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Executive Summary 

The overall objective of this program was to provide a fundamental understanding of the 
processing science and technology necessary to fabricate ceramic-matrix, '«te«-metalhc- 
matrix, and metal-matrix composites with superior mechanical properties in high 
Lperature and oxidizing environments. The composites are intended for use as 
structural materials for advanced aerospace applications at temperatures exceeding 

1200°C (2200°F). 

In order to accomplish the program objective, interactive research groups were 
established in three key areas of (a) Fiber Fabrication, (b) Coatings and I»««™*»* "* 
Tc) Composite Fabrication. The objective of the fiber fabrication group was to develop 
new fibers which have superior strength and toughness at high temperatures and «n 
oxidizing environments. The research effort focused on the development of two types of 
fibers- (1) glass-free mullite-based fibers, and (2) oxygen-free silicon carb.de fibers. The 
coatings program had two primary objectives: (1) to control the character.st.cs of 
matrix/reinforcing phase interfaces (e.g., to control chemical reactions and bonding at a 
matrix/fiber interface) and (2) to develop coatings that will improve the oxidation 
resistance of metal-matrix and intermetallic-matrix composites. Coatings methods utilized 
included chemical vapor deposition, sol-gel processing, and solution coating with 
polymeric precursors to ceramics. 

The composite fabrication group investigated various methods to incorporate reinforcing 
phases (i.e., fibers, whiskers, and particulates) into ceramic-, metal-, and intermetall.c- 
matrices. Processing methods investigated included colloidal processing, chemical vapor 
infiltration, reactive hot-compaction and in situ coating, and microwave sintering. Ine 
objectives were not only to utilize innovative processing techniques, but also to develop 
and improved scientific understanding of processing-microstructure relationships in 

composites fabrication. 

This annual report consists of seven sections compiled in four books as described below: 

BOOK I 
Section 1       Processing and Properties of Silicon Carbide Fibers 

Principal Investigators: CD. Batich 
M.D. Sacks 

Section 2       Processing of Mullite Composite Fibers 
Principal Investigators: J.H. Simmons 

M.D. Sacks 
A.B. Brennan 

Section 3       Chemical  Vapor  Deposition   (CVD)   and  Chemical  Vapor 
Infiltration (CVI) 
Principal Investigator: T.J. Anderson 
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BOOK II 
Section 1 

Section 2 

Processing and Properties of Intermetallic Matrix Composites 
Principal Investigator: R- Abbaschian 

Mechanical Alloying of MoSi2 

Principal Investigator: M.J. Kaufman 

BOOK III 
Section 1       Processing of Ceramic Matrix Composites 

Principal Investigator: M.D. Sacks 

Section 2       Processing of BaO-Al203-2Si02 Fibers 
Principal Investigator: D.E. Clark 

BOOK IV 
Section 1       Processing and Mechanical Property Characterization of Tape 

Cast, Multilayer, Alumina/Nickel Laminated Composites 
Principal Investigator: JJ- Mecholsky 



BOOK I 

Section 1 

Processing and Properties 

of 

Silicon Carbide Fibers 

Principal Investigators:      CD. Batich 
M.D. Sacks 



p~iym,.r_norivcd Silicon Cnrbidc Fibers with Low Oxyden Content and Improved 
Thermomechanical Stability 

Pi's:  CD. Batich and M.D. Sacks 

Objectives 

The two overall objectives of this program are as stated in the past two years: 

m To develop and characterize high performance, SiC fibers (designated "UF 
fibers") which have improved thermomechanical properties compared to 
commercially available SiC fibers and which are suitable for use in ceramic- 
matrix composites for high temperature (>1300°C) structural applications. 

(II To establish related R&D programs with industrial partners which will result in 
(i) process scale-up to provide sufficient quantities of high performance, 
multifilament fiber tows and weaves to fully evaluate fiber properties and (11) to 
allow the fabrication of composite test panels and (iii) commercialization of UF 
SiC fibers in <5 years. 

Summary of Research and Development Activities 

University of Florida researchers developed novel pre-ceramic polymers which were used to 
prepare continuous, fine-diameter, low-oxygen-content SIC fibers with improved 
thermomechanical properties compared to commercially available fine-diameter fibers (e.g. 

Nicalon"). 

A patented process was developed to produce «UF Fibers« by dry spinning^3^*^ 
rwWmers A basic patent and two divisionals have now been issued to the UF (Torela and 
BatichV 'the key variables in this process were polymer molecular weight, polymer/solvent 
ratio and type and concentration of organosilicon spinning aids. Under appropriate conditions 
the process resulted in (i) fiberizing solutions with excellent spinnabihty, (u) green and 
partially-pyrolyzed fibers with good handleability, (iii) green fibers which could be directly 
Sfto a ceramic without melting (i.e., the process was carried out without an oxidative 
or Native cross-linking step), (iv) high ceramic yield after pyrolysis, and (v) fibers with 
fine-diameter, smooth surfaces, and round cross-sections. 

The average tensile strengths for batches of UF Fibers with -10-15 um diameter were as high 
as ~3 3 GPa (-480 ksi) at room temperature. Due to the fine diameters and high tensile 
strengths UF Fibers would be well-suited for textile weaving operations. 

i. 



The microstructure of as-fabricated UF Fibers showed a carbon-rich weakly-crystalline 
]L»«^*£ry fine (-3-5 nm) ß-SiG crystallites. Thus, fibers had relatively low elastic 
Sbs (-200 GPa) compared to stoichiometric SiC, even after heat treatment at temperatures 

up to 1700°C. 

UF Fibers had low oxygen content (-1-2 wt%), e.g., compared to Nicalon' fibers (8-15 wt% 
otvlenf This resulted in improved thermomechanicat stability compared to commercially- 
Sbt fibeS^Saed by tower weight losses, lower specific surface areas, and improved 
^^rSor/after heat treatment at Elevated temperatures. Scanning Auger microp^be 
STanaWss showed that the residual oxygen in UF fibers was concentrated near the fiber 
2r^es^^ to contamination from atmospheric oxygen and water vapor dunng 

inhibited in fibers with lower oxygen contamination. 

to the 1:1 ratio in stoichiometric SiC was achieved in this program. 

A method was developed to incorporate boron into the fibers so that a more simplified process 
A method was ^opea lo       ^ n     d ^ invention disci0Sure has been submitted 

Z£k*£^ disclosure on improved polymer synthes,s has 
just been submitted to UF by W. Toreki. 

Further development of near-stoichiometric, high-strength, high-modulus SiC fibers (designated 

\ determined at the semt-worKs iacnuy ai .uuruw       »~ UF-HM 
(3) Typical average tensile strengths in the range of 300-500 ksi (^W^» v* ™. 

f F?be«w?r; achieved: The maximu^^ 
Y TR OPa^    MV Compositional and microstructural charactenzation of UF-HM fibers was 

i (-3 8 GPa).   (^<2™ yxRD) ^ transmission electron microscopy (TEM) showed that earned out X-ray diction (XKu;**> ^^ TEM showed ^ grains 

[ fibers consistedprimarily ^^^^0^ grains (up to -0.5-0.6 um) were also 
I were mostly in the range ^^X^^^Aü^cA L fibers had stoichiometric 

present. »^ composition was also 

I ^et^^ ** *e sink-float method. Fiber densities were 

I 

I 



usually in <h= range of 3.1-3.2 »W with an average value of ~3 li! «ten'. The lauer density 
is -98% of the value for fully dense (pore-free), stoichiometnc SiC. 

Continued scate-up and development of UF-HM Fibers is anticipated under the sponsorship of 
the IHPTET Fiber Development Consortium. 

Publications 

I.  Wn, Tor*. CD. Batich, M.D.Sacks, M Saleernand OJ. ^*~££Ä 
Carbide Fibers with Improved »»f^** G Kl^perer and CJ. Brink«, 

1993), and USP 5,278,110 (January 11, 1994). 

Stability," J. Composites Sei. Technol., M. 145-159 (1994). 

5. M.D. Sacks « ,1, "Properties and Microstore of Near-Stoichiometric Silicon Carbide 

Fibers," in preparation. 

SEZ (#1261) by G. Choi, C. Bauch, W. Toreb and M. Sacks. 

A copy of reference 4 is attached. 
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Abstract 
Continuous silium catbide fibers (III■ f'tbeis) with low 
oxygen content (-1-2 wt"A.) weie inquired in a »IMIJ;«' 

of diameters (-8-50 put) by-the dry spinning of 
organosilicon    polymer    solutions    and    subsequent 
pyrolysis   of  the  polymer fibers,   lloom temperattoe 
mechanical properties were similtir to commadaily- 
available Nicalon'" fibers, as average tensile strengths 
■».? Gl'a were obtained for some batches with fiber 

diameters in the ranne of —10 pm. Vurtlte.tmoie, Ill- 
fibers  showed  significantly   belter   theimomechanical 
stability compared to Nicalon, as indicated by lower 
weight   losses,   lower   specific   surface   areas,   and 
inwroved strength  retention after heat treatment at 
temperatures   up   to    /7IW*C.    The   striictuie   and 
composition of UF fibers were also characterized using 
scanning electron  microscopy,  transmission  election 
microscopy. X-ray difft action. Auger depth profiling 
analysis,   neutron   activation   analysis,   and   atomic 
absorption. 

Keywords: libers, silicon carbide, |Milymct. polycaibo- 
sitauc. thcrmomcchanical properties 

INTRODUCTION 

Tlicfc has been considerable interest in liber- 
' reinforced ccramic-innWi.il composites (CMC's) for 
high temperature structural applications since Ynjima 
et at.*-* first "developed continuous silicon carbide 
fibers with fine diameter and high tensile strength. 
CMC« with high strength and high fracture toughness 
at elevated temperatures have been developed by 
combining Nicaton,M SiC libers (Nippon Catbou Co., 
Tokyo, Japan) with a variety of matrix materials, 
including   glasses,   glass-ceramics,   and   crystalline 

* To whom correspondence should lie «ddiesscd. 

(iMiimiis ' '     Despite     the     impicsslvu     piopctlu-s 
achieved,  there  is still  a  need  loi   SiC libeis  with 
improved Iheriuomcchauical propeitics. The median- 
ienl pnipeilies of Nicalon libeis often dcletioralc at 
(or below) the leinpeinliiies teipiiicd lor pioccssiug 
CMCs.   as   well   as   below   the   maximum   useful 
tempeialmes lor many of (he ceiamic matrix materials 
used in sliuctmat applications. Thermal degradation 
ul  Nicalon  libeis is  highly dependent  upon  atmo- 
sphere, but  significant  weight  losses can  occur  at 
lempciattucs as low as I2(XI"C and decicnscs in tensile 
sltcnglh carroccur at temperatures below l(KK)"C.,',, 

Studies have shown that these effects arc associated 
with the presence of oxygen (—8-15 wt%) and excess 
caibou In the libers. Caibothcrmal reduction reactions 
(i.e. between caibou and siliceous material) lead to 
the evolution of volatile species (primarily CD and 
SiO) which results in large weight losses, formation of 
poiosity, nod the growth of SiC grains and other 
slienglh-degrading    flaws    in    the    fiber     micro- 
structuic.' ', 

Nicalon libers arc prepared by melt spinning of a 
low-molccular-wcighl organosilicon polymer (i.e. 
potycathosilauc), As-spun fibers arc then heated at 
tow Icmpciatuic (~I5U-2(K)"C) in air in order to cuie 
(cioss-link) the polymer. Iltis treatment prevents the 
IHtcis front re-melting during the subsequent pyrolysis 
step (in which the polymer is converted at higher 
temperatures to a SiC-rich ceramic). However, curing 
in air also leads to the high oxygen content in Nicalon 
fibers. To produce libers with improved llictmo- 
mechanical stability, alternative processes for fabricat- 
ing SiC fibers with minimal oxygen 'contamination' 
have been Investigated.'*'" 

Prcchcttc et «/.'* produced stoichiomctric polycry- 
stnlllnc SiC libers with tow oxygen content by using a 
process which is a hybrid of polymer melt spinning 
and ceramic powder/liquid extrusion. SiC particles 
and motten organic polymer were mixed, extruded 
through a spinneret, and wound on a rotating drum to 
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form 'green' libers. This was followed by "binder 
humoul' (i.e. pyrolysis of I he organic polymer) and 
subsequent sintering of the SiC 'powder compact* at 
high temperatures ( > I'Ml'C). The sintered libers had 
high relative density (i.e. minimal residual porosity) 
and an -'1-2/im.average grain size. The fillers had 
average tensile strengths at room temperature in the 
range —1.0-1.2 GPa and the strength level was 
maintained after heat treatment at I550°C. A related 
process for producing polycryslallinc SiC fibers with 
low oxygen content was developed by Silvcrman el 
al.'1 Fillers were produced using concentrated SiC 
particle slurries prepared with xylcne as the liquid 
media and polycarbosilanc (PC) as a binder. Mixtures 
were extruded through a spinneret and subsequently 
heat treated to pyrolyzc the PC and to sinter (at 
2U00oC) the libers to high relative density (>99%). 
The fiber tensile strength and strength retention after 
heat treatment were similar to that reported by 
Frechette ei al."' The average clastic modulus was 
—380 GPa, i.e. only slightly below the value for bulk 
polycrystalline SiC samples. 

Despite the excellent thermal stability, there are 
several limitations associated with the powder 
processing routes utilized by Frechette el al. and 
Silvcrman et al. to produce SiC fibers. First, since the 
starting particle sizes for the SiC powders arc 
relatively large (i.e. average sizes of the order of —0.5 
fim), the grain sizes in the sintered fibers arc also 
relatively large (i.e. compared to those observed in 
polymer-derived fibers). This, in "turn, limits the 
maximum tensile strength that can be achieved. 
Secondly, powder processing routes currently have a 
lower limit of -25 /xm for the fiber diameter,""-17 i.e. 
—10 jxm larger than Nicalon. The larger fiber 
diameter and lower strength of the fibers (e.g. 
compared to Nicalon) limit the flexibility and, hence, 
wcavability of the fibers. Consequently, there is still 
considerable interest in using organosilicon polymers 
as precursors for the development of SiC fibers with 
low oxygen content."'"22 

Lipowitz el <i/."u* developed stoichiomclric, poly- 
crystalline SiC fibers using polycarbosilanc and 
mcthylpolydisilylazanc polymers. Fibers were melt 
spun, cross-linked, and heat treated at temperatures 
above 1600°C in argon in order to react excess carbon 
and oxygen in the fibers. As noted earlier, PC-derived 
fibers normally become very weak and develop a 
porous, large-grained microstructure during this type 
of heat treatment. However, Lipowitz el al. 
incorporated 'sintering additives' (unspecified chem- 
istry) in the polymer which allowed fibers to retain 
their integrity (and fine grain size) during the 
carbolhcrmat reduction reactions discussed earlier. 
The resulting fibers had fine diameter (8-10 fim), high 
relative density, small average grain sizes (in the range 
—6.03-0.5 fim, depending on the Si:C ratio), low 

oxygen content (•: 0.1%). high tensile strength (up to 
2.(> (il'ii). h'gh elastic modulus (up to 420 GPa). and 
good strength retention after high temperature 
(I800"C) heat treatment in argon. The key limitation 
in this process was apparently a difficulty in producing 
continuous fibers. Although details were not provided, 
the authors indicated that further developments in 
rapid cross-linking technology were needed, as well as 
improvements in the fiber spinnabilily and green 
strength. 

Takeda el al.*'11 have reported the development of 
low-oxygen-contcnl (0.4 wt%), fine-diameter (—15 
fitn) SiC libers. These fibers arc prepared in a similar 
manner as Nicalon (i.e. by melt spinning of PC), 
except that cross-linking is accomplished by electron 
beam irradiation (i.e. instead of using oxidation). The 
high-temperature stability of the fibers increased 
dramatically as the oxygen content of the fibers 
decreased. Fibers with 0.4 wt% oxygen retained high 
strength (-2.4 GPa) and high modulus (-250 GPa) 
after heat treatment at 1500°C in argon. The main 
drawback of this method is that cross-linking of the 
polymer by electron beam irradiation is a slow and 
costly processing step. 

The present authors have also fabricated PC- 
derived SiC fibers (designated 'UF fibers') with low 
oxygen content (-2 wt%) and good thermal 
stability." In contrast to the melt spinning techniques 
used by Takeda et at. and Lipowitz et al., UF fibers 
arc prepared using a solution-based fiber spinning 
process. In this paper, more detailed information is 
provided on the processing, structure, and properties 
of these fibers. 

EXPERIMENTAL METHODS 

Synthesis and processing 
Polycarbosilanc (PC) was synthesized by pressure 
pyrolysis of polydimcthylsilanc (Hüls, Bristol, PA) in 
a stainless steel autoclave (model 4651, Parr 
Instrument Co., Molinc, IL) under a nitrogen 
atmosphere. PCs with controlled average molecular 
weight (in the range -1,000-12,000 (see note 1)) were 
produced by varying the pyrolysis temperature and 
time. The PC was purified by dissolving the reaction 
product in chloroform, filtering the solutions, and 
subsequently precipitating the PC in an excess of 
acetone. The product was vacuum dried at —60°C and 
stored under vacuum in a desiccator. 

Control over molecular weight (MW) was a key 
requirement for successfully producing PC fibers by 
solution processing. PCs with low MW (e.g. < 5,000) 
were Highly soluble in common organic solvents (e.g. 
toluene, hcxane, chloroform, etc.). but useful fibers 
could not be produced because the polymer melted 
during   subsequent   heat   treatment.   (Furthermore, 
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Ihcrc   is   low   ceramic   yield   after   pyrolysis   of 
low-molccular-wcight     PCs.)     In    contrast,    high- 
molecular-wcight PCs (e.g.  > 10 <MX)) did mil melt 
during heat treatment, but the polymer solubility was 
too low to prepare useful liber spinning solutions. 
'Therefore,   libers   were   spun   using   intcrmediatc- 
molccular-wcight PCs (-5 (XX)-IO (XX)) which not only 
enabled preparation of highly concentrated solutions 
(e.g. typically -70 wt%), but also allowed fibers to be 
pyrolyzed without melting. The latter consideration is 
particularly important because it allows the formation 
of fibers without introducing an oxidativc curing step. 
Thus, any oxygen present in the pyrolyzcd fibers 
results from impurities in the starling materials and/or 
contamination due to exposure to oxygen or water 
vapor during the various processing steps. 

Several additives were found to be effective in 
improving the spinnability of'the PC solutions and the 
strength of as-spun fibers. These included vinylic 
polysilazanc (MW -50 000) and polyisobutylcnc 
(MW «= 50 000). The former polymer was prepared 
according to procedures described in detail 
previously." while the latter polymer was commer- 
cially available (Vistancx®, Exxon Chemical Co., 
Houston, TX). The mixed polymer solutions were 
passed through a 2-4 um glass frit filler to remove 
insoluble material (e.g. paniculate impurities, polymer 
•microgcr particles, etc.) Some solutions were also 
passed through 0.1 or 0.2 pm PTFE fillers. After 
filtration, solutions were concentrated on a rotary 
evaporator at ~60°C until -30 wt% solvent remained. 
Rhcological characteristics of the spinning solution 
were determined using a cone-plate viscometcr 
(Model HBT, Brookficld Engineering Laboratories 
Inc., Stoughlon, MA). 

Fibers   were   formed   at   room   temperature   by 
extruding the polymer solutions through stainless steel 
spinnerets (-70 or -120 fim diameter orifices) under 
nitrogen   pressure.  Three   to  five   filaments  were 
extruded simultaneously in most experiments. Con- 
tinuous 'green' fibers were collected by winding on a 
rotating drum which was-placed approximately 30 cm 
below the spinneret. A range of fiber diameters were 
produced   by   varying   the   spinneret   orifice   size, 
nitrogen   pressure,   winding   speed,   and   solution 
viscosity. After fiber spinning, batches (typically a few 
grams) were cut from the drum (-15-20 cm lengths) 
and heat treated in a tube furnace to pyrolyze the 
polymeric fibers to a SiC-containing ceramic. Most of 
the samples were heated at ~0,5öC/min to 150°C, then 
~3.5°C/min to 1000°C, followed by a hold of 1 h at 
IQ00°C. It was determined later that higher heating 
rates could be used without any adverse effect on fiber 
properties, so the schedule was changed to ~l°C/min 
to 150*C and -rC/min to 1000°C. The pyrolysis 
atmosphere was nitrogen, argon, or argon with a small 
amount of hydrogen (-1-2%). Fibers with controlled 

diameters in the range of -8-50 /xm were produced 
after pyrolysis. 

Fiber characterization 
Weight loss behavior of green and pyrolyzcd libers 
was determined by thermal gravimetric analysis 
(TGA) (Model TGA-7. Pcrkin-Elmer. Norwalk. CT: 
Model STA-40°. Nctzsch Co.. Exton, PA). Specific 
surface areas of heat-treated fillers were determined 
by the BET method using nitrogen or krypton gas 
adsorption measurements (Model ASAP 20(X), Mic- 
romcritics. Atlanta. GA). Fibers were also examined 
by scanning electron microscopy (SEM) (Model 
JSM-64(X), JIIOL, Tokyo. Japan) and transmission 
electron microscopy (TEM) (Model 2(X) CX, JEOL). 

Elemental compositions of carbosilanc polymers 
and heat-treated fibers were determined by outside 
analytical laboratories (IRT Corp.. San Diego, CA; 
Radio-Analytical Services. University of Kentucky, 
Lexington, KY; Galbraith Laboratories Inc., Knox- 
ville, TN) using neutron activation analysis (for 
oxygen, nitrogen, and silicon), atomic absorption (for 
silicon), and LECO combustion analysis (for carbon, 
hydrogen, and nitrogen). Phase analysis of hcat- 
trcalcd fibers was carried out by X-ray diffraction 
(XRD) (Model APD 3720. Philips Electronic 
Instruments Co.. Ml. Vcrnon, NY) using Ni-fillercd 
Cu Ka radiation. 

Compositional   analyses   of   individual   pyrolyzcd 
fibers  were  also  carried  out   by  scanning  Auger 
microprobe (SAM) analysis (model PHI 660, Pcrkin 
Elmer   Corp.,   Eden   Prairie,   MN).   Fibers   were 
mounted horizontally and a 10 kV electron beam (30 
nA) was focused on a small area (<0.01 urn2) on the 
center portion of.the fiber surface. A detailed survey 
spectrum (10 scans) was collected over the entire 
kinetic energy range (50-2050 cV). The analyzed 
surface was then etched by sputtering for 6 s with an 
Ar* ion beam; this was followed by re-analysis or the 
same fiber area, but only over the spectral regions for 
C, Si, and O. Tins process was repeated in rapid 
sequence (five scans for each analysis) for an extended 
period (-18 min total sputtering lime) in order to 
obtain   a   depth   profile   for   the   fiber   elemental 
composition. The results were corrected for relative 
atomic sensitivities and displayed as atomic percen- 
tage versus sputtering time. (The sputter rate was 
adjusted to correspond to approximately 100 A per 
minute for a tantalum oxide standard.) After depth 
profiting was completed, a detailed survey spectrum 
(10 scans) of the fiber interior was collected. 

Fiber tensile strengths were determined at room 
temperature according to ASTM procedure D3379." 
Both green and pyrolyzcd fibers were tested. In 
addition, pyrolyzcd fibers were tested after additional 
heal treatments in the range I200-1700°C (0.5-2.0 h) 
in   argon   or  argon/1-2%   hydrogen   atmospheres. 
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Individual litters were ;itInched to paper labs using, an 
cpoxy adhesive and loaded in tension (0.5 intn/min 
cross-head speed) until failure using a mechanical 
testing apparatus (Model 1122, lustron Corp., Canton, 
MA). The gage length was 25 mm and at least eight 
fibers (hut usually 10-15) were tested for each hatch. 
To calculate tensile strengths, liber diameters were 
determined using an optical microscope equipped with 

"" a micrometer in the eyepiece. Rupture strains and 
clastic modulus values were obtained from the 
stress-strain data collected during the strength 
measurements. Modulus values were calculated 
without any corrections for the compliance of the 
mechanical testing system. 

Fiber tensile strengths were also measured at 
elevated temperatures at the High Temperature 
Materials Laboratory at Oak Ridge National Labora- 
tory. Individual libers with a 178 mm gage length were 
mounted directly in pneumatic grips. Measurements 
were made in air at I400°C. 

RESULTS AND DISCUSSION 

As noted earlier, successful formation of libers 
required both control over the PC molecular weight 
and the use of spinning aids. In addition, it was 
necessary to control the polymer/solvent ratio in the 
spinning solution in order to prepare useful libers. If 
the polymer solution had a large excess of solvent. 

Ill fibers did not maintain their shape after exiting the 
spinneret and it was not possible to form continuous 
fibers. With a smaller excess of solvent, continuous 
fibers were formed but they would stick together on 
the wind-up drum (i.e. due to insufficient solvent 
evaporation during (lie time period between exiting 
flic spinneret and winding on the drum). In contrast, if 
polymer solutions were too concentrated (solvent 
deficient), it was difficult to extrude the solutions 
through the spinneret (i.e. due to the high viscosity). 
This tended to produce discontinuous brittle fibers 
with rough surfaces. In the appropriate range of 
solvent/polymer concentrations, fibers could be spun 
continuously for periods up to -20 min. (The primary 
cause of interruptions in spinning was gas bubbles in 
the polymer solutions. These bubbles developed 
mostly from enirainment of gas during preparation 
and mixing of the polymer solutions, but also possibly 
from nitrogen introduced during the extrusion of the 
solutions through the spinneret. In some cases, the 
continuous spinning time was only limited by the 
amount of polymer solution contained in the reservoir 
in the spinneret head.) The spinning solutions showed 
slightly shear thinning rhcological flow behavior with a 

': typical viscosity of the order of 25 Pa s at a shear rate 
of 40 s"'. Figure ! shows typical plots of shear stress 
versus shear rate and viscosity versus shear rate for 
solutions used in fiber spinning, lite measurements 

were made by first increasing the shear rate from 1 lo 
40 s ' and then decreasing the shear rate back to 1 
s '. Solutions showed negligible thixotropy under 
these measuring conditions. 

Stress-strain measurements were carried out on 
green fibers (as-spun) and libers healed at 4(K)°C for 
0.5 h. The green libers had an average tensile strength 
of -20 MPa and average rupture strain of -1.0% (sec 
note 2). lite libers showed only elastic deformation 
before failure. In contrast, the 4(X)°C-pyrolyzcd fibers 
exhibited considerable plastic deformation. The 
average tensile strength increased to ~45 MPa and the 
average rupture strain increased lo —4%. Hascgawa et 
w/,2* observed similar mechanical properties for 
oxidalively cured PC-derived fibers (i.e. Nicalon-typc) 
heated at 4(X)V>C for 1 h in nitrogen or in vacuum. 

Figure 2 shows TGA results for unpyrolyzcd fibers 
that were healed at a rate of 20°C/min in flowing 
argon to 950°C. The ceramic yield (-80 wt%) is 
relatively high, especially compared to yields (-60 
wl%) reported for low-molecular-wcighl PCs (such as 
used in melt spinning of Nicalon-typc libers).2"'' In 
fact, the ceramic yield for the UF libers is comparable 
to values reported for oxygen-cured PC libers.'"'' The 
high yield, in combination with the observation that 
the polymers do not melt during heal treatment, 
suggest that the inlcrmcdiatc-molccular-wcighl PCs 
prepared in this study have significantly greater 
intramolecular branching and ring structure develop- 
ment compared to low-molccular-wcight PCs. 

Pyrolyzcd fibers (750-I200°C) have a visual 
appearance similar to Nicalon (i.e. black color). SEM 
observations of a lOOO'C-pyrolyzcd sample (Fig. 3) 
show fibers have round cross-sections and relatively 
smooth surfaces. Fracture surfaces (Fig. 3) have a 
glassy appearance which reflects the fact that the 
pyrolyzcd fibers consist of weakly crystalline, ex- 
tremely fine-grained 0-SiC and amorphous Carbon. 
Electron diffraction on a |200°C-pyrolyzed sample 
shows a ring pattern (Fig. 4(A)) which corresponds to 
the three strongest reflections in /3-SiC (111, 220, and 
311). The TEM bright field image in Fig. 4(B) shows 
that the crystal domains in this sample arc only of the 
order of a few nanometers. These microstructural 
features arc similar lo those observed in Nicalon fibers 
heated at relatively low temperatures (« I200oC).,,'M5 

Figure 5 shows a plot of average tensile strength (at 
room temperature) versus fiber diameter for various 
UF fiber batches pyrolyzcd at IOOO°C in nitrogen. The 
strength decreases with increasing fiber diameter. 
(This effect is usually attributed to the increased 
probability of encountering strength-limiting flaws as 
the fiber diameter increases.*7 It has also been 
reported that large-diameter fibers may develop large 
processing (laws,27 but this possibility was not 
investigated for UF fibers.) Figure 5 shows that some 
UF batches with liber diameters in the range of -10 
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J9ff 
Fig. 3. Sc;ilining electron micrographs of HKKFC-pyrolyz.cd 

UF liters. 

Fig. 4. (A) TF.M electron diffraction pattern and (0) TEM 
bright field image of t2(X7"C-pyroly7.cd UF filers. 

/im h;ul average tensile strengths =3 Gl'a. 
(Individiiiil liber strengths exceeding 5 GPa were 
obtained in a few cases.) Figure 5 also shows tensile 
strengths for Nicalon libers (reported by the 
manufacturer and measured at UF (see note 3)). Data 
reported by Yajima ct ol. on Nicalon-lypc libers arc 
also included.''7 It is evident from Fig. 5 that the 
l(XK)°C-pyroly/.ed VV libers and Nicalon libers have 
very similar tensile strengths at room temperature. 
Some of the scatter in the tensile strengths for UF 
fillers may be attributed to the fact that experimental 
conditions were deliberately varied during the 
development of the process (e.g. polymer molecular 
weight, spinning solution viscosity, solution filtration 
procedure, gas pressure and winding speed during 
liber fabrication, etc.) The variations in strength may 
also reflect the difficulty in rigorously controlling 
processing conditions because of the small batch siz.es 
(i.e. a few grams) used in most experiments. 

Figure 6 shows a comparison of TGA data obtained 
for Nicalon fibers and UF fibers. The UF libers used 
in (his experiment were initially pyroly/.ed (from the 
green state) at 750°C for I h in nitrogen. As-received 
Nicalon lilwrs were given the same heat treatment 
prior to the TGA experiment. The weight loss was 
then monitored (Fig. 6) as.the fibers were heated in 
argon at urc/min to I550°C and then held for I h at 
temperature. UF fibers lost only -3 wt% during this 
treatment, while the Nicalon fiber lost ~25 wl%. (The 
latter value is consistent with the weight loss reported 
for Nicalon in other studies."-21) As discussed earlier, 
the large weight loss in Nicalon is associated with the 
high oxygen content of the fiber, as siliceous material 
reacts with excess carbon to form oxygen-containing 
volatile products (primarily CO and SiO). In contrast, 
the relatively low weight loss observed for the UF 
fibers can be attributed to the absence of such 
reactions due to the low oxygen content (i.e. since 
fibers were prepared without an oxidativc cross- 
linking step). 

The low oxygen content of UF fibers was confirmed 
by neutron activation analysis (NAA). Table I shows 
that UF fibers have been produced with oxygen 
contents in the range —1.1 —2.6 wt%, while Nicalon 
fibers have oxygen contents in the range of 10-15 
wl% (sec note 4). (The range of oxygen contents 
listed in Table 1 for the UF fibers represents analyses 
on 12 separate batches which were pyrolyzed at 
I000°C. Nine of these batches had oxygen contents 
< 1.9 wt%.) Other elemental analyses (Table 1) show 
that UF and Nicalon fibers have similar Si, N, and H 
contents, these results indicate that the UF fiber has 
an excess of carbon, i.e. in comparison to both 
Nicalon fibers and stoichiomctric SiC (sec note 5). 

It should be emphasized that the oxygen present in 
UF fibers is riot deliberately incorporated (i.e. to effect 
polymer cross-linking), but results from unintentional 
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Table I. elemental analysis 

Sample O 
(wl%) 

Si 
(Wl%) 

V 
(wt%) 

N 
(wl%) 

II 
(\vt%) 

UP fiber 
Nicakin 
Nicakin' 

I 1-2 ft" 
13-5-15" 

10 

55-* 
55* 
5B 

42- 
29' 
31 

I--2-' 
«I.V 

<ll-5'' 

- Determined by neutron activation analysis: determined 
by atomic absorption: 'determined by difference; 
•'determined by I.ECO combustion method: 'reported, by 
manufacturer. 

contamination during processing. NAA showed that 
the starting material for polymer synthesis (i.e. 
polydimcthylsilanc) contained only -0.3-0.4 wl% 
oxygen. However, analysis of several l»C batches 
showed that oxygen contents increased to levels in the 
range -0.3-1.3 wt%, presumably due to exposure to 
ambient air during"llic synthesis and purification steps 
and during storage. Oxygen contamination also 
occurred during fiber spinning and pyrolysis because 
most filier batches were (i) spun and wound in the 
ambient air atmosphere and (ii) pyrolyzcd in an 
ungctlcrcd furnace using standard-grade nitrogen or 

argon (?» 99.995% purity. -5-20 ppm Oj). Due to the 
large   amount  of surface  area  created  when  fine- 
diameter fibers are formed, the oxygen contamination 
picked up during spinning, winding, and pyrolysis is 
concentrated near the surfaces of the libers. This was 
shown by scanning Auger microprobe (SAM) depth 
profiling analysis on l(HX)°C-pyroly/ed UF fibers with 
relatively low overall oxygen content (-1.9 wt% as 
determined by NAA). Figure 7 shows survey scans 
obtained from the fiber surface (i.e. before sputtering) 
and fiber interior (i.e. after sputtering to a depth of 
approximately IK0 nm). lite results show that there is 
a very large oxygen content at the liber surface (Fig. 
7(A)). while no oxygen signal  is observed in  the 
spectrum  from the fiber interior (Fig.  7(B)). The 
atomic concentration depth profiles of Si, C, and O for 
this filier arc given in Fig. 8 (sec note 6). It is evident 
that the oxygen content is significantly higher in the 
outer several hundred angstroms of the fiber. 

At high levels of surface oxygen contamination. UF 
fillers undergo the same type or carbothcrmal 
reduction reactions observed in Nicalon, i.e. reactions 
occur between excess carbon and siliceous (Si-O- 
containing) material near the fiber surface. Figure 9 
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shows SEM micrographs of an oxygen-contaminated 
ÜF fiber sample which was initially pyrolyzcd in a 
nilrogen atmosphere (ungcllcucd furnace) Jo l(XX)°C 
and subsequently heat treated to I5(X)°C in argon. 
Growth of some large grains and roughening of the 
surface is evident. This type of degradation can be 

Fig. 9. Scanning electron micrographs of UF fibers with 
relatively  high  surface  oxygen contamination  after  heat 
treatment at 150u*C for I h in argon. Growth of large grains 

and degradation reactions occur al the fiber surface. 

avoided by exercising greater control over the 
spinning and pyrolysis atmospheres so that less 
exposure to oxygen and water vapor occurs during 
processing. For example, in order to lower the oxygen 
partial pressure during pyrolysis, heat treatment was 
carried out in an argon/1-2% hydrogen atmosphere 
in some experiments. Figure 10 shows SEM 
micrographs of a sample pyrolyzcd to 1200oC (for 1 h) 
in argon/1^-2% hydrogen and subsequently heated to 
lo00°C (for I h) in argon. The fibers show no evidence 
of degradation reactions, as their appearance is similar 
to the lOCXFC-pyrolyzcd sample shown in Fig. 3. This 
can be contrasted to the appearance of Nicalon fibers 
which degrade extensively after heat treatment at 
I600°C in argon (Fig. II). 

Even in samples wilh high levels of oxygen 
contamination, degradation of UF libers is confined to 
a region near the surface (i.e. the region wilh more 
than a few percent oxygen). This was evident from 
SEM observations of the fiber interior (e.g. sec Fig. 
9(B)). It was also illustrated using gas adsorption 
surface area measurements. When degradation reac- 
tions occur (and volatile reaction products arc 
eliminated), the libers develop porosity and the 
specific surface area increases. If the degradation is 
limited to a surface region, only moderate increases in 
specific surface area arc observed. Figure 12 shows 
plots of specific surface area as a function of heat 
treatment temperature for Nicalon and UF fibers. 
Nicalon fibers show a sharp increase in specific surface 
area above 1200°C. reaching -25 mVg at 1600°C. This 
is consistent with the microstructural observations 
shown in Fig. 11 and the large weight loss observed by 
TOA (Fig. 6). In contrast, UF fibers show more 
gradual increases in specific surface area. For a fiber 
batch (UF-94) with high oxygen contamination at the 
surface, the specific surface area increased from —0.2 
mVg after pyrolysis al i000°C in nitrogen to —2.5 m2 

after subsequent heat treatment at 1600°C in argon. 
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Fig. 10. Scanning electron micrographs of UF libers with 
relatively low surface oxygen contamination after heat 
treatment at IfiWC for I h in argon, the libers have a 
similar appearance to the KKXrC-pyrolyz.ed libers shown in 

Fig. 3. 

However, a liber batch (UF-127) with lower surface 
oxygen contamination shows almost no change in 
specific surface area during heal treatment, i.e. the 
values were -0.5 m'/g aflcr pyrolysis in argon/1-2% 
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Fig. II. Scanning electron micrograph of Niealon liber after 
heal treatment at IMK)"C for I h in argon. 

hydrogen at KKK)°C and -0.H m?/g after further heat 
treatment in argon at IMXTC (see note 7). 

Based on the TGA (Fig. 6). SUM (Figs 9-II), and 
specilic   surface   area   (Fig.   12)   results,   it   is   not 
surprising (hat  UF libers showed superior thcrmo- 
mechanical  properties compared  to  Niealon  libers. 
Figure 13 shows average tensile strength values for UF 
and Niealon libers that were heal treated in the range 
KKX)-i7(X)°C in an argon atmosphere (sec note 8). 
I he data labeled 'UF-80' were collected from a single 
lot of fibers. The results arc considered representative 
of some of the first  UF fiber batches that were 
prepared with low overall oxygen content (-2 wt%), 
but without taking steps to control surface oxygen 
contamination. In comparison with Niealon, UF-80 
libers  show  considerably  higher  strengths  at  heat 
treatment temperatures above 1300°C. For example, 
after I.O h at I4(X)°C. UF-80 fibers have an average 
tensile strength of -1.2 GPa compared to only -0.3 
GPa for Niealon (sec note 9). Furthermore, the UF-80 
fibers retained substantial strength (-0.9 GPa) after 
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Fte 12. Plot of specific surface area versus heat treatment temperature for UF libers .ml Niealon fibers. Values arc given for 
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Fig.   13. Plots  of  average   (ensile   strength   versus   heal 
treatment temperature for UF-80 fibers and Nicalon fibers. 

heat treatment at 1700°C (1.0 h), while the Nicalon 
fibers were too weak to be tested. 

Figure 14 shows a comparison of average tensile 
strengths for batch UF-80 with data obtained on a 
more recently prepared batch (UF-127). Figure 14 
also shows data for samples designated 'UF-highcst 
strength.' These data represent the highest average 
strength values obtained from -15 fiber lots that were 
processed between jots UF-80 and UF-127. Significant 
improvements in average strength values arc noted in 
batches prepared more recently. The maximum 
average strengths were '—3.3 GPa and —2.2 GPa for 
1000 and 1500°C heat-treated fibers, respectively. (The 
maximum strengths for individuals fibers in these 
batches exceeded 5 and 3.5 GPa, respectively.) 

The precise reason(s) for llie increased tensile 
strengths in more recent {.IV liber batches are not 
known. However, there are two factors which may be 
responsible, al least in part, for the effect: 

(1) The procedure for filtering the spinning 
solutions was improved. The polymer solution 
used to prepare UF-80 was passed only through 
a 2-4 /xm glass filter, while the solutions used to 
prepare fiber batches with highest strength 
(including UF-127) were also filtered through 
0.1    fim    PTFE.   'I*hcrcforc.   the   size    and 

i70o    I«» concentration of strength-limiting defects in the 
latter liber batches were probably reduced due 
to more effective removal of impurity particles, 
polymer 'microgcl' particles, etc. from the 
spinning solutions. 

(2) The partial pressure of oxygen used during 
pyrolysis of the high strength batches (including 
UF-127 fibers) was lower, so the fibers probably 
had less surface oxygen contamination. Based 
on the SEM (Figs 9 and 10) and specific surface 
area (Fig. 12) results described earlier, this 
should lead to improved strength retention after 
heat treatment (especially at temperatures 
5* I4(X)°C). 
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Fig. 14, Plots of average tensile strength versus heal 
treatment temperature for UF-80 and UF-127 fibers and for 
UF fiber batches with the highest average strengths. For 
clarity, the error bars (±1 SD (standard deviation)) are not 

included for the highest strength data points. 

There arc probably other factors which contribute to 
the observed variations in tensile strength values, 
including batch-to-batch variations in the characteris- 
tics of the polymer (e.g. molecular weight distribution) 
and the spinning solution (e.g. polymer concentration, 
rhcological properties, etc.). As noted earlier, it was 
difficult to rigorously control these variables because 
of the small batch sizes (i.e. typically a few grams) 
prepared in this study. 

Rupture strains and clastic modulus values were 
also determined from the stress-strain measurements 
on pyrolyzcd and heat-treated fibers. Figure 15 shows 
average rupture strains as a function of heat treatment 
temperature for Nicalon and UF libers (batches 80 
and 127). Nicalon and UF fibers heated at l(XK)°C 
show similar rupture strains (-1.5%). This result 
suggests that UF fibers would have good wcavability 
(i.e. comparable to Nicalon) since the fibers also have 
high tensile strength and fine diameter. 

At higher heat treatment temperatures, Nicalon 
fibers showed a more rapid decrease in rupture strains 
compared to UF fillers (Fig. 15). This is not sutpiising 
considering the large decrease in tensile strength for 
Nicalon above 1300°C (Fig. 13). Figure 15 also shows 
that UF-80 and UF-127 fibers have similar rupture 
strains despite significant differences in tensile 
strength. This can be attributed to the higher clastic 
modulus of UF-127 fibers, as shown in Fig. 16. 

Figure 16 shows plots of clastic modulus versus heat 
treatment temperature for Nicalon and UF fibers. 
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Fig.   15. Plots   of   average   rupture   strain   versus   heat 
treatment temperature for UF fibers and Nicalon fibers. 

Values for UF libers are given for batch nos 80 and 127. 

Data arc included for the UF-80 and UF-127 libers, 
as well as the UF liber batches having the highest 
average clastic modulus values. Nicalon fibers show 
a large decrease in modulus after heal treatment 
above 1300°C. This presumably reflects the formation 
of porosity in the fibers as weight loss occurs at high 
temperatures. In contrast, UF libers show cither small 
increases   (UF-80)   or   nearly   Constant   (UF-127) 

modulus values with increasing heat treatment 
temperature, reflecting the improved thermal stability 
compared to Nicalon. 

The rcason(s) for the large differences in modulus 
between the various (IV liber batches arc not known. 
XKI> analysis did not reveal any significant differences 
in the degree of crystallization (i.e. amount of 0-SiC). 
(X.RD patterns were virtually identical for UF-80 and 
UF-127 samples heated to l«HTC.) Preliminary 
analysis by SAM depth profiling indicates that the 
carbon content may be somewhat lower for batch 
UF-127, but more data (quantitative elemental 
analysis) arc needed to confirm this. 

It should IK* noted that both Nicalon and UF fibers 
have relatively low elastic modulus values compared 
to stoichiometric polycrystalline SiC. As discussed 
earlier in regards to Fig. 4, PC-derived fibers develop 
an amorphous, carbon-rich structure after low 
temperature pyrolysis.',•"•,, The libers retain a 
substantial amount of amorphous carbon during heat 
treatment at higher temperatures in inert atmos- 
pheres. Phase development in UF libers is similar to 
that observed in Nicalon. Figure 17 shows typical 
XRD diffraction patterns for UF libers after pyrolysis 
at 750*C and after subsequent heat treatments in the 
range IOO0-I600°C. The patterns arc very similar to 
results reported for Nicalon-typc fibers, except that 
peaks associated with silica arc absent in UF fibers 
due to their low oxygen contcnt.,c,,M5 The /J-SiC peaks 
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Fig. 16. Plots of average elastic modulus versus heat 
treatment temperature for UF fibers and Nicalon fibers. 
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Fig. 17. X-ray diffraction patterns for UF fibers after heat 
treatment at the indicated temperatures. 



William Ton-ki el ill. 

^^W 

progressively narrow and increase in intensity as the 
heat treatment temperature is increased. TE:.M results 
arc consistent with the XRD data in that (lie size of 
the 0-SK* grains was observed to increase with 
increasing temperature. However, it is unclear if the 
amount of crystalline SiC is als«) increasing (i.e. 
relative to amorphous, carbon-rich material). It was 
originally believed that the small increase in elastic 
modulus for UF-KO libers indicated an increase in the 
amount of crystalline SiC (see note 10). However, 
UF-127 libers show similar changes in the XUD 
patterns (i.e. increased 0-SiC peak intensities), yet no 
increase in elastic modulus is observed with increasing 
heat treatment temperature (Fig. 16). (As noted 
earlier, UF-80 and UF-127 fibers heat treated at 
|6tX)°C in argon show essentially identical XRD 
patterns.) 

Despite the high content of amorphous carbon-rich 
material, UF libers have relatively good ihcrmo- 
mcchanical stability in an air atmosphere. For 
example, after 1.0 h heal treatments in air at 14(H) and 
I500°C, the average tensile strengths (at room 
temperature) for three different lots of UF libers were 
in the range of -1.3-1.7 GPa and -1.2-1.4 GPa, 
respectively. In addition, a UF liber batch (see note 
II) tested at 1400°C in air had an average tensile 
strength of -1.1 GPa (178 mm gage length). In 
contrast, Nicalon libers tested under identical 
conditions had a strength of only —0.7 GPa. 

A TGA experiment showed that UF fibers (initially 
pyrofyzed at I000°C) gained -1.5 wt% when heated 
in air at lOX/min to I5S0°C and subsequently held for 
I h at temperature. NAA showed (hat the oxygen 
content in this particular sample increased from —2.6 
wl% (as-pyrolyzcd) to -5.5 wt% (after oxidation 
treatment). It is presumed that the oxygen weight gain 
is greater than the overall weight gain due to an 
oxidation reaction that forms silicon dioxide (non- 
volatile) and carbon monoxide (volatile), i.e. a 
reaction such as: 

SiC.(s) + (l +;p02(g)=>SiO,(s) + .vCO(g) T 

Characterization of the fibers by electron microscopy 
and SAM depth profiling would be helpful in 
understanding the oxidation mechanism. A more 
detailed investigation of the Ihcrmochemical and 
Ihcrmomcchanical stability of UF fibers in highly 
oxidizing environments is planned. 

CONCLUSION 

Continuous silicon carbide fibers (UF libers) with low 
Oxygen contents (-1-2 wt%), small diameters, and 
high tensile strengths were prepared by dry spinning 
of novel organosilicon polymer solutions and subse- 
quent pyrolysis of the as-spun fibers. By controlling 

several key polymer ami solution characteristics, a 
process with the following advantages was developed: 
(I) lihcrizing solutions had excellent spinnability: (2) 
green and partially pyroly/.ed libers had good 
mechanical properties; (3) green libers could be 
directly pyroly/ed to a ceramic without melting, i.e. 
the priHX'ss was carried out without an oxidative or 
irradiative cross-linking step; (4) a high ceramic yield 
was obtained after pyrolysis; and (5) libers with 
smooth surfaces and round cross-sections could be 
produced with a range of diameters (-8-50 fim). 

W fibers showed excellent Ihcrmomcchanical 
stability in comparison to commercially available 
Nicalon libers, as indicated by lower weight losses, 
lower specific surface areas, and improved strength 
retention after heat treatment at elevated tempera- 
tures. This was attributed to the relatively low oxygen 
content for UF libers (i.e. compared to Nicalon). 
Scanning Auger microprobe analysis showed that the 
residual oxygen in UF libers was concentrated near 
the liber surfaces, apparently due to contamination 
from atmospheric oxygen and water vapor during the 
spinning and pyrolysis operations. In samples with 
high levels of surface oxygen contamination, reaction 
between siliceous (Si-O-conlaining) and carbon-rich 
materials resulted in some surface degradation of the 
libers after high-temperature (&I500°C) hca( treat- 
ment. Fibers with improved ihcrmomcchanical stabi- 
Ijly were produced by reducing the partial pressure of 
oxygen during pyrolysis. SEM observations and 
specific surface area measurements showed that 
surface degradation reactions were greatly inhibited in 
fibers with lower oxygen contamination. 

As observed in other PC-derived ceramics, hcal- 
trcalcd UF fibers have a carbon-rich, weakly 
crystalline structure. This resulted in relatively low 
elastic modulus, even after heat treatment at 
temperatures up to I700°C. Ongoing investigations arc 
being directed toward the development of fully 
crystalline, stoichiomctric silicon carbide fibers with 
higher clastic modulus, while still retaining high 
tensile strength and excellent Ihcrmomcchanical 
stability. 
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Palvmcr-derivrd SiC fibers with low oxyw" <•«<«'«■«' 

NOTES . 
1. Molecular weight distributions were determine« 

by size 'exclusion chromalography with IIV detection 
at 254 nm. Measurements were carried out using 500 
and 5000 A Phcnogcl™ columns (I'hcnomcnex. 
Torrancc. (*A). polystyrene standards, and Till-* as 
the solvent. 

2. These results were obtained on libers witlv 
sufficient handling strength to be tested. However, 
many fillers failed during preparation for testing, so 
the reported values may not be representative of the 
true average mechanical properties. 

3. Lot No. AP-0I800I. Ceramic Grade. Nippon 
Carbon Co.. Tokyo. Japan. 

4. According to the manufacturer (see I able I), 
Ceramic Grade (CG) Nicalon fibers have -10 wl% 
oxygen. In this study, however, the NAA analysis on 
two lots (AIM)IROOI and 093) gave oxygen contents of 
15 and 13.5 wt%. respectively. 

5. The carbon content (-42 wt%) listed in 1 able I 
for UF fillers was determined by difference, i.e. 100% 
minus the combined concentrations Tor Si, O, N. and 
H. Combustion analysis (LECO method) on UF fillers 
consistently gave lower carbon contents (-37 wt%) 
than the value listed in Table  I. However, these 
results were considered  unreliable  since  oxidalivc 
combustion of the UF fibers was probably incomplete 
under   the   experimental   conditions   used   in   the 
measurements. In contrast, analysis of the carbon 
content by the combustion  method is considered 
reliable for Nicalon because the fibers degrade more 
rapidly at elevated temperatures. The development of 
porosity and high specific surface area in heat-treated 
Nicalon fibers (sec Figs 1! and 12) is expected to 
accelerate the oxidalivc combustion reaction rate. In 
fact, the carbon content determined by the LECO 
method is in good agreement with the value reported 
by the manufacturer. Furthermore, th,c concentrations 
of Si, C, O. N. and H total to -100% for the Nicalon 
fillers. 

6. Based on the atomic sensitivities, magnitude of 
the C and Si signals, and signal-to-noisc ratio, it is 
estimated that the limit of detection for oxygen for the 
survey scan shown in Fig. 7(B) is -I al%. The 
apparently high oxygen levels (-3 at%) in the fiber 
interior in Fig. 8 arc attributed to higher background 
noise (i.e. lower oxygen signal-to-noisc ratios), as data 
were collected for shorter scanning times compared to 
the survey scan, thus, the oxygen levels in Fig. 8 
should not be taken as precise quantitative 
measurements. 

7 The initial surface area (lOOOX-pyrolyzcd 
sample) for the fiber with lower surface oxygen 
contamination is probably larger than the correspond- 
ing sample with higher surface oxygen contamination 
(-0.5 versus -0.2 m'/g) because the fiber diameter is 
smaller (i.e. -II versus -23 ftm). 

S. Heat treatment times were 1.0 h except that the 
I300"<" Nicalon sample was heated for 2.0 h and the 
l'sixrC UF-KO and Nicalon samples were heated for 

0.5 h. 
o. The results in Fig. 13 for Nicalon libers heated to 

high temperatures (e.g. » I4(X)T) are probably not 
representative of the true average strengths because 
the values reported were determined on fibers that 
had sufficient handling strength to be tested. However, 

'many fillers failed during preparation for testing. 
Thus, true average strengths for the Nicalon fibers arc 
probably less than indicated in Fig. 13. 

10. The largest elastic modulus for UF-80 fibers is 
observed in the l700°C-hcal-trealcd sample. This may 
be due to the increased importance of the reaction 
between carbon and siliceous (Si-O-containing) 
material at higher temperatures. In this case, the 
volume fraction of SiC would increase as oxygen and 
excess carbon arc eliminated (i.e. as volatile species 
such as CO and SiO). 

11. This batch was initially pyrolyzcd at 125()°C in 
nitrogen, i.e. prior to testing at high temperature. 
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Objectives 

(1) To develop a sol-gel process for the continuous extrusion of high performance 
mullite fibers with improved thermomechanical properties compared to 
commercially available mullite fibers. 

<2) To optimize the mullite formation process for improved retention of high 
temperature strength through the control of composition and m.crostructure. 

Research Summary 

University of Florida (UF) researchers have developed a mullite fiber formation process which 
essenS meets theobjectives of the research effort. The process is novel and has produced 
conSusSe fibers with excellent phase composition and reasonable room temperature 
strenath These results have been reported in two oral ..plantations at the Engineered 
Safe Compost ?/mposium in Cocoa Beach. FL, January 1994 and at the Annual 
S o?Äerican Ceramic Society. Symposium on Ceramic-Matrix Co-Pos.tes; .n 
mdianaoolis IN May 1994. Both presentations will be publ.shed in Transactions of the 
American CeramicMoiety. A journal article is in preparation for submission to the Journal of 
the American ceramic Society. Below is a list of achievements. 

• A sol-gel based process was developed for the formation of mullite fibers. 
• the process allows continuous spinning of fibers. 
• The process includes novel precursor solvents. „♦„,!„ *Ka 
.    The process involves a novel and critical ageing (hydrat.on) step, which controls the 

mullite grain size and the temperature of mullite transformation. 
• The ageing step can be conducted on-line, during fiber spinning. 
.    All steps of the process have been streamlined to be conducted on-line during f.ber 

spinning. 
• The fibers exhibit 

- single-phase mullite composition 
- submicron grain sizes 
- no intergranular glass phase 
- density values of mullite 
- 1.45 GPa bend strength at room temperature ,.„•«„. 

.    When exposed to an HF acid wash, designed to d.ssolve the .ntergranular glass 
phase the ÜF mullite fibers exhibit no apparent change .n m.crostructure. wh.le the 
commercially available Nextel fibers all exhibit significant structural degradation. 

These results are discussed in the attached papers submitted as appendices. 



The first paper describes the results of last years' work with triethanolamine (TEA) chelating 

a9en<a>anthe viscosky considerations developed to obtain spinnability of a sol-gel precursor 
solution, including the role of non-Newtonian viscosity behavior. 

<b) the development of a novel ageing process in which fiber hydrat.on is encouraged to 
remove alkoxide from the fiber structure. This step is critical to alkox.de removal and 
resolves the problem of excessive bum out during sintering. 

(c) dehsificatioh studies which demonstrate full densification below 1400 c. 
(d) complete and single-phase mullite formation, confirmed by XRD patterns. 
(e) comparisons of resistance to HF acid exposure between UF fibers «nd c°m™™a' 

Nextel fibers. The UF fibers show no sign of degradation while the Nextel fibers 
exhibit extreme structural degradation. 

The second paper describes the results of recent developments in process optimization which 
have discovered process improvements with the use of acetylacetonate chelating agent 
instead of triethanolamine, and discusses: 

(a) the novel experimental procedure. 
(b> the dependence of sol spinnability on chelating agent concentration and the result.ng 

production of high quality continuous green fibers using acetylacetonate (AcAc). 
(c> Sie reduction of the ageing step to a short time exposure at 100<»C, making this step 

integrable into a continuous spinning process. 
(d) improved solvent removal and mullite crystallization by the new process. 
(e) micrographs showing the formation of submicron grains by the new process. 
<f>   the production of fibers with >98% theoretical density by the new process. 

Results not vet reported include: .   . . .    .   . 
(a) a high resolution TEM study to examine the intergranular glass phase in fabricated 

fibers which demonstrates clearly the absence of any glass phase «n the grain 
boundary region and at 3-grain intersections. (See Figure 1.) This has never been 
achieved commercially before. 

(b) a micrograph (Figure 2) showing that the AcAc produced fibers resist HF acid 
treatment as well as TEA fibers, and far better than all mullite Nextel fibers 

(c) the effect of ageing treatment on mullite grain size after densif.cat.on wh.ch shows 
a strong dependence on ageing treatment time and temperature. See for example the 
dXence in grain size between samples treated at 80°C (Figure 3) and samples 
treated at 100°C (Figure 4). The 80°C samples exhibit grains of the order of 1 /m 
in size, while the average grain size of 100°C samples isiabout 200™. 

(d) tne results of strength measurements which showed bend strengths of 1.45 MPa at 
room temperature on sintered fibers. Measurements of tensile strength on 1 gage 
length fibers were inconclusive due to premature fiber failure at the epoxy joints 
involved in attaching the fibers to the tensile test apparatus. Work is still on-go.ng to 
determine a more suitable test configuration. 



Figure 1 - High Resolution TEM of Mullite fiber showing glass-free intergranular boundaries 



Figure 2 -    Mullite fiber produced with the AcAc chelating agent, after exposure to HF acid 
treatment. 



Figure 3 -    Muliite fiber produced by 80°C ageing treatment. 

Figure 4 -    MuHite fiber produced by 100°C ageing treatment. 



PROCESSING OF FINE-DIAMETER CONTINUOUS MULLITE FIBERS 

S. Al-Assafi, T. Cruse, J.H. Simmons, A.B. Brennan, and M.D. Sacks, 
Department of Materials Science and Engineering, University of Florida, 
Gainesville, FL 32611. 

ABSTRACT 

Fine-diameter, continuous mullite fibers were fabricated by sol-gel processing 
using two different chelating agents. The effect of chelating agent on weight loss 
behavior, mullite formation, and sintered fiber microstructure was examined. 
The molar ratio, R, of chelating agent to alumina precursor on sol was varied in 
order to optimize continuous spinning conditions. The importance of aging 
conditions on the sintered fiber density was demonstrated. 

INTRODUCTION 

Mullite has excellent creep resistance and strength retention at high temperatures, 
as well as good chemical stability [1], Thus, fine-diameter, continuous mullite 
fibers are of interest for the development of ceramic fiber-reinforced composites 
with improved high temperature properties in oxidizing atmospheres. 

Mullite fibers are usually fabricated by sol-gel methods [2-6]. These processing 
routes allow for good control over sol rheological properties. Hence, sols with 
good spinnability and fibers with fine diameter are readily produced. 
Furthermore, the molecular or near-molecular scale of mixing of alumina and 
silica precursors results in mullite formation and fiber densification at relatively 
low temperatures (2,6]. The mullite transformation temperature is dependent on 
the type of sol-gel precursor. Single-phase precursors, which exhibit a 
nucleation-cbntrolled transformation mechanism, form mullite at temperatures 
below i000°C [7]. In contrast, diphasic precursors transform to mullite at higher 
temperatures (typically at or above 1200°C) by a diffusion-controlled 
transformation mechanism [8]. 

Glass-free mullite fibers have been prepared from diphasic sols by Venkatachari 



etal. [2]. Aluminum formoacetate and aluminum hydroxychloride hydrate were 
used as alumina precursors and LUDOX® colloidal silica sols were used as silica 
precursors, fibers were produced with fine-diameter, low porosity, and fine- 
grain size after heat treatment at temperatures up to 1500°C. However, fibers 
were limited to short lengths, as continuous spinning was not carried out. Tucker 
et ail. used single-phase sols to fabricate continuous mullite fibers [3]. The silica 
and alumina precursors were tetraethyl orthosiiicate and aluminum diisopropoxide 
acetoacetic ester cheläte, respectively. The sintered fibers were extremely brittle 
and microstructure observations showed extensive porosity and microcracks. This 
was attributed to difficulties in removing volatiles during heat treatment of the 
large-diameter fibers (~ 110 urn after sintering). 

In this study, sols prepared with two different chelating agents were used to 
produce continuous single-phase mullite fibers with diameters of ~ 10-25 urn. The 
effects of chelating agent and aging conditions on the processing and properties 
of fibers were investigated. 

EXPERIMENTAL PROCEDURE 

Silica sols were prepared by mixing tetraethyl orthosiiicate (TEOS) with ethanol 
and subsequently carrying out partial hydrolysis with water additions (i.e., 1:2 
molar ratio of TEOS:water). In method I, the silica spl was added slowly to an 
uhhydrolyzed solution of aluminum-sec-butoxide (ASB) and triethanolamine, 
TEA, (i.e., the chelating agent). The TEA/ASB molar ratio was 0.3. The 
TEOS/ASB ratio was selected to yield a composition of ~72 wt% alumina/28 wt% 
silica after heat treatment. In method II, the same procedure was followed except 
that the TEA was replaced by acetylacetone (AcAc), another chelating agent. 
The purpose of using chelated aluminum alkoxides is to reduce the 
hydrolysis/condensation rate and thereby prevent local precipitation of aluminum 
hydroxide in the mixed sol [9]. 

After mixing of components, the sol was concentrated until the rheological 
conditions for continuous spinning were achieved.  The sol was then extruded 
through a spinneret with 40 pm hole diameter and continuous fibers were 
collected by winding on a rotating drum. The fibers formed with TEA were aged 
at room temperature for 24 hours inside a chamber at 
relative humidity of 100%. In contrast, more rapid aging was carried out for 
fibers prepared with AcAc. The as-spun fibers were heated in the humidity 
chamber at -* 0.7°Cymin to temperatures up to 100°C and then cooled immediately 
to room temperature. In each method, aged fibers were subsequently sintered at 
1500'C for 10 min. 



Rheological measurements, thermal gravimetric analysis/differential thermal 
analysis (TGA/DTA), sink-float apparent density measurements [10], and 
scanning electron microscopy (SEM) were used to study the effects of the 
chelating agent and the aging conditions on fiber processing and structure. 

RESULTS AND DISCUSSION 

The effect of molar ratio, R, of AcAc/ASB on the sol rheological behavior was 
investigated (Fig. 1). Low values of R (<0.3) resulted in thixotropic sols which 
gelled readily when exposed to air. In contrast, high values of R (>0.5) resulted 
in approximately Newtonian flow behavior. In addition, precipitate formation 
was observed in these sols. The optimum R value for good spinning behavior 
and good stability of the sol was *»0.3. As shown in Fig. 1, sols with this R 
value have slightly shear thinning flow behavior. Äs reported previously [6], the 
Optimum spinning behavior for method I (TEA) fibers is also obtained when sols 
are slightly shear thinning. 
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Plots of viscosity vs. shear rate for sols with different molar ratios, 
R, of AcAc/ASB. 



Although good spinnability could be obtained for both method I and II sols, 
subsequent processing of green fibers was carried out much more easily using 
method II (AcAc). First, it was very difficult to avoid inter-filament sticking of 
green and sintered fibers prepared by method I. This was not a problem for 
method II fibers. Second, qualitative observations based on routine handling of 
the as-spun and aged fibers, indicated that the method II fibers had much better 
strength and flexibility. Third, it was easier to obtain fibers with circular cross- 
sections using method II. 

The effect of the type of the chelating agent on the removal of volatile 
components was determined by TGA. Figure 2 shows plots of weight loss vs. 
temperature (heating rate 10°C/min) for fibers made with AcAc and TEA. Both 
samples were aged for 24 hours at room temperature in a humidity chamber prior 
to analysis. The data show that volatiles are removed at a lower temperature for 
fibers prepared with AcAc. This may be helpful in avoiding gas entrapment in 
the fibers when the pores close during sintering. 
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Figure 2.       TGA plots for fibers prepared with TEA and AcAc. 



Figure 3 shows the results of differential thermal analysis for fibers prepared with 
AcAc and TEA. Both fibers show an exotherm at ~980°C, although the peak is 
much stronger for the sample prepared with AcAc. These results indicate a 
significant enhancement in mullite formation in the method II (AcAc) fibers and 
suggests that more uniform (i.e., molecular-scale) mixing is achieved during sol- 
gel processing. 
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1000     1200 

Figure 3.       DTA for fibers aged for 24 hr at room temperature. 



Sintered fibers with high relative density (low porosity) were prepared by method 
II (AcAc) by utilizing a high temperature aging step. The final apparent density 
(determined by the sink-float method) depended upon the aging temperature. 
Fibers aged at 80"C and 100'C had apparent densities of -2.9 and -3.1 g/cm\ 
respectively, after sintering at 1500"C for 10 min. In contrast, method I (TEA) 
fibers had considerably lower density (- 2.7 g/cm3) if aging was carried out rapidly 
(at 100°C). 

The type of chelating agent used had a significant effect on the fiber 
microstructure after sintering at 1500"C. Fibers prepared with TEA (method I) 
had grain sizes > 1 pm/as shown in Figure 4. In contrast, fibers prepared with 
AcAc (method II) had substantially smaller grain sizes, as shown in Figure 5. 

Figure 4.       SEM micrograph for a fiber from method I fired at 1500°C for 10 
min. 



Figure 5.       SEM micrograph for a fiber from method II fired at 1500°C for 
10 min. 

SUMMARY 

Continuous mullite fibers were prepared using acetylacetone (AcAc) and 
triethylamine (TEA) as sol-gel processing additives. The use of AcAc in 
optimum concentration provided the following advantages: (i) enhanced sol 
stability, (ii) excellent spinnability, (Hi) improved green fiber handling capability, 
(iv) reduced temperature for removal of volatile components, (v) enhanced mullite 
formation at low temperature(- 980°C), arid (vi) the development of sintered fibers 
with high relative density (^98% of the theoretical value for mullite) and the 
retention of submicrometer grain size after heat treatment at 1500°C. 
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SOL-GEL PROCESSING OF CONTINUOUS MULUTE FIBERS 

S. AI-Assafi, T. Cnise, J. H. Simmons, A. B. Brennan, and M. D. Sacks, Department of 
Materials Science and Engineering, University of Florida, Gainesville, FL 32611. 

ABSTRACT 

A sol-gel process was developed to produce continuous mullite fibers. Spinnability of the sol was 
achieved by controlling hydrolysis and polycondensation conditions. The rheological properties 
needed for continuous fiber spinning were determined. The effect of aging of spun fibers on 
mullite formation was determined. Under optimum processing conditions, mullite formation was 
Observed at - 1000°C and theoretical density was approached at - 1300'C. Fibers heat treated at 
1500*0 showed approximately 1 fim grain sizes. Exposure to a concentrated HF solution had no 
discemable effect on the fibers which suggested that little or no siliceous glass was present. 

INTRODUCTION 

Continuous mullite fibers are of interest for the development of ceramic fiber-reinforced 
composites for high temperature applications. Bulk mullite (iMfii-TSiO^ is known to have 
excellent creep resistance and strength retention at elevated temperatures, as well as good thermal 
shock resistance and chemical stability.[l] However, (»mmerciaUy-available aluminum silicate 
and mullite-based fibers do not show comparable high temperature mechanical properties. [2] One 
possible reason for this behavior is that commercial fibers contain secondary phases which are less 
refractory than mullite. Therefore, it is of interest to fabricate high-purity, single-phase, 
continuous mullite fibers. 

Mullite fibers are usually prepared by sol-gel processing.[3-6J Commercially-available mullite 
fibers (i.e., Nextel 480) are processed with boria additions.[4] In contrast, Venkatachari et al. 
[5] reported fabrication of jnullite fibers without using inorganic additives. Aluminum 
formoacetate and aluminum hydroxychloride hydrate were used as alumina precursors and 
LUDOX* colloidal silica sols were used as silica precursors. Fine diameter (-5-20 pm), single- 
phase mullite fibers were produced with high relative density (low porosity) and fine-grain size 
after heat treatment at temperatures in the range - i200-1500*C, However, continuous spinning was 
not carried out and spun fibers were limited to short lengths. Tucker et al. 16] reported 
fabrication of continuous mullite fibers using sols prepared with tetraethyl orthosilicate as the silica 
precursor and aluminum diisopropoxide acetpacetic ester chelate as the alumina precursor. Fibers 
sintered at 1300°C were reported to be pure mullite. However, fibers were extremely brittle and 
microstructure observations showed that extensive porosity and microcracks were present. This 
was attributed to difficulties in removal volatiles during heat treatment of the large-diameter fibers 



(i.e., ~ ISO fim slier spinning and ~ 110 fim after sintering). 

In the present study, a method was developed to fabricate fine-diameter (<25 /tm), single-phase 
mullite fibers. The rheological conditions for continuous spinning were determined. The effects 
of aging and heal treatment on phase development and fiber density were investigated. 

EXPERIMENTAL PROCEDURE 

Tetraethy! orthosilicate (TEOS) was used as a silica precursor. TEOS was mixed with ethanol 
and partially hydrolyzed with water. The silica sol was added slowly to an unhydrolyzed solution 
of aluminum-sec-butoxide, sec-butanot, and triethylamine. The solution concentrations were 
selected to yield an - 72 wtÄ alumina/28 wt% silica composition after heat treatment. The mixture 
was stirred vigorously to ensure homogeneity. The sol was then concentrated until the rheological 
conditions for continuous spinning were achieved. Fibers were formed by extruding the 
concentrated sol through a 40 /tm one-hole spinneret using nitrogen gas pressure. Continuous 
fibers were collected by winding on a routing drum. The fibers were then aged to complete 
hydrolysis and polycondehsation reactions. Following aging, the fibers were heat treated in air 
at temperatures up to 1500°C. Thermal gravimetric analysis/differential thermal analysis 
(TGA/DTA), sink-float apparent density measurements [7], X-ray diffraction (XRD) analysis, and 
scanning electron microscopy (SEM) were used to analyze the effect of heat treatment on the fiber 
structure and properties. 

RESULTS AND DISCUSSION 

The conditions for continuous spinning were determined through rheological measurements. 
Figure 1 shows plots of shear stress vs. shear rate and viscosity vs. shear rate for both spinnable 
and unspinnable sols. Sols with slightly shear thinning behavior were required in order to achieve 
continuous fiber spinning. In contrast, sols exhibiting thixotropic flow behavior were not 
spinnable. Thixotropy is characteristic of highly structured systems (i.e., three-dimensional 
networks), so the latter sol was apparently too elastic for fiber spinning. These results are 
consistent with previous observations for TEOS-derived silica sols. [8] 

DTA and TGA measurements were used to investigate the effect of aging prior to fiber heat 
treatment. TGA data generally showed that increases in aging time resulted in decreases in the 
temperature needed to complete weight loss processes (i.e., solvent removal, dehydroxylation, 
etc.). DTA results (Fig. 2) indicated that low temperature (~1000°C) mullite formation was 
enhanced with longer aging time. This was suggested by the increased intensity of the DTA 
exotherm in Fig. 2 for the sample aged for 24 hours. A small, but noticeable, peak shift to lower 
temperatures was also observed with increasing aging time. 

Figure 3 shows a plot of apparent density vs. heat treatment temperature for fibers aged 24 hours. 
The sharp increase in the density at about $00°C presumably indicates the onset of sintering. 
Densities close to the theoretical value for stoichiometric mullite (—3.17 g/cm1) were approached 
at — 1300*C. The sintering temperatures were similar to those observed for other sol-gel processed 
mullite fibers. [3,5,6] 
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Figure 4 shows an SEM micrograph for a fiber sintered at 15CXTC for 10 min. Typical diameters 
of the sintered fibers were in the range of - 10-25 ,.m. The grain sires were approximately 1 Mm. 

XRD analysis (Fig.5) showed that mullite was the only crystalline phase present. Fibers were 
exposed to a concentrated HF solution in order to determine if siliceous glass was present. (Sihca 
dissolves at much higher rate than mullite in HF solutiotts.[9]) Figure 6 shows an SEM 
micrograph of a fiber immersed in a 52% HF solution for 15 min. No noticeable difference is 
observed compared to fibers which were not exposed to an HF solution (e.g., Fig. 4). In 
contrast, commercial Nextel 480 fibers show obvious degradation after HF treatment (Fig. 7). 

Figure 4 SEM micrograph of mullite fiber sintered at 1500"C for 10 min. 
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Figure 6 
SEM micrograph of mullite fiber sintered at 1500«C and immersed in a 
concentrated HF solution for 15 min. 



Figure 7 SEM micrograph of Nextel 480 fibers etched in a concentrated 
HF solution for 15 min. 

CONCLUSION 

Mullite fibers were prepared by sol-ge! processing. The sol was prepared under conditions such 
that the hydrolysis/condensation reactions were only partially completed prior to fiber spinning. 
The theological properties needed for continuous spinning were determined. An aging step was 
utilized to complete the hydrolysis/condensation reactions and to enhance mull.te formation. 
Mullite formation was observed at - 1000°C and theoretical density was approached at - 1300"C. 
Fibers with diameters in the range - 10-25 Mm were produced. Fibers were res.stant to etching by 
concentrated HF solutions. 
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Chemical Vapor Deposition (CVD) 
and 

Chemical Vapor Infiltration (CVI) 

Principal Investigator: T. Anderson 

Objectives 

The study of the process of Chemical Vapor Deposition (CVD) in this project has pursued 
two major objectives. 

(1) The investigation of Chemical Infiltration (CVI) in the densification of fibrous 
Nicalon preforms with a TiC matrix. 

(2) The modification of the properties of the resulting composite via variation of the 
interfacial interaction between the fibers and matrix. To achieve this goal, Atomic 
Layer Deposition (ALD) has been proposed to precoat or "treat" the fibers with thin 
coatings of BN. 

Research Summary 

In route to the first goal, the project's first step was to obtain a quantitative understanding 
and to characterize the growth process of TiC on flat substrates [1,2,3]. The focus of these 
studies involved the determination of growth conditions leading to reaction-limited 
deposition, and the subsequent measurement of the process kinetics under these conditions. 
These results would later be used in selecting suitable operating parameters for CVI. 

Although, some CVI experiments have been performed, it became clear at the beginning 
of this year that the requirements of the proposed goals had outgrown the existing 
equipment capabilities [2]. As a result, a new 4-gas, 3-bubbler CVD system was designed 
and constructed. This system is capable of depositing a number of carbide, nitride, boride 
and suicide chemistries which have already been demonstrated. The system features 
computer operated mass flow Controllers, pressure control and a rapid reactant switching 
run-vent manifold. These features will allow the investigation of mixed chemistries, 
compositionally graded coating, multilayer structures, chloride etching effects and extended 
time ALE. 

In our initial CVI work, we have used the forced-flow, temperature-gradient (FCVT) scheme 
developed by ORNL. However, as part of our CVI objectives, we have proposed a novel 
CVI scheme which supplements the ORNL technique with the addition of HC1 to the 
gaseous feed. The addition of HC1 is meant to provide a control parameter for the 
densification process. In the traditional FCVI scheme, infiltration occurs faster on one side 
of the fibrous preform due to the temperature gradient. Unfortunately, reaction still occurs 

1 



in intermediate   (colder) zones because the temperature   is high enough for the deposition 
to be allowed thermodynamically.   Under ideal infiltration conditions, densification should 
begin at the hotter side of the preform and be restricted  to a narrow thickness of the 
preform (reaction plane).   After densification in this zone, the process should proceed by 
stow displacement of the reaction plane throughout the preform.  In theory, the addition of 
HC1 should produce this effect.   T prove this, the new scheme was modeled by using a 
complex  multi-species,   multi-reaction   equilibrium   algorithm.     The   results   of these 
calculations (Figures 1 and 2) demonstrate the existence of an etch-deposition boundary for 
the equilibrium yield of TiC, In practice, this indicates that there is a critical concentration 
of HC1 under which no TiC will be formed for a given temperature gradient.  By gradually 
lowering the HC1 concentration, colder areas of the preform gradually fall on the deposition 
side of the boundary, thus affording more controlled densification.   The next step involved 
the experimental demonstration of the new scheme using the conditions resulting from the 
model. However, the current configuration of heating element and sample holder resulted 
in relatively low temperature  gradients, and thus, little densification and long infiltration 
times, even for the traditional FCVI scheme.   This set-up is under current redesign.   The 
short term goal is, ten, to experimentally demonstrate   the technique  and compare it to 
ORNL's FCVI process. In addition, since the fast switching manifold of the new system is 
now available, we have resumed work on the ALD area. Currently, we are trying to deposit 
several chemistries on flat Sapphire substrates.   These results will also be available for the 
annual review. 

Publications 

<1) R. Aparicio, J.L.Ponthenier, F. Hong and T. Anderson, "Chemical Vapor Deposition 
on TiC, on At,03 Substrates," Ceram. Eng. Sei. Proc., 10 [9-10] pp. 1462-1471 (1989). 

(2) M.S. Dariel, R. Aparicio, TJ. Anderson and M.D. Sacks, "CVD if TiC, on Refractory 
Materials," Proc. 11th International Conference on Chemical Vapor Deposition, 
Seattle, WA, 1990. 

(3) R. Aparicio, TJ. Anderson and M.D. Sacks, "Chemical Vapor Deposition of TiC, on 
Single Crystal Structures," pp. 145-152, Ceramic Transactions, Vol. 19, Advanced 
Composite Materials. Edited by Michael Sacks. The American Ceramic Society, 
Westerville. Ohio, 1991. 
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Chemical Vapor Deposition of TiC, on Al20, 
Substrates   

R. APAR1CIO.J. L. rONTIIENIEU. F. IIONG.ANDT. ANDERSON 

Chemical Engineering Department 
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Gainesville, FL 

M. D. SACKS AND G. JOHNSON 

Materials Science and Engineering Department 
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Deposition of TiC. films on Alfl, substrates by chemical vapor deposition using 
TiCI and CH, sources in II, was studied as a function of growth temperature and 
inlet feed composition. Arrhcnius-typc behavior was observed with an apparent 
activation energy of 129.9 kjlmolc. The stoichiomctry of the film was measured 
as a function of inlet composition. The carbon content increased slightly •«"' 
increasing CHt partial pressure, in agreement with equilibrium predictions. The 
TiC. grain size increased with deposition rate, and grains were highly oriented. 

Introduction 

Titanium carbide is an attractive material for many applications 
because of its high melting temperature (3340 K) h.gh hardness, and 
excellent strength. As an example, titanium carb.de coatings deposited 
bv chemical vapor deposition (CVD) have been widely used to improve 
the wear resistance of cemented carbide tools. Yang et al. have 
recently proposed coating Al20, powders with TiC, to increase the 
wetting of alumina by metals in metal-matrix ceramic composites. 

thermal CVD of TiC» is most commonly performed with a chloride 
chemistry using TiCI< and saturated hydrocarbon precursors. Methane 
ft easily transported, available in high purity, and the rate of thermal 
decomposition is expected to be relatively rapid. This expectation was 
confirmed by the study of Teyssandicr2 who compared the rate or 
depositing TiC.on Mo substrates using cither CH4or C,H,as the carbon 
source The deposition rate using CH, was found to be aPP;ox«matc!y 
hrcc times that using CH* Deposition of TiC. from CH,-TiCI.-H, 

mixtures on AIA »as received very little experimental study to date. 



Sticrnbcrg et al.J measured the influence of inlet TiCI, and HCI partial 
nrSüres on the growth rate of TiC, at 1000'C.  The average growth 
rau"ofTiC was quhe different on AlA substrates than on a cemented 
S bide sübst^te.   More recently   Yang, etal/e»^;   ^e 
plasma-enhanced CVD to deposit TiC.on fine Al A particles and Mat 
A,:0^Uove;aU deposition reaction for formation of TiC, from TiCI. 
and CH« is 

TiCl/g) + xCH/g) ♦ 2(l-x)H/g) « TiC. + 4HCl(g) 0) 

I indstrom and Amberg4 reported that the deposition rate of TiC. was 
hdeoendem of the total flow rate, suggesting the deposition reaction 

r^ved'o occur by heterogeneous and parallel djsproportiontuon 
to fo mTi sub-chlorides and HCI. The extensive studies of Stjernberg 
iTal-^n deposition of TiC, by this chemistry suggested that a Lang- 
Siur-H^nlneSmechanism is operative and identified adsorption 
of CHVas the rate controlling step. It was also suggested that  dsorp 

■Smörrit^orgiSwthrtc. inlet Ti/C molar ratio on the solid 
coZosmon. and growth conditions on microstructure were studied. 

Experimental Apparatus 

A schematic of the experimental CVD system is shown in Fig. 1. 
fh*» reactor was a vertical pedestal type, heated by a 7.5 k* n 
lenemor Th" pe(?estaf susceptor was made of graphite and supported 
bt a cSed-on^-end alumina tube placed in a centered hole in the 
sus«ptor A Pi/Pt-1004 Rh control and measurement thermocouple 
was pbced inside this support tube. The reactor was enclosed by a 76 
mmÄ lube, o-ring s^led at both ends by watered flange, 

RMctant and carrier gases were delivered to the reactor o> a gas 
manffSd svstem Cy nderH„ CH„ and Ar were provided along with 
marVi°I.i??t?H; Tir was contained in a Pyrex bubbler immersed in 
ÄSSÄ^^ bubbled through 
?h" sour« to transport TiC, Ar was used as an inert gas to 
nnree' the svstem before opening the reactor to ambient. PThl «it «Terwere first passed through a cold trap to condense 
TiC^e^.8 The fining exhaust gases were bubbled through an 
HE check valve and finally vented to atmosphere. A chem ca series 
mlch^ical pump could also be connected to the exhaust-l.ne to 
evacSLSm before each run. Stainless steel construction was 
useS in the «haust system to minimize reaction with deposition 
reaction products. 



Results and Discussion 

Over 150 films of TiC, were deposited on Al;03 substrates. A 
majority of the alumina substrates were hot pressed pellets, 0.9 cm in 
diameter and 0.3 cm thick. Several depositions were also performed 
using high smoothness AIA squares, I cm* in area and 0.1 cm thick. 
The films were characterized by x-ray diffraction and XPS to verify 
the deposition of single phase TiC,. 

Several experiments were performed to determine the growth rate 
as a function of deposition temperature. The growth rate was deter- 
mined by measuring the weight gain of the substrate after deposition, 
assuming uniform deposition on all sides. Figure 2 shows the weight 
gain of the substrate as a function of growth time at three different 
temperatures. The CH4/TiCI4 inlet mole ratio was unity and the 
reactant flow rate was 2% of the total flow rate (500 seem). The 
observed rate is a linear function of growth time. The thickness 
extrapolates to a value of zero at the beginning of growth for each 
temperature, indicating no significant nucleation limitation. An 
average growth rate was calculated from the slope of these three lines 
and plotted vs reciprocal temperature in Fig. 3. Arrhenius-type 
behavior is clearly illustrated in Fig. 3, with an apparent activation 
energy of 129.9 kJ/mole TiC,. A linear regression of the data resulted 
in the following expression for the growth rate, r 

In (r) = 6.9 x 104 mg/h exp [-1.56 x 104/T(K)] (2) 

This represents the first report of an activation energy for 
deposition of TiC, on alumina. Other substrates have been used in the 
deposition of TiC, and the reported activation energies are compared 
in Table 1. The apparent activation energy of this study is the lowest 
reported using CH4 as the carbon source. The substrate should 
influence the nucleation structure of TiC, and therefore the grain 
orientation. The samples were found to have a preferred orientation in 
the <200>. If the process is truly controlled by heterogeneous reaction, 
the surface orientation will affect the apparent activation energy and 
may be responsible for the various observed activation energies. 

A series of experiments was also performed to determine the effect 
of reactant inlet composition on the stoichiometry of TiC,. In initial 
studies the inlet partial pressure of TiCI4 was maintained constant at a 
value of 10' atm and the CH4 partial pressure was varied at a constant 
growth temperature of 1500 K and total flow rate of 1000 seem. 

The value of the C/f i molar ratio was determined from the lattice 
parameter measured by x-ray diffraction. The results for several runs 
are shown in Fig. A. The reproducibility for a given set of operating 
parameters is seen to be excellent. All films were found to be near the 
TiC-Ti 2-phase boundary. The carbon content gradually increased 
with increasing CH4 partial pressure. This rather flat response to 



Table I. Comparison of Activation Energies for Deposition of TiC, on 
Various Substrates   

Subitrate 
WC-CO 
WC-Co 
WC-Co 
WC-Co 
Graphite 
Graphite 
Graphite 
Graphite 
Porous Graphite 
Pseudocrystal Graphite 
Mo 
WC-Co 
Steels 
AJA  

E 
(kJ/mole) 

Hydrocarbon 
Source 

p 
(»tm) 

1 
1 
1 

0.132 
1 
I 
1 
1 
1 
I 
I 
1 
I 

Reference 
5,6 

7 
6 
4 
8 
7 
9 

10 
11 
11 
9 
4 

12 
this study 

methane partial pressure is consistent with the predictions of ther- 
modynamic analysis,11"'4 though the predicted C/Ti molar ratio is 
slightly higher. 

The microstructure of deposited TiC, was also examined as a 
function of growth conditions. Shown in Fig. 5(a-f) are scanning 
electron micrographs of TiC, films deposited on high smoothness Al:0, 
substrates at various growth conditions. All micrographs are at the 
same magnification. Figure 5(a) shows the clean .AlA substrate has 
surface roughness on the order of a few microns. Figures 5(6-/) show 
the microstructure of TiC, films deposited at a constant pressure of 1 
aim and total flow rate of 500 seem. The effect of deposition tempera- 
ture is seen by comparing Fig. 5(6) (1500 K) and (d) (1600 K). The 
increase in growth rate produces a considerably larger gram size. Very 
little growth occurred under the growth conditions represented by Fig. 
5(b) It appears that growth is initiated on the flat portions of the 
individual Al A grains. The influence of CH4/TiCI4 molar ratio at 
constant temperature on the microstructure is shown in the series of 
micrographs (c-/). Since growth rate is first order in CH4 partial 
pressure, a significant increase in the grain size is produced as the 
£HJTIC14 molar ratio is increased. It is also observed that the TiC, 
grains are highly oriented. A microstructure similar to that shown in 
Figs. 5(c) and (d) was reported by Yang et al. 

Conclusions 

Chemical vapor deposition has been used to grow TiC.-films on 
both rough and high smoothness Al A substrates. The films were 
confirmed to be single phase TiC, by both x-ray diffraction and XPS. 



The deposition appears 10 be rate-limited by heterogeneous reaction 
with a measured apparent activation energy of 129.9 kJ/mole. The 
stoichiomctry of TiC, was measured as a function Ti/C molar ratio and 
the result^ were qualitatively consistent with equilibrium predictions 
The deposited films' consisted of oriented grains that increase in size as 
the growth rate increased (i.e., increasing deposition temperature and 
increasing OVTiCI, molar ratio). 
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deposited TiC, at 1500 K. The total flow rate was 1000 sccnf and the 
TiCl/flow rate was constant at 10 seem. 



Fig. 5. Scanning dec 
substrates by CVD at I 
clean Al20, substrate; 
inlet molar ratio, 1.0; 
inlet molar ratio, 05; 
inlet molar ratio, 1.0; 
inlet molar ratio, 3.0; 
inlet molar ratio, 4.0. 

tron micrographs of TiC, 
atm pressure and total flow 
O) deposition temperature, 
(c) deposition temperature, 
(d) deposition temperature, 
(e) deposition temperature, 
(/) deposition temperature, 

deposited on Al2Oj 
rate of 500 seem: (a) 
1500 K, CH</TiCl< 
1600 K, CH</TiCl4 
1600 K, CH4/TiCl4 
1600 K, CH4/TiCl4 
1600 K, CH«/TiCl4 

4£& 



ÖaSsäbä* 





CVD OF TIC. ON REFRACTORY MATERIALS « 

M.S. Darieln>, R. Aparicio<2>, T.J. Anderson"' and M.D. Sacks(1> 

(1> Materials Science and Engineering Department 
t2)  Chemical Engineering Department 

University of Florida 
Gainesville, FL 32611 

Chemical vapor deposition of TiCK from TiCl4 and 
CH4 sources in a H, carrier gas was studied 
on a variety of substrates.Values of apparent 
activation energies were determined to be 81 
kJ/mol for a "fa substrate, 110 kJ/mol for graphite, 
121 kJ/mol for Al,05 and 210 kJ/mol for Nicalon. 
Deposition was reaction limited in the temperature 
range 1300 to 1500 K.  Different preferred grain 
orientations and surface morphologies were observed 
on each substrate. The properties of the deposited 
films were characterized by SEM, XRD and EMPA. 

A.  INTRODUCTION 

TiCx has been proposed as a matrix phase in hybrid 
carbon/carbon composites because of its hardness, high melting 
temperature and resistance to wear (1). These same properties 
have made Tic,, attractive for applications such as bulk 
ceramic tools used in industrial cutting technology and, in 
combination with oxidation resistant A1203 films, first 
coatings of fusion reactors (2,3). 

Deposition of TiCK films on refractory materials is of 
particular interest as a potential reinforcing phase for high 
temperature ceramic matrix composites. In the present study, 
the growth rate of Tic is reported as a function deposition 
temperature on a variety of substrates including Si-C-0 
(Nicalon) fibers, poiyerystalline graphite, Si02, A1205, Mo and 
Ta. The influence of the inlet gas composition on the 
elemental composition of the films deposited on Nicalon, 
graphite and Al2Oj was measured by EMPA. The surface 
morphology and grain orientations were characterized as a 
function of deposition temperature and substrate type. 

B.  EXPERIMENTAL 

Tic was deposited on planar substrates in a vertical 
pedestal* type reactor using Ticl4 and CH4 in H, as reactant 
sources. The pedestal susceptor was made of graphite, and was 



heated by a 7.5 kW rf generator. The substrate temperature 
was measured by both a sheathed type S thermocouple placed in 
the center of the susceptor and a two-color optical pyrometer 
focused on the top surface of the substrate through a gas- 
swept quartz viewport. The reactor was enclosed by a 76 am 
diameter quartz tube which was sealed at both ends by water- 
cooled flanges. The reaction chamber was purged before each 
deposition by sequential pumping and back-filling with Ar. . 

Deposition of Tic. on stacked Nicalon fiber weaves was 
accomplished by the temperature gradient, forced flow CVI 
method. The stacks, consisting of 3 weave discs were packed 
together with a graphite holder and separated from the top of 
the pedestal susceptor with a graphite ring. Radiation 
absorption by the stack from the susceptor provided a 
temperature gradient of approximately 200°C across the stack. 
As a result, the top layers of the stack (gas inlet) were at 
a lower average temperature than the bottom layers, thus 
allowing a reaction front to move in a direction opposite to 
that of the gas flow. Passage of the gases through weaves was 
ensured by plugging the reactor wall-susceptor annulus with 
graphite felt and providing an exit through an axisymetric 
hole in the susceptor. 

All depositions were performed at atmospheric pressure 
and reactant partial pressures were in the range 7x10* to 
2x10* atm for TiCl4 and lxlO*

2 to 2.8X10-2 atm for CH4. The H2 
carrier gas flow rate range was 570 to 970 seem. The 
deposition temperature was varied in the range 550 to 1270 c 
and the deposition time varied from 1 to 12 hrs. Substrates 
consisted Of Nicalon 12-harness satin weave cloth preforms, 
polished graphite, alumina or silica, and high purity Mo or Ta 
foils. 

SEM observations were made on as-deposited coatings, on 
fracture planes, and ort polished cross sections of infiltrated 
weaves or coated plates, cast in acrylic or epoxide resins. 
In addition, the coatings were analyzed by XRD and EPMA to 
obtain information on crystallinity, preferred orientation and 
elemental composition. For EPMA measurements special care was 
taken to avoid surface contamination from carbon containing 
materials used in polishing or other preparation steps. 

C.  RESULTS AMD DISCUSSION 

Deposition Rates 

The growth rate of TiCx on various substrates was 
determined as a function of growth temperature at constant 
reactant inlet compositions (10 seem TiCl4, 20 seem CH4 and 



970 seem H2). Since the surface was nonplanar, growth rates 
were determined by measuring the weight change of the 
substrate and normalizing by the exposed surface area. The 
measured weight gain expressed in mg/hr is shown as a function 
of reciprocal temperature in Figure 1. For all substrates 
examined, the growth rate was a linear function of inverse 
temperature. Values of the apparent activation energies were 
calculated from the results of a linear regression analysis 
and found to be 61 kJ/mol for Ta, 110 kJ/mol for graphite, 121 
kJ/rool for AljO, and 210 kJ/mol for Nicalon. An apparent 
activation energy for deposition on Mo was not determined 
since only 2 growths were performed. No rate data were 
obtained for SiO.. Of the substrates used in this study, only 
graphite has a previously reported atmospheric pressure 
activation energy (159 kJ/mol) (1,4). 

Previous studies on a variety of other substrates as well 
as the results of this study suggest that deposition of TiCx 
is limited by heterogeneous reaction (5). An increased the 
CH, partial pressure was found to increase the TiCx deposition 
rate, consistent with previous studies(6). Stjernberg et al. 
have suggested that deposition occurs by the Langmuir- 
Hinshelwod adsorption mechanism<6>. In their model TiCl, 
undergoes rapid homogeneous thermal decomposition to yield 
subchlorides which adsorp on one type of site. The 
decomposition product HCl and CH4 compete for the available 
adsorption sites of the second type. Differences in the 
observed activation energies are attributed to differences in 
the surface chemistry of different grain orientations (as 
discussed below) which affect the nucleation mechanism and are 
determined by substrate type. 

Composition of TiCx Films 

The elemental composition of TiCx films on AljO,, Nicalon 
and graphite was determined by EMPA. No data was obtained for 
the films on Si02, Ta and Mo. 

For both Nicalon and graphite substrates, the C/Ti 
elemental ratio in the films was in the range 0.91-0.93 at a 
CH,/TiCl. input gas ratio of 2, (partial pressure of TiCl4 « 1 
x 10"2) and temperature of 1200°C. Increasing the CHt/TiCl, 
ratio to 3.5 at 1200°C resulted in an C/Ti elemental ratio of 
1.07, indicating the formation of free carbon. At 1050°C, the 
films become richer in Ti, with an elemental ratio of 0.82 at 
an input gas ratio of 2. As for the TiCx films on Al20,, the 
C/Ti ratio remained constant at 0.6 as the input gas ratio and 
the temperature varied from 0.1 to 1.5 and 1000°C to 1200°C, 
respectively. Comparison of the experimentally measured 
compositions  with  theoretical  equilibrium  values  show 



excellent agreement for deposition of TiCR films on Nicalon 
!n5 irAnhite  at  1200°C(7).    However,  neither of  the 
1o»po!Sfons on Nicalon JJ 9raphite .t 1050'C nor those on 
A120, agree with the equilibrium diagrams. 

Surface Morphology and Grain Orientation 

The substrates examined in this work have a wide range of 

carbon source in addition to the gas phase.  Mo and Ta are 

thus similar to TiC . As expected, quite dissimilar grain 
orientations-andSurface morphologies were observed for 
different substrates. 

The reactor geometry for growth of Tic on Nicalon was 
different than that for other substrates. fn this; system a 
temoerature gradient was imposed across the stack and 
significant massT transfer limitations were present in the 
inner portions of thestack. As the deposition temperature 
increased from lOOO'c to 1200>C, the structure of Tic grown on 
NicaJonliber: Ranged (Figure ^a-d) from pyramid^ need es 
o 2 - l lim in size to more rounded, equiaxed grains smaller 
tnan 0.2 7». Fracture sections of coatings showed the grains 
groSn at the lower temperature were columnar and aligned 
^rp^ndicuiarlyaway from the fiber surface (Figure 3). X-ray 
Patterns of all Tic, films on Nicalon show a random 
o^entation of the * crystals despite the variety of 
microstructures. 

Nodular growths were observed on fibers directly facing 

temoerature of the x fibers on which the gas stream is 
impinging! Features of these growths are markedly different 
fSX reaular type of growth observed on most of the fiber 
ISrface! ^^y^consisVf blocky crystals wAth step-ledge 

ir^sf^^^ta^o^ äli'ÄETt-4 exist on^hfs "ScpSS 
olane thJs£ «ow^h features are not attributed to local gas 



different nucleation sites that develop into the nodular 
growths. This explains why no such growths were found when 
very little subchloride deposition was observed on the reactor 
walls (CH4/TiCl4 inlet molar ratio was increased to 7/2). 

At deposition temperatures above 1200°C, a third type of 
growth feature was observed on the fibers located in between 
the graphite holders*- In this region the gas flow was greatly 
restricted. While the fine grained Tic structure on the 
Nicalon surface was retained (Figure - 5), whiskers;" 10-15 
microns long with an aspect ratios of about 10, were also 
grown. In their study of Ni-catalyzed TiCK deposition, 
Wukulski et al. have reported whisker growth to occur at low 
reactant concentrations and system pressures (9). Apparently 
TiC8 whisker growth on Nicalon is promoted by reactant 
depletion effects within the restricted regions inside the 
graphite holder. Despite these marked dissimilarities in 
surface morphology,, the X-ray diffraction spectra of both the 
low and the high temperature forms of Ticx grown on Nicalon 
are identical and correspond to that of randomly oriented 
TiCx, (Figure 6a). 

For CVD of Tic on graphite more conventional dome-shaped 
structures were obtained. Magnification of films grown below 
10Q0°C showed small needle-like aggregates 0.1 by 1 pm. in size 
(Figure 7a), X-ray diffraction results indicated these needles 
were of random orientation (Figure 6b). TEM analysis of the 
needle showed them to be composed of grains with very diffuse, 
weakly defined boundaries, less than 30 nm in size. As the 
temperature of deposition was increased, their shape became 
more rounded and equiaxed grains appear (Figure 7b). As the 
growth temperature was further increased to 1200°C, the 
Crystal edges grew sharper, forming blocky, faceted stacks 5- 
15 p in size (Figure 7c,d). Simultaneously, the (220) 
diffraction line became much stronger (Figure 6c).  Lee and 
Chun studied the deposition of TiCx on WC-12CO substrates 
using the same deposition chemistry as this study.  They 
reported the preferred orientation of the films to be 
independent of deposition time and gas phase composition (10). 
In  addition,  they observed a very similar trend  in 
orientation; a random orientation at 1050°C changing to (220) 
between 1100°C and 1150°C. 

TiCK films deposited on fused silica at 1000°C were weakly 
adhered to the substrate. SEM analysis of the films revealed 
heaps of knobby, small (< 0.1 pm) amorphous-like' particles 
Covering larger, faceted crystallites (Figure 8). The X-ray 
diffraction peaks were broader, indicating amorphous areas 
(Figure 6d). Preliminary TEM measurements showed randomly 
oriented grains, up to several microns in size, with well 
developed boundaries. The randomness of grain orientation is 



also confirmed by the XRD pattern. 

The effect of growth temperature on the morphology of the 
TiCx grown on alumina tended to be the reverse as that 
observed on other substrates. As the temperature increased 
from 1200°C (Figure 9a) to 1300°C (Figure 9c) the TiCÄ grains 
change from a round, faceted shape to a more elongated form. 
The reactant composition, however, had the opposite effect. 
Figure 9b-d Shows the microstructure of TiCK grown at 
different values of ChyTiCl, gas inlet ratios. The grains 
changed in the previously observed pattern from a needle- 
shaped to round, equiaxed crystals. X-ray analysis showed 
(111) preferred orientation. 

CVD of Tie on the metals Mo and Ta produced wedge 
shaped, sharply defined crystallinities at a lower growth rate 
than on the other substrates (Figure 10a,b). X-ray 
diffraction results for Ticx grown on Mo at 1150°C (Figure 6e) 
show that the (220) line is enhanced; the ratio of peak 
intensities (220)/(220) has the value of 7 compared to the 
value 0.6 for the random powder (Figure 6h). At 1200°C growth 
temperature, the ratio of peak intensities decreased to a 
value of 0.2 (Figure 6f). This behavior is opposite to that 
observed for deposition on graphite, the x-ray diffraction 
spectrum at 1200°C also shows weak Mo,C lines which is formed 
during the initial stages of deposition by reaction between 
the substrate and CH4. Similar behavior was observed for 
deposition on Ta substrates with the reaction product TaC 
forming adjacent to the substrate. The X-ray diffraction 
analysis shows the (220) lines as dominant, suggesting random 
orientation, though the (311) line was also strongly enhanced 
(Figure 6g). 

D.  SUMMARY 

The deposition of Tic on a variety of refractory 
substrates -using a chloride chemistry was limited by 
heterogeneous reaction at a temperature near 1200°C. Values 
of the apparent activation energies ranged from 81 kJ/mol for 
Ta to 210 kJ/mol for Nicalon. Under identical growth 
conditions the morphology and grain orientations were strongly 
influenced by substrate type and growth temperature. Random 
grain orientations were deposited on Nicalon, Si02 and at low 
temperature, on graphite. A preferred orientation was 
observed on A1203 (111), Ta (311), Mo (220) at low temperature, 
and graphite (220) at high temperature. 
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Fig. 2. Effect of temperature on the microstructure 
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Fig. 3. Microstructure of TiCx on Nicalon at 1000°C. 
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Fig. 4. Kucleation nodes of TiCx on Nicalon. 

Fig. s. TiCx whiskers resulting from reactant depletion. 
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Fig.   9.     Microstructure of TiCK on Alumina at:   a)   1200°C 
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Fig.   10.  Microstructure of TiCx on 
a)  Molybdenum,  b)   Tantalum. 



CVD OF TiC. ON SINGLE CRYSTAL Al,0, 

R.A. Aparicio', E.F. Allen1, TJ. Anderson', and M.D. Sacks', 'Department of 
Chemical Engineering and 'Department of Materials Science and Engineering, 
University of Florida, Gainesville, FL 32611 

ABSTRACT 

The kinetics of chemical vapor deposition of TiC, from CH4 and TiCI4 
sources on single crystal AI?Ö, were investigated. Experimental growth rates 
show an Arrhenius dependence on deposition temperature, with apparent 
activation energies of 296 KJ/mol on (0001) AI,Oj and 328 KJ/mol on (1T02) 

■At,Q,. The growth rate was also found to have a linear dependence on the CH4 
partial pressure. Various grain orientations were observed in the films depending 
on the deposition temperature, deposition thickness, and substrate orientation. 
The measured grain orientations, however, were independent of the CH4 partial 
pressure. 

INTRODUCTION 

TiC. is a material with high strength and hardness, high melting 
temperature, and good resistance to wear and oxidation. These properties make 
TiC. an attractive candidate as a matrix phase in ceramic-ceramic composites. 
The use of TiC, in such applications has, however, received only recent 
attention.' Chemicat vapor infiltration (CVI) is a useful technique, to density 
ceramic composites, particularly for systems such as fiber reinforced 
composites. CVI of TiC, into ceramic preforms should also be feasible given the 
similarity of deposition chemistry and recent successes demonstrated for SiC."4 

Successful CVI requires that reaction-limited deposition conditions be 
approached. Thus, an understanding of the kinetics regulating the deposition 
process, particularly in isolation from mass transfer effects, would be useful in 
designing suitable CVI reactors and in specifying appropriate operating 
conditions. In this study, the kinetics of TiC, deposition on flat Al,0, substrates 
were investigated in the reaction-limited regime. The influence of the 
temperature, substrate orientation, and CH4 partial pressure on the deposition 
rate is reported. In addition, the coatings were characterized by X-ray diffraction 
(XRD), electron microprobe analysis (EMPA), and scanning electron microscopy 
(SEM) to determine the effect of the above parameters on the grain orientation, 
composition, and surface morphology. 



EXPERIMENTAL 

Tho oxporimontal system used lo deposit tho TiC. films has been 
previously doscribed_.B Tho films woro deposited simultaneously on flat single 
crystal (0001) and (1102) A|,0, substrates.* All depositions were carried out at 
atmospheric pressure. Tho methane (CHJ partial pressure varied from 250 to 
4050 Pa, Whilo the titanium tetrachloride (TiCIJ** partial pressure was held 
constant at 1010 Pa. Hydrogen was used as the carrier and diluent gas in the 
atmospheric pressure reactor. The total gas flow rate ranged from 4 to 250 std. 
cmJ/s, and deposition time varied from 1 to 4 hours. Experiments were 
performed In the temperature range of 1278-1383 K. The deposition temperature 
was measured with a dual-wavelength (ratio) optical pyrometer focused on the 
surface of the substrate. 

RESULTS AND DISCUSSION 

Effect of Deposition Parameters on the Deposition Rate 

The Influence of the total flow rate on the growth rate was investigated at 
1383 K The rate was observed to Increase with flow rate to approximately the 
one-half power. Up to 17 std. em'/s. For higher flows, the rate remained 
constant at values determined by the temperature and reactant gas partial 
pressures. This result indicates that the boundary between the mass-transfer 
and reaction-controlled regimes is somewhat less than 17 std. cm3/s total flow 
raje. The growth of TiC. should therefore be reaction-limited for temperatures 
less than 1383 K and total flow rates greater than or equal to the above value. 

The temperature dependence of the deposition rate was determined at 
constant reactant partial pressures of 2030 Pa for CH4 and 1010 Pa for TiCI, and 
a total flow rate of 17 std. cm3/s. In order to quantify the apparent rate of 
deposition, the weight increase of the substrates was measured as a function of 
time for various temperatures (Fig. 1) and the growth rate was obtained from 
the slope of the weight change curve. For both substrate orientations, the 
growth rate followed an Arrhenius dependence on temperature (Fig. 2). The 
calculated apparent activation energies were 296 KJ/mol (±142 KJ/mol) for 
(0001) Al,0,.and 328 KJ/mol (±128 KJ/mol) for (1102) Al,0,. These activation 
energies are nearly 2.5 times higher than those reported tor hot pressed 
polycrystalline Al,03.

s 

The effect of CH4 partial pressure is shown in Fig. 3. The deposition 
temperature and the TiCL. partial pressure were held constant at 1383 K and 
1010 Pa, respectively. The slope of the curve is  1.06, indicating first-order 

* Commercial Crystal Laboratories, Inc., Naples, Florida. 

** Fisher Scientific, Fair Lawn, NJ. 98.0% purity reported by the manufacturer. 
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dependence of the deposition rate on the CH4 partial pressure. This result is 
consistent with work by Stjernbefg et at., who proposed a Langmuir- 
Hinshelwood mechanism in which the growth rate also follows a first order 
dependence on the CH< partial pressure. Because of this trend, CH4 
decomposition has been postulated as the rate-limiting step in the deposition of 
TiC.. For comparison, the above activation energies are in agreement with the 
activation energy of homogeneous CH4 pyrolysis at 2273 K (312 KJ/mol).T 

Surface Morphology, Grain Orientation, and Film Composition 

Figure 4 shows the morphological evolution of the coalings on (0001) 
Al,0, as the temperature was varied from 1278 to 1383 K. The grain size 
increased with temperature and the grain shape changed from a globular to a 
faceted strucfuro. presumably caused by an increase in growth rate. A similar 
trend was observed tor the coatings on (1102) AI,Os. 



FIG. 4.   Microslruclure of TiC. on (0001) Al,0, at:  (A) 1273 K, (B) 1323 K, and 
(C) 1373 K. 

The effect of the CH4 partial pressure on the surface morphology of the 
films (Fig. 5) is similar to the temperature effect (Fig. 4). There is an increase in 
grain size; however, the grain shape remains unchanged. Once again, this trend 
is the same for both Al,03 substrate orientations. 

Each film displayed a strong preferred orientation which varied with 
substrate orientation, deposition time, and deposition temperature (Table 1). For 
long deposition times and higher growth temperatures, the coatings appeared 
to be oriented in directions of highest atomic packing. Grain orientations did not 
however, vary with CH« partial pressure. 

The measured film composition remained constant (C/Ti = 0.52 *0.05) 
as the ratio of CH4 to TiCt4 partial pressures in the inlet gas was varied from 0.25 
to 4.0. The apparent independence of the film composition on the inlet gas 
concentration ratio is attributed to the errors in the EMPA measurement, caused 
by the film surface roughness, Improvement in the measurement could not be 
achieved by polishing due to poor adhesion of the film to the subs<rate. 



FIG. 5.   TiC. microstruclures on (1102) Al,0, for various CH4/TiCI, ratios:   (A) 
0.25, (B) 0.50, (C) 200, (D) 4.00. TO/partial pressure was constant (1010 Pa). 

TABLE 1.   Preferred Orientation of TiC, Films as a Function of Substrate 
Orientation, Deposition Time and Temperature. 

Substrate Orientation: (0001) 

Deposition Temperature (K) 

1 

Deposition Time (hr) 

2 4 

1278 
1313 
1383 

(200) 
(111) 
(111) 

(200) 
(111) 
(111)             (1 

(111) 
(220) 

11), (220) 

Substrate Orientation: (lT02) 

Deposition Temperature (K) 

1 

Deposition Time (hr) 

2 4 

1278 
1313 
1383 

(200). (111)       (200). (111) 
(200), (311)       (200), (311) 

(200)                  (220) 

(111) 
(200) 

-(220) 



SUMMARY 

Tho doposition rato of TiC, on single crystal Al20, from CH4 and TiCI4 
sourcos followed an Arrhonius dopondonco on growth (omporaturo, with 
activation onorgios of 296 KJ/mol to 328 KJ/moI for (0001) and (1 f02) substrate 
orientations, rospoctivoly. The doposition rate was also a linear function of the 
CH4 partial pressure. Roaction-timitod growth could bo achieved at flow rates 
greator than or equal to 17 std. cm'/s, below which the rato depended on the 
total gas velocity. Grain orientations were affected strongly by tho substrate 
orientation, doposition time, and deposition temperature. As the thickness of the 
film increased, Orientations along planes of highest atomic packing, I.e., (111) 
and (220), became dominant. 
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