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ABSTRACT

This research evaluated the chemical vapor deposition (CVD)
of silicon carbide from methylsilane (CH3SiH3) and coating of nuclear
waste ceramics. The phase equilibria of the SiC coatings were
investigated and compared with thermodynamic equilibrium calculations.
The major variables studied were coating temperature, hydrogen content
of the diluent gaseous system (Ar — Hy) or (N, — Hy), and addition of
CoHyo to the system., Pyrocarbon coated alumina, and nuclear waste
ceramic substrate particle were coated with silicon carbide in a
fluidized-bed coater.

Most of the thermodynamic calculations were performed with a mole
ratio of CH3SiHz/diluent = 5.8 x 10-3 and a total system pressure of
1.01 x 10 Pa. The results for the CH3SiH3 — Ar system indicate that
SiC + Si are codeposited up to a temperature of =1450 K. Single phase
SiC is computed to form above that temperature. The results for the
CH3SiH3 — Hp system are similar to those mentioned above except
SiC + Si is computed to form over the entire 973 to 1600 K temperature
range. The silicon content in the condensed phase increases as the
temperature decreases or the hydrogen content in the diluent gas
increases. Additions of various amounts of CyH, to the CH3SiH3 —

(Ar — Hy) system can alter the types and concentration of phases
present in the condensed phase (SiC + Si, SiC + C, or SiC). Results
for the condensed phases are presented as CVD phase diagrams and those

of the gaseous phase as partial pressures of various species.
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The coatings were evaluated by x-ray diffraction, Raman
spectroscopy, quantitative electron microprobe, and other techniques.
Coatings deposited at 1073 K were amorphous and those deposited at
1180 K were crystalline. Annealing of the amorphous SiC coating to
1173 K crystallized the material. The major phase observed is g-SiC,
however a small amount of «-SiC is also present and the coatings are
isotropic. The SiC crystallite size decreased as the hydrogen content
in the diluent gas increased.

Coatings deposited in diluents of high hydrogen content had a
silicon content greater than that of stoichiometric SiC by =2 wt %.
The phases and their relative concentration present in the coatings
were modified by adding CoH, to the system. The experimental results
were in agreement with thermodynamic calculations.,

The coated particle concept for solidification of high-radiation-
level nuclear waste was also evaluated. Sol-gel derived substrates of
high-waste loading, and Cs-loaded zeolite were coated with SiC and
pyrolytic carbon in a fluidized-bed coater. Leach testing by standard
techniques showed them to be highly leach resistant and possess leach

rates lower than other nuclear waste forms.
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CHAPTER I
INTRODUCTION

The solidification of high-radiation-level nuclear waste material,
in preparation for its long-term storage, is a significant and
important subject. The future of nuclear energy may very well depend
on the resolution of this topic.! Although there are many different
types of nuclear materials to be disposed, the high-level waste can be
grouped into two sets: defense or commercial. These materials differ
in radioisotope content, inert components content, and chemical form.
It is of interest to further categorize these nuclear waste materials
into three types: (1) cesium bearing, (2) materials containing the
remaining species other than cesium, and (3) those containing the
transuranium elements. The primary waste form developed to immobilize
these wastes has been borosilicate glass.2»3 However, high-temperature
leach tests that show the leach properties of borosilicate glass can
be degraded“ has lead to increased efforts in research and development
of alternative waste forms to minimize the risk of radioactive release
from a repository. Some of the alternative waste forms evaluated
include crystalline ceramic materials such as supercalcine,5s6
SYNROC,"»7 tailored ceramic,8:% and monazite.19-13 The radiation
stability of natural minerals as analogues to radioactive waste forms
is being studied.l* Multiple barriers such as container, overpack,

and repository conditions are also being evaluated to increase the

integrity of the solidified materials.




Another of the alternative nulcear waste forms evaluated is the
coated particle concept. Previous work on coating of calcine,l5-20
supercalcine,1°-20 and glass?! has been reported. The anticipated Tow
leach rates for coated particles, however, were not achieved.!® This
was due mainly to difficulties encountered with the thermal stability
of the substrate and its interaction with coating process variables
such as temperature, halogenated reactants, and reduction by the pyro-
carbon coating.

Sol-gel technology developed for reactor fuel fabrication22-2%
can be applied directly to the solidification of radioactive waste in
crystalline ceramics. The chemical vapor deposition (CVD) fluidized-
bed coating process, developed for coating High-Temperature Gas-Cooled
Rector (HTGR) fuel,25-33 should also be applicable.3* For reactor
fuels, radiation resistant coatings of pyrocarbon and silicon carbide
are applied on gel-derived fissile microspheres to retain fission
products. The coating process offers mechanical simplicity and, in
addition, a large amount of background information exists related to
substrate formation, quality assurance, processing of radioactive
materials, and radiation testing of both pyrolytic carbon and of
silicon carbide coatings. Thus it would be advantageous to evaluate
both pyrolytic carbon and silicon carbide as coatings for nuclear
waste, However, current chemical vapor deposition of SiC in the HTGR
Program is performed near 1823 K with the halogenated reactant
methyltrichlorosilane (CH3SiCl3) and hydrogen diluent gas. As related
to high-level waste, the coating development needs are (1) the coating

must be applied at low temperature (<1273 K) to minimize fission




product vaporization, and (2) substrate — coating gas compatibility
must be maintained.

Methylsilane35-45 CH3SiH; is a reactant which contains equimolar
amounts of carbon and silicon, does not contain chlorine, and should
decompose to form SiC33,38,42 at temperatures lower than 1273 K. The
chemical vapor deposition of SiC from methylsilane was thus evaluated
and is reported in this dissertation. The variables included in the
evaluation are the reactant gas flow rate, diluent gas type (argon or
nitrogen) and flow rate, hydrogen content in the diluent gas, additive
CoHy gas flow rate, coating temperature, and type of substrate particle.
Coating of pyrolytic carbon coated alumina substrate particles enabled
a more complete evaluation of the SiC coating. Both low density buffer
coatings as well as dense SiC coatings were synthesized and evaluated.
The low density buffer coatings are necessary to prevent fracture of
the dense SiC layer due to thermal expansion differences between the
coating and the substrate. The ability to change the phases and their
relative content in the SiC coating was evaluated. This was performed
by varying (1) the composition or concentration of the gaseous
additives (CyH,), and diluent gases, and (2) the coating temperature.

The coating process has been studied by evaluating coating
efficiency, density, defective particle fraction, phase content,
elemental composition, crystallite size, microstructure, and annealing
behavior. Thermodynamic equilibrium calculations were performed for
both the CH3SiH3 — CyHy, — (Ar — Hy), and CH3SiH3 — CoHy — (Ng — Hp)
systems. The partial pressure of gaseous product species and the type

and content of condensed phases were predicted and compared with




experiment. The comparison of experimental results with those of the
thermodynamic evaluation points to the importance and significance
of the free energy concept.

Examples of coated simulated nuclear waste forms are also
presented, These are related to the development of a generic cesium
bearing waste form and the coating of substrate particles with high
waste loading., The research reported is the first performed with
methylsilane in a fluidized-bed coating system. The subsequent
application of the ideas developed in this dissertation has lead
to two U.S. patents related to the low temperature chemical vapor

deposition of SiC coatings.“6s*7




CHAPTER II
LITERATURE SURVEY
Coated Forms

The coated particle concept for the solidification of nuclear
waste materials can result in waste forms possessing excellent leach-
resistant characteristics. The coating method which has received the
greatest attention is the chemical vapor deposition process and various
types of coaters have been evaluated including fluidized bed, drum,
auger, and agitated bed. The properties of the substrate material (the
material which contains the nuclear waste) have been shown to be very

important in being able to produce acceptable coated forms.

Coating of Silicate Substrates

One of the earliest substrates evaluated was "calcine,"15-20
Calcine is the solid which forms when a slurry is introduced into an
externally heated chamber, The volatiles are removed from the slurry
resulting in a material composed of metal oxides, H,0, and traces of
nitrates and carbonates. The actual composition depends on the initial
slurry. The particle size of calcine produced in spray-calciners can
range from submicrometer to tens of micrometers. The particle size for
the spheroid materials produced in fluid-bed calciners can range from
submicrometers to millimeters. This substrate concept did not include
the formation of specific phases or production of a substrate with
special properties. Although the material was not an optimal substrate

for CVD coating processes, it did provide a beginning for the coating




of nuclear waste forms and valuable information was obtained about the
properties of substrates most important in the coating process. The
calcine materials were found to be volatile and to possess a relatively
Tow thermal stability with liquid phases present often at temperatures
less than 1123 K. [Initial coating experiments were performed with
=200 um substrates of irregular shape using a fluidized-bed coater,
The coating chamber was a quartz tube of 55 mm diameter with a conical
gas inlet distributor, Approximately 10 or 20 g of particles were
coated per experiment. Volatile species such as cesium vaporized

and the substrate particles tended to agglomerate when substrates

were coated with pyrolytic carbon (PyC) at 1373 K. Initial efforts
using acetylene for PyC deposition seemed successful in that PyC was
deposited at temperatures as low as 1123 K. However even in those
experiments the PyC coated particles were often broken and not of high
physical integrity. Additional types of coating materials, such as
metallic Fe, Si, Cr, or Ni as well as ceramic Al,03 and SiC compounds
were also evaluated. Both non-halogenated as well as halogenated
reactants were tested and coating temperatures usually maintained near
or below 1123 K. A list of some of the systems evaluated is shown in
Table 2.1.

Some of the difficulties encountered were related to the thermal
instability of the substrate, substrate porosity, thermal expansion
mismatch between the substrate and coating, reactions between reactant
or gaseous products and substrate, and use of halogenated reactants.
The coated particles were evaluated by optical metallography, oxidation

testing to at least 1023 K in air, and cursory leach tests. However,




Table 2.1. Various coatings applied to calcine particles

Coating temperature

Coating Reactant ()

Ni Ni(CO), 443-503
PyC CoHy 1073-1223
Si SiHCl3 + H, 773-1073
CP7C3 CF(Cngz)z 773

Si0, SiCly + Hy0 + Hy 973-1073
SiC CH3SiCl3 + Hp 1373
Al1,04 A1Cl3 + Hy0 + H, 873-1173

Source: R. W. Kidd, M, F, Browning, and J. M. Rusin,

“Chemically Vapor Dep
Waste," pp. 563-77 in
International Confere

osited Coatings for Multibarrier
Procedings of the Seventh
nce on Chemical Vapor Deposition 1979,

T. 0. Sedgwich and H.
(October 1979).
it was felt that the quality
if the substrate were modifi
The multibarrier progra
coated particles where the a
at least in the 1l to 10 mm r
a vibratory-bed coater were

of the reactions considered

Lydtin, eds., Los AngeTes, CA

of all coatings could have been improved
ed or the coating processes optimized.
m goals were later changed to evaluate
verage size of the substrate particles was
ange.15-20 Both a rotating drum coater and

used to coat these larger particles. Some

C2Hz

3C0p + 3 Hy + 2A1CT; —

and

were

+£;73-1473 K, 2+ H,, (2.1)
12731373 K, p1,05 + 6 HCY + 3 C0 , (2.2)
823-1323 K , 4y 0. 4+ 6 KCl . (2.3)

2 AIC13 + 3 Hy0 -




A11 PyC coatings were deposited in fluidized-bed coaters with Zr0,
diluent particles of =0.5 mm. The Al,03 coatings were deposited

in either drum or agitated-bed coaters with no diluent particles.
Substrate materials for these experiments consisted of the super-
calcine5:%>48 formulation. These particles were still quite heavily
loaded with waste (70 wt % waste and 30 wt % additives). However,
additives were included in an effort to produce specific phases in the
final material. In this way the nuclear waste would be incorporated in
a crystalline phase assemblage. Leach testing [Table 2,2] of coated
particles produced in this manner indicated only a one-order-of-
magnitude improvement over the leach rate of uncoated supercalcine
particles.!® Cesium was also shown to be included in the coating
layer. Indications are that the coatings may have been porous,
defective, or cracked. Other work showed that supercalcine particles
reacted with PyC at coating temperatures as low as 900°C leading to
localized pitting in the coating. Other efforts included the coating
of glass beads.!9s21 Ppyrolytic carbon was produced as a coating at

803 K. The coating rate was extremely low and highly toxic nickel
carbonyl was necessary to catalyze the decomposition of C,H,. Glass
beads coated with PyC using this process yielded unsatisfactory results
with the coating spalling at a low temperature of a few hundred degrees

celsius.,
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Coating of Sol-Gel Derived Substrates

Much emphasis has recently been placed on crystalline ceramic
substrates, since high-temperature high-pressure leach tests have
shown that the leach properties of glass can degrade. SYNROC is a
titanate-based ceramic waste form developed by Ringwood.*s7s%3 This
concept seeks to immobilize radioactive species by incorporating them
in a solid solution crystalline phase assemblage and was unique in that
(1) a titanate based mineral system was chosen which possesses low
Teach rates and (2) the radioactive waste components were added in
dilute solution. The composition with little or no nuclear waste
is SYNROC-B and the composition which deals with commercial nuclear
materials solidification is SYNROC-C.5? This material contains as
its final phases Hollandite (BaAl,Tig0,¢), zirconolite (CaZrTi,0,),
and perovskite (CaTi03). Defense related nuclear waste poses a
different set of conditions on the final waste form and process,51s52
One of the crystalline waste forms for the solidification of
defense-related nuclear materials is SYNROC-D5353% (Table A.1) which
is an assemblage of nepheline (NaA1Si0,), zirconolite, perovskite,
spinel [MN,0, — M,TO, (M = divalent cation, N = trivalent cation,

T = tetravalent cation)]. The various SYNROC alternative waste forms
are thermally stable to a temperature of at least 1273 K which makes
them excellent candidates as coating substrates.

Sol-gel technology has been used to produce tons of reactor fuel
for the HTGR Program by the external gelation and water extraction
process.22:23 Ipitial research and developement on its application for

the solidification of nuclear waste has been placed on the internal
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gelation process to maintain system flexibility. Microspheres of
the SYNROC-B, SYNROC-C, and SYNROC-D formulations were produced.5?>
Microspheres of the SYNROC-D formulation sintered to a density of
4.19 g/cm3 in an Ar — 4% H, atmosphere at a temperature of 1173 K
are shown in Fig. 2.1.

Chemical vapor deposited coatings of pyrolytic carbon and SiC in
fluidized-bed coaters have been evaluated and used for coating HTGR
fuel for many years. Pyrolytic carbon coatings of HTGR fuel were
applied at 1573 K to obtain isotropic and impermeable coatings. In
addition carbon has been shown to be highly leach resistant in aqueous
media.>® However, since the alternative waste form substrates are not
stable at this temperature, pyrocarbon coatings were applied to SYNROC
microspheres at =1273 K. [Initially thermal expansion differences
between the substrate and the dense pyrocarbon layer resulted in
cracked coatings. Cracking was eliminated by depositing a low-density
pyrocarbon coating between the substrate and the dense pyrocarbon
coating (Fig. 2.2). Characterization by mercury porosimetry, immersion
density, gaseous chlorine Teach at 1273 K, and aqueous leaching proved
them to be of high quality.®7-60 Results of aqueous leach tests by the
MCC-1 procedure®!l for both uncoated and pyrocarbon coated SYNROC-B and
SYNROC-D (defense simulated waste) are presented in Table 2.3. The
leach results for all species of the pyrocarbon-coated substrates were
below the detection 1imit of the inductively coupled plasma technique

used to measure the concentration of each species. The leach results

were calculated from the equation




4

ORNL-DWG 81-10207

1000 um

Fig. 2.1. Microspheres of SYNROC-D formed by the internal
gelation process (sintering temperature 1173 K, atmosphere —
Ar — 4% H,, density 4.19 g/cm3).
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Table 2.3. Leach test results for uncoated and pyrocarbon
coated sol-gel derived particles?

Leach rate [g/(m2 « d)]

Element Detection Uncoated PyC-coated Uncoated PyC-coated

limit SYNROC-B SYNROC-B SYNROC-D SYNROC-DP
(5 d) (3 d) (1 d) (3 d) (3, 7, or 28 d)

Fe 3 x 10" 3 x 10-% c 6 x 10-3 ¢

Al 1 x 10-% c 2 x 102 c

Mn 2 x 10~ d c 1 x 10-3 c

] 1 x 10-5 d c 4 x 10-3 c

Ca 2 x 10°% 2 x 10-2 c 4 x 10-! ¢

Ni 4 x 10-5 d c 3 x 10-3 c

Si 1 x 10-% d c 7 x 10-2 c

Na 6 x 10-% d c 1 x 10-2 c

ir 2 x 100° 9 x 10" c 3 x 10-3 c

Ti 5x 10 3 x 10-% c 2 x 104 c

Ba 2 x 10-% 4 x 10-3 c d

Mo 1 x 10-3 c c c

Ce 4 x 10°% c c 5 x 10-3 c

Nd 1 x 10-3 d c c

Sr 1 x 10=> 4 x 10°% c 5 x 101 c

Cs 4 x 10-5 d d d d

dLeach rate — M;j/(f;SAAt); M; = mass of element in solution (g%;
fy = fraction of element in kernel; SA = surface area of sample (m<¢);
At = time period of leach (d). Leach test MCC-1; deionized H,0; 363 K.
detection limit determined by averaging blanks submitted during test
(Vgo1 = 20 cm3, At = 5d, SA = 75 x 10-% m2),

bpetection limit for 28 d samples is a factor of 5 Tower than limit
Tisted.

CBelow detection limit.

dElement not present in waste form,
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Leach rate = M;/(f;SAat) (2.4)
where

Mj — mass of element in solution (g),

fi — fraction of element in specimen,

SA — surface area of the specimen (m?), and

At — the period of the leach test (d).

The composition of alternative nuclear waste ceramics can also be
defined by other parameters such as (1) the ease of their processing by
the gelation process or (2) maximizing the waste loading. However
phases which form may not be as thermally stable as those present in
the SYNROC materials. Substrates of higher waste Toading (from 70 to
90 wt % waste) were found to react with pyrocarbon®! at either 1273 or
1573 K. An example of reactions which can occur when using substrates
with a high Savannah River Plant (SRP) waste loading (>70 wt %) are
shown in Fig. 2.3. Other coating materials may be required to prevent

or minimize reactions during coating.
Zeolite

Cesium is one of the species in radioactive waste which is
difficult to immobilize in waste forms such as glass, calcine,
supercalcine, and the various types of SYNROC formulations. These
alternative waste form processes seek to incorporate all the species
in radioactive waste into one ceramic materials system. This proves
to be a difficult task which can compromise the chemical stability

and mechanical properties of the ceramic waste form. High leach rates
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Fig. 2.3. Microspheres of high-waste loading (>70 wt %) react
with pyrocarbon during coating at 1273 K.
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can result since some species have an inherently high solubility or
tendency to partition into leachable phases.,

In processing of defense waste, cesium is frequently removed
from the waste stream and loaded onto zeolite granules. This has
been reported by Wiley and Wallace®2 for removal of cesium from the
Savannah River Plant waste supernate, Cesium and strontium have also
been removed from high-level defense waste at Hanford, Washington, by
adsorption onto zeolite as reported by Nelson and Mercer,®2 and
Buckingham.®3 Storage of strontium and cesium loaded zeolite for
future recovery has been evaluated. Several laboratory and pilot
plant scale projects have been performed where zeolite was loaded
with radioactive strontium or cesium., Radiolytic decomposition of
the Hy0 component in the zeolite to hydrogen and oxygen can occur
Teading to pressurization of the container. In some cases zeolite
lToaded with strontium was dried to 873 K before being sealed in
containers for a period of 2 years. The material was heated to remove
most of the Hy0 component from the zeolite and thereby minimize the
products of radiolytic decomposition. The sealed container was later
opened and the adsorption-desorption properties of the zeolite
evaluated. It was found that it was possible to elute strontium from
the zeolite even after irradiation to very high doses of >101! rads.
However, the partitioning of cesium and strontium for long-term storage
in zeolites has received little attention. Zeolite was also used as a
medium to transport radioactive cesium between sites. More recently a
synthetic zeolite, Ionsiv IE-95 (Linde Division, Union Carbide

Corporation, New York, N.Y.) was used at Three Mile Island Nuclear
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Facility for removal of cesium from the containment building sump water
and reactor system water,®5*

Komarneni and Roy evaluated various zeolites for fixation of
cesium and strontium by thermal and hydrothermal treatments.®5 Natural
zeolites were used but the composition of each type was not determined.
The fixation, defined as the difference between the total cesium loaded
onto the zeolite and the amount released after a 24 h exposure in 0.1 N
KCT, was determined for each zeolite. Seven zeolites were evaluated in
the fully loaded condition and two types of zeolites were evaluated in
the partially loaded condition. A partial listing of their results is
presented in Table 2.4. The lower fixation of cesium, at intermediate
temperatures (~1073 K), for the mordenite and chabazite zeolites was
attributed to their high thermal stability. These results indicate
that the philipsites and analcite fix the most cesium at the lowest
temperatures. The differences in the fixation percent for the two
phillipsite zeolites was attributed to differences in their composition
even though their compositions or microstructures were not evaluated.
Evaluation of partially loaded phillipsites and analcite zeolites
showed that higher heat treating temperatures were required to achieve
the same level of fixation.

Most zeolites fixed a large fraction of the cesium when heated
to 1273 K in air. The mechanism of cesium fixation was evaluated by
analyzing x-ray diffraction patterns of the various cesium loaded
zeolites. Results of some of the zeolites are summarized in Table 2.5.
Fixation in analcite was attributed to dehydration of the structure

(transformation to pollucite). In phillipsite, fixation was also
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Table 2.5. Phases present in fully Cs-loaded natural
zeolites after heating in air

Phases present after heat treatment

Zeolite
873 K 1273 K
Mordenite Mordenite CsA1Si0, + Cristobalite
Chabazite Chabazite a+b

Phillipsite (1) Cs-feldsparC + pollucite Cs-feldspar® + pollucite
Phillipsite (2) Cs-feldspar® + pollucite Cs-feldspar® + pollucite
Analcite Analcite® + pollucite Cs-feldspar® + pollucite

Source: Komarneni, S., R. Roy, "Zeolites for Fixation of Cesium
and Solutions from Radwastes by Thermal and Hydrothermal Treatment,"
Nucl. Chem. Waste Management, 2[4], 25964 (1981).

dynidentified phases.

bAmorphous background.
CPreliminary result.

attributed to dehydration and the subsequent formation of a new mineral
phase tentatively identified as Cs-feldspar (CsA1Si30g). Fixation in
the mordenite, chabazite was attributed to recrystallization. However,
no Cs partitioning studies were reported,

The results of these previous studies show that Cs can be incorporated
in zeolites., In addition the Cs-loaded zeolites can be heat treated to
minimize radiolytic decomposition effects, and to minimize leaching
effects.®® The data show that zeolite may be a suitable substrate for
the coated particle concept if it can be coated at a sufficiently low

temperature,
Chemical Vapor Deposition of SiC

Silicon carbide is a material which is used in many segments of

our society.®67:68 (ne method of obtaining SiC, especially as a
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coating, is by the use of CVD. Currently the chemical vapor deposition
process is used for coating of HTGR nuclear fuel particles with SiC

to prevent the escape of fission products. The SiC is deposited at
temperatures near 1823 K in fluidized-bed coaters, hydrogen-diluent
gas, and methyltrichlorosilane (CH3SiCl3) reactant gas. Since CH3SiClj
contains chlorine, various chloride compounds can form; with HC1 being
one of the most pronounced and corrosive. For HTGR applications these
coating conditions are acceptable., However, for other applications,
these conditions can lead to extensive process-substrate interations
such as chlorine corrosion, melting, or hydrogen reduction. As related
to high-level waste, the basic requirements for coating development are
the following: a coating must be applied at low temperature to prevent
or minimize vaporization, substrate-coating-gas compatibility must be
maintained, the oxygen fugacity during coating must be within certain
Timits to prevent reduction of phases in the substrate, and the coating

must be leach resistant.

Non-Halogenated Reactants

The deposition of SiC by the chemical vapor deposition process has
been evaluated by many researchers,27:29,30,33,44,69 The experiments
and results can be grouped in various sets depending on the type of
reactant gases, carrier gas, temperature, total system pressure,
substrate, furnace type, growth rate, and gas flow rates. Each of
these conditions can change the microstructure, composition, or
properties of the material which is produced. An article by

Schlichting"* reviews recent papers on this subject. The various
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reactant gases can be grouped into halogenated or non-halogenated

compounds. A list of some of the gases is presented in Table 2.6.

Table 2.6. Reactant gases for the CVD of SiC

Halogenated Non-halogenated
CH3SiCl3 sicl, CH3 SiH3
CH3SiCls + CH SiHCl4 + CHC1, CH3S1(CH30)
CH3S1C13 + CFy S'IHC]S + CC1y (CHg)qS'l
(Csz)SiC]g SiHCl3 + CgH;» SiH, + C3H8
CH3STHCT, SiCly + CyH, SiH, + CH,
(CH3),SiC1, SiC1, + CCl, CHy
(C2Hs)2SiCl,
(Csz)zS'iC]z + CH3$1'HC12
(CH3)3SiC

Diluent gases have consisted of H,, Ar, N,, He, HCl. In cases
where nitrogen was used as a carrier or diluent gas the reactant gas
was a halogenated compound, the substrate heated by direct means, and
the temperature range evaluated was between 1473 and 1673 K. Formation
of SiC was reported in two cases and SigN, — SiC in a third. The
codeposition of SigN, — SiC was reported in a fluidized-bed coating
system, 29

Gareis’0 has reported the formation of a g-SiC coating on
inorganic substrates. The main objective of that work was to evaluate
SiC for wear resistant coating, and semiconductor applications. The
reactants evaluated were (CH3),Si, and a mixture of SiH, — CH,. The
reactions were carried out in a system pressure range of 13 to 26 Pa
and a temperature as low as 1023 K. The total system pressure was
found to be a critical variable. No SiC deposit was apparent for

pressures below 13 Pa. Also flakes of SiC formed at pressures greater
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than 26 Pa. Many side reactions were noted to occur at temperatures
greater than 1673 K.

Deposition of SiC in a fluidized bed coater using the non-
halogenated reactants (CH3),Si or SiH, has been evaluated by Federer,”!
The main variables in that study were deposition temperature, reactant
gas type, and fluidizing gas. The substrate particles coated were PyC
coated Th0, spheres of ~475 um diameter, and 2.44 g/cm3® density.
Either 10 or 20 g particle batches were coated with SiC. The SiC
coated particle were evaluated by metallography, density and x-ray
diffraction. In the (CH3),Si experiments, the reactant liquid was
placed in a vaporizer and transported to the furnace with hydrogen
carrier gas. When hydrogen was used as the fluidizing gas the coating
density decreased with increasing temperature. There was no mass gain
at a deposition temperature of 1098 K although a coating was formed at
1248 K which had broad SiC x-ray diffraction lines. Experiments were
performed at temperatures up to 1800 K. Coating density was found to
decrease with increasing temperature. It had been thought that

hydrogen would suppress the decomposition reaction
(CH3)ySi » SiC + 3C + 6 Hy , (2.5)

however, it was speculated that excess carbon was present in the
coatings. Coatings deposited at 1298 K contained radial cracks and,
after oxidation of the coating at 1273 K, a white residue, later
identified as Si0, by x-ray diffraction, was found. Coatings deposited
at 1498 and 1798 K appeared to be completely oxidized. Oxidation

experiments of SiC coatings deposited with argon as the fluidizing gas
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gave similar results. Particle fluidization stopped shortly after
coating experiments began when argon was the fluidization gas.
Fluidization with hydrogen suppressed the reaction and adherent
porous coatings were obtained.

Results reported by Wacker-Chemie G.M.B.H.35 show that SiC can
be produced from alkyl-silanes such as CH3SiCl3 and CH3SiH3. The
main objective of their work was to produce pure or doped SiC crystals
suitable for semiconductor applications. Using a reactant with equal
amounts of silicon and carbon also simplified the process in that only
one reactant gas needs to be monitored. Crystals of SiC were grown
on a carbon substrate which was inductively heated within a cold
wall furnace. Powder was produced when CH3SiH; was decomposed at
atmospheric pressure in the 873 to 1373 K temperature range. Heating
the powder to 1873 or 2273 K in an inert atmosphere or vacuum was
reported to produce coarse crystalline SiC, The size of the as-
produced material was dependent on the total system pressure and type
of diluent gas. Possible diluent gases included the rare gases, H,,
N2, CO or a mixture of these. The diluent gas volume fraction varied
from 99 to 30%. The reaction was also carried out at low pressure
without diluent gas at 973 to 2773 K. Large crystals up to 10 mm in
size were obtained by performing the reaction at a temperature of
2073 K and large dilution factors. Crystals of 3 mm in size were
produced at temperatures as low as 1673 K and at even lower
temperatures if carried out at lower pressure. High reactant gas

flow rates resulted in fine crystals and low flow rates in coarser

materials,
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Spielmann38 evaluated the epitaxial growth of SiC onto <0001>
oriented hexagonal single crystal SiC by decomposing CH3SiH3 or
SiHy + C3Hg in vacuum. These non-halogen containing systems were
studied to avoid the formation of HC1, and any reactions which could
occur with HC1 during the epitaxial growth process. A single crystal
a-S1C was placed on an inductively-heated graphite rod which was placed
vertically in a water cooled quartz reaction tube. The reactant gas
flow was directed down onto the SiC-crystal resting on the graphite
rod. Methylsilane was diluted with H, by a factor of 1 to 1000, the
total pressure maintained at 1.01 x 10° Pa, and the a-SiC crystal
heated to 2073 K. A fraction of the CH3SiH; decomposed prior to
contacting the substrate resulting in particulates impinging on the
single crystal. These particles were believed to be nucleation sites
where polycrystalline growth occurred. In order to avoid the thermal
decomposition of CH3SiH3 prior to contacting the SiC single crystal,
methylsilane without any hydrogen diluent gas was flowed over the SiC
single crystal at a total system pressure of =1.3 Pa. A SiC growth
rate of approximately 60 to 80 u/min was achieved. In both of these
experiments the deposited SiC was polycrystalline. This was explained
in the following manner. Since silicon has a high vapor pressure in
this temperature range, a codeposition of SiC + C can take place. This
could lead to polycrystalline growth since the excess carbon can act as
nucleation sites where SiC grain growth can occur,

The second system evaluated by Spielmann38 was that of

SiHy + C3Hg. The gas flow rate of each reactant gas was regulated,

the total pressure maintained at =~1.3 Pa, and no diluent gases were
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used. Epitaxial growth was obtained at a Si/C mole ratio in the
reactant gas phase of 1/2. Silicon carbide of either g-cubic or
6H-hexagonal crystal modification was obtained in the 1873 to 2173 K
temperature range. The 6H polytype formed at lower growth rates and
B-cubic at higher growth rates. The SiC growth rate was controlled by
changing the respective reactant gas flow rates which implies that the
total system pressure would change.

Bdcker and Hausner“2 synthesized silicon carbide powder from
the gas phase thermal decomposition of CH3SiH3. The powder reaction
chamber consisted of an inductively heated graphite tube connected to
a powder collection and filtering system. Argon was used as a diluent
gas and the experiments were carried out in the 1273 to 2073 K
temperature range. The yield or efficiency of the process was always
greater than 80% and approached 98% at a temperature of 2073 K.
Crystalline SiC material was produced over this entire range. The
crystallite size of the SiC was determined from X-ray diffraction
analyses by the Scherrer method. The crystallite size increased from
5 to 20 nm as the thermal decomposition temperature increased from 1273
to 2073 K. The powder was reported as 8-SiC. Quantitative analyses of
the composition were also performed and results shown in Fig. 2.4.
Powder produced at 1473 K was rich in silicon by ~4 wt % absolute.
The silicon concentration was found to decrease as the decomposition
temperature increased. The composition of the powder produced at
1873 K and above was constant although the carbon content was =0.5 wt %

higher than the theoretical value for stoichiometric SiC.
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Fig. 2.4. Composition of SiC powder synthesized from the thermal
decomposition of CH3SiH3 in an Ar diluent.

Source: W. Bocker and H. Hausner, "Verfahren zur Herstellung von
Siliciumcarbidpulvern aus der Gasphase," Ber. Dt. Keram. Ges., 55(4),
pp. 233-37 (1978).




CHAPTER III

EXPERIMENTAL PROCEDURE

Apparatus

Fluidized-Bed Coating System

The CVD coating system constructed for this research is similar
in design to those used for pyrocarbon and silicon carbide coating of
nuclear fuel particles.’! Various changes were made but the system was
kept versatile so that it could be used for a variety of CVD processes.
Most earlier studies of the CVD of SiC on nuclear fuel were performed
with the reactant methyltrichlorosilane (CH3SiCl3) and hydrogen carrier
gas. A reaction product for that case is HCl1 which can be very
corrosive to the equipment. Thus it was necessary in those coaters to
pass the gaseous products through a scrubber which either neutralized
or diluted the HC1 component. In addition a vaporizer was required to
produce gaseous CH3SiClz from the Tiquid., The CH3SiCl3 vapor saturated
a carrier gas, normally hydrogen, and was introduced into the coating
furnace. The scrubber and vaporizer components of the CVD system are
not necessary for CVD of SiC from CH3SiH3 but were constructed in case
chloride or fluoride based reactants were used.

A diagram of the present coating system is shown in Fig. 3.1.
One major difference from previous systems is the CH3SiH3 supply. The
CH3SiH3 supply cylinder and regulator were installed on a Mettler PTIN
scale. The scale has a 10 kg capacity, 0.05 g sensitivity. The outlet

pressure of the regulator was maintained at a constant 6.7 x 104 Pa
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(=10 psi) for all coating experiments. Since CH3SiH; is highly
reactive if exposed to air or moisture it was decided to calibrate the
flowmeters by measuring the mass of the CH3SiHz cylinder and regulator
before and after each coating experiment. Connection between the
regulator and the flowmeters was made with polyethylene tubing. Two
float-type flowmeters metered CH3SiH; in two flow rate regimes. A
Brooks flowmeter with R-2-15-D tube and sapphire float was used for
flow rates up to 500 cm3/min and a Brooks flowmeter with R-2-15-AA
tube and pyrex float for flowrates as low as 20 cm3/min. The flow
rate in each case was set by adjusting a valve on the exit side of the
respective flowmeter. The CH3SiH3 flowmeters are connected with
polyethylene tubing to the particle collection chamber located at the
bottom of the coating furnace.

Each of the diluent gases Ar, N,, H, and additive gas CyH,
supplies have independently controlled metering systems. The backing
pressure to each gas metering system was held constant at 6.7 x 10% Pa.
Brooks float-type flowmeters with R-2-15-C tube were used for Ar, N,,
and H,, whereas a capillary was used to control the C,H, additive
flow rate. The flowmeters in the argon and nitrogen supplies used
carboloy floats but the hydrogen flowmeter used a pyrex float. The
argon and hydrogen flowmeters were calibrated with a wet test meter.
The nitrogen flow rate was related to the argon calibration by using
standard correction tables, The C,H, additive capillary was calibrated
by recording the volume of water displaced in a specified time period.

The coating furnace was designed to accept fluidization tubes with

various diameters and cone angles. The fluidization tube provides a
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controlled volume where CVD reactions may take place. Particles are
fluidized and coated within the reaction cone section. The top of the
fluidization tube is in contact with the furnace thereby assuring that
particles are not lost during a coating experiment. All experiments
related to the present research were performed with a fluidization tube
of design shown in Fig. 3.2. The three piece graphite assembly has a
2.5 cm inner diameter and 30° included angle reaction cone. A
disentrainment chamber is connected to the reaction cone and provides
an upper limit to the fluidization of particles. The top graphite tube
is of larger diameter and connects the disentrainment chamber to the
top section of the coating furnace to prevent any loss of particles and
to route the product gases out of the furnace. A resistance-heated
graphite heating element surrounds the fluidization tube.

A photograph of the coating system is shown in Fig. 3.3. The
furnace outer jacket is made from aluminum and is water cooled. The
furnace power supply provides a maximum of 25 kW (500 A, 50 V) with
4 kW typically required for a 1300 K experiment (200 A, 20 V). The
coating furnace is operated with an argon atmosphere surrounding the
heating element and fluidization assembly to prevent oxidation of the
graphite parts. A side sightport is located at a level corresponding
to the reaction cone fluidization region. This port is used for
temperature measurement of the reaction cone's outer surface. A second
sightport located at the top of the furnace permits observation of the
fluidized particles during a coating run. Temperature measurements
were made with a micro-optical pyrometer of the disappearing filament

type manufactured by the Pyrometer Instruments Company. The pyrometer
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was calibrated and temperature measurements were corrected for sight
glass absorption effects, These corrections were less than 10 K for
temperatures less than 1273 K. The coating temperature for the 873,
973, and 1073 K experiments were measured with a thermocouple

positioned into the fluidized bed.

Sintering and Annealing Furnaces

Two controlled atmosphere furnaces were used to calcine and sinter
specimens which could Tater be coated. Controlled atmospheres of Ar,
Ar — 4% Hy, Ny, or air can be maintained within the specimen tubes.

The furnaces are each controlled by individual power supplies and both
have alumina specimen tubes. One furnace is an Astro model A725S which
has a 3.8 cm diameter specimen tube., A wire wound Pt-50% Rh heating
element enables long-term operation of the furnace in air to temper-
atures of 1973 K. A Pt-6% Rh vs Pt-30% Rh temperature control thermo-
couple is Tocated near the center of the furnace hot-zone but outside
of the alumina specimen tube, A second furnace, also manufactured by
Astro, has a 7.6 cm diameter specimen tube with a similar heating
element and thermocouple as described above. Controlled atmospheres
were maintained in the specimen tubes by sealing the ends with flanges
that contained the appropriate gas inlet and exhaust lines. Low
density alumina insulators were placed within and near each end of the
specimen tubes to prevent the tubes from fracturing due to large
thermal gradients. The gas flow was monitored by passing the gas
through an oil bubbler on the exhaust side of each furnace to prevent

back diffusion of gases into the furnace specimen tube,
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The SiC coated particles were annealed to various temperatures
and hold times in a Brew model 920-B furnace. The furnace has a
digital power control system and W-5% Re vs W-26 Re thermocouple for
temperature measurement. The thermocouple is sheathed with alumina
for most of its length but the junction is exposed. It monitors the
temperature within the central plane of the hot-zone approximately
1 cm from the heating element. The working space in the hot-zone is
=7.5 cm diameter x 15 cm high. The unit is a top loading furnace with
a resistance heated graphite heating element and carbon felt
insulation, A water cooled copper hearth surrounds the heating element
and insulation. The furnace can be operated between 700 and 2800 K in
vacuum (~1.3 Pa) or at atmospheric pressure with an inert gas. The
procedure was to load the SiC coated particles in a graphite crucible,
The crucible was then loaded into the furnace and covered with a
graphite plate to prevent cross-contamination between specimens in case
any SiC coatings fragmented. The furnace was evacuated to 6.5 Pa and
backfilled with argon. An argon flow of ~1 2/min was maintained during
the complete annealing cycle. The furnace temperature was increased to
the required hold temperature usually in less than 15 min. At
completion of the hold time at temperature the furnace power was

decreased and the specimen allowed to furnace cool.
Materials

The reactant CH3SiH3 was purchased from Petrarch Systems, Inc,
Approximately 500 g was supplied per 1 % compressed gas cylinder. The

CH3SiH3 is synthesized by reacting LiATH,(s) with CH3SiCl13(2) at 273 K
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in a diethylether medium. It is a distilled product with purity level
of ~97% minimum as determined by gas chromatography by the supplier.
Typical impurities can include N,, CO,, and Cl1. The Cl-content is

~100 ppm which can be in the form of CH3C1SiH,, HC1 or SiCl, resulting
from an incomplete reduction during the synthesis of CH3SiH3. Existing
supply lines routed the argon gas from a large holding tank located
outside the building to the CVD laboratory. The other gases used in
this study were N,, H,, CoHpo. All were obtained commercially and
supplied from compressed gas cylinders. The impurity levels for the

diluent gases Ar, N,, and H, are presented in Table 3.1.

Table 3.1. Impurity levels for diluent gases Ar, Ny, Hp

Impurity species (ppm by volume)

Diluent Total impurity
0, Ny Ho H,0  Hydrocarbons level not to
exceed
Ar 5 20 5 5 5 30
N, 5 0.5 0.5 5 a
Ho <5000 <2000 a a a a

dNot available.

SiC coatings were applied to various types of substrate materials.
These included sol-gel derived Al,03 microspheres, pyrocarbon coated
a-alumina microspheres, simulated Cs-loaded IE-95 zeolite irregular
particles, 70/30 (70 wt % Savannah River Plant waste, 30% additive)
sol-gel derived microspheres, and 90/10 (90 wt % simulated Savannah
River Plant waste, 10 wt % Zr0,) sol-gel derived microspheres. Most of

the SiC deposition studies reported in this work are from experiments
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conducted with pyrocarbon coated Al,03 substrate particles. The
characteristics of the PyC coated alumina particles are presented in
Table 3.2. More than one batch of starting materials was used since at
the time the experiments began only =30 g of PyC coated particles could
be produced per coating experiment. The initial set of SiC coating
experiments were conducted with =7 g of substrate particles. Thus only
four SiC coating experiments could be performed per batch of PyC coated
A1,03. At the completion of the initial SiC coating experiments it was
decided to increase the amount of charge to =20 g of PyC particles per
SiC coating experiment. Thus a large batch of alumina microspheres was
coated with PyC. This was performed in a 12.7 cm diameter fluidized-
bed coater. All subsequent substrates for SiC coating experiments
using PyC coated alumina microspheres came from this batch. The
alumina microspheres were coated with pyrocarbon to produce substrate
particles of =720 um diameter. This was the approximate size of the
sol-gel — derived alternative waste form microspheres. The typical
density of the PyC coated particles was ~2.3 g/cm3 and their geometric
surface area per unit mass was ~35 cm?/g. It is also important to
comment on the particle size distribution of both the alumina and PyC
coated alumina microspheres. The standard deviation for the alumina
spheres is =12 um and that of the PyC coated alumina microspheres is
=20 ym., The particle size distributions are narrow and show the
excellent control capabilities for producing gel-derived microspheres
and ceramic coatings. This type of control enhances the qualification
of the process and minimizes variables which could conceivably

influence the coating characteristics and processing procedures.
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Table 3,2. Characteristics of PyC coated alumina substrate particles

Particle Geometric
Run surface area/mass
number gyeragea DensityP PyC thickness® (cm2/g)
iameter 3
Gmyo o (g/en?) (um)
12 704 2.369 105 40.6
36 740 2.352 120 34.9
44 752 2.352 128 33.9
54 753 2.354 129 33.9
55 745 2.332 124 34.5
74 743 2.390 123 33.8
A977 756 2.156 131 36.8
J1123d 500 3.796 e 31.6

dMeasurements from microradiographs; number of particles measured
=50; standard deviation for coated particies =20 um; standard
deviation for uncoated alumina substrate particles J1123 ~12 um,

brarticle density determined from mercury pycnometry (1.7 MPa
measurement).,

CMeasurements from microradiographs; number of particles measured

dyncoated alumina microspheres.
€Not applicable.

The substrate used to incorporate cesium was a commercially
available zeolite IE-95 (Fig. 3.4).3% The composition of the zeolite

as reported by the manufacturer is given as a mixture of

(Na,K,Ca)A]zSimOzu . 8H20 and (3.1)
CaAl,Si40;, = 6H,0 . (3.2)

The chemical procedure for Toading the zeolite with cesium to a level
of 5 wt % cesium is reported by Arnold and coworkers.5% Previous work
by Arnold recommended zeolite IE-95 for cesium loading and it was found

to be the most effective adsorbant tested in that work.
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Fig. 3.4. Cs-loaded zeolite (5 wt % Cs) air dried 400 K.
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The bulk of the zeolite particles are brown in color but a small
fraction (less than 0.05) of white particles are also present. A
specimen of cesium loaded zeolite was submitted for chemical analysis
with the white particles removed to obtain a better estimate of the
elemental composition of the (Na,K,Ca) A1,Si;¢04 * 8 Hy0 phase which
forms the bulk of the zeolite. The results are presented in Table 3.3
and are given in terms of elemental oxides as well as in at. % cations.

Table 3.3. Chemical analysis of dried IE-95
zeolite loaded with 5 wt % Cs

Species Mole percent? Species at., b
Cs,0 1.4 Cs 2.3
Na, 5.2 Na 8.5
Mg0 1.8 Mg 1.5
Cal 3.8 Ca 3.1
Al,04 14.7 Al 24.3
$i0, 73.1 Si 60.3

dBased on oxides.
bBased on cations.

Specimen Characterization

Thermal Analysis

Mass spectrometric analyses of gaseous species evolved during
calcining or sintering of simulated nuclear materials were made with
a CVC Ma-2 mass spectrometer.”’2 The unit is a time of flight
instrument with a 1 m flight tube and model CSI 2601 readout system.
Spectra were taken at an electron ionization energy of 70 eV and ion
energy of 2.7 keV. Two furnaces are available for connection to the

unit where specimens can be heated either in vacuum or in a controlled
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atmosphere. Temperatures of 1673 K can be attained with the Pt wound
furnace and Al1,03 specimen tube., A second furnace with an inconel
specimen tube is available for analyses up to 1200 K. The mass
spectrometer system allows computer control of parameters such as the
time period or temperature interval between measurements and signal
level above which a species is recorded. The data from the mass
spectrometer and furnace thermocouple temperature measurements are
stored on-line with a PDP-11/40 computer. Data can later be retrieved,
analyzed and plots or numerical tables produced.

Thermogravimetric (TGA) and differential thermal analyses (DTA)
were made with a DuPont 990 thermal analyzer, 951 thermogravimetric
analyzer, and 1473 K differential thermal analyzer attachment. The

data output was directed to chart recorders or a computer.

Density Determination

Three techniques were used to obtain coating density
measurements.’3 In the first method the coating density is
calculated from particle density and coating thickness measurements.

The mass of the SiC coating can be expressed as
pcVe = of(Ve + Vi) —piVy (3.3)
where

= SiC coating density,

©
[}
i

= volume of SiC coating,

-
O
1

density of SiC coated particle,
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V¢ = volume of SiC coated particle,
pi = density of initial pre-SiC coated particle, and
Vi = volume of initial pre-SiC coated particle.
Since Vo = Vg — Vi the expression can be rewritten as
pc(Ve — Vi) = ofVr — piV; (3.4)
PR
Pc = R (3.5)
where
3
V¢ d¢
R (T) (3-6)
where
df = diameter of SiC coated particle and
di = diameter of initial pre-SiC coated particle.

The particle density data were determined with a mercury pycnometer and
the particle diameter was obtained from x-ray microradiographs. The
microradiographs are made by placing a monolayer of particles on a
plastic holder and radiographing the holder. The inner and outer
diameter of the coating are measured with an optical microscope
equipped with a calibrated reticle eyepiece. The position of the
reticle can be adjusted with a micrometer. A potentiometer connected
to the micrometer provides an output proportional to position and is

calibrated using NBS standard templates.
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Coating density can also be obtained from particle density and the
mass gained by the particles during coating. The coating density can

be expressed

_ _mass gain (3.7)
Pc volume gain

I
=

o Mf i (3.8)
c = .
Ll
pf p.i
where
Mf = mass of SiC coated particle
M; = mass of initial particles

and pcs pfs pj are defined as in the previous case.

The third technique for determining coating density was a sink-
float type method. This technique uses a density gradient column.
The density of the liquid varies nearly linearly with height along
the column. Density gradient columns can be prepared to cover
density ranges over which there are two miscible liquids corresponding
to the high and low densities. A particle immersed in the column will
reach a Tevel where its density is equal to the density of the liquid
and remain suspended in that position. The column is calibrated by
standards of known density and the position along the column measured.
Columns useful for measurements of particles with densities ranging
from 0.9 to 2.95 g/cm® were prepared from benzene and 1,1,2,2-
tetrabromoethane. Columns used to measure particle densities in the

range 2.9 to 3.3 g/cm3 range were prepared from di-iodomethane (CHyI,)
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and 1,1,2,2-tetrabromoethane. SiC coating fragments were obtained by
crushing the SiC coated particles., The fragments normally consisted of
SiC coatings bonded to the pyrocarbon substrate and the largest
fragments were oxidized at 1173 K in flowing oxygen for 15 min to
remove the pyrocarbon. The Si0, layer that forms on the SiC coating
was removed by immersing the fragments in an acid solution of HNO3 and
HF. The fragment was then washed in water and acetone, and allowed to

dry prior to being immersed in the column.

Defective SiC Coating Measurements

The physical integrity of SiC coatings is evaluated by a mercury
intrusion method.”* This test evaluates only those pores or cracks
which are connected to the outside surface, and penetrable by mercury.
A mercury pycnometer is used to force mercury at a pressure of 102 MPa
through defects in the SiC coating. If the coating is defective, a
layer of mercury usually forms between the substrate particle and
the SiC coatings or agglomorates in voids beneath the SiC coating.
Particles are then microradiographed and the number of defective
particles recorded. Since there are large atomic number and density
differences between mercury and the SiC or substrate materials, there

is a clear indication if the SiC coatings are defective.

Raman Spectroscopy

The Raman spectra were recorded with a Romanor HG-2S manufactured
by Jobin Yvon-Instruments.”’® The instrument has a double monochromator

with curved holographic gratings, a cooled photoelectric detector, and

pulse counting electronics. The light intensity from an argon-ion
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laser (514.5 nm line) focused on the specimen ranged between 0.2 and
0.5 W. The outer surface of the SiC coated spheres was analyzed,
Specimens were placed on the tip of a hypodermic needle and held there
by suction. The laser light was then focused on the equator of the
sphere and the sphere translated to give the maximum Raman scattering.
The measurements were made with the take-off angle 90° with respect to
the incident laser light. The monochromator slits were parallel to the
horizontal plane formed by the illuminating and the scattered 1ight and
the spectrometer slit openings at 514.5 nm corresponded to 4 to 7 cm-1.
Spectra of SiC fracture surfaces were also made., In these cases the
incident exciting laser 1light was focused on the fracture surface by

passing it through an optical microscope.

Electron Microprobe

Quantitative electron microprobe analyses for the Si content of
SiC coatings and single crystal SiC were performed on a Cameca MBX
electron microprobe equipped with a Tracor Northern TN5500 control
system. An electron beam accelerating voltage of 10 kV and beam
current of =30 nA were used. The quantitative data aquisition was
performed with x-ray wavelength dispersive spectrometers (WDS) with the
elements analyzed being silicon and carbon. The K x-ray lines of each
element were analyzed. One set of measurements was standardized on
elemental silicon and graphite for carbon, and another set on the SiC
single crystal specimen. Once the elements in each specimen were

identified, the silicon content was quantified by (1) correcting its

background subtracted peak intensity due to matrix effects including
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mean atomic number (Z), absorption (A), and secondary x-ray
fluorescence (F), and determining the ratio of the modified intensity
in the specimen to its standard. The carbon contents were obtained by
difference since the ZAF correction was inordinately large. At least
five 20 s measurements were made on each SiC coating. Measurements
were made in the spot mode in areas free of contamination from the
mounting material., X-ray energy dispersive spectroscopy was used to
detect the presence of elements with atomic numbers greater than 11.
The beam current during an EDS analyses was typically less than 1 nA.
The EDS analyses were performed either before or after the quantitative
analyses by WDS had been completed. The oxygen content of single
crystal SiC, and SiC coated particles was determined. The specimens
for these analyses were prepared in a special manner to remove
ambiguities which could occur due to the polishing procedure. Since
the elements of interest were silicon and carbon, a low melting Sn-Bi
mounting alloy was used. This provided an electrically conducting
mount whose elemental species would not interfere with WDS analyses

of silicon or carbon or with EDS analyses. An Al,03 final polishing
medium was used instead of the usual SiC or diamond (C). The specimens
were polished in H,0 rather than kerosene since carbon contamination
was to be minimized. Oxidation of the SiC coating, which can occur

as a result of grinding in an aqueous media, was evaluated on the
microprobe by analyzing the SiC single crystal and the SiC coated
particles for oxygen. The oxygen content of the specimens was less

than 0.5 wt.
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X-ray Diffraction

The x-ray diffraction analyses of the SiC coated particles were
performed on two instruments. The first system consists of a Siemens
diffractometer, type F goniometer, Nal scintillation detector, and
recorder output. A copper target x-ray tube was typically operated at
35 kV and 35 mA. No filters were placed in the beam. A three degree
divergence slit and a one degree acceptance slit were used. The
diffractometer scan speed for most analyses was one degree per minute
and the total scan time was =60 min. Special specimen holders were
used which have different cut-out depths depending on the amount of
specimen available for analysis. This allowed the top surface of
the particle bed to be in the same alignment position for each run.

A =2 um-thick mylar film was placed over the particles to keep them
within the specimen holder which was rotated while measurements were
made,

The second system consists of a Philips automated powder
diffractometer (APD) 3600-02 x-ray diffraction unit, XRG 3100
x-ray generator, Nal scintallation detector, and Data General NOVA 4x
computer. The diffractometer scan is computer controlled and is
step-scanned by means of a stepping motor. The data is stored by the
computer. A copper target x-ray tube was operated at 40 kV and 40 mA
and no filters were placed in the beam. A diffracted beam mono-
chromator with graphite crystal was utilized to increase the peak to
background ratio by preventing sample fluorescence from reaching the

detector. The divergence slit is continuously variable and maintains a

15 mm wide x 13 mm high sampling area during an analysis. These data
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correspond to a divergence angle of =2° when 20 = 35°, and =4° when
20 = 70°, The scan time was varied from ~2 to 16 h depending on the
amount of specimen available for analyses. A few measurements were
made with common specimens and specimen holder design similar to the
one described earlier so that data from the two x-ray systems could be
compared. Most analyses were then made with a low-background holder.
Specimen particles were placed in a holder (again with cut-out depth
depending on the amount of specimen available) which has a silicon
single crystal at its base oriented =15° from (111). Double-sided
tape kept the particles on the holder. In this way the contribution
from the holder is only general background with no peaks present and
since silicon has a low atomic number the background scatter is quite
low. The present holder design was quite useful for the experiments
reported in this dissertation. Peak finding and fitting, and spectra
matching algorithms are available for analyzing data.
Crystallite-size determinations of the SiC coatings were

calculated by the Scherrer method where

_ 0.94 2
D =g 50 (3.9)
D = average dimension of crystallites normal to the diffracting
planes,
A = wavelength of the x-ray beam,
© = 1/2 of the 20 diffraction angle (radians), and

= full-width-half max of the diffracted peak (radians).

B1/2 =
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The 81/ used in the above equation was obtained by

2 2 2
Bcrystallite size = Pmeasured — Binstrumental. (3.8)

A11 x-ray diffraction spectra of SiC coatings which were applied onto
PyC coated alumina spheres had an internal standard («—Al1,03). The
Bgnstrumental was typically obtained using the data for the most

significant nearby but nonoverlapping o«—Al1,03 diffraction peak.

Measurements were calculated from (111), (220), and (311) g—SiC peaks.
Residual stresses can also affect the full width at half-maximum of the
diffracted peak and can affect the above crystallite-size analyses. In
more precise analyses the contributions from both residual stress and

crystallite size can be separated by Fourier transform techniques.



CHAPTER IV
RESULTS

Thermodynamic Evaluation of the Chemical Vapor
Deposition of SiC from Methylsilane

Equilibrium thermodynamic calculations were performed with the
computer program SOLGASMIX—PV which was written by Eriksson?® and
modified by Besmann.”’” The program is based on a procedure developed
by White?® involving the calculation of a system's composition which
results in the minimum free energy. The program calculates equilibria
in systems containing gaseous phases, condensed phase solid solutions,
and condensed phases of invariant or variant stoichiometry.?9-81 The
input to the program includes the species present, coefficients for the
elements in the molecular formula for the species, free energy of each
species as a function of temperature, total pressure, initial content
for each element, and temperature. The output includes the amount and
partial pressure of gaseous species, and the amount of each condensed
phase present at equilibrium,

The species included in the calculations and the corresponding
thermodynamic data are presented in Table 4.1. The free energy data
for all of the species except CH3SiH; were obtained from the JANAF
Tables.®2 The free energy of formation data for CH3SiH; was estimated
from the free energy function reported by Spangenberg and Kriegsmann,3©

AH3gg reported by 0'Neal and Ring,“9 and the free energy function of
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Table 4.1. Thermodynamic data for CVD calculations in the
CH3S'iH3 — CoHp — (AI" or N — Hz) system

Ad Ba
(J/mol) [/ (mol « K)]
Gaseous species
Ar 0.0 0.0
C 7.16 x 10° —157
CHj 1.33 x 103 25.3
CH3SiH3 —2.46 x 10% 202
CHy —9.26 x 104 112
CN 4.32 x 10° —99.2
CNy 4.77 x 103 —35.4
CoH,y 2.01 x 10° —51.8
CoHy 3.53 x 104 83.2
Cy Ny 5.39 x 10° —89
H 2.27 x 10° —59.8
Hoy 0.0 0.0
HCN 1.32 x 10° -31.1
HN 3.76 x 10° -19.9
H,N 1.85 x 10° 41.7
Ho Ny 2.07 x 10° 117
Hy No 9.07 x 10% 230
N 4,78 x 10° —65.8
N, 0.0 0.0
Si 4.46 x 10° —144
SiH 3.68 x 10° —103
SiHy 2.33 x 10% 90.4
SiN 3.65 x 10° -93
Si,C 5.20 x 10° —-181
SigN 3.88 x 10° -112
Condensed phases

C 0.0 0.0
Si 0.0 0.0
Si,8 5.06 x 104 —30.0
SiC, a —7.12 x 10" 7.7
SiC, B8 —7.29 x 10* 7.5
SizNy —7.37 x 10° 325.0

aCoefficients in the expression for the Free Energy
of Formation of each species: AG® (J/mol) = A+ B .
Temperature (K).
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the elements C, Si, H, from the JANAF Tables.®2 The values of the

coefficients in the expression for the free energy of formation
AG® = A + BT (4.1)

were obtained for each species by least square fitting a function of
the form shown in Eq. 4.1 to numerical data typically in the 1100 to
1500 K temperature range. The condensed phases included in the
calculations were C (graphite), Si (&)-liquid, Si(s)-crystalline,
g-SiC, a-SiC, and SigN,(s). The total system pressure was maintained
constant at 1.01 x 10% Pa (=1 atm). The initial elemental contents
of the system were chosen to closely match the experimental
requirements necessary to properly fluidize particles in the CVD
coating system. In this way the calculated results could be compared
directly with experimental data.

The effects of two types of gaseous diluents, (1) (Ar — Hp) and
(2) (N — Hp), and one type of additive gas, C,H,, were evaluated. The
results of the calculations are summarized in the form of CVD phase
diagrams. Phase boundaries are determined which define a range of
conditions where single phase or codeposited phases can form. Contours
of constant mole ratios of the species in the condensed phase are also
shown on the CVD phase diagrams. Plots of the equilibrium partial
pressure of various gaseous product species in the system are also
presented. The partial pressure data are useful in understanding
reaction mechanisms, determining gaseous additions which can change the
range of conditions defining the condensed phase fields, and indicating

which gaseous species should be monitored during a coating experiment.
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Analysis of the CH3SiH; — CoH, — (Ar — Hy) System

The range of input parameters evaluated in the calculations and

termed as the standard conditions are listed below.

Temperature — 900 to 1600 K (100 K increment)

Pressure — 1,01 x 10°Pa (=1 atm)

CH3SiH3 flow rate — 29 cm3/min

Diluent gas species — Ar, H,

Total diluent gas flow rate — 5000 cm3/min

Hy, diluent Hy 0 to 100 mol % (10 mol % increment)

Total diluent diluent and 95 mol %.

These conditions lead to the following mole ratios

CH3SiHg
_ =5,8x 103 (4.2)
diluent

CoH,
—_— = 0.0 (4.3)
CH3SiH3

The additive gas, C,H, was chosen to evaluate its affect on the

type and relative concentration of condensed species computed to be
present at equilibrium. Thus additional calculations were made with

the following conditions:

C,H, additive flow rate — 0.01, 0.1, 0.3, 0.6, and 1.0 cm3/min

which lead to mole ratios of
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C,yH
272 . 3.4 x 10-%, 3.4 x 10-3, 10-2, 2 x 10-2, (4.4)
CH3 SiHs

and 3.4 x 10-2

Note that the H,/diluent term does not include the hydrogen contri-
bution from either CH3SiH3 or CyHp,. It is a term based solely on
the diluent gases.

The case where C,H,/CH3SiH3 = 0.0 evaluates the CH3SiH3 — CyHp —
(Ar — Hy) system in essentially its simplest condition and will be
considered first. A calculated CVD phase diagram for initial
conditions of CH3SiHz/diluent = 5.8 x 10~3 and C,H,/CH3SiH3 = 0.0
is presented in Fig. 4.1. The condensed phases computed to form are
g-SiC and Si(s). The diagram is divided into two regions, one of
single phase SiC and another of codeposited SiC + Si. The conditions
resulting in single phase SiC are for temperatures greater than =1450 K
and hydrogen content in the diluent gas of less than =5 mol %. The
remainder of the diagram defines conditions where SiC + Si codeposit.
Contours of constant mole ratio rgj = Si/SiC are also shown in
Fig. 4.1. A general result from this set of calculations is that the
concentration of solid silicon is calculated to increase as the
Hyo/diluent mole ratio increases or as the temperature decreases.

When the diluent gas consists solely of argon (H,/diluent =
0.0 mol %), rgj increases from =8 x 107 to 3 x 10~® as the temperature
decreases from 1400 to 900 K. Such concentrations of silicon are
relatively small and may be difficult to detect experimentally. As
the hydrogen content in the (Ar + H,) diluent is increased, rgi also

increases as shown by the contours in Fig. 4.1. When hydrogen is the
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only diluent gas (H,/diluent = 100 mol %), rgj increases from
=3 x 103 to 9 x 10~3 as the temperature decreases from 1600 to 900 K.
Also the deposition efficiency, defined as the SiC mole content in the
condensed phase divided by the total silicon mole content, is always
greater than 99.6% over the entire range of conditions evaluated.

The most plentiful gaseous product species are argon and hydrogen.
The reason for this, of course, is that argon does not take part in the
chemical reactions, and all other hydrogen bearing gases are highly
unstable under the conditions evaluated in this study. The next set of
most abundant gaseous product species include CH,, SiH,, H, SiH, CyHy,
CHz, Si,C, and C,H,. The calculated partial pressures of these species
for initial conditions of CH3SiH3/diluent = 5.8 x 1073, H,/diluent =
0.0 mol % (100% argon), and 900 to 1600 K temperature range, is shown
in Fig. 4.2. Methane is the carbon bearing species with the highest
partial pressure and the species SiH, and SiH are the most significant
silicon bearing gases. The partial pressure of these same species for
an hydrogen content in the diluent gas of 100 mol % is shown in
Fig. 4.3. The partial pressure of each species has increased nearly
four orders of magnitude. The species CH, and SiH, are again the
carbon and silicon bearing gases with the highest partial pressures.

The results of a limited set of calculations, where the mole ratio
of CH3SiH; in the initial reactants was decreased to CH3SiH3/diluent =
2.9 x 10-3, show no major changes in the phase boundaries. However,
the rgj mole ratio decreases by a factor of =2 for H,/diluent = 0.0 and

increases by approximately the same factor for both H,/diluent = 0.5
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and 1.0. The deposition efficiency is also greater than 99.6% over the
complete range of conditions,

The influence of the addition of a carbon bearing gaseous species
to the initial reactants was also evaluated. Acetylene, CyH,, was
chosen as an additive since it is known to decompose at temperatures
less than 1273 K, and is commercially available in practically any
desired quantity. A calculated CVD phase diagram for initial condi-
tions of CyHy/CH3SiHy = 3.4 x 10~% and CH3SiH3/diluent = 5.8 x 1073
is shown in Fig. 4.4. The region where single phase SiC is computed
to form has greatly expanded under these conditions. It occurs for
temperatures lower than =1200 K when hydrogen content in the diluent
gas is = 0.0, and extends over nearly the entire 900 to 1600 K
temperature range as the hydrogen content in the diluent gas is
increased to ~40 mol %. Regions defining conditions where codeposits
of SiC + C, and SiC + Si form are also present. A region where SiC + C
are computed to codeposit occurs for temperatures greater than =1200 K
and low Hy/diluent ratios. The region of SiC + Si occurs throughout
the 900 to 1600 K temperature range when the hydrogen content in the
diluent gas is greater than =40 mol %. Contours of constant mole ratio
rgj = Si/SiC, within the SiC + Si region, show that the silicon
concentration increases as the hydrogen content in the diluent gas
increases or temperature decreases. Again the coating efficiency is
very high, being greater than 99.3 %, over the entire set of conditions
shown in Fig. 4.4. Consider now the behavior of gaseous CH, and the
condensed species carbon and silicon as the hydrogen content of the

diluent gas is varied from 0 to 100 mol % at a constant temperature
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of 1600 K. Under these conditions the results from Fig. 4.4 show the
following phase fields will be transversed SiC + C, SiC, and SiC + Si.
A plot of the CHy, C(s), and Si(s) contents versus the hydrogen content
in the diluent gas is shown in Fig. 4.5. In the SiC + C phase field,
the sum of the C(s) and CH, contents accounts for nearly all of the
carbon supplied by the C,H, gaseous additive. When the hydrogen
content in the diluent gas is between =5 and 55 mol %, single phase

SiC forms. The CH, content remains nearly constant throughout this
range and accounts for nearly all of the carbon supplied by the CjH;
additive. As the hydrogen concentration in the diluent gas is
increased above =55 mol %, SiC + Si are codeposited. Both the CH,

and Si(s) contents increase as the SiC and SiC + Si phase boundary is
passed. The deposition of Si(s) in this region occurs basically at the
expense of SiC. Thus an equimolar amount of carbon becomes available
as Si(s) forms. Most of the carbon which becomes available reacts to

form CHy resulting in an increase in the CH, partial pressure. This

behavior occurs since CH, is the most stable gaseous carbon bearing
species in the calculations, and the system is constrained by the
principle of conservation of mass.

The results in Fig. 4.6(a) show that the region where SiC + Si
codeposit is nearly removed when CpHp/CH3SiH3 = 3.4 x 103, The
SiC + Si two phase region occurs only for temperatures lower than
=1000 K and hydrogen content in the diluent gas of greater than
=85 mol %. The conditions defining the deposition of single phase SiC
occur over most of the CVD phase diagram [Fig. 4.6(a)]. A two phase

SiC + C region exists in the 900 to 1600 K temperature range when the
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hydrogen content in the diluent gas is less than =15 mol %. The two
phase SiC + C region increases as additional CoHs is introduced in the
system [Fig. 4.6(b)]. Most of the carbon component introduced via CyH,
addition at a level of C,H,/CH3SiH3 = 3.4 x 10-2 exists in the form of
condensed carbon when conditions are maintained in the SiC + C two
phase field. Single phase SiC is computed to form over the remainder
of the diagram shown in Fig. 4.6(b). The results of the CVD phase
diagram calculations are summarized in Fig. 4.7. The results indicate
that the type and relative concentration of condensed phases in the
system CH3SiH3 — CoH, — (Ar — Hy) may be changed by varying
temperature, H, content of the diluent gas, or by introducing a gaseous

additive to the initial gaseous mixture.

Analysis of the CH3S'iH3 — CoHy — (N2 - Hz) System

A second system was evaluated in which the argon diluent gas was
replaced by nitrogen. The species considered in the equilibrium
calculations are Tisted in Table 4.1. The range of input parameters
was the same as the standard conditions as for the (Ar — Hy) case
except the argon was replaced by nitrogen. Additions of CyH, and CH,

were also considered at mole ratios

CaHz
—_———— — 0, 3.4 x 1072 (4.5)
CH3SiH3
CHy
— 0, 3.4 x 10-2 (4.6)

CHy SiHg
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to evaluate their effect on condensed phase fields and partial pressure
of gaseous species. The standard conditions define the case when no
additive gas (CoH, or CH,) is present in the system. A computed CVD
phase diagram for the standard input conditions is shown in Fig. 4.8.
Phase boundaries separate regions where SizN, + C, SigNy, B-SiC + SigN,,
and g-SiC + Si are computed to form. When no hydrogen is present in
the diluent gas the condensed phases computed to occur are SigN, + C
for the entire 900 to 1600 K temperature range. Nearly all of the
available carbon present in the system is computed to form in the
condensed phase, The SizN, + C two phase field occurs over a wide
range of conditions. At 900 K the two phase field extends to an
hydrogen content in the diluent gas of =15 mol % but, at 1400 K it
extends to a hydrogen content in the diluent of =98 mol %. Contours

of constant mole ratio ro = C/SigN, are also shown in Fig. 4.8. At
constant temperature the carbon concentration, rc, in the SigN, + C
two phase field decreases slowly as the hydrogen content in the diluent
is increased., However when either the SisN, + C and SizN,, or the
SisgNy + C and SiC + SizN, phase boundaries are approached, r. decreases
rapidly to very low values. Single phase SizN, is also computed to
form over a wide set of conditions. The range of conditions where

SiC + SigNy, are computed to form occurs at temperatures greater than
1400 K and high hydrogen concentration in the diluent gas. The
variation of the mole ratio r = SiC/Si3N, is also shown on the diagram.
At a constant temperature the SigN, concentration in the SiC + Si3N,

two phase field decreases as the hydrogen content in the diluent gas

increases,
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The gaseous species with the highest partial pressure in the
product gas are hydrogen and nitrogen. The next set of most abundant
gases are HCN, CH,, H, CoHy, CoH,, CH3 and SiH,. The calculated
partial pressures of these species for initial conditions of
CH3SiH3/diluent = 5.8 x 10-3 and standard conditions, at a constant
temperature of 1600 K versus hydrogen content in the (N, + Hy) diluent
gas are plotted in Fig. 4.9. Also shown on the figure is the range
over which SigN, + C, or SiC + SigNy, or SiC + Si form as the hydrogen
content in the diluent gas increases at a constant temperature of
1600 K. The most abundant of the nitrogen bearing species is HCN, and
of the carbon bearing species is again CH,. The partial pressure of
SiH, is quite small and is the smallest of these gases for this set of
conditions.

Plotted in Fig. 4.10 are the mole ratios C in condensed
phase/total C, CH,/total C, and HCN/total C at a temperature of 1300 K
versus the hydrogen content in the diluent gas. Also shown in the
figure are the ranges over which condensed phases SigN, + C, Si3zN,, and
SiC + Si form at a temperature of 1300 K. The mole ratio of C in
condensed phase/total C is near unity at a hydrogen content in the
diluent = 0 % (100 mol % Ny). As the hydrogen content in the diluent
gas is increased the C/total C decreases and the CH, concentration
increases., The increase in CH, nearly matches the decrease of
condensed C. The HCN concentration is, for most conditions, less than
that of CHy.

Consider the coating efficiency as two terms, one of C in the con-

densed phase/total C, and another of total Si in condensed phase/total
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silicon. Both of these efficiencies are near 100% over the entire
range of conditions shown in Fig. 4.8.

Results of one set of calculations where the CH3SiH3/diluent was
decreased to 2.9 x 10-3 show no major effect on the phase boundaries
or relative concentration in the condensed phase. The deposition
efficiencies are again greater than 99% over the entire range of
conditions in Fig. 4.8.

The influence of C,H, or CH,-addition (CH,/CH3SiH, = 3.4 x 10-2)
showed the phase boundary between SizN, + C and SigN, to move toward
higher hydrogen content in the diluent gas by about 10 mol %. The

deposition efficiencies did not change significantly.
CVD of Silicon Carbide

Initial Experiments

A set of experiments was performed to determine the optimum
experimental conditions affecting the thermal decomposition of CH3SiHj
and subsequent formation of SiC., These initial experiments were the
first ever performed with CH3SiH3 in a fluidized-bed reaction vessel.
The general objective was to obtain sufficient understanding of the
decomposition process to more logically design a subsequent experiment.
Coating parameters which were evaluated included temperature, reactant
and diluent gas flow rates, amount of substrate Toaded in the
fluidized-bed coater, and substrate properties such as surface area
per unit mass, diameter, and density. The results from this set of
experiments were valuable in indicating the direction to proceed with

further experiments.
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The 1073 to 1685 K temperature range was chosen to evaluate (1) a
low temperature coating process if needed for substrates of low thermal
stability and (2) an intermediate temperature range if higher
temperatures were required to achieve dense coatings.

Pyrolytic carbon coated Al,03 substrate particles were chosen to
simplify the analytical procedures required to properly analyze the
coatings and substrates. The characteristics of the substrate
particles have been presented in a previous section, The reactant and
diluent gas flow rates as well as the substrate charge size (amount of
material to be coated) were chosen to achieve a range of coating rates.
Both high density and Tow density SiC coatings were to be studied. Low
density coatings are sometimes needed between the substrate and a dense
outer coating layer to prevent fracture of the dense coating. This
sometimes occurs if large thermal expansion differences exist between
the substrate and a dense coating. The experiments were separated into
two main types, one based on a 100 mol % Ar diluent gas and a second
based on 100 mol % H, diluent gas.

The experimental coating parameters and resultant coating
properties are shown in Table 4.2. The nominal set of conditions for

this set of experiments are as follows:

Temperature — 1073 to 1685 K
Particle charge — =7 g

Diluent gases — Ar and H,

Mole ratio CH3SiHz/diluent — 8 x 10~ to 2 x 10~%
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Since there are many variables which can affect the characteristics
of coatings, it was decided to keep as many variables as possible
constant at least until some reproducibility could be achieved.

The coating efficiency versus temperature data are presented
in Fig. 11(a). The coating efficiency is very low, =~2%, at a coating
temperature of 1073 K and with hydrogen as the diluent gas. In that
experiment very little powder was observed in the fluidization
assembly during the run indicating the reactant may not have achieved
a sufficiently high temperature to decompose. The coating efficiency
was higher (=17%) for the experiment where the diluent gas was
100 mol % Ar. Coating efficiency increased dramatically as the coating
temperature was increased to 1280 K. At a coating temperature of
1280 K the coating efficiency was ~70% irrespective of the type of
diluent gas. The coating efficiency decreased to 60% as the coating
temperature was increased to 1685 K (hydrogen diluent gas). Two
experiments were performed at 1483 K with argon diluent gas. However,
the CH3SiH3 flow rate was =10 times greater than that used in the other
experiments. The coating efficiency for these experiments was
decreased substantially to =46 and 25%. The higher coating efficiency
(46%) was obtained in the experiment with the higher argon diluent flow
rate of 3200 cm3/min compared to 2900 cm3/min. The experiment with the
lowest coating efficiency, at a coating temperature of 1483 K, was
performed with a mixture of argon and hydrogen diluent gas at flow
rates of 800 and 2300 cm3/min respectively. These last results

indicate that reactant and diluent gas flow rates can affect the

coating process in a substantial manner.
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Fig. 4.11. SiC deposited onto PyC coated alumina substrate
particles, 7 g charge (a) coating efficiency versus coating
temperature, and (b) coating density versus coating temperature,.
(vValues at 1483 K determined by tap density measurements.)
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Coating densities are presented in Fig. 4.11(b). The highest
coating density achieved was 98% of theoretical for SiC. It occurred
in an experiment performed at 1180 K with an argon diluent gas flow
rate of 2900 cm3/min. For experiments made with argon diluent gas the
coating density deceased substantially as the coating temperature
increased from 1180 to 1280 K. The coating density for the hydrogen
diluent experiment performed at 1273 K was higher than the
corresponding one using argon as the diluent.

Scanning Electron Microscopy (SEM) micrographs of SiC coating
fracture surfaces are shown in Fig. 4.12 for coatings deposited using
a diluent gas of 100 mol % Ar. The micrographs show the porosity
increases as the deposition temperature increases from 1073 to 1280 K.
The coating at 1280 K is an open structure and perhaps suitable for low
density buffer coating. The coating produced at 1073 K possessed the
dense microstructure. Also note the mottled appearance in the 1073 K
coating which may be related to growth processes. Scanning electron
micrographs of SiC fracture surfaces for SiC coatings deposited using a
100 mol 4 H, diluent gas are shown in Fig. 4.13. Porosity is observed
in both the 1280 and 1685 K coatings but both appear to be relatively
dense. The 1280 K coating formed in an hydrogen diluent gas appears
to be more dense than the corresponding coating deposited using argon
diluent gas, in agreement with the density measurements.

The surface structure of the coatings are shown in Fig. 4.14.

The surfaces have different morphologies depending upon coating
temperature and hydrogen content in the diluent gas. The surface of

the 1685 K coating has a "cauliflower" type appearance which is similar
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M-11196 M-11194

(b)
M-11255

(4)
M-11249 M-11247

(f) 2 pm

Fig. 4.12. Secondary electron micrographs of SiC fracture
surfaces - 100% Ar diluent (a,b) Run 35, T = 1280 K, (c,d) Run 43,
T = 1180 K, and (e,f) Run 42, T = 1073 K.
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M-11180 M-11178

M-11209 M-11207

(c) 10 (@) L2m

Fig. 4.13. Secondary electron micrographs of SiC fracture
surfaces - 100% H, diluent (a,b) Run 34, T = 1685 K, and (c,d) Run 38,
T = 1280 K.
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M-11175 M-11173

i

Fig. 4.14. Secondary electron micrographs of SiC surfaces
(a,b) Run 34, T = 1685 K, 100% H, diluent, (c,d) Run 35, T = 1280 K,
100% Ar diluent, and (e,f) Run 42, T = 1073 K, 100% Ar diluent.
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to many of the HTGR SiC coatings deposited from CH3SiCl; at
approxiamtely the same temperature. The surface of the 1280 K coating
is very "powdery." This appearance indicates the CH3SiH; may have
nucleated and grown in the gas phase prior to depositing on the
substrate, The surface of the 1073 K coating resembles the 1685 K
coating except that the substructures (mottle appearance) are much
smaller. The substructure which can be seen in both the 1685 and
1073 K coating indicates a particle growth and sintering reaction.

The open porosity and defective particle fraction data for the
SiC coated particles are presented in Table 4.3. Coatings deposited
at 1473 K were very porous and of low density. The mercury intrusion
method confirmed the conclusion one obtains from examining the SEM
micrographs. For coatings deposited at 1273 K the open porosity and
defective particle fraction were higher for argon than for hydrogen,
The open porosity was 7.8 and 1.3% for the argon and hydrogen diluent
experiments, respectively. The defective fraction for those same
coatings was 1.0 and <5 x 10-* respectively. Low bulk density porous
SiC coatings may be useful for thermal insulators and for buffer layers
to accommodate thermal expansion differences between the substrate and
a dense coating deposited onto the substrate. A1l coatings deposited
at 1073 or 1180 K, irrespective of the type of diluent gas had open
porosity measurements of less than 1.3%. These same coatings also had
very low defective particle fractions of <4 x 10~%, No defective
particles were actually observed; however, the 4 x 10~% value is based
on one particle being defective and is chosen as an upper 1limit. Since

the defective particle fraction is low, more than 1.2 g of coated
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Table 4.3. Open porosity and defective particle
fraction of SiC coated particles

Coating Open Number of Defective
run porosity? defective particle
number (%) particlesb fraction
31 c d 1.0
32 c d 1.0
33 16.5 d 1.0
34 1.7 3 3.5 x 10°%
35 7.8 d 1.0
37 o o c
38 1.3 0 <5 x 107%
39 0.5 0 <5 x 10°%
41 0.5 0 <5 x 10°%
42 0.8 0 <5 x 10~%
43 1.2 0 <5 x 107

apetermined from mercury pycnometry (1 x 105 Pa
and 102 MPa measurements).

bx1.2 g of SiC coated particles tested (=2000
particles).

CNot determined.
da11 particles.

particle per test are needed to obtain a more precise value of the
defective fraction., The densities for coatings deposited at 1073 and
1180 K are less than 100% of theoretical. When compared to the open
porosity data, these data indicate that closed porosity may also be
present.

The coating rate for the coatings with densities <2.5 g/cm3 ranged
from 0.5 to 11.8 u/m. For coating experiments between 1073 and 1280 K,
the coating rate increased as the temperature increased. This occurred
for experiments made with either type of diluent gas. The coating rate

is related to both the efficiency of the decomposition process and the

density of the coating.
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Coating of Pyrocarbon Coated Alumina Substrates

A second set of experiments were performed to evaluate in a more
complete manner the chemical vapor deposition of SiC from CH3SiHj.
Pyrocarbon coated alumina microspheres were again used as substrates.
Since one objective of this research was to evaluate the CVD of SiC
at as low a temperature as reasonable, it was decided to lower the
coating rate in an attempt to achieve an increase in the SiC coating
density. All experiments, except for one, in this set were performed
with =20 g of substrate particles coated per experiment. The increase
in substrate charge required an increase in the diluent gas flow rate
to properly fluidize the particle bed. Increasing the diluent gas flow
rate increased the possibility that CH3SiH; would decompose within the
fluidized-bed region. This would improve coating efficiency since less
CH3SiH3 would react and coat the entrance line of the reaction cone.

The general conditions for this set of experiments were

Coating time — 180 min
Coating temperature — 873 to 1280 K

H, content in (Ar — Hy) diluent gas — 0 (100% Ar), 8.6, 77,
and 100% H,

Total System Pressure — 1,01 x 10° Pa (=1 atm)

CH3SiH3 flow rate — =27 cm3/min for most coating experiments;
230 or 780 cm3/min for low density buffer
coatings.

From the results of the previous section it is clear that high density

coatings can be achieved at temperatures lower than 1280 K. Thus

experiments were planned which emphasized this lower temperature




83

regime. A few experiments were also included to evaluate low density
SiC buffer coatings since these may also be useful if a friable buffer
layer is required to prevent fracturing of the dense SiC coating. The
diluent gases studied were argon, hydrogen, and Ar — H, mixtures. The
CVD of CH3SiH3 was thus evaluated as a function of hydrogen content in
the diluent gas. The requirements for coating nuclear waste ceramics
could prevent use of gaseous systems with hydrogen concentrations
greater than the explosive limit, however this evaluation was also to
be a basic one in that the CVD process was being evaluated in a
systematic manner and the influence of hydrogen is an important system
variable.

The experimental variables of coating temperature, amount of
substrate to be coated, reactant and diluent gas flow rates are shown
in Table 4.4. Also shown are the coating efficiency, coating
thickness, density and coating rate results.

The coating efficiency data are presented in Fig. 4.15. The
coating efficiency generally increases with increasing temperature.
The efficiency for the 873 K argon diluent experiment was =1%. For
this case no reaction was seen to occur when observing the fluidized-
bed region through the top sight port of the coating system. At a
temperature of 973 K the coating efficiency increased to 18% and a
coating was deposited onto the substrate. Even in this case there was
very little reaction product in the form of powder. The coating
efficiency increased to 73% as the coating temperature was increased to
1073 K. This is a substantial increase from the results presented in

the previous section. The coating efficiency remained nearly constant
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Fig. 4.15. Coating efficiency versus coating temperature (SiC

deposited onto PyC coated alumina substrate particles, 20 g charge).
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for experiments made at 1180 and 1280 K. The coating efficiency
increased as the amount of substrate particles in the coater was
increased. The coating efficiency for the 973 K with argon diluent
and 20 g of substrate particles experiment was 18%, but it increased
to 30% when the amount of substrate was increased to 40 g.

The coating efficiency for the 1073 K experiment with a diluent
gas of 100% hydrogen was only =16%. This is significantly less than
the 73% value achieved with a diluent of 100% argon. At higher coating
temperature the coating efficiency increased to ~75% irrespective of
the hydrogen content of the diluent gas. The results show that
relatively high coating efficiencies can be obtained at temperatures
as low as 1073 K during the chemical vapor deposition of SiC from
Methylsilane in a fluidizided-bed coater.

The SiC coating densities reported in Table 4.4 indicate a number
of trends in the thermal decomposition process. The density of
coatings deposited at 1180 K are generally =10% higher than those of
coatings deposited at 1073 K. This result seems to hold irrespective
of the hydrogen content in the diluent gas. In addition for
experiments when the diluent gas is 100% argon, the coating density
decreases as the coating temperature increases from 1180 to 1280 K.
However in 100% hydrogen diluent gas the SiC coating density for
material synthesized at 1280 K remains nearly the same to that of the
1180 K coating. The density measurements for SiC coatings deposited at
973 K are not considered reliable since either the mass gain or coating

thickness measurements lead to large relative errors in the resultant

density calculation.
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The open porosity and defective particle fraction results are
presented in Table 4.5. These data indicate there is a range of
conditions where coatings with relatively low open porosity <0.5% can
be formed. No defective particles were observed in any of the coatings
synthesized at 1180 K. For dense coatings deposited at 1073 K, only
the one synthesized in pure argon had one defective particle. However
coatings deposited at 1280 K possessed relatively high open porosity
irrespective of diluent gas type, and both coatings resulted in high
defective fractions. Defective particle fractions correlated well with
the open porosity measurements. For coatings with very low open
porosity, ~0.5%, no defective particles were observed. Apparently,
either the mercury cannot penetrate the pores, or the porosity is not
completely interconnected through the coating to the substrate,

Scanning electron micrographs were again used to reveal micro-
structural features of the SiC coatings. Both SiC coating fracture
surfaces and outer surfaces of the SiC coated microspheres were
analyzed. The fracture surface results for the argon diluent case are
shown in Fig. 4.16. The coating deposited at 1280 K is seen to be very
porous. However, the porosity seems to be nearly completely eliminated
in coatings deposited at or below 1180 K. Porosity was not observed in
coatings deposited at 973 K. Coatings deposited with an hydrogen
content in the diluent gas of =8 and 77% show similar behavior.
Coatings deposited at 1073 and 1180 K in 100% hydrogen, (Fig. 4.17)
show little or no porosity. The porosity observed in the coating

deposited at 1280 K in 100% hydrogen is much less than in its

counterpart synthesized in 100% argon,
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Table 4.5. Open porosity and defective particle
fraction of SiC coated particles

Coating Open Number of Defective
run Tempﬁgiture porosity? defective particle
number (%) particlesP fraction
45 1073 0.6 1 5 x 10~*
52 873 1.0 c c
60 973 0.5 0 <5 x 10-%
75 1073 0.5 0 <5 x 10°%
76 1073 0.4 0 <5 x 10-%
77 1073 1.5 45 2.2 x 10-2
82 973 1.0 2 1 x 10-3
84 1180 1.2 0 <5 x 10-%
85 1180 0.1 0 <5 x 10=%
88 1180 0.5 0 <5 x 1074
89 1180 1.2 0 <5 x 10-%
90 1073 0.8 41 2 x 10-2
91 1180 8.4 d 1.0
92 1280 8.7 d 1.0
99 1280 2.4 d 1.0

apetermined from mercury pycnometry (1 x 10° Pa and
102 MPa measurements).

b=1,29 of SiC coated particles tested (~2000 particles).
CNot determined.
dan particles.
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M-11422 M-11420

M-11336 M-13121

(e) (d)
M-11188 M-11186

(£) 2 m

Fig. 4.16. Secondary electron micrographs of SiC fracture
surfaces — 100% Ar diluent (a,b) Run 92, T = 1280 K, (c) Run 84,
T = 1180 K, (d) Run 84, T = 1180 K, annealed 1180 K, and
(e,f) Run 45, T = 1073 K.
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M-11430 M-11428

(b)
M-11342

(d)
M-11304 M-11302

Fig. 4.17. Secondary electron micrographs of SiC fracture
surfaces — 100% Hp, diluent (a,b) Run 99, T = 1280 K, (c,d) Run 85,
T = 1180 K, and (e,f) Run 75, T = 1073 K.
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The outer surfaces of the SiC microspheres also reveal micro-
structures which vary with deposition temperature and hydrogen content
in the diluent gas. Shown in Fig. 4.18 are the outer surfaces of
coatings deposited in 100% argon at 973 and 1180 K, and coatings
deposited in 100% hydrogen at 1180 and 1280 K. The surface of the
coating deposited at 973 K in argon is relatively smooth, however that
of the 1180 K coating deposited in argon is "powdery" and consists of
particles of =200 nm diameter. The surface of the specimens deposited
in 100% hydrogen show similar characteristics with the coating
deposited at the higher temperature possessing the powdery surface
structure. These results indicate that SiC nucleates and grows in the
gas phase rather than on the surface of the substrate.

The effects of annealing at 1523 K for 3 h coatings deposited at
973 and 1180 K in argon diluent are shown in Fig. 4.19 and 4.20. The
outer surface of both particles are shown in Fig. 4.19(a) and (b).
Annealing of the 973 coating resulted in surface cracks. However
surface cracks were not observed in the annealed 1180 K coating.
Scanning electron micrographs of the fracture surface of the 973 K
coating which was annealed to 1523 K are shown in Fig. 4.20. Note the
microcracks in the coating. The microcracks form at the surface and
culminate within the coating layer. This indicates that the
microcracking did not originate from thermal expansion differences
between the coating and the pyrocarbon substrate layer. These results
can be attributed to crystallization of the coating produced at 973 K.

X-ray diffraction showed that the coating was amorphous in the

deposited condition, wheseas crystalline SiC was observed after the
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M-11321 M-11329

M-11423

(e) L 2m (d) L S

Fig. 4.18. Secondary electron micrographs of SiC surfaces
(a) Run 82, T = 973 K, 100% Ar diluent, (b) Run 84, T = 1180 K,
100% Ar diluent, (c) Run 85, T = 1180 K, 100% H, diluent, and
(d) Run 99, T = 1280 K, 100% H, diluent.
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M-11734 M-11769

(a) ' : 'p_n , | | ()

Fig. 4.19. Secondary electron micrographs of SiC surfaces
(a) Run 82, T = 973 K, annealed 1523 K, and (b) Run 84, T = 1180 K,
annealed 1523 K.

M-13118 M-13117

I_2__Ll

Fig. 4.20. Secondary electron micrographs of SiC coating fracture
surface; Run 82, T = 973 K, annealed 1523 K.
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1523 K anneal in an argon atmosphere. The coating produced at 1180 was
crystalline and, although there was an increase in its crystallite size
after the 1523 K anneal, no microcracking was observed.

The as-produced SiC coated particles were analyzed by x-ray
diffraction to determine the phases present and the SiC crystallite
size. The data from these experiments are presented in Table B.1,

(p. 151). The crystallite size versus coating temperature for
specimens deposited at the four diluent gas compositions are presented
in Fig. 4.21(a). A1l specimens produced at 1073 K or below, irrespec-
tive of hydrogen content in the diluent gas, were amorphous. The data
indicate the amorphous to crystalline transformation occurs between
1073 and 1180 K. Al1 specimens synthesized at 1180 K were crystalline.
The crystallite size decreased as the hydrogen content in the diluent
gas increased [Fig. 4.21(b)]. The SiC crystallite size for coatings
synthesized at 1180 K in argon was =9.5 nm versus =3 nm for those pro-
duced in an hydrogen diluent atmosphere. In general these results are
in agreement with transmission electron microscopy results. The x-ray
diffraction peaks are rather broad for these materials. The major
phase in the crystalline coatings is B8-SiC but «-SiC is also present.

The coated particles were annealed to evaluate the SiC amorphous-
to-crystalline transformation and crystal growth versus temperature,
These results are also presented in Appendix B. Some of the x-ray
diffraction data for the coating deposited at 1180 K in an argon
diluent are shown in Fig. 4.22. The peaks can be attributed to SiC and

Al1203. The Al1,03 peaks result from x-rays penetrating the coating and

diffracting from the alpha alumina substrate. The peak near 53.5
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Fig. 4.22. X-ray diffraction spectra for SiC coating deposited
at a temperature of 1180 K in 100% Ar diluent (a) annealed 1723 K,
3 h, (b) annealed 1523 K, 3 h, (c) annealed 1173 K, 24 h, and
(d) as-produced 1180 K. Al1,0; peaks occur from substrate material.
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degrees 20 results from the mylar film used to cover the particles. No
other crystalline phases are observed. The average crystallite size
for the as-produced coating is =9 nm. The crystallite size for the
specimen annealed to 1173 K for 24 h was not statistically different
from the as-produced results. The crystallite size for the specimen
annealed to 1523 K for 3 h did increase to =11 nm and the crystallite
size for the specimen annealed to 1723 K for 3 h was =18 nm.

Results for the SiC coating deposited at the same temperature,
1180 K, but in an hydrogen diluent gas are presented in Fig. 4.23.

The major peaks present in the spectra are SiC and Al1,03. Crystalline
silicon is observed in the specimens annealed at 1523 and 1723 K.

This is a significant result and a major difference between coatings
deposited in argon versus those prepared in hydrogen. This coating

may contain excess silicon. The crystallite size of the as-produced
specimen was ~3 nm and that of the specimen annealed to 1173 K for 24 h
is =4 nm., Significant growth occurred in specimens annealed to higher
temperatures., The crystallite sizes for specimens annealed for 3 h at
1523 and 1723 K were 10 and 22 nm respectively.

Silicon was detected in all the annealed specimens which were
originally synthesized in diluent atmospheres rich in hydrogen (80 and
100 mol % H,) indicating that these coatings contain excess silicon.
It should also be noted that the crystallite size of nearly all
specimens is approximately the same after an anneal to 1523 K for
3 h. However, the SiC crystallite size of the coatings deposited

in hydrogen diluent and annealed to 1723 K for 3 h is, in nearly all

cases, larger than those produced in argon. This may be due to the
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Fig. 4.23. X-ray diffraction spectra for SiC coating deposited
at a temperature of 1180 K in H, diluent (a) annealed 1723 K, 3 h,

(b) annealed 1523 K, 3 h, (c) annealed 1173 K, 24 h, and (d) as-
produced 1180 K. Excess Si is present in coating. Al1,03 peaks
occur from substrate material,
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difference in composition (silicon content) of the coatings. Liquid
silicon may be present at annealing temperatures greater than =1673 K.

The silicon liquid may aid in densification and crystal growth.

Effect of CyH, Addition

A series of coating experiments was performed to evaluate the
effect of a carbon containing gaseous additive on the decomposition
of CH3SiH3. The results of the theoretical thermodynamic analysis
indicate that the addition of C,H, can influence the phases present
in the coatings. The phases or their relative concentration in a two
phase coating may thus be controlled by a judicious choice of coating
temperature, and additive/reactant, reactant/diluent mole ratios.

Two coating experiments were performed with a controlled amount of
C,H, added to the system (Run 353 and Run 349). The coating conditions
for these two experiments matched those of two previous experiments
(Run 84 and Run 88) except for the C,H, addition. The coating
conditions for these four coating experiments are listed in Table 4.6.

Both as-prepared and heat treated SiC-coated particles were
analyzed by x-ray diffraction and Raman spectroscopy. Data presented
in Fig. 4.24 are Raman spectroscopy results for Run 84 (100% argon
diluent). Note the presence of a broad peak at =487 cm~! which is
normally attributed to amorphous silicon. The two SiC peaks at 796
and 972 cm~! are also very broad indicating the presence of one or
more polytypes or of a very small crystallite size. There are also
weak broad peaks near 1350 and 1600 cm~! indicative of carbon. The

Raman spectrum for the specimen annealed at 1523 K for 3 h shows narrow
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Table 4.6. Coating conditions for experiments evaluating the
effect of CyH, on the thermal decomposition of CH3SiHj

Flow rate
Run . Temperature Time Pg;zigle Diluent gas
number () (min) (9) CoH,  CHsSiHs Ar H,
(cm3 /min)
84 1180 180 18.96P 0 21 4750 0
353¢C 1180 180 20.0 1.1 26 4750 0
88 1180 180 19.45P 0 27 1700 5700
349¢ 1180 180 20.0 1.1 27 1700 5700

aFluidized bed experiments performed with 2.54 cm diameter cone.

ban additional 0.5 g of uncoated alumina microspheres was also
present during the run to evaluate SiC deposits without interference
from PyC substrate coating.

CProduct gas specimen taken and exhaust powder also collected.

SiC peaks at (796 and 972 cm-!) which is an indication of improved SiC
crystallinity. A broad background is also present near the SiC peaks
which may be related to the presence of an a-SiC component in the
coating material. The corresponding data for the coating experiment
with a CyHy additive (CyHy/CH3SiHg = 4.2 x 102, Run 353) are shown in
Fig. 4.25. Comparison of Fig., 4.24 with Fig. 4.25 shows that excess
carbon is deposited as CyH, is added to the CH3SiH3 — Ar system,

These results are in agreement with the thermodynamic equilibrium
calculations. Note also that the spectrum for the as-synthesized
coating is similar to that of the specimen annealed at 1523 K. The
peaks representative of SiC at 796 and 972 cm~! are very broad although

still present. The broad peak near =487 cm~!, representative of

amorphous silicon, is still present.
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Fig. 4.24. Raman spectra for SiC coating (Run 84), T = 1180 K,
diluent gas 100% Ar, CH3SiH3/diluent = 4,4 x 10~3 (a) as-produced, and
(b) annealed 1523 K, 3 h.
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Fig. 4.25. Raman spectra for SiC coatmg (Run 353), T = 1180 K,
diluent gas 100% Ar, C,H,/CH3SiH3 = 4.2 x 10~ CH3$1H3/d1]uent =

5.5 x 1073 (a) as-produced, and (b) annealed 1523 K, 3 h.
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The experiments which were performed with a mixed (Ar + H,)
diluent gas will be considered next. The hydrogen content in the
diluent gas for these experiments was 77 mol %. The Raman spectra
for coating Run 88 are shown in Fig. 4.26. The spectrum for the as-
produced coating possesses a broad peak near 500 cm~l, and very broad
peaks near 796 and 972 cm~!., The spectrum for the specimen annealed
at 1523 K (Run 88) shows a well defined peak at 506 cm~! which is
indicative of crystalline silicon. The peaks representative of SiC
are quite broad although much more pronounced than for the as-produced
specimen. The peaks representative of carbon are not present in the
spectra. The presence of crystalline silicon was also confirmed by
x-ray diffraction results. The spectra for the coating made with the
C,H, additive (Run 349) are shown in Fig. 4.27. The as-produced
spectrum again possesses broad peaks near 500, 796, and 976 cm~!l.
There is an indication in the as-produced spectrum of a peak
representative of crystalline silicon, however its intensity is quite
lTow and may be due to fluctuations in the noise level. The spectrum
for the specimen annealed at 1523 K shows slightly sharper SiC peaks at
796 and 972 cm=1, The broad peak near 500 cm=! is still present and
there is an indication that crystalline Si may be present (502 cm-!)
although the silicon content appears to be only =~5% of the 1523 K
annealed coating Run 88. Comparison of Fig. 4.26 and Fig. 4.27 shows
that as CyHp is added to the CH3SiHz system, with a hydrogen content

in the diluent gas of 77 mol %, the silicon content decreases and

approaches that of stoichiometric SiC. These results are in agreement
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Fig. 4.26. Raman spectra for SiC coating (Run 88), T = 1180 K,
Ho content in (Ar — Hy) diluent gas = 77 mol %, CH3SiH3/diluent =
3.6 x 10-3 (a) as-produced, and (b) annealed 1523 K, 3 h,
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Fig. 4.27. Raman spectra for SiC coating (Run 349), T = 1180 K,
Hy content in (Ar — H,) diluent gas = 77 mol %, CoHy /CH3SiH; =
4 x 102, CH3SiH3/diluent = 3.6 x 10-3 (a) as-produced, and
(b) annealed 1523 K, 3 h,
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with x-ray diffraction data and the thermodynamic equilibrium
calculations.,

These data show that the phases and their relative content may be
controlled by varying coating conditions such as temperature, reactant
and diluent gas flow rates, hydrogen content in the diluent, and
additions of a carbon bearing species.

The elemental composition of SiC coatings was determined to
complete the evaluation of the relationships between the thermodynamic
and experimental results. Raman spectroscopy and x-ray diffraction
results are useful in estimating the nature of the bonding, phases
present, and crystallinity of the SiC coatings. However, the elemental
silicon to carbon ratio is an important system parameter which must
also be determined. Qualitative and quantitative silicon content
measurements of the four coatings just described were performed with an
electron microprobe. The carbon contamination which can occur during
an analysis was eliminated by cooling the anti-contamination device to
1iquid nitrogen temperature.

The specimens analyzed included those listed in Table 4.6,

(p. 100) and a single crystal SiC. No elements with Z > 11, other
than silicon, were detected with energy dispersive spectroscopy. The
quantitative analyses were performed with wavelength dispersive
spectrometers and the results are presented in Table 4.7. Measurements
were quantified with respect to both (1) silicon and carbon (graphite),
and (2) single crystal SiC standards. Although the values of the
comositions determined by the two methods differ slightly, the general

trend and relationships between specimens are the same. Consider first
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Quantitative electron microprobe analyses of
SiC coatings and single crystal SiC

Coating H2_content in CoHy/ Si content?®  Si contentD
run diluent gas CHaSTH (Wt %) (Wt %)
number (mo1 %) 32173
84 0.0 (100% Ar) 0.0 67.6 [0.3] 69.5 [0.3]
66.7 [0.8]
67.0 [0.8]
353 0.0 (100% Ar) 4.2 x 1072 62.9 [0.8] 64.8 [0.9]
62.6 [1.1]
88 77 0.0 70.7 [0.6] 71.9 [0.3]
70.8 [0.2]
349 77 4.0 x 10-2 68,4 [0.3] 70.1 [0.3]
67.7 [0.9]
Single crystal 67.7 [0.4] 69.6 [0.6]
SiC 67.8 [0.4] 69.2 [0.2]
Theoretical Si 70.0 70.0

content in SiC

dReference standards — elemental Si, and C (graphite).

breference standard — single crystal SiC.

Note: Si content is the average of at least 5 measurements;
each measurement taken at a different location on the specimen;
data in brackets are standard deviations.
the results for the coatings deposited in 100% argon diluent gas
(Run 84 and 353). The silicon content results for the experiment with
no CoHy additive (Run 84) is essentially the same as that of the
single crystal SiC. However, when CyH, is added to the system
(Run 353) the silicon concentration in the coating decreases. This
implies that excess carbon is being deposited and is in agreement with
Raman and x-ray diffraction results. Consider next the results for the

coatings deposited in 77% hydrogen diluent (Runs 88 and 349). The
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silicon content of the coating without C,H, addition is higher than
that of the single crystal SiC by =2 or 3%. This result shows that the
coating contains excess silicon. The silicon content of the experiment
(Run 349) with CyH, added to the hydrogen diluent is nearly equal to
that of single crystal SiC. These results are consistent with the
Raman and x-ray diffraction data. These results also agree with
thermodynamic equilibrium calculations presented earlier in this

section.

Coating of Nuclear Waste Ceramics

Zeolite Substrates

The substrate material evaluated for the solidification of cesium
is zeolite which is a sodium-alumina-silicate oxide. The substrate
used is zeolite IE-95, a synthetic chabazite (CayA1,Si,0;2 + 6 Hy0),
well known for its affinity toward cesium. The cesium is accepted
by an ion-exchange mechanism. It is currently used to store large
amounts of cesium in defense-related processes. After the zeolite
was loaded with cesium to a Tevel of =5 wt % it was heat treated
to eliminate water of hydration and stabilize the structure.5%:60
Thermogravimetric, differential thermal analysis, and mass
spectrometric analyses were performed to determine the optimum heat
treating schedule and thermal stability of the material. The
microstructure of the zeolite at various stages of development was
analyzed. Cs-loaded zeolite was annealed to 923 K in air for 4 h
to stabilize the material prior to being coated with either pyrolytic

carbon or silicon carbide.*®,60,83 pAqueous leach testing of the
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heat treated and pyrocarbon coated Cs-loaded zeolite was performed.
Leach results of uncoated 923 K heat treated material were comparable
to borosilicate glass, and the leach rates for the pyrocarbon coated
specimens were below detection limits.

The thermal stability of Cs-loaded zeolite in both air as well

as Ar — 4% H, was evaluated. The zeolite was tested in an Ar — 4% H,

atmosphere since the substrate would later be coated in a carbon
furnace with the composition of the gaseous product atmosphere
approximating that of an Ar — 4% H, atmosphere. Thermal gravimetric
and mass spectrometric data for I1E-95 zeolite loaded with =5 wt % Cs
are shown in Fig. 4.28(a). Heat treating the zeolite in a thermo-
gravimetric analyzer allows one to monitor the mass loss of the
specimen as a function of temperature. The data shown in Fig. 4.28(a)
compares the mass loss versus temperature behavior of the Cs-loaded
zeolite in two different atmospheres, air and Ar — 4 % H,. The data
have similar shapes up to =1100 K indicating the materials undergo
similar reactions in the 300 to 1100 K range. The largest fractional
mass loss occurs from 300 to =550 K and a second mass loss regime occurs
at =920 K. However above =1000 K the mass loss behavior in the two
different atmospheres is slightly different. 1In the 1000 to 1300 K
temperature range the material heated in air undergoes almost no mass
loss indicating the material has stabilized. The data from the
experiment performed in Ar — 4% H, show a slight but continual mass
loss indicating a reduction of the specimen at these experimental

conditions. The mass spectrometric data presented in Fig. 4.28(b)

were obtained to determine the volatile species evolved during
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Fig. 4.28. Thermal analyses of Cs-loaded zeolite (=5 wt % Cs)
(a) thermal gravimetric data to 1300 K in air and Ar — 4% H,, and
(b) mass spectrometric data to 1023 K.
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calcination of the Cs-loaded zeolite. The species identified in the
300 to 500 K temperature range were H,0 and OH. Thus the first mass-
loss regime shown in Fig., 4.28(a) is due to the removal of water from
the specimen. The species evolved in the 850 to 950 K temperature
range [see Fig. 4,28(b)] were identified as C0,, 0, and either CO or
N2. The second mass-loss regime seems to be correlated to the release
of these species, but the temperature where the C0, is evolved is
=100 K lower than the corresponding mass-loss data. This temperature
shift may result from the mass spectrometric analyses being performed
in vacuum. The data indicate that the Cs-loaded zeolite would need to
be heat treated to at least 900 K to remove the volatile constituent
prior to being coated. Little or no change in surface characteristics
of the zeolite was observed from analysis of optical micrographs of the
Cs-loaded zeolite heat treated at 873 or 1073 K for 4 h in air. X-ray
diffraction data showed that the material heat treated at 873 K still
maintained the chabazite structure and the material heat treated at
1073 K was nearly amorphous with a second unidentified phase. Heat
treating the zeolite at 1273 K in an Ar — 4% H, atmosphere resulted in
partial melting of the granules.

Specimens of Cs-loaded zeolite were thus heat treated at 900 K in
air for 4 h prior to being coated. The heat treatment resulted in a
stabilized material suitable for coating with either pyrocarbon or
silicon carbide. Pyrocarbon coatings were deposited at 1273 K with
CoHz and argon.®9 The pyrocarbon was found to be compatible with the

zeolite in terms of thermal expansion, and therefore a low density

buffer coating was not required. Heat-treated Cs-loaded zeolite was
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also coated with silicon carbide deposited at 1180 K (see Fig. 4.29)
from the CVD of CH3SiH3 in an argon diluent gas. A low density SiC
buffer was required prior to depositing the high density SiC. The SiC
coating conditions were similar to those of Run 91 for the low density
buffer SiC coating and Run 84 for the high density SiC coating.

Aqueous leach test results, performed according to the MCC-1
procedure, of the heat treated and pyrocarbon coated Cs-loaded
zeolite,83 are presented in Table 4.8. The values obtained for the
uncoated heat-treated zeolite are comparable to other alternative
waste forms. The data for the coated zeolite, however, is at least
three orders of magnitude lower than other nuclear waste forms.

Table 4.8. Leach rate results for uncoated
and pyrocarbon coated Cs-loaded zeolite

Leach tests of Cs-loaded zeolite?

Leach rate [g/(m? . d)]

Detection
Element lTimit Uncoated Py;ggiggon
(for 28 d zeolite zeolite
test)
Cs 6 x 10-6 1 x 10-2 b
AT 6 x 1076 2 x 1072 ’

dMCC-1 Teach test; 363 K, deionized
water, 28 day test.

bAt or below detection limit.
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(b) 400 pm

Fig. 4.29. Optical micrographs of silicon carbide coated zeolite
(a) polished section and (b) macrograph of surface.
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Substrates of High Waste Loading

Coating studies of gel-derived substrate microspheres with high
waste loading (>70 wt %) were also conducted. These types of
substrates may be advantageous since a smaller volume of material would
need be stored in repositories. In addition, these substrates may be
simpler to form from the gelation process than substrates of lower
waste loading.>> However the microspheres may or may not have the
required thermal and physical stability desired in a coating process.
Reactions can also occur between the coating and the substrate
particle.®9 The coating of two types of substrate particles will be
described, The composition of the 70/30 and 90/10 substrates are
presented in Table A.1, (p. 149) and both deal with the solidification
of simulated high-level-defense nuclear waste from the Savannah River
Plant (SRP).

In the first case, the coating of 70/30 (70 wt % Savannah River
Plant waste, 30 wt % additives) substrate microspheres of =800 u
diameter with SiC and then overcoated with pyrocarbon will be
described. As was shown in Fig. 2.3, p. 16, substrates of high waste
loading were not compatible with the pyrocarbon coating process.6?
Possible explanations for the reactions are (1) the substrate may not
be sufficiently stable at 1280 K, (2) the high hydrogen content in the
product gas during CyH, decomposition may reduce some of the phases,
or (3) carbon may also reduce various phases in the substrate.
However, the chemical vapor deposition of SiC from CH3SiH; can be
performed at 1180 K in argon. Thus the particles were first coated

with a Tow density buffer coating, similar to coating Run 91, to
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minimize stresses due to thermal expansion differences between the
coating and the substrate. A dense outer SiC coating, similar to
coating Run 84, was then applied over the SiC buffer layer. Some of
these particles were tested in a thermogravimetric analyzer in air to a
temperature of 1373 K to evaluate their thermal stability. The
substrate particles did not react with the SiC buffer layer as shown in
Fig. 4.30. This shows that the substrate particles are compatible with
the SiC coatings and the CVD process. Substrate particles coated with
SiC at 1180 K were later successfully overcoated with pyrocarbon (C,H,,
Ar, 1280 K) and leach tested.

Gel-derived 90/10 (90 wt % Savannah River Plant waste, 10 wt %
Ir0,) microspheres were prepared. The particles were sintered in an
Ar — 4% H, atmosphere at 1273 K for 1 h to a density of 5.1 g/cm3.

The SiC coating conditions were again similar to Run 91 for the low
density buffer coating and to Run 84 for the high density SiC coating.
However, some changes were made in the coating process. These types
of particles were coated using CH3SiH3 reactant and nitrogen diluent
gas. The flow rates were controlled so that the hydrogen concentra-
tion in the product gas was always less than the 4% H, Timit. A low
density buffer layer was deposited at 1280 K and the dense outer layer
at 1180 K. Shown in Fig. 4.31 are micrographs of 90/10 microspheres
(a) sintered, and (b), {(c), (d) SiC coated. The SiC coated 90/10
substrate particles were later overcoated with pyrocarbon (propylene
as the reactant gas) at a deposition temperature of 1480 K (see

Fig. 4.32). X-ray diffraction analyses of SiC coated 90/10
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Y-201919

Fig. 4.30. Gel-derived substrate particle of 70/30 (70 wt %
simulated Savannah River Plant waste, 30 wt % additives) coated with
Tow density buffer layer of SiC and dense outer layer of SiC; the
polished section shown is of a coated particle after being heat-treated
in Ar — 4% H, to 1373 K to evaluate substrate-coating compatibility.
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Fig. 4.31. Micrographs of 90/10 (90 wt % simulated Savannah River
Plant waste, 10 wt % Zr0,) microspheres (a) sintered, (b), (c), and
(d) SiC coated microspheres.
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substrates (nitrogen diluent) indicate the coating to be g-SiC with a
small fraction of a-SiC.

Leach testing of uncoated 70/30, pyrocarbon overcoated SiC coated
70/30, and uncoated sintered 90/10 materials was performed and are
reported in Table 4.9.%0561 |each rates for the uncoated substrates
are equivalent to results of the SYNROC-D gel-derived particles.®?

Leach rates of the coated 70/30 particles were below the detection

1imits and lower than any other nuclear waste form.
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Table 4.9. Leach test results for uncoated and
pyrocarbon coated sol-gel derived particlesd

Leach rate [g/(m? « d)]

Element Detectionb Uncoated Coated Uncoated

Timit 70-30 70-30 90-10
(5 d) (3 d) (3 d) (28 d)
Fe 3 x 10-° 7 x 10-3 c 3 x 1073
Al 1 x 10°% 6 x 10-3 c d
Mn 2 x 10-5 2 x 10-3 c 2 x 102
U 1 x 10-3 3 x 10-3 c 5 x 10~%
Ca 2 x 10-% 5 x 10-2 c 3 x 10-3
Ni 4 x 10-° 2 x 10-3 c d
Si 1 x 10-% d c 3 x 10°!
Na 6 x 10~% 3 x 10°3 c d
Ir 2 x 10~ 2 x 10-% c d
Ti 5 x 10-6 9 x 10°" c d
Ba 2 x 1074 e e e
Mo 1 x 10-3 d c d
Ce 4 x 10~% 4 x 10-3 c d
Nd 1 x 10-3 d c d
Sr 1 x 10-5 8 x 10-2 c 9 x 1073
Cs 4 x 10-3 e e e
aleach rate — Mj/(fjSAat); M; = mass of element

in solution (g); fy = fract1on o} element in kernel;
SA = surface area of sample (m2?); At = time period
of leach (d). Leach test MCC-1; deionized Hy0;

363 K. Detection limit determ1ned by averag1ng
blanks submitted during test (Vgoy = 20 cm®,

st = 5d, SA =75 x 10=% m2).

bpetection 1imit for 28 d samples is a factor
of 5 lower than limit isted.

CBelow detection limit.
dNot measured.

€Element not present in waste form.




CHAPTER V
DISCUSSION

The chemical vapor deposition of silicon carbide from
methylsilane was evaluated. Methylsilane is a reactant which contains
equimolar amounts of Si and C, does not contain chlorine, and can be
decomposed to form either amorphous or crystalline silicon carbide.
Experimental variables for the fluidized-bed coating study were
reactant gas flow rate, diluent gas type (either argon or nitrogen)
and flow rate, hydrogen content in the diluent gas, additive gas, flow
rate of additive gas (C,Hy), coating temperature, and substrate
particle type. Thermodynamic equilibrium calculations were performed
by a method which determined a system's composition by minimizing the
free energy. Emphasis was placed on results concerning not only the
gaseous phase but also the condensed phase compositions. The initial
elemental contents of the system were chosen to closely match the
experimental conditions necessary for proper fluidization of substrate
particles in the CVD system. Results of the thermodynamic calculations
are in agreement with experimental data. Alternative nuclear waste
ceramics were coated with silicon carbide in a fluidized-bed coating
system. The thermal stability fo the substrate particles was found to
be an important factor in being able to apply highly leach-resistant
coatings of either pyrocarbon or silicon carbide. Coating process
variables such as the use of non-halogenated reactants, low deposition
temperatures, and low hydrogen contents in the diluent gas were also

significant in maintaining substrate-coating process compatibility.
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Both Cs-loaded zeolite and gel-derived ceramic substrates of high waste
content were coated. Leach testing of the coated particles showed them

to be the most leach resistant waste form.

Chemical Vapor Deposition of Silicon Carbide from Methylsilane

Equilibrium thermodynamic calculations were performed to evaluate
both the gaseous and condensed phases which form from the CVD of SiC
from CH3SiH3. The calculations are summarized as partial pressure
versus temperature plots for the gaseous products and CVD phase
diagrams for the condensed phase. Many gaseous and condensed phase
species were included in the calculations. However, kinetic factors
can also influence the experimental results., The CVD of SiC was
performed in a fluidized-bed system. This is a very dynamic process.
Thermodynamic equilibrium conditions may not be achieved although the
process may achieve a steady-state. The reactant may not have
sufficient time to reach equilibrium. The gas flow rates required to
fluidized the substrate particles result in the bed-volume being
exchanged approximately every 0.3 s. The relatively short residence
time of the reactant in the fluidized-bed region may l1imit the extent
of any intermediate reactions necessary for the complete decomposition
of CH3SiH3. In addition, the coating system has a carbon fluidization
assembly. The carbon may react with reactant or diluent gases thereby
changing the gas-phase composition.

The substrate may also react not only with the gaseous reactants

and products, but also with the carbon fluidization assembly. Although

there are certainly many factors which can influence the morphology,
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and composition of the coating, thermodynamic equilibrium calculations
are a first and important step in understanding the process.

One of the systems evaluated was CH3SiH3 — (Ar — Hz). Although
many gaseous and condensed phase species were included in the
calculations, the results show that argon and hydrogen are the major
species in the gaseous product. The calculations were performed at
constant pressure and in the 900 to 1600 K temperature range. The
partial pressure of all other species, for the conditions evaluated,
are much lower than for argon or hydrogen. However of the minor
species, CH, and SiH, were found to be the most significant. The
carbon and silicon bearing gases with the highest partial pressure
are CHy and SiH, respectively as shown by results presented in
Fig. 4.2 (p. 57) and 4.3 (p. 58). This result is in agreement with
the literature39-*1 and implies that the system may be simplified by

considering the following reactions

CHgSiHy — SiC + 3 Hp , (5.1)
CH, — C + 2 H, , and (5.2)
SiH, — Si + 2 Hy . (5.3)

The results of Fig. 4.2 (p. 57) and 4.3 (p. 58) show that the partial
pressure of CH,, SiH, and most other gaseous species increases as the
hydrogen content in the diluent gas increases. These results can be

compared directly with the equations just presented. As the hydrogen
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content in the diluent atmosphere is increased, the increase in
hydrogen partial pressure increases the possibility of reverse
reactions resulting in higher CH, and SiH, partial pressures. The
decomposition of CH3SiH3 can be influenced by temperature and hydrogen
content in the diluent gas for a given CH3SiH3 content and total system
pressure. These results are also in agreement to those of Kingon’®

who performed a thermodynamic evaluation of the CH3SiCls, and
SiHy-hydrocarbon system.

The results for the condensed phase are presented as CVD phase
diagrams. These diagrams should not be confused with typical phase
diagrams. The CVD phase diagrams show only the range of process
conditions where either single phase of codeposits form. Results for
the CH3SiH3 — (Ar — Hp) system are presented in Fig. 4.1 (p. 55).
Conditions exist where either single phase SiC or codeposits of
SiC + Si are computed to form. In a pure argon diluent SiC + Si may
codeposit up to =1450 K, and single phase SiC above this temperature.
Codeposits of SiC + Si are computed to form for nearly all other condi-
tions within the initial conditions of the calculation. The relative
content of silicon in the condensed phase increases as the temperature
decreases or as the hydrogen content in the diluent gas increases.
Qualitatively these results are in good agreement with the literature.
The results of Bdcker and Hausner“*? presented in Fig. 2.4 (p. 27) show
the composition of SiC powder produced from the thermal decomposition
of CH3SiH3 in an argon diluent. Note that at lower temperatures the
carbon content in the powder is below the theoretical 30 wt % for SiC.

The carbon content increases with increasing temperature.
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Alternatively the powder possesses excess silicon and the silicon
concentration decreases as the temperature increases. At a temperature
of =1900 K the carbon content reaches a Tevel approximately equal to
the theoretical valve for SiC. It is then constant for temperatures
greater than 1900 K. These last results are qualitatively the same as
those calculated in this study. Thus the equilibrium thermodynamic
calculations result in a trend which has previously been observed
experimentally. The calculated transition temperature from a

codeposit of SiC + Si to single phase SiC, in a pure argon diluent,

is lower than Bocker's result. The difference may occur because the
present calculations were made with a cHaSTHa/Ar = 5.8 x 1073 while
Bocker's experimental results were made with CH3SiH3/A = 0.11. Another
possibility is that the reactant gas, in Bocker's experiment, did not
reach the actual temperature monitored on the outer surface of the
graphite tube.

The calculated results of (1) the existance of a SiC + Si two
phase field and (2) the increase in Si content as the hydrogen content
in the diluent gas increases are also in agreement with experimental
results presented in this work. X-ray diffraction spectra for two
coatings, one formed in pure argon diluent (Fig. 4.22, p. 96) and
another in pure hydrogen diluent, (Fig. 4.23, p. 98), formed at the
same temperature confirm the calculations. No silicon was observed, by
x-ray diffraction, in the coating deposited in pure argon (Fig. 4.22,
p. 96). Results of calculations show the Si/SiC mole ratio for these

conditions is =1 x 10~%, This small concentration would not be

observable with normal x-ray diffraction techniques which are limited
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to approximately a 2 wt % detection limit. Silicon was observed in the
coating deposited in pure hydrogen diluent as is shown in Fig. 4.23

(p. 98). This trend was also confirmed by results of two other
experiments performed under identical conditions but with hydrogen
contents in the diluent gas of 8.6 and 77 mol %. No silicon was
observed in the 8.6 mol % H,. Silicon was observed in the 77 mol % H,
coating and the x-ray diffraction peaks were less intense than that of
the coating deposited in pure hydrogen,

Consider the effect of C,H, addition to the CH3SiH3 — (Ar — Hp)
system. Again the two major product gaseous species are argon and
hydrogen. These are the major species since argon does not take part
in the reactions and the remaining gaseous species are highly unstable
for the conditions evaluated in these studies. However CH, and SiH,
are the minor gaseous species with the highest partial pressure for
most of the conditions evaluated. Monitoring of the CH, partial
pressure may be useful in revealing the reactions which are taking
place in the CVD reaction chamber. Addition of C,H, to the system can
influence the type and relative concentration of condensed phases. The
computed CVD phase diagram which summarizes these results is shown in
Fig 4.7 (p. 65). The addition of C,H, to the system can result in the
codeposition of SiC + C for low hydrogen contents in the diluent gas.
At high hydrogen content in the diluent gas, the addition of a small
amount of C,H, can change the composition of the condensed phase from
codeposited SiC + Si to single phase SiC. These results were evaluated

experimentally. Two experiments were performed with controlled amounts

of C,H, added to the C3SiH3 — (Ar — H,) system. The experimental
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conditions were similar to two previous experiments except for the
CoHp addition and are shown in Table 4.6 (p. 100). The experiments
matched the calculations where CyH,/SH3SiH3 = 3.4 x 10-3 and
CH3SiHz/diluent = 5.8 x 10~%, Two types of diluent gases were used,
pure argon, and an Ar — H, mixture with a hydrogen content of 77 mol %.
The coatings were evaluated by x-ray diffraction, Raman spectroscopy
and quantitative electron microprobe analyses. The results for the
pure argon diluent will be discussed first, Addition of C,H, in this
case clearly resulted in a coating which contained excess carbon., A
comparison of the Raman spectra shown in Fig. 4.24 (p. 101) and

Fig. 4.25 (p. 102) indicate excess carbon is present in the coating
deposited with the C,H, addition. Quantitative electron microprobe
results were also in agreement. The silicon content of the coating
deposited in argon without C,H, was nearly identical, within
experimental error, to the silicon content of a single crystal SiC.

The silicon content of the coating produced with the CyH, addition was

measured to be 64.8 £ 0.9 wt %. This indicates the presence of excess
carbon in the coating. If all the C,H, and CH3SiH; decomposed and
deposited on the substrate particles, then the silicon content would be
68.3 wt %. This is based upon the experimental gas flow rates. The
68.3 wt % Si value is lower than the 70 wt % theoretical value for pure
SiC but slightly higher than the measured 64.8 wt %. However the

CoHy may not decompose at the same rate, temperature, or location in
the fluidized-bed. If one assumes that all the C,H, is decomposed and
deposited onto the substrate but the CH3SiH3 is deposited at the

experimentally measured efficiency, then the silicon content would be
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67.2 wt %. This is still slightly higher than the experimental which
does contain some error value but still in excellent agreement with the
thermodynamic calculations. The results for the two experiments
performed at a hydrogen diluent content of =77 mol % are also in
agreement with the equilibrium thermodynamic calculation. Comparison
of the Raman spectra presented in Fig. 4.26 (p. 104) and 4.27 (p. 105)
clearly show the decrease in the silicon content as C,H, is added to
the system. The quantitative electron microprobe measurements also
agree, The silicon content of the coating deposited with no C,H,
addition was 71.9 wt %. Addition of CyH, to the system decreased the
silicon content to approximately that of the single crystal SiC which
is in agreement with the calculations,

Thermodynamic equilibrium analyses of the CH3SiH3 — CoHy —

(Ar — Hp) system agree with experimental results. This points to the
importance of the free energy concept in the evaluation of chemical
vapor deposition reactions.

The calculated efficiency for the decomposition of CH3SiH3 was
always greater than 97% for the entire range of conditions evaluated in
this study. The experimental coating efficiency, however, is a measure
of the fraction of available SiC which is deposited onto the substrate
particles. A certain amount of SiC is always deposited on the
fluidization assembly surfaces. SiC powder is also formed and
exhausted from the system. Thus the experimental coating efficiency
is always less than the theoretical value. The experimental coating

efficiency versus coating temperature plot presented in Fig. 4.15

(p. 85) show that the CVD of SiC occurs at lower temperatures whenever
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pure argon is used as the diluent gas. The presence of hydrogen
diluent gas delays the decomposition reactions so that higher
temperatures are required. However, rather high efficiencies, >70%,
are obtained in both cases at coating temperatures of 1180 and 1280 K.
The coating efficiency for the 873 K experiment performed in pure argon
was less than 1%. In addition, no powder formation was observed by

viewing the fluidization assembly. The lack of CH3SiH3 decomposition

may be related to the increase in free energy required for nucleation
and growth in the gas phase or to kinetic factors. Perhaps
intermediate reactions cannot occur quickly enough at these low
temperatures during the relatively short residence time in the CVD
system. If this were the case perhaps lowering the gas flow rates
would increase the coating efficiency.

The morphology of the SiC coatings indicates that CH3SiHg
decomposes in the gas phase by a nucleation and growth mechanism. The
coating porosity increases (Fig. 4.12, p. 77) as the temperature is
increased from 1073 to 1280 K. The scanning electron micrographs imply
a similar mechanism. The micrographs presented in Fig. 4.14 (p. 79)
show the surface of the coating produced at 1073 K in an argon diluent
to be rather smooth., Small particles can be seen on the surface and a
sintering mechanism is implied. The morphology of the surface changes
to a "powdery" appearance for coatings deposited at 1280 K. Coatings
deposited at still higher temperatures (1685 K), however, have a
globular morphology. Sintering of the particles may have occurred at

1685 K and a grain growth mechanism may be dominant at this higher

temperature, These results are also in agreement with the results of
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Spielmann,38 and Bocker and Hausner.*2 Spielmann3® found that

CH3SiH3 decomposed prior to contacting a single crystal substrate,

More decomposition occurred when the CH3SiH3 was mixed with a diluent
gas than when it was flowed into the system at a low pressure with no
diluent gas. The CH3SiH3 mixed with argon diluent may have been heated
to higher temperatures due to the improved thermal conductivity of the
gas phase. These results are also consistent with the Bdocker and
Hausner*? results which show that SiC powder can be produced from the
thermal decomposition of CH3SiH3.

The crystallinity of the SiC deposits was found to be a function
of temperature and hydrogen content in the diluent gas. Amorphous
deposits were formed at or below 1073 K irrespective of hydrogen
content in the diluent gas. Crystalline deposits were formed at
coating temperatures of 1180 K and above. The formation of amorphous
deposits may be due to kinetic factors, low diffusion coefficients, or
perhaps even to incomplete decomposition. Cubic B-SiC is calculated to
form at all conditions in this study. This is because the free energy
of formation for g-SiC is always taken to be more negative than that of
a-SiC. Experimentally B-SiC is the major phase observed but a small
amount of a-SiC is also present. The coatings were isotropic since the
peak heights of the x-ray diffraction spectra were nearly identical to
patterns of standard powdered SiC specimens. The crystallite size
measurements show similar behavior to the coating efficiency data.

The 9 nm crystallite size reported in this work for SiC coatings
deposited at 1280 K in pure argon diluent are remarkably close to those

reported by Bocker and Hausner,%2 5 nm, for SiC powder produced at the
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same temperature. The crystallite size of as-produced coatings was
dependent upon the hydrogen content in the diluent gas. Smaller
crystallite sizes were measured for coatings deposited at higher
hydrogen content in the diluent gas. SiC crystallite growth may be
Timited by the presence of "excess" silicon precipitates if the SiC
crystals are pinned by the precipitates. If the silicon concentration
of the SiC coating is taken to be =1 mol % and the precipitates as
cubes with an edge dimension of =1 nm then the relative spacing between
the "excess" silicon precipitates is =5 nm. A larger silicon content
would result in a smaller spacing between the "excess" silicon
precipitates resulting in a decrease in the SiC crystallite size.

Annealing amorphous SiC coatings at 1173 K crystallized the
material., Densification occurs upon crystallization as shown by the
scanning electron micrographs presented in Fig. 4.19 and 4.20 (p. 93).
A11 SiC coatings had approximately the same crystallite size after a
1523 K, 3 h anneal in an argon atmosphere. However specimens formed in
diTuent atmospheres rich in hydrogen always had a larger crystallite
size than those formed in pure argon when annealed at 1723 K for 3 h.
The coatings deposited in diluents rich in hydrogen are also the
coatings with high silicon content. The larger crystallite size is
perhaps related to the silicon content. Silicon is molten above 1685 K
and thus may aid in the growth of crystallites due to the increase in
the liquid phase diffusion coefficients.

The results and discussion of the chemical vapor deposition of

SiC from CH3SiH3 points to the value of the thermodynamic equilibrium

calculations and the free energy concept.
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Coating of Nuclear Waste Ceramics

The coated particle concept for the solidification of high-level-
nuclear waste has been evaluated. The chemical vapor deposition
process was used and substrates of Cs-loaded zeolite and ceramic waste
forms with waste loadings greater than 70 wt % were successfully
coated. Coatings of SiC and pyrocarbon were applied in fluidized-bed
coaters. Leach testing of the coated particles showed them to be
highly leach resistant; leach rates were lower than any other nuclear
waste form,

The multibarrier approach to the solidification and disposal of
nuclear waste has been evaluated by other researchers. Although
substrate materials used in earlier studies were not optimal for the
chemical vapor deposition process, those experiments provided
significant insight into the properties of substrates that are most
important to the coating process. Sol-gel technology has been used to
produce crystalline ceramic substrates.

Cesium loaded zeolite has been used many times for storage of
cesium, Recent work by various researchers have shown that Cs-loaded
zeolites can be heat-treated to fix a certain fraction of the cesium,®
Thus Cs-loaded zeolite was chosen as a substrate for the coated
particle concept. Cs-loaded zeolite was heat treated in air to remove
gaseous volatiles, and water of hydration, and to stabilize the
material. It was then coated with SiC or pyrocarbon, The SiC coated

Cs-loaded zeolite particles were not leach tested since this

development occurred near the end of the research program. However,
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the pyrocarbon coated substrate was found to be highly leach resistant.
It possesses the lowest cesium leach rates for any reported Cs-bearing
waste form.

Coating of gel-derived substrates with high waste loading was
also evaluated. The substrate particles were compatible with SiC
coatings chemically vapor deposited from methylsilane. The SiC coated
particles were later overcoated with pyrocarbon at temperatures of up
to 1473 K. Leach testing showed the 70/30 substrate particles coated
with SiC and overcoated with pyrocarbon to be highly leach resistant
and all measurements were at or below state-of-the-art detection
1limits. Coatings of SiC were also applied to substrate particles of
high waste loading (90/10 composition) from the decomposition of
CH3SiH3 in a nitrogen diluent atmosphere. A nitrogen diluent
atmosphere was evaluated since processing costs would be Tower if
nitrogen were used rather than argon. Typical coating conditions were
used which were similar to Run 91 for the low density buffer and to
Run 84 for the high density coating. However, the nitrogen diluent gas
flow rate was increased by a factor of =1.5 as compared to that of
argon. The low density buffer coating was deposited at 1280 K to
prevent fracture of the dense coating. The coating was determined to
be SiC from x-ray diffraction data, however, further analyses are
required to completely evaluate the phases and composition of the
coating. The x-ray diffraction results indicate that the
CH3SiH3 — N, system did not reach thermodynamic equilibrium since the
thermodynamic calculations predicted SigN, + C to codeposit under these

conditions. Equilibrium may not have been reached due to kinetic
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factors. There may not have been sufficient time for the CH3SiH3 to
react with the nitrogen diluent. These particles were also overcoated
with pyrocarbon from the thermal decomposition of propylene at 1473 K.
The hydrogen concentration in the product gases was kept lower than the
4% explosive limit to increase the safety aspects of the coating
procedures. An outer SiC coating may also be applied to prevent the
oxidation of the pyrocarbon layer in case the particles are subjected
to temperatures greater than =1073 K in air.

Chemical vapor deposition processes have been found to be very
useful in coating of alternative waste form substrates. The process
uses relatively simple equipment such as fluidized-bed coaters and can
utilize much information developed for the coating of HTGR fuel.
Substrates of high waste Toading as well as Cs-loaded zeolite have been
successfully coated and leach testing has shown them to be the most
lTeach resistant nuclear waste form. The development of a generic
Cs-bearing nuclear waste form can be applied to any number of
alternative waste form processes including that of borosilicate glass.
One of the key items in this research was the research and development

of the chemical vapor deposition of SiC from methylsilane.



CHAPTER VI
SUMMARY AND CONCLUSIONS

The chemical vapor deposition (CVD) of silicon carbide from
methylsilane and coating of nuclear waste ceramics were evaluated.
Both thermodynamic equilibrium calculations and SiC deposition
experiments were performed. The variables studied included temper-
ature, hydrogen content in the diluent gas (either argon or nitrogen),
and addition of CyH,. The substrates which were coated included pyro-
lytic carbon coated alumina, Cs-loaded zeolite, and sol-gel-derived
alternative nuclear waste ceramics of high waste loading.

The theoretical and experimental observations were performed
with a mole ratio of CH3SiH3/diluent = 4.8 x 10-3 and a total system
pressure of 1.01 x 10° Pa.

1. The thermodynamic equilibrium calculations for the CH3SiH; — Ar
system indicated that SiC + Si are codeposited up to a tempera-
ture of =1450 K. Single phase SiC is calculated to form above
%1450 K. The Si/SiC mole ratio for the condensed phase is
1 x 10~° at 973 K and decreases as the temperature is increased.

2. The calculated results for the CH3SiH3 — H, system are similar to
the above except SiC + Si is calculated to form over the entire
973 to 1600 K temperature range. The Si/SiC mole ratio is
=1 x 10-2 at 973 K and decreases with increasing temperature.

3, Addition of CyH, to the CH3SiH3 — (Ar — Hy) system can influence

the types and concentration of phases present in the condensed

phase.
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The major carbon and silicon gaseous product species calculated to

occur are CHy and SiHy respectively.

Amorphous SiC is deposited at or below ~1073 K and crystalline SiC
is deposited at temperatures greater than =1180 K.

For the 973 to 1280 K temperature range, the coating efficiency
generally increases and coating density generally decreases with
increasing temperature. Silicon carbide coating densities of ~98%
of theoretical and coating efficiencies >75% can be achieved at a
temperature of ~1180 K in a fluidized-bed coater.

The silicon content of the SiC coating increases with increasing
hydrogen content in the diluent gas. This result is in agreement
with the thermodynamic calculations.

Addition of C,H, to the CHySiH3 — (Ar — Hp) system affected the
types and content of phases present in the coating. Results were
in agreement with thermodynamic calculations.

Cs-loaded zeolite can be coated with either pyrolytic carbon,
SiC, or both. The cesium leach rate of pyrolytic carbon coated
zeolite is below detection limits and is at least three orders

of magnitude lower than that for borosilicate glass.

Substrates of high waste loading were coated with SiC and
overcoated with pyrolytic carbon. SiC coatings were deposited
from the CH3SiH3 — Ar and CH331H3-— N, systems. Formation of SiC
from the CH3SiHz — N, system indicates the system did not reach

equilibrium since SigN, + C are calculated to codeposit.

Substrate particles were overcoated with propylene at a
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temperature of 1473 K. The hydrogen concentration was held below

the 4% explosive 1imit to increase safety aspects.

These observations lead to the following conclusions:

The free energy concept and thermodynamic equilibrium calculations
are of great value for the evaluation of both the condensed and
gaseous phase compositions present during chemical vapor
deposition.

Impermeable SiC coatings can be applied onto nuclear waste
ceramics from the thermal decomposition of methylsilane (CH3SiH3)
in fluidized-bed coaters,

Coating of Cs-loaded zeolite and other nuclear waste ceramics can

provide increased leach resistance.
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Table A.1. Composition of simulated SRP? waste
matrix additives, and product

Simulated high-level waste-loaded SRP forms

SRpa

- -pb c d
Compo Waste SYNROC-D 70/30 90/10

nent (Wt %)
Matrix Product Matrix Product Matrix Product

(wt %) (wt %) (wt %) (wt %) (wt %) (wt %)

Fe,054 49.9 27.4 35.8 44.9
A1,0, 9.8 33.6 20.6 7.0 8.8
Mn0, 13.7 7.5 9.9 12.4
U305 4.5 2.5 3.2 4.1
Ca0 3.7 10.3 6.7 18.0 7.7 3.3
Ni O 6.2 3.4 4.4 5.6
$i0, 1.2 15.8 7.8 21.2 6.7 1.1
Na ,0 7.0 3.8 9.9 7.9 6.3
Na S0, 1.3 0.7 0.9 1.2
Ce,04 1.1 0.6 0.8 0.9
Nd,0 1.1 0.6 0.8 0.9
sr0 0.5 0.3 0.4 0.5
Ti0, 31.8 14.3 39.1 11.0

Zr0, 8.5 3.8 11.8 3.3 100 10.0
Mo,03 0.2

aComposite Savannah River Plant (SRP) waste with aluminum removal
normalized to compensate for removal of zeolite and addition of Ce,03,
Sr0, and Nd,03.

bSYNROC-D (~70 wt % composite SRP waste without aluminum removal
plus 30 wt % additives).

C70/30 (~70 wt % composite SRP waste with aluminum removal plus
30 wt % additives).

d90/10 (~90 wt % composite SRP waste with aluminum removal plus
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