 condensed phases. Thermodynamic data 

wnre ohtained f 01- all species from the JANAF Thermochemical Tables ~ with 

the exception thaL those for MTS were  derivcd from Aleman et a1 (1985). 

The calci*l at-ions iridieated equilibrium p a r t ~ i d  pressures and stable 

condensed phases. An ex,:tnp:e of  these results is shown in F i g .  1, which 

is a plot of reactant and equilibrium partial pressures as a function of  

temperature. It is ailparent f rom the calculaiions that MTS is a relatively 

unstable species and t h a t  it readi ly  decomposzs to SiCl, and CH,. In 

addition, single-phase Sic: forms under a l l  the conditions explored, with  

H C I  the expect*r:l. p r o a i c t  gas. 

The deviarion from equilibrium in the Sic CVI)  system must be deter- 

mined experimentally. This w a s  accomplishcd liy measurement of  species 

partial presswes in the GVD reactor, using m a s s  spectrometry. A simp1 e ,  

but versatile, GVD syseclm was constructed f o r  tile deposit ion of  Sic f r o m  

MTS arid is shown schematically i n  Fig. ? A probe for a quadrupole mass 

spectrometer was inserted into th? reactor on the exhaust side of the 

system. Heasurements made conti nuously during S i c  CVD runs gave generally 

consistent concentration values throughout tlteir durations. 



3 
. 

ii 
ii I

I
f

 
\ 



P 



5 

The major species identified were MTS, SiCl, CH,, arid MCL; their 

measured pressures at 1300 K are shown in Fig. 1. The most significant 

difference between the calculated and measured values was in the pressure 

of MTS. Although thermodynamically the species should decompose to an 

extremely low partial pressure, it remained present at s t g n i f i c a n t  

concentrations. It is likely that much of the gas stream did not heat 

sufficiently to overcome the kinetic barrier to NTS decomposition, since 

only the 2.5-cm-diam graphite substrate was at an elevated temperature in 

the cold-wall CVD reactor used (Fig. 2). 

In an attempt to obtakn partial pressures more indicative of the CVD 

reaction mechanism, the mass spectrometer probe was inserted into a hole 

that extended through the graphite substrate so  that the probe entxance 

was flush with the front surface of the substrate. Vapor species were thus 

sampled directly from the CVD growth surface. The results, however, 

closely matched those obtained from sampling the exhaust gases, indicating 

that either the compositions were similar Q T  that any high-temperature 

species did n ~ t  remain stable during transport through the capillary=probe 

to the mass spectrometer vacuum chamber. 

The results shown in Fig. 1 confirm, as noted above, that FITS is an 

unstable reactant that quickly decomposes to SiC1, and CH, at e1.evated 

temperatures. In essence, these latter species are thus the  CVD reactants 

which reach the substrate surface and thus are likely to be inportant in 

discerning the rate-limiting mechanisms. 

ANALYSIS OF K I N E T I C  DATA 

Another basis for this mechanistic study is the development of kinetic 

parameters from deposltlon rate data. For CVD systems this i s  inherently 

difficult, since gas-phase diffusion of reactants through a boundary layer 

above the substrate is typically rate controlling. Limiting surface or 

gas-phase reactions, which are potentially more i m p s r t a l i t  than gas-phase 

diffusion with regard to growth habit and composition mechanisms, are rap id  

compared with the gas-phase diffusion, and thus they are masked. 

Brennfleck et al. (1984) have determined ra te  data i n  the absence of 

gas-phase diffusion effects, by depositing Sic on a graphite wire t ha t  w a s  
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vibrating. The relatively high velocity of the vibrating wire results in 

an exceptionally small boundary layer between the bulk gas and the sub- 

strate, allowing gas-phase diffusion to be rapid and deposition rates to be 

limited by other CVD mechanisms. Brennfleck et al. determined data f o r  the 

CVD of Sic from MTS diluted with either hydrogen or argon, and the results 

are shown in Figs. 3 and 4 .  

In one set of  measurements, deposition rates were determined as a 

function of MTS concentration. The linear behavior with respect to MTS 

partial pressure in the systems diluted with hydrogen or argon indicates 

that deposition is first order with respect to MTS concentration €or both. 

Brennfleck et al. (1984)  also determined that the logarithms of  the deposi- 

tion rates were linear with respect to reciprocal absolute temperature 

(Figs. 3 and 4 ) ,  and thus the Arrhenius relationship was usable (Benson, 

1976). The slope of the plots yielded activation energies, which they 

reported as 120 and 400 k J / m o l  for MTS plus hydrogen and for MTS plus 

argon, respectively. The difference in the activation energies is, 

naturally, a reflection of the difference in the deposition rates, and it 

is thus apparent that hydrogen catalyzes the CVD of Sic from MTS. 

The data determined by Brennfleck et al. (1984)  were refit to an 

Arrhenius relationship that included both the first-order dependence on MTS 

concentration and a frequency factor: 

r = CMTS A exp ( -E/RT) , (1) 

where r is the deposition rate, CMTS is the MTS concentration, A is the 

frequency factor, E is the activation energy, R is the ideal gas law 

constant, and T is the absolute temperature, It is apparent from the 

comparative results shown in Table 1 that the frequency factors for the 

two systems are, like the activation energies, significantly different. 

A s  expected, the activation energies computed by Brennfleck et al. are 

equivalent to those recalculated here. 

The magnitude of the frequency factor has been observed to be descrip- 

tive of the nature of the rate-limiting process. Baetzold and Somorjai 

(1976) have correlated experimentally determined frequency factors with 

various processes. When compared with the correlati-on, the values in 

Table 1 indicate that the deposition of Sic from MTS in the presence of 
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Table 1. Derived activation energies of Brennfleck et al. (1984) 
and the activation energies and frequency factors 

rederived from their data 

Brennfleck et al. Recalculated 
Diluent 

E E 
(W/mol> &J/mol) Ln A 

H2 

A r  

120 

400 

- -~ ~ 

134 5 7 10.9 f 0.7 

405 It 23 37.7 * 2.5 

hydrogen is limited by adsorption or surface diffusion, whereas the 

deposition of Sic from MTS diluted with an inert gas is limited by a 

unimolecular surface or gas-phase reaction. 

THERMOKINETIC ANALYSIS 

Thermokinetic analysis can be used to identify rate-limiting reactions 

from derived Arrhenius parameters. Activation energies and frequency 

factors are equated to the thermodynamic values for specific rate-limiting 

reactions: 

In Krate - In A - -  E/RT , 

In Kequil - AS"/R - -  AH"/RT , 

where Krate is the rate constant, Kequi1 is the equilibrium constant, and 

AS" and AH" are the entropy change and the enthalpy change, respectively, 

for the rate-limiting reaction. 

specific reactions can thus be compared with the determined frequency 

Values of entropy and enthalpy f o r  
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factor arid activation energy, using the appropriate class oE processes 

chosen via the frequency factor correlations, to then identify likely 

rate- limiting reactions. 

Since the rate-lirnitzng process Tor the depos i t i on  of S i c  from 14T3 in 

hydrogen is adsarptLon or surface diffusion, no rate-limiting reaction can 

be written for which tabulated thermodjmamic data can he used I i o  derive 

entropy and enthalpy changes. 

thus depend on further in s i t u  analysis of the deposition process. 

Any furLher elucidation of this process will 

The rate-limiting process for the CVD o f  Sic from MTS diluted i n  

argon is a unimolecular gas-phase o r  surface react i on ,  and thus candidate 

reacteons can be examined for applicabi 1 ity utilizing tabulated thermo- 

dynamic data. 

there is equilibrium in t h e  gas phase, but that  no SiC forms, in order  to 

obtain partial pressures in the system in which Sic formation is con- 

strained by intermediate reactions. 

Table 2 were derived from the equilibrium calculations and were taken to be 

candidates €or rats-limicing process reactants. 

Thermodynariri c caleul at i o n s  were performed assuming that 

The major and minor species listed in 

A 1 1  conceivable reactjons in the system were then wrttten, using the 

species l i s t e d  i n  Tsl-rle 2 as unimolecular reactants. The thermodynamic 

calculations f o r  each were performed, using the react-ant partial pressures 

o f  Table 2 and the equilibrlun th~rmodynanic codes 111 the FACT interactive 

system, to derive entropy and enthalpy changes at 1308 K. 

were found to best match the  frequency factor and the activation energy 

w i t h  the entropy change and the entitla'lpy change 

reactlons are list-ed i n  Table 3 These, therefore are primary candidates 

for the mechanism controlling the deposition of Sic  from MTS dilured with 

an inert gas. 

Four reactions 

resper tively. These 

TWO- PHASE COA'B'INGS 

The well-knowm increase in fracture toughness in ceramic bodies due to 

the presence of a second phase is thought to extend to ceramic coatings as 

well. 

most difficult problems in the use of ceramic protective coatings, the 

cracking and spalling that result from the difference i n  thermal expansion 

Coatings with improved fracture toughness could solve  ne of the 
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Table 2. Major species equilibrium 

1 3 0 0  K and 0.101 MPa for the MTS 
system diluted with inert gas. 
It is assumed that no condensed 

phases are present 

partial pressures calculated at 

Species Partial pressure 
&Pa) 

H, 

S iC1, 

SiC1, 

SiCl, 

'6 H6 

HC 1 

SiHCI, 

C H 4  

cz H2 

c4 Ha 

5 . 3  

3.1 

2 . 1  

1 * 4 

0 . 9 2  

0 . 7 5  

0 . 7 4  

0 . 6 3  

0.28 

0 . 1 3  

Table 3. Possible rate-limiting reactions for 
Sic CVD from MTS p l u s  argon 

(SiC1,) -+ <Si> + 2(C1) 4 2 0  3 4 2  

l/2(C,H,) -+ <C> 3- 2 ( H )  4 3 0  377 

(H2) -+ 2 ( H )  4 4 8  3 4 4  

(SiC1,) --t (SiC1,) + (Cl) 3 7 4  288 

aE - ( 4 0 5  k 2 3 )  kJ/mol. 

bR In A - (313  k 2 1 )  J mol-' K-l. 
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coefficient between coating and substrate. In particular, it was postu- 

l a t e d  that coatings of B,C-RN would be attractive as protection against 

oxidation, corrosion, wear, and erosion. The major phase, B,C, is excep- 

tionally hard and would provide wear and erosion protective qualities, 

whereas the presence of  the substantially softer minor phase, hexagonal BN, 

would improve the fracture toughness. 

PREVIOUS W O K  

Earlier work on the GVD of Sic-TiSi, w a s  very encouraging (Stinton 

et al. 7.984).  Coatings produced on graphite exhibited fracture toiighnesses 

approximately double those o f  the major phase, Sic ( F i g .  5). In addition, 

it was demonstrated that: the morphology of the coatings could be controlled 

to some extx:nt by control7 ing the reactant concentrations and deposition 

teniperature. Deposits were also produced using fl.uidized bed deposition; 

these were more fine-grained and equiaxed, although the fracture toughness 

remained equivalent to that of the coleunrialr coatlngs shorn in F i g .  5 .  

EQUILIBRIUM ANALYSTS OF THE 13-C-N CVD SYSTEM 

A n  extensive equilibrium analysis was performed using the SOLGASNIX- 

PV code (Besmann, 1977)  and varying reactant concentrations, total 

pressure, and temperature, It was assumed that deposition would take place 

from the reactants BC1, , CH, , NH, , and hydrogen. Figure 6 illustrates some 

o€ the results of those calculations, in this case showing the effect o f  a 

low hydrogen concentration. Low nitrogen content is seen to result in 

three deposited phases, with higher values causing the disappearance of 

B,C. SigniLicantly increasing the hydrogen content, however, al-lows the 

free carbon to form hydrocarbons, and a large compositional area of the 

desired phases B,C-BN emerges ( F i g .  7). Both deposition temperature and 

pressure appear to have minor effects on the deposition system equilibria, 

DEPOSITION EXPERIENCE 

A CVD system for the deposition of B,C-BN was constructed and i s  

depicted schematically in Fig. 8. Deposition runs were performed to 
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The substantially larger hydrogen concentration [Cl/(Cl + H) = 0.051 allows the 
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separately produce B,C and BN on graphite substrates to prove the system 

and demonstrate that each phase could be prepared. 

successful, although it was determined that the high hydrogen concen- 

trations predicted to be necessary from the equilibrium calculations to 

deposit B4C resulted in a porous, friable coating (Fig. 9). Substantially 

reducing the hydrogen flow produced dense, single-phase B,C, and it is 

postulated that free carbon must be kinetically hindered in its formation 

from methane, as has been observed by others (Cartwright and Popper, 1970). 

All runs were made at reduced pressure, 3.3 kPa (25 torr), to improve 
coating uniformity. 

These runs were 

Experimental runs were next performed to deposit two-phase coatings 

Predicted phase contents ranged from 50 with a variety of compositions. 

to 10 mol % BN. The results, however, were unexpected. All deposits were 

single-phase when subjected to examination by metallography (Fig. 10) and 

X-ray diffractometry. 

equivalent to that determined by Badzian et al. (1972), who interpreted it 

to indicate a graphitic structure which was turbostratic. 

structure is one in which the graphite-like planes are highly ordered; 

however, there is little order between planes. Thus the hexagonal BN 

apparently formed its typical graphite-like structure in the a and b 

directions, with little orientation in the c direction. 

The X-ray diffraction patterns were also found to be 

A turbostratic 

Scanning Auger electron spectroscopy was performed on fracture 

surfaces of the coatings. The results confirmed the uniformity of the 

coating, with the average composition determined from a spot size over 

100 c(m2 equivalent to that from a spot size of square-nanometer scale. 

A typical sample composition was BCo.43No.2Q, indicating a likely 

substitution of carbon for nitrogen in the hexagonal BN structure. 

Microindentation of the cross section of the coatings indicated a 

relatively soft material (Vickers hardness of -430) .  In addition, relaxa- 

tion of the indentation after removal of the load was observed, which 

indicates that the material is substantially more elastic than B4C would 

be expected to be. 

Reciprocal sliding tests were performed on the surface of a typical 

coating to determine its coefficient of friction. The counterface material 
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was alumina. 

which agree well with the room-temperature value reported for BN of 0.4 

(Rabinowicz, 1965). 

Coefficient of friction values of -0.39 were measured, 

SUMMARY 

Equilibrium analysis calculations, experimentally determined gas-phase 

composition, and analysis of kinetic data coupled with thermokinetic 

analysis were used to develop an understanding of the CVD of SIC from MTS. 

The rate-limiting process for SIC deposited from MTS diluted with hydrogen 

(which acts as a catalyst) appears to be adsorption or surface diffusion. 

The rate-limiting process for the CVD of MTS diluted with argon is a 

unimolecular gas-phase or surface reaction, and the four most probable 

reactions have been identified. 

The CVD of B-C-N yields a single-phase, turbostratic coating. 

Scanning Auger analysis has revealed a substoichiometric (in the nonmetals) 

B(C,N) phase. 

elastic, and reciprocal sliding measurements against an alumina counterface 

give a coefficient of friction of -0.39. 

Microindentation indicates the coating to be somewhat 

ACKNOWLEDGMENTS 

The authors would like to thank R. A. Padgett for performing the 
scanning Auger spectroscopy and 0. B. Cavin for the X-ray diffractometry. 
We would also like to thank H. R. Livesey for the graphics, C. A. Valentine 
for draft preparation, and G. R. Carter for manuscript preparation. 

REFERENCES 

Aleman, H., S. C. L. Lau, and J. Lielmezs, Thermochim. Acta 84, 57 

(1985). 

Badzian, A. R., S. Appenheimer, T. Niemyski, and E. Olkusnik, 
"Graphite-Boron Nitride Solid Solutions by Chemical Vapor Deposition," 

pp. 747-53 in Proc. Third I n t l .  C o d .  Chemical Vapor Deposition, ed. 

F. A. Glaski, American Nuclear Society, Hinsdale, Ill., 1972. 



21 

Baetzold, R. C., and G. A. Somorjai, J. Catal. 45, 94 (1976). 

Benson, S. W., Thermochemical Kinetics, John Wiley and Sons, 

New York, 1976. 

Besmann, T. M., SOLGASMIX-PV, A Computer Program to Calculate 

Equilibrium Relationships in Complex Chemical Systems, ORNL/TM-5775, 

April 1977. 

Brennfleck, K., E. Fitzer, G. Schoch, and M. Dietrich, "CVD of 

Sic-Interlayers and Their Interaction with Carbon Fibers and with 

Multilayered NbN-Coatings," pp. 649-62 in Proc. Ninth Intl. Conf. Chemical 

Vapor Deposition, 1984, eds. McD. Robinson, C. H. J. van den Brekel, 

G. W. Cullen, J. M. Blocher, Jr., and P. Rai-Choudhury, The Electrochemical 

Society, Pennington, N.J., 1984. 

Cartwright, B. S . ,  and P. Popper, "The Deposition of Pyrolytic Silicon 

Carbide From Methyltrichlorosilane," pp. 473-99 in Proc. Fifth Intl. Conf. 

Science of Ceramics, eds. C. Brosset and E. Knopp, Swedish Institute for 

Silicate Research, Gothenburg, Sweden, 1970. 

Rabinowicz, E., Friction and Wear of Materials, John Wiley and Sons, 

New York, 1965, p .  310. 

Stinton, D. P., W. J. Lackey, R. J. Lauf, and T. M. Besmann, 

Ceram. Eng. Sci. Proc. 5, 668-76 (July/August 1984). 





23 

ORNL/TH- 10884 
Bist. Category UC-95 

INTERNAL DISTRIBUTION 

1 - 2  ~ 

3 ,  
4 - 5 .  

6 .  
7 .  

8-10. 
11  ~ 

1 2  * 
1 3  
1 4 .  

15 -29 .  
20.  
21. 
22 " 
23.  
2 4 .  
25. 
26. 
2 7 .  
2 8 .  
2 9 .  

Central Research Library 
Document Reference Section 
Laboratory Record Department 
Laboratory Records, ORNL R@ 
QKNE Patent Section 
M&C Records Office 
L .  F. Allard, Jr. 
P .  Ange1in-Y.  
R. L. Beatty 
J. B e n t l e y  
T.  M .  Besmann 

A .  J. Caput0 
R. S, Carlsmith 
R .  E. Clausirig 

J. I. Federew 
E. L. Fuller, Jr. 
R .  L. Meestarnd 
M. A .  Janney 
It. R. Judkins 

R .  A. Bradley 

D. F. Craig 

30. H. E .  K i m  
3 1 .  E .  M. Lee 
32. PI. s. Lewis 
33. R. A. Lowden 
3 4 .  A. J. Moorhead 
35. M. OPszewski 
3 6 .  R. E. Pawel 
3 7 .  W. A. Strehlow 
38. T.  N. Tiegs 
39. B. Trauger 
40. J. R. Weir, Jr. 
4 1 .  F. W. Wiffen 
4 2 .  D. F. Wilson 
4 3 .  A .  6. Y o u n g  
4 4 .  A .  D. Brailsford (Consultant) 
4 5 .  M. D. 3r0ay (consuitant) 
4 6 .  F. F. L,ange (Consultant)  
4 7 .  D. P. Pope (Consultant) 

4 9 .  J. B. Wachtman (Consultant) 
4 8 .  E .  R. Thompson (Consultant) 

EXTERNAL DISTRIBUTION 

6 6 .  A T M T A  UNIVERSITY, 223 J. P. Brawley Dr. SW, Aclarnta, 
GA 30316-4391 

K. B. Bota 

67. CmEGIE-MELLON UNIVERSITY, Department of Metallurgical 
Engineering and Materials Science, Pittsburgh, PA 15213 

T, B "  Massalski 

68. CASE WESTERN RESERVE UNIVERSITY, Department of Metallurgical and 
Materials Science, 10900 Euelid Aveiiue, Cleveland, OII 44106 

K. Vedula 



24 

69-70. 

71. 

72. 

73. 

74. 

75-79. 

80. 

81. 

82 * 

8 3 .  

84. 

GEORGIA INSTITUTE OF TECHNOLOGY, School of Materials Engineering, 
Atlanta, GA 30332 

A. T. Chapman 
J. K. Cochran, Jr. 

J. C. Holzwarth, 2629 Saturn Drive Lake, Orion, MI 48035 

IDAHO NATIONAL ENGINEERING LABORATORY, P.O. Box 1625, Idaho Falls, 
ID 83415 

J. E. Flinn 

IMPERIAL COLLEGE OF SCIENCE AND TECHNOLOGY, Department of 
Mathematics, London SW7 2B2, England 

D. G. Pettifor 

LAWRENCE BERKELEY LABORATORY, One Cyclatron Road, Berkeley, 
CA 94720 

A.  Hunt 

LOS ALmlPlOS NATIONAL LARORATORY, Los Alamos, NM 87545 

s .  P. men J. J. Petravlc 
P. J. Hay A.  E'. Voter 
R. E. Honnell 

NASA-LANGLEY KESEaRCH CENTER, Materials Division, MS-188M, 
H ~ ~ ~ t p t o n ,  VA 23665 

D. R. Tenney 

NATIONAL INSTITUTE OF STANDARDS AND TECHNOLOGY, 562 Fracture and 
Deformation, Gaithersburg, MD 20899 

J. A. Carpenter, Jr. 

NORTH CAROLINA STATE UNIVERSITY, Materials Engineering Department, 
Box 7907, Raleigh, NC 27695-7903 

J. Narayan 

NORTHWESTERN UNIVERSITY, Department of Materials Science and 
Engineering, Technological Institute, 2145 Sheridan Road, 
Evanston, IL 60201 

D. L. Johnson 

NORTON COMPANY, High Performance Ceramics, Gsddard Road, 
Nsrthboro, MA 01532-1545 

D. 0 .  Patten 



25 

85. 

8 6 .  

87. 

88 - 

89. 

90. 

91. 

92. 

93. 

94. 

95. 

PENNSYLVANIA STATE UNIVERSITY, Department of Chemistry, 152 Davey 
Laboratory, University Park, PA 16802 

H .  R. Allcock 

PENNSYLVANIA STATE UNIVERSITY, Materials Engineering Research 
Laboratory, 201 Steidle Building, University Park, PA 16802 

K. Spear 

POLYTECHNIC INSTITUTE OF NEW Y O U ,  333 Jay Street, Brooklyn, 
NY 11201 

G. C. Tesoro 

QUEST RESEARCH GORP., 1749 Old Metal Rd., Suite 500, McLean, 
VA 22102 

R. S .  Silberglitt 

SANDIA NATIONAL LABORATORY, P.O. Box 5800, Albuquerque, FM 87185 

W. G. Wolfer 

SOLAR ENERGY RESEARCH INSTITUTE, 1617 Cole Boulevard, Golden, 
CO 80401 

H .  Chum 

SOUTHERN UNIVERSITY, Mechanical Engineering Department, 
P.0, Box 11745, Baton Rouge, LA 70813 

A. R. Mirshams 

THE STATE UNIVERSITY OF NEW JERSEY/RUTGERS, Center for Ceramics 
Research, P.O. Box 909, Piscataway, NJ 08855-0909 

B. Kear 

STEVENS INSTITUTE OF TECHNOLOGY, Plastics Institute of America, 
Inc., Castle Point Station, Hoboken, NJ 07030 

B. Gallois 

UNIVERSAL ENERGY SYSTEMS, 4401 Dayton-Xenia Road, Dayton, OH 45432 

P. P. Pronko 

THE UNIVERSITY OF AKRON, Institute of Polymer Science, 302 East 
Buchtel Avenue, Akron, OH 44325 

F. N. Kelley 



26 

96. UNIVERSITY OF FLORIDA, Department of Materials Science 
Engineering, Gainesville, FL 32611 

E. D .  Verink, Jr. 

97. UNIVERSITY OF SOUTHERN CALIFORNIA, Los Angeles, CA 90089-0241 

S. M. Copley 

98-100. UNIVERSITY OF TENNESSEE, Materials Science and Engineering, 
Dougherty Hall, Knoxville, TN 37996 

J. F. Fellers 
R. F. Oliver 
P, J. Phillips 

101. UNIVERSITY OF WASHINGTON, Department- of Materials Science and 
Engineering, FB-10, University of Washington, Seattle, WA 98195 

I. A. Aksay 

102. VANDER LINDEN & ASSOCIATES, 5 Brassie Way, Littleton, CO 80123 

C ,  R. Vander Linden 

103. VIRGINIA POLYTECHNIC INSTITUTE AND STATE UNIVERSITY, Department 
of Haterials Engineering, Blacksburg, VA 24061 

D. Farkas 

104. XEROX COR.POKATION, Webster Research Center, 800 Phillips Road, 
0114-381>, Webster, NY 14580 

C. B. Duke 

105. DOE, OFFICE OF ENERGY UTILIZATION RESFWRCH, Conservation and 
Renewable Energy, 1000 Independence Avenue, 
Washington, DC 20585 

s .  M. Wolf 

106. DOE, OAK RIDGE OPERATIONS OFFICE, P.O. Box 2001, 
Oak Ridge, TN 37831-8600 

Assistant Manager for Energy Research and Development 

107-177. DOE, OFFICE OF SCIENTIFIC AND TECHNICAL INFORMATION, 
P.O. Box 62, Oak Ridge, TN 37831 

For distribution as shown in DOE/TIC-4500, Distribution 
Category UC-95 (Energy Conservation). 


