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A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
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DARPA - Composites Annual Review
November 19-20, 1992

University of Florida, Gainesville, Florida

Thursday. November 19
1:30-1:45 Opening Remarks - Drs. Wilcox, Coblenz, Fishman
1:45-2:00 Overview - Reza Abbaschian
2:00-2:50 SiC Fibers - Chris Batich, Michael Sacks, Bill Toreki
2:50-3:20 Mullite Fibers - Joseph Simmons, Anthony Brennan
3:20-3:50 CVD Approaches to Composites - Tim Anderson
3:50-4:00 Break
4:00-6:00 Poster Presentation and Refreshments - Students

Eriday. November 20
8:00-8:50 - Intermetallic Composites - Michael Kaufman,
Reza Abbaschian E
8:50-9:40  .Ceramic Composites - David Clark, Michael Sacks
9:40-10:10  Tapecast Laminated Composites - Jack Mecholsky
10:10-10:30 Break

10:30-11:15 Future Plan and General Discussions - R. Abbaschian

e

11:15-12:00 Summary and Comments «—3———

12:00-1:30  Lunch - 3

1:30 Informal Subgroup Discussions and Tour of the -
Facilities a_.._ i
‘ e s ool
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Presentation

Arredondo Room - 4:00 pm to 6:00 pm

Fiber Synthesis/Coating

"Atomic Layer Epitaxy”

R. Aparicio,” E. Allen, J. Wolan, and T.J. Anderson
"Chemical Vapor Infiltration”

R. Aparicio, E. Allen,” J. Wolan, and T.J. Anderson
"Chemical Vapor Deposition of TiC, on Refractory Substrates”

R. Aparicio, E. Allen, J. Wolan, and T.J. Anderson
*Chemical Vapor Infiltration and Atomic Layer Deposition of TiC on Ceramic Substrates”

R. Aparicio, E. Allen, J. Wolan, and T.J. Anderson’

*Sol-Gel Processing of Continuous Mullite Based Fibers”

S. Al-Assafi,” T. Cruse, T. Miller, A.B. Brennan, and J.H. Simmons
*Sol-Gel Processing of Continuous Mullite Based Fibers”

S. Al-Assafi, T. Cruse,” T. Miller, A.B. Brennan, and J.H. Simmons
*Polymer-Derived Silicon Carbide Fibers with Low Oxygen Content and Improved
Thermomechanical Stability”

W. Toreki, C.D. Batich, M.D. Sacks, M. Saleem,” G.J. Choi, and A. Morrone

Microwave Processing

"Microwave Processing of i-!toh-P«formance Ceramics and Composites”

D.E. Clark, Z. Fathi, A.D. Cozzi, D.C. Folz, I. Ahmad, S. Al-Assafi, A.S. De’,

and R.C. Daiton
*Microwave Processing of Sol-Gel-Derived Glass-Ceramics for High Temperature Composite
Matrices”

A.D. Cozzi," 2. Fathi, and D.E, Clark

Ceramic Matrix Composites,

"Fabrication of Mullite and Mullite-Based Composites by Transient Viscous Sintering (TVS) and
Pressire-Assistdd Transient Viscous Sintering (PATVS)®
N. Bozkurt, G.W. Scheiffele,” Y.J. Lin, A. Ulicny, and M.D. Sacks
*Fabrication of Composites with Low Dielectric Constant Using Microcomposite Particles”
R. Raghunathan,’ Y. Park, G.W. Scheiffele, and M.D. Sacks
"Processing, Microstructure and Properties of SIAIONS Prepared from Microcomposite Particles”
A. Bagwell, R. Raghunathan,’ and M.D. Sacks
"Fabrication of SiC-Based Composites by Reactive Infiltration of Metals (RIM)"
K. Wang,” G.W. Scheiffele, P.J. Sanchez-Soto, and M.D. Sacks

* Indicates Presenter
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14)
15)
16)
17)

18)
19)
20)

21)

22)
23)
24)
25)

26)

27)
28)
29)

Iintermetallic Matrix Composites

*Processing of Composmonally Tailored Silica-Free MoSi,/SiC Composites”
S. Jayashankar,” A. Costa e Silva, and M. Kautman
"Phase Relations in Somo Systems Relevant to MoSi, Processing”
A. Costa e Silva,” S. Jayashankar, and M. Kaufman
"Modelling and Design of Toughened Composites”
L. Xiao, M. Somerday, " and R. Abbaschian
"Microstructures and Properties of MoSi,/Nb Coated and Uncoated Interfaces and Their Effects
on Toughness”
L. Xiao® and R. Abbaschian
*Toughening and Strengthening of MoSi, with SiC Whiskers and Ductile Reinforcement”
L. Xiao" and R. Abbaschian
"Fabrication of Toughened Composites via Reactive Hot Compaction and In-situ Coating"”
H. Doty,’ L. Lu, A. Gokhale, and R. Abbaschian
"Development and Characterization of Interface Coatings in NiAl Matrix Composites”
P. Krishnan" and M. Kaufman
"Fiber-Reinforced TaTAlz Alioy Composites”
I. Hwang"’ and R. Abbaschian

Mechanical Behavior

"Optimization of Creep and Fracture Properties by Microstructure Design®
B. De Aragao,  J.R. Castillo, and F. Ebrahimi
"Fracture Energy Anisotropy of Single Crystals”
L. Kalwani’ and F. Ebrahimi
"Toughening by Maetallic Lamina in Tape Casting Nickel/Alumina Composites”
Z. Chen’ and J.J. Mecholsky Jr.
"Fracture of CVD Diamond Films on Silicon"
Y.L. Tsai" and J.J. Mecholsky Jr.

Other Contributed Posters on New Processing Technologies

“Surface Modification of BaTiO; Particles Via Oxalic Acid, Polysthyleneimine in Aqueous
Systegns' -
" R.E. Chdelka’ and J.H. Adair

“Electrothermal Synthesis of BaTiO, Thin Films at 55° C*

S. Venigalla, P. Bendale, T Tsukada, J.R. Ambrose, and J.H. Adair
"Glycothermat Symhesns of a-Al,0, Particles at Ultra-Low Temperature”

S$.B. Cho,” S. Venigalia. R.E. Chodelka, and J.H. Adair
"Monodispersed Nanosuze Pt Particles Using Microemulision Technique”

V. Nagabushnam® and J.H. Adair

* Indicates Presenter
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Environmentally Stable Matrix With Fine
Dispersions For CTE Matching

( » Dispersions For Increased Strength
and Creep Resistance

High Strength, High Aspect Ratio
Reinforcing Phase For High
Temperature Strength

Ductile Phase Reinforcement
For Low Temperature Toughness

Interfacial Tailoring For Optimum
Mechanical and Chemical Stability
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LIST OF PUBLICATIONS

KR. Venkatachari, L.T. Moeti, M.D. Sacks, and J.H. Simmons, "Preparation of
Mullite-Based Fibers by Sol-Gel Processing,” Ceram. Eng. Sci. Proc.,, 11 (9-10) pp.
1512-1525 (1990).

S-M. Sim and D.E. Clark, "Preparation of Zirconia Fibers by the Sol-Gel Method,”
Ceram. Eng. Sci. Proc., 10 (9-10) pp. 1271-1282 (1989).

S-M. Sim, A. Morrone, and D.E. Clark, "Processing and Microstructure of Y-
TZP/ALO, Fibers,” Proceedings of the 14th Annual Conference on Composites and
Advanced Ceramics held on January 14-17, 1990 in Cocoa Beach, FL. Published in
Ceram. Eng. Sci. Proc., 11 (9-10) pp. 1712-1728 (1990).

S-M. Sim, "Processing and Microstructural Characterization of Alumina-Dispersed
Zirconia Fibers,” Doctoral dissertation, University of Florida (1990).

W. Toreki and C.D. Batich, "Effects of Molecular Weight and Cross-Linking on Two
Preceramic Polymers,” presented at the American Chemical Society National Meeting
in Miami Beach, FL, September 1989. Published in Polymer Preprints, 30 (2) pp. 237-
238 (1989).

W. Toreki, C.D. Batich, M.D. Sacks, and A_A. Morrone, "Synthesis and Applications
of a Vinylsilazane Preceramic Polymer,” Ceram. Eng. Sci. Proc., 11 (9-10) pp. 1371-
1386 (1990).

W. Toreki, N.A. Creed, and C.D. Batich, "Silicon-Containing Vinyl Polymers as
Precursors to Ceramic Materials,” Polymer Preprints, 31 (2) pp. 611-612 (1990).

W. Toreki, "Pofymeric Precursors to Ceramics-A Review," feature article in Polymer
News, 16 (1) pp. 6-14 (1991).

W. Toreki, C.D. Batich, and G.J. Choi, "High Molecular Weight Polycarbosilane as a
Precursor to Oxygen-Free SiC Fibers," presented at The ACS National Meeting in New
York, August, 1991. Published in Polymer Preprints, 32 (2) (1991).

W. Toreki, C.D. Batich, M.D. Sacks, M. Saleem, G.J. Choi, and A.A. Marrone,
"Polymer-Derived Silicon Carbide Fibers with Low Oxygen Content and Improved
Thermomechanical Stability,” to be published in the Journal of Composites Science and
Technology.
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

W. Toreki, C. Batich, M.D. Sacks, M. Saleem, and G. Choi, "Polymer-Derived Silicon
Carbide Fibers with Improved Thermomechanical Stability,” pp. 761-769 in Better
Ceramics Through Chemistry V, edited by M.J. Hampden-Smith, W.G. Klemperer, and
CJ. Brinker, Mat. Res. Soc. Symp. Proc., Vol. 271, Materials Research Society,
Pittsburgh, PA (1992).

W. Toreki, GJ. Choi, C. Batich, M.D. Sacks, and M. Saleem, "Polymer-Derived Silicon
Carbide Fibers with Low Oxygen Content, Ceram. Eng. Sci. Proc., 13 (9-10) pp. 198-
208 (1992).

R. Aparicio, J.L. Ponthenier, F. Hong, and T.J. Anderson, M.D. Sacks, and G. Johnson,
"Chemical Vapor Deposition on TiC, on Al,O, Substrates,” Ceram. Eng. Sci. Proc., 10
(9-10) pp. 1462-1471 (1989).

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

R. Aparicio, E.F. Allen, J. Anderson, and M.D. Sacks, "CVD of TiC, on Single Crystal
AlL,O,," pp. 145-152 in Advanced Composites Materials, Ceramic Transactions, Vol. 19,
edited by M.D. Sacks, American Ceramic Society, Westerville, OH (1991).

H.-W. Lee and M.D. Sacks, "Pressureless Sintering of Al,0,/SiC Whisker Composites,"
Ceram. Eng. Sci. Proc., 10 (9-10) pp. 720-729 (1989).

H.-W. Lee and M.D. Sacks, "Pressureless Sintering of SiC-Whisker-Reinforced Al,O,
Composites: I, Effect of Matrix Powder Surface Area,” Journal of the American
Ceramic Society, 73 (7) pp. 1884-1893 (1990).

H.-W. Lee and M.D. Sacks, "Pressureless Sintering of SiC-Whisker-Reinforced Al,O,
Composites: II, Effect of Sintering Additives and Green Body Infiltration,” Journal of
the American €eramic Society, 73 (7) pp. 1894-1900 (1990).

M.D. Sacks, N. Bozkurt, and G.W. Scheiffele, "Transient Viscous Sintering of Mullite
and Mullite-Matrix Composites,” pp. 111-123 in Advanced Composite Materials,
Ceramic Transactions, Vol. 19, edited by M.D. Sacks, American Ceramic Society,
Westerville, OH, (1991).

M.D. Sacks, M.S. Randall, G.W. Scheiffele, and J.H. Simmons, "Processing of Silicate
Glass/Silicon Nitride Composites with Controlled Microporosity,” pp. 407-420 in
Advanced Composite Materials, Ceramic Transactions, Vol. 19, edited by M.D. Sacks,
American Ceramic Society, Westerville, OH, (1991).
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24.
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26.

ai iiﬁ
y
:

M.D. Sacks, G.W. Scheiffele, N. Bozkurt, R. Raghunathan, and A.E. Bagwell,
"Processing of Composite Powders: Fabrication of Ceramics and Composites by
Viscous Sintering and Transient Viscous Sintering,” pp. 557-575 in Chemical Processing
of Advanced Materials, edited by L.L. Hench, J. West, and D.R. Ulrich, Wiley, NY
(1992).

M.D. Sacks, G.W. Scheiffele, N. Bozkurt, and R. Raghunathan, "Fabrication of
Ceramics and Composites by Viscous and Transient Viscous Sintering of Composite
Particles,” pp. 437-455 in Ceramic Powder Science IV, Ceramic Transactions, Vol. 23,
edited by S.-1. Hirano, G.L. Messing, and H. Hausner, American Ceramic Society,
Westerville, OH (1991).

M.D. Sacks, N. Bozkurt, and G.W. Scheiffele, "Fabrication of Mullite and Mullite-
Matrix Composites by Transient Viscous Sintering of Composite Powders,” Journal of
the American Ceramic Society, 74 (10) pp. 2428-2437 (1991).

L. Ly, Y.S. Kim, A.B. Gokhale, and R. Abbaschian, "Reactive Synthesis of NbAl,

Matrix Composites,” in Intermetallic Matrix Composites, edited by D.L. Anton et al.,
MRS, 1990, Vol. 194, pp. 79-87.

L. Lu, A.B. Gokhale, MJ. Kaufman, and R. Abbaschian, "Niobium Aluminide Matrix
Composites Produced by the Reactive Hot Compaction of Elemental Powders," in

Powder Metallurgy: Key to Advanced Materials Technology, ASM, 1990, pp. 32-36.

A.B. Gokhale, L. Lu, and R. Abbaschian, "Interface Reactions in Melt Infiltration
Processed Intermetallic Matrix Composites,” in Solidification of Metal Matrix
Composites, P. Rohatgi, Ed., 1990, pp. 115-131.

R.E. Erickson, D.R. Baker, and M.J. Kaufman, "Microstructural Development and
Second Phase Toughening of NbAl,,"
NASA Confere’nce Publication 10051, (1990) p.22-1.

L Lu, AB. Gokhale, and R. Abbaschian, "In-situ Formation of an Alumina Interface
Coating in Reactively Synthesized NbAlL,-Nb Composites,” Materials Science and
Engineering, A133, pp. 11-23 (1991).

L. Xiao, Y.S. Kim, and R. Abbaschian, "Ductile Phase Toughening of MoSi,-Chemical

Compatibility and Fracture Toughness,” Intermetallic Matrix Composites, edited by
D.L. Anton et al., MRS, 1990, Vol. 194, pp. 399-404.

J.D. Cotton, Y.S. Kim, and M.J. Kaufman, "Intrinsic Second Phase Particles in Powder-
Processed MoSi,," Materials Science and Engineering, A144, p. 287 (1991).

L. Xiao, Y.S. Kim, R. Abbaschian, and R.J. Hecht, "Processing and Mechanical
Properties of Niobium-Reinforced MoSi, Composites,” Materials Science and
Engineering, Vol. A144, 1991, pp. 277-285.
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32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

L. Xiao and R. Abbaschian, "On the Strength and Stiffness of Ductile Phase

Reinforced MoSi, Composites,” in Advanced Metal-Matrix Composites for Elevated
Temperatures, ASM International, 1991, pp. 21-31.

L. Xiao and R. Abbaschian, “The Role of Matrix/Reinforcement Interfaces in the
Fracture Toughness of Ductile Phase Reinforced MoSi, Composites,” to be published
in Advanced Metal-Matrix Composites for Elevated Temperatures, Proceedings of 1991
TMS Fall Meeting, Cincinnati, OH, October, 1991.

L. Xiao and R. Abbaschian, "Evaluating a Techmque for Detenmmng the Toughemng
of Brittle Matrix by Ductile Reinforcements," in

for Elevated Temperatures, ASM International, 1991, pp. 33-40.

Y.S. Kim, M.R. Johnson, MJ. Kaufman, and R. Abbaschian, "Effect of Ceramic
Dlspersmds on the High Temperature Strength of Mechanically Alloyed MoSi,,” MRS,
Vol. 213, 1991, p. 839.

L. Xiao and R. Abbaschian, "Microstructure and Properties of MoSt,/Nb Interfaoes
With and Without Alumina Coating,”
Materials, Proceeding of MRS Symposium, 1992, Vol. 238, pp. 567-573.

L. Xiao and R. Abbaschian, "Interfacial Modification in Nb/MoSi; Composites and Its
Effects on Fracture Toughness,” Journal of Materials Science and Engineering, 1992,
Vol. A1S5, pp. 135-145.

L. Xiao and R. Abbaschian, "Role of Matrix/Reinforcement Interfaces in the Fracture
Toughness of Brittle Materials Toughened by Ductile Reinforcements,” Metallurgical
Transactions, 1992, Vol. 23A, pp. 2863-2872.

L. Xiao, "Study of the Flow Behavior of Constrained.Ductile Phases - I. Experiment,”
in Developments in Ceramic and Metal-Matrix Composites, edited by K. Upadhya,
TMS, 1992, pp..115-124.

L. Xiao, "Study of the Flow Behavior of Constrained Ductile Phases - II, Modeling,”
ibid., pp. 359-369.

L. Xiao and R. Abbaschian, "Flow Behaviors of Constrained Ductile Phases," to appear
in Metall. Trans. A.

L. Xiao and R. Abbaschian, "Contrbl of the Interfacial Reactions in Nb Reinforced
MoSi, Composites,” submitted to J. American Ceramic Society.

S. Jayashankar, I. Harangazo, and M.J. Kaufman, "Origin and Control of Second Phase
Particles in Powder Processed MoSi,,” (in preparation).




45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

S. Jayashankar, 1. Harangazo, Y.S. Kim, and MJ. Kaufman, "Powder Processing of
MoXi,," (in preparation).

M.L. Weaver, S.L. Guy, R.K. Stone, and MJ. Kaufman, "An Investigation of Phase
Equilibrium in the Ternary Ta-Ti-Al System,” Materials Research Society Symposium
Proceedings, 213, 163 (1991).

M.L. Weaver and M.J. Kaufman, "An Investigation of Al,Ta and Related Phases in the
Ternary Al-Ta-Ti System,” Scripta Metallurgica et Materialia, 26, p. 411 (1992).

M.L. Weaver and MJ. Kaufman, "Phase Relationships and Transformations in the
Temary Aluminum-Titanium Tantalum System,” (in preparation).

I. Ahmad, R.C. Dalton, and D.E. Clark, "Unique Application of Microwave Energy to
the Processing of Ceramic Materials,” J. of Microwave Power and Electromagnetic
Energy, 26 (3) 128-38 (1991), awarded Best Journal Article of 1991 by the
International Microwave Power Institute (publishers of the journal).

R.C. Dalton, I Ahmad, and D.E. Clark, "Combustion Synthesis Using Microwave
Energy," Ceram. Eng. Sci. Proc,, 11 (9-10) 1729-1742 (1990).

A.S. D¢, 1. Ahmad, E.D. Whitney, and D.E. Clark, "Effect of Green Microstructure on
Microwave Processing of Alumina: Effect of Particle Size," Ceram. Eng. Sci. Proc., 11
(9-10) 1743-53 (1990), awarded second place for the Student Poster Competition at the
1990 Conference on Composites and Advanced Ceramics in Cocoa Beach, FL.
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NICALON™ "SILICON CARBIDE" FIBERS

Processing: Melt Spinning of Polycarbosilane, Oxygen Cross-Linking,
Pyrolysis

Structure: Continuous, Fine-Diameter Fibers; Weakly Crystalline,
Fine-Grained SiC; Large Excess of Oxygen and Carbon

Properties: High Tensile Strength, High Rupture Strain, Low Modulus,
Poor Thermal Stability



CONTINUOUS SILICON CARBIDE FIBERS (Yajima et al.)

Polydimethylisilane

450-470°C/14 h
Argon/Autoclave

Polycarbosilane
l 280°C Vacuum
Polycarbosilane (Mj< 1750)
l 350°C/N,
Melt Spun Fibers

l 150°C/5 h/Air

Oxygen-Crosslinked Fibers

1 1000-1200°C/Inert Atmosphere

"SiC" Fibers (8-15 wt% Oxygen)

(
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DEGRADATION OF NICALON FIBERS

Reactions Involving SiO, and Excess C

Large Weight Losses - Volatilization of CO, SiO

Development of Porosity and Growth of Flaws

Rapid Grain Growth
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0 ilicon Pol Derived

Hi-Nicalon (Nippon Carbon Co.)' - melt spun, radiation-cured, low oxygen
content, excess carbon, good thermal stability, hich tensile strength,
improved elastic modulus

Lipowitz et al.2 (Dow Coming Corp.) - melt spun, oxygen cross-linking and
boron doping, near stoichiometric SiC, good thermal stability, high tensile
strength and high elastic modulus, heterogeneous microstructure, continuous?

SiC Powder-Derived

Frechette et al.? (Carborundum Co.) - powder/polymer melt extrusion, larger
fiber diameter (= 25 ym), near stoichiometric SiC, good thermal stability, low
tensile strength, high elastic modulus

Silverman et al.* (Du Pont Co.) - slurry-processed (with organosilicon binder),
larger fiber diameter (=25 pm), near stoichiometric SiC, good thermal
stability, low tensile strength, high elastic modulus

M. Takeda et al., Ceram. Eng. Sci. Proc., 13 [7-8] 209-217 (1992).

J. Lipowitz et al., Ceram. Eng. Sci. Proc., 12 [9-10] 1819-1831 (1991).

F. Frechette et al., Ceram. Eng. Sci. Proc., 12 [7-8] 992-1006 (1991).

L.A. Silverman et al., J. Appl. Polymer Sci.: Appl. Polymer Symp., 47 99-109 {1991).
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Objective

e Synthesis of continuous SIC fibers with small diameter, high tensile
strength, and good thermomechanical stability

Approach

¢ Fabricate SIC fibers with low oxygen content

¢ Dry spinning of organosilicon polymers without oxidative or irradiative
curing step

{’h—-
|




l[ CONTINUOUS SILICON CARBIDE FIBERS (Toreki et al.)

Polydimethylsilane

Heat Treatment

Polycarbosilane

Solution/Flitration
Precipitation/Fiitration
60°C/Vacuum

Polycarbosilane (M, = 5,000-10,000)
Solvent, Spinning Alds, etc.
Spinning Dope

Dry Spinning
Ambient Atmosphere

Green Fibers

Pyrolysis (~1000°C)

"SiC" Fibers (<2 wt% Oxygen)

., _PN_FE_JE_ . b B S N aE_Ee




- - - -0 - N S N I S N S IS R S _ I . e

Polycarbosilane Molacular Weight
MW < 5,000 Highly soluble, but meits; Low ceramic yield

MW > 10,000 Does not melt, but insoluble; High ceramic yield
MW =~ 5,000-10,000 Does not melt, highly soluble; High ceramic yield

Polymer/Solvent Ratio in Spinning Dope
Excess of solvent - fibers stick together

Deficiency of solvent - difficult to extrude, rough fiber surfaces
Optimum ratio - excellent spinnability, relatively smooth fiber surfaces

~Spinning Aids" (e.g.. PIB, PVS, etc.)
Modify solution rheological characteristics
Modify "green” fiber properties
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SHEAR STRESS (Pa)
g

VISCOSITY (Pa « 8)
8

o Increasing Shear Rate
o Decreasing Shear Rate

A

SHEAR RATE (s'1)

o Increasing Shear Rate
a Decreasing Shear Rate

SHEAR RATE (s*)




UF Fibers
Green (as-spun)

UF Fibers
(400°C)

Nicalon-type Fibers®
(400°C)

Tensile Strength (MPa:

20

44-52

Rupture Strain (%)

1.0

3.5-7.6

* Y. Hasegawa, M. limura, and S. Yajima, J. Mater. Sci., 15 720-728 (1980)
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WEIGHT (%)

WEIGHT (%)

100

&

UF Fibers
Argon 10°C/min

1hat1550°C

\l

75
70 [ 1 2 1 2 L i | 1 1 A
0 600 800 1000 1200 1400 1600 1800
TEMPERATURE (*°C)
Nicalon Fibers
Argon 10°C/min 1 h at 1550 °C
100
\
95
90
85
80
75
70- l ' 1 A l A 1 A 1 1 A
0 600 800 1000 1200 1400 1600 1800

TEMPERATURE (°C)
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e Improve Filtration of Spinning Solution
(2-4 ym glass filter = 0.1-0.2 ym PTFE filter)

e Reduce Oxygen Content in Fibers
(Lower oxygen partial pressure during pyrolysis)




Sample

Polydimethyisilane
Polycarbosilane

UF FIBER

03-04
03-13

1.1-26

* Determined by neutron activation analysis
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0 c ination During Fiber Fabricati

e Spinning (ambient air atmosphere)

¢ Pyrolysis (ungettered furnace, nitrogen)
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INTENSITY

INTENSITY

MM$WMMW

UF Fiber (Surface)

1 | I | 1
200 400 600 800 1000 1200 1400 1600 1800 2000

KINETIC ENERGY (eV)
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600 800 1000 1200 1400 1600 1800 2000
KINETIC ENERGY (eV)
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Nicalon™ 1600°C in Argon
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® UF - Highest Modulus
3001 O UF-127

O UF-80
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UF fibers were prepared by dry spinning of concentrated solutions of high
molecular weight (~5,000-10,000) polycarbosilane (PC) (with spinning
aids) and subsequent pyrolysis of the polymer fibers

Processing

No oxidative or irradiative cross-linking step
Polymers solutions have excellent spinnability
High ceramic yield after pyrolysis

Green and partially-pyrolyzed fibers have good mechanical properties

Properties

Fibers with low oxygen content ( ~ 1-2%), range of diameters ( ~ 8-50 ym),
round cross-sections, and relatively smooth surfaces

Average tensile strengths as high as ~3.3 GPa for as-pyrolyzed fibers
Average rupturé strain ~1.5% for as-pyrolyzed fibers

Average tensile strength as high as 2.3 GPa and average elastic modulus
as high as 250 GPa after 1500°C (1 h) heat treatment in argon

Average tensile strength as high as 1.9 GPa and average elastic modulus
as high as 235 GPa after 1700°C (1 h) heat treatment in argon




————

M OGN WS ES N Em .

Optimization of Fiber Processing Conditions
Additional Characterization of Fibers
Compositional Modification/Microstructural Development

Scale-Up




Optimization of Fiber P ina Conditi

Pol Cl teristi
PC molecular weight distribution

Spinning aid characteristics (e.g., molecular weight)
PC/spinning aid ratio

Purity

Solution rheological characteristics
Polymer/solvent ratio

Solvent type

Purity

Spinning P
Spinneret geometry

Extrusion pressure

Drying conditions (temperature, atmosphere, gas flow)
Winding conditions

Pyrolysi iti

Heating schedule
Atmosphere

Continuous vs. batch process
Tensioning
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P C Is/S for Optimization of Fiber Fabricati

Maetering pump

De-airing station

In-line filtration station

Viscosity sensor

Spinneret head temperature and pressure sensors

Multistage spinning/drying chamber (temperature/atmosphere
controls)

Sensors to monitor temperature, gas composition, gas flow
rate, and fiber diameter in spinning/drying chamber

Frictionless winders
Continuous pyrolysis facility



Fiber Cl terizati

Microstructure and Properties
High temperature testing (e.g., strength, creep) in oxidizing and
non-oxidizing atmospheres

Detailed TEM analysis and compositional mapping
Fracture analysis

vem———

Suitability for C ite Fabricati
Fiber weavability

Stability under compositing conditions (e.g., high temperature/
high pressure)




¢ Lower Oxygen Content

¢ [Increased Si:C ratio

e Oriented Grain Structures




Co-Workers/Contributors

Wm. Toreki
M. Saleem
G.J. Choi
E.J. Serrano

B.J. Madana
A.A. Morrone
E. Lambers
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Fig. 7. Hot tensile strength of Nextel 480 filaments measured

at various temperatures in air.
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Fig. 8. Hot elastic modulus of single filaments of Nextel
480 measured at various temperatures in air.
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Fig. 9. Creep rate of Nextel 480 roving measured at

various temperatures in air.
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MULLITE FIBER FABRICATION

METHOD #1

Aluminum Chlorohydroxide

Solution
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METHOD. #2

Aluminum Formoacetate
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Fiber Drawing
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Silica Sol Methods
Method #3 Method #4
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Seeded Sol Methods

Method #5
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Sintering at 1500 C
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ATOMIC LAYER DEPOSITION (ALD)

TICl, TICl, ;nLayers of Phys-

TIC)
TICly + H, l’f I l adsorbed TIC,
1 | 1 1 l TGy TICly TICly | Chemadsorbed TiCIy
' | |
Substrate s Substrate
Step 1:
Ti Adsorption
Hq .
TiCl, TICl, TICly
IR R R
Substrate R . Substrate
Step 2
ol
TiCl
Cly Ci'i,' C?' CH *nuyuso!l:hys-
CHy + CHy  CHy cu, | Chemadsorbed CHy
; ‘ n T n
) ) )
Substrate — Substrate + HCI
Stepd:
. C Adsorption
CH CH
H, CHy Hy  Clly
IR ToT 0
. ' ! | | |
Substrate — sﬁb.stnto
Step 4:
Desorption of
Physadsorbed
.CHy

Repeat Steps 14
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University of Florida

| Typical Reaction Scenariasl

Pre-treated
Reinforcement

Un-treated
Reinforcement

Matrix Powders
With Ternary Element

A
AB @ .A
In-Situ Formed
Reinforcement
_AB(+O}C 1 AB
Contaminated Matrix Powders .
With Ternary Element Clean Matrix AB

Protected
Reinforcement

BG

(Combinations of the Above

)

Materials Science & Engineering
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Atomic Percent

Nb-NiAl Diffusion Couple
4 Hours at 1200 C

100 ————— e S
o Al

90 ® Ni

80 -~ Nb
¢ O

70 — e

10 20 30 40
Distance (microns)

Electron microprobe linescan showing extensive
reaction zone between the NiAl matrix and untreated
aivbium reinforcement.
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Atomic Percent

100
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In-situ coated Nb-NiAl Diffusion Couple
100 Hours at 1200 C
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Electron microprobe linescan showing reactively
formed alumina interface between NiAl matrix and
pretreated niobium reinforcement.
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Load (Kg)

4 Point Bend Test - Chevron Notch
NiAl Matrix - Nb Filaments

70
[ No Filaments ! 5
60 —— 125 micron l
---- 250 micron |
50 |
40
\\
30 \
20 i
\ |
10 \\ |
|
0 - T . | , H |
0.000 0.250 0.500 0.750 1.000
Displacement (mm)
SAMPLE ’ K,c (MPaVm) FRACTURE ENERGY (J/m?)
00-000 11.03 + 1.09 1253.6 + 289.6
00-125 715+ 1.21 14815 + 183.0
00-250 12.75 + 1.62 6794.8 + 21579
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INTERMETALLIC
MATRIX COMPOSITES

Precarburized molybdenum

NiAl/ Mo2C / Mo diffusion couple
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MSE ——— Umniversity of Florida
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INTERMETALLIC
MATRIX COMPOSITES

\
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19001240
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Figure 1 Mo-Si phase diagram (Brewer 1982). Schematic Free energy vs.
Composition curves for this system, illustrating the range of silicon activities in
MoSia.
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Figure 6 Mechanical alloyed Mo-Si-C vacuum hot pressed at > 1600C. The left
side of the picture is close to the sample surface. The phases present

indicate this area is poorer in silicon.
(Dark phase: SiC, Gray phase: MoSi2, Light phase: MosSi3C) /
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e FIBER DEVELOPMENT

¢ MATRIX DEVELOPMENT

e COMPOSITE FABRICATION




Approaches

Viscous Processing

Infiltration Processing

Potential Advantages
Near Net Shape Fabrication
High Relative Density (Low Porosity)

Low Processing Temperatures
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e Pressure-Assisted Transient Viscous Sintering (PATVS)
(fiber-reinforced composites)

e Seeded Phase Transformations
(lower processing temperatures, finer-grain microstructures)

¢ Microcomposite Particles with Multicomponent Coatings
(expanded range of compositions, lower processing temperatures)
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ENGINEERING STRESS (MPa)

DISPLACEMENT (mm)

74 wt% ALO,/ 26 wt% SIO,

10 voi% SIC Fibers

1300°C Hot Press

TIME (min)

74 wi% ALO,/ 26 wi% SIO,

10 voi% SIC Fibers

1300°C Hot Press

A 1 "

5 10

15

25
TIME (min)
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Recent Developments in Viscous Processing

Pressure-Assisted Transient Viscous Sintering (PATVS)
(fiber-reinforced composites)

o Seeded Phase Transformations

(lower processing temperatures, finer-grain microstructures)

Microcomposite Particles with Multicomponent Coatings
(expanded range of compositions, lower processing temperatures)
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Pressure-Assisted Transient Viscous Sintering (PATVS)
(fiber-reinforced composites)

Seeded Phase Transformations
(lower processing temperatures, finer-grain microstructures)

Microcomposite Particles with Multicomponent Coatings
(expanded range of compositions, lower processing
temperatures)
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Qbjecti
¢ Densification with little or no shrinkage

e SiC-based composites with little or no residual metal

Approach

e Low temperature infiltration of carbon precursor and high
temperature infiltration of silicon alloy.
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infiltrated with Silicon
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Fabrication of a Wide Range of Ceramics, Glass/Ceramic
Composites, and Ceramic/Ceramic Composites

Low Temperature Densification by Viscous Flow

Unique Microstructures (e.g., High Volume Fraction of
Well-Dispersed Inclusions)

Hot Forming of Shapes

Reactive infiltration of Metals
SiC-Based Composites with Low Residual SI Content
High Density (Low Porosity) Achieved without Shrinkage
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a. Scanning electron micrograph of the fracture surface of a
laminate illustrates the crack renucleation created bencath the ductile
layer at B, after fracture started at A.

9l
T
] A Additional force for crack
b 400 1 ~ renucleation
| Lo
= 300 A
o
o E
<
’—‘ -,
| 100 A .
|
1
0 T v Y - T v
N 100 200 00 -0

Displacement (um,

b. Load-displacement curve shows an interruption ai B
due to crack renucleation during load drop.

Figurc 13.  Scanning clectron micrograph and graph ilfustrate crack renucleaion
in a laminatc.
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Interface Tortuosity Controls Strength And Toughness
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