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LOW MODULUS, OXIDATION-RESISTANT COATINGS FOR 

SiC/SiC COMPOSITES 

by 

Nikhil Miraj 

William Curtin and Seshu Desu, Co-Chairmen 

Materials Science and Engineering 

(ABSTRACT) 

A novel material, (Cap6,Mgo.4)Zr4(PO4)s (CMZP), was evaluated as a weak 

interface coating for SiC/SiC composites. A procedure was developed to put down 

uniform and crack-free CMZP coatings on Nicalon cloth and tows using sol-gel and metal 

organic deposition (MOD). The coated Nicalon cloth samples and tows were infiltrated 

with SiC matrix using Chemical Vapor Infiltration (CVI). Bars were cut for flexure testing 

from the infiltrated composite containing Nicalon cloth samples that had been coated 

using sol-gel. These composites failed gracefully, 1.e., there was fiber pullout and 

debonding probably at the matrix-coating interface. Minicomposites that contained tows 

coated using MOD were too weak to be tested for tensile strength. This necessitated the 

deposition of a thin (~ 30 nm) layer of carbon both on the tows before depositing CMZP 

coating to protect the fibers as well as on the CMZP coating to protect the coating. 

Minicomposites that contained these tows, coated using sol-gel and MOD, demonstrated 

extensive pullout and debonding. The composite behavior could not have been due to the 

carbon alone as there was very less (~ 60-80 nm) present. Thus, the CMZP coating was 

responsible, probably in addition to the carbon layers, for the composite behavior.



ACKNOWLEDGMENTS 

I am very thankful to Prof. Bill Curtin and Prof. Seshu Desu for being my advisors 

and for giving me the opportunity to work on a challenging project. I really appreciate 

their guidance, patience and support throughout this work. 

I would like to thank Prof. Stephen Kampe for serving on my advisory committee 

and for reviewing this manuscript. 

I would like to thank Dr. Dave Stinton at Oak Ridge National Laboratory (ORNL) 

for sponsoring this work and for permitting me to use the facilities at ORNL. I would also 

like to thank Libby Kupp for chemical vapor infiltration of my samples and their tensile 

testing at ORNL. I am thankful to Edgar Laracurzio for allowing me to use the tensile 

testing facility at ORNL. I appreciate Subu Shanmugham’s suggestions for improving the 

quality of my coatings. 

I would like to thank the members of Prof. Desu’s Thin Films Group and Prof. 

Curtin’s Composites Group for their help at various times during this work. In particular, 

I would like to thank Dr. Carlos Suchicital for helping me set up the LPCVD reactor. I 

would like to thank Sasangan Ramanathan for his help with ESCA. 

Finally, I would like to thank my parents for their love and encouragement all 

along. 

lil



TABLE OF CONTENTS 

Chapter 

1. Introduction 

1.1 Motivation 

1.2 Objective 

1.3 Presentation of the Study 

2. Literature Survey 

2.1 Applications of SiC-SiC composites 

2.2 Thermal Degradation of Nicalon and Nicalon/SiC 

composites 

2.3 Interface Coatings for Nicalon/SiC Composites 

2.4 Chemical Vapor Deposition of Silicon Carbide 

2.5 Sol-gel 

2.6 Metalorganic Deposition (MOD) 

2.7 CMZP - A Review 

3. Experimental Procedure, Results and Discussion 

3.1 Materials 

3.2 Sol-gel coatings 

3.3 MOD coatings 

3.4 Overview of the coating process development 

3.5 CVD of SiC 

3.6 CVI of SiC and C 

3.7 Flexure and tensile testing of the samples 

1V 

Page 

bo
 

o
e



3.8 Overview of the mechanical testing of composites 

3.9 Suggestions for future work 

4. Conclusions & Summary 

References 

Vita 

8] 

84 

88 

9]



LIST OF FIGURES AND TABLES 

Figure 3-1. Surface treatment of Nicalon cloth samples 

Figure 3-2. Cracked coating on a Nicalon cloth sample placed horizontally 

Figure 3-3. Heat treatment schedule for CMZP coated specimens 

Figure 3-4. Microstructure of the coating fired at 1200C 

Figure 3-5. Microstructure of the coating fired at 900C 

Figure 3-6. EDX confirming the presence of a coating 

Figure 3-7. XRD pattern of CMZP powder (standard) 

Figure 3-8. XRD of the coating fired at 900C for 10 hours 

Figure 3-9. Absence of coating due to use of very dilute CMZP solution 

Figure 3-10. Cross section of Nicalon tows 

Figure 3-11. SEM micrograph of tows coated with a 0.12 m/L CMZP solution 

Figure 3-12. Fracture surface of the minicomposite 

Figure 3-13. Fibers cemented together (0.075 m/L CMZP solution) 

Figure 3-14. Fibers coated with a 0.075 m/L CMZP solution 

Figure 3-15. Fibers coated with a 0.05 m/L CMZP solution 

Figure 3-16. (a). Fibers coated with a 0.025 m/L CMZP solution (b). Fibers 

coated with a 0.025 m/L CMZP solution + wetting agent 

Figure 3-17. Fibers coated with a 0.02 m/L CMZP solution prepared using 2- 

methoxyethanol as a solvent 

Figure 3-18. (a). Fibers coated with a 0.0125 m/L ethanol + xylene CMZP 

solution without a wetting agent (b). with a wetting agent 

Figure 3-19. Fibers coated with a 0.0125 m/L 2-methoxyethanol CMZP 

solution with a wetting agent 

V1 

Ln
 

ho
 

39 

39 

40 

40



Figure 3-20. 

Figure 3-21. 

Figure 3-22. 

Figure 3-23. 

Figure 3-24. 

Figure 3-25. 

Figure 3-26. 

Figure 3-27. 

Figure 3-28. 

Figure 3-29. 

Figure 3-30. 

Figure 3-31. 

Figure 3-32. 

Figure 3-33. 

Figure 3-34. 

Figure 3-35. 

Figure 3-36. 

Figure 3-37. 

Figure 3-38. 

Figure 3-39. 

Figure 3-40. 

Fibers coated with a 0.0125 m/L ethanol CMZP solution with a 

wetting agent 

XRD pattern of a CMZP thin film on Si fired at 1000C for 10h 

XRD pattern of a CMZP thin film on Si fired at 1200C for 24h 

XRD pattern of a CMZP thin film fired at 1000C for 10h 

XRD pattern of CMZP powder fired at 1200C for 24h 

XRD pattern for CMZP by MOD fired at 1000C for 10h, then 

refired at 1100C for 20h 

XRD pattern of a CMZP thin film on Si 

XRD pattern of a CMZP thin film on Si 

XRD pattern of a CMZP thin film on Si (excess P) 

Peaks shifted consistently by 0.7 degrees compared to standard 

CMZP 

Peaks in correct positions but different intensities 

Uniform and crack-free MOD coatings 

Cross section of mimicomposites with 2 interfacial MOD coatings 

after baking at 150C 

Cross section of minicomposite with 3 interfacial coatings 

Debonding present but no fiber pullout 

XRD pattern of CMZP powder fired in a reducing atmosphere 

Schematic of the LPCVD reactor 

Binding energy peak for Si 

XRD pattern indicating the presence of Si(111) 

(a). Mod coated fibers baked at 150C (b). MOD coated fibers 

after being placed in the reactor for 2h at 1100C 

Uncoated tow placed in the reactor at 1100C for 2h 

Vil 

47 

47 

48 

48 

59



Figure 3-41. Forced Chemical Vapor Infiltration (FCVI) 

Figure 3-42. (a), (b), (c) & (d). Load-displacement curves for the flexure 

samples 

Figure 3-43. (a) Debonding & pullout in the flexure bar (sample #989-03) (b). 

Cross-section of flexure bar and sequence of coatings on Nicalon 

fiber 

Figure 3-44. (a), (b), (c), (d) & (e). Load vs. displacement curve for 

minicomposites containing sol-gel coated tows dried at 110C 

Figure 3-45. (a), (b), (c) & (d). Load-displacement curves for sol-gel coated 

tows fired at 900C for Sh in Argon 

Figure 3-46. (a), (b) & (c). Load-displacement curves for minicomposites 

containing MOD coated tows baked at 150C 

Figure 3-47. Sequence of coatings for minicomposites (sol-gel and MOD) 

Figure 3-48 (a) & (b). CMZP coating on the surface of a pulled-out fiber 

(MC72 - #1) (c) Coating visible on the matrix surface (MC72 - 

#1) 

Figure 3-49. Interface coating in the minicomposite, MC72 - #1 

Figure 3-50. Clusters on the matrix of the minicomposite MC78 - #4 

Figure 3-51. Surface of a pulled-out fiber in the minicomposite MC78 - #1 

Figure 3-52. Minicomposite MC78 - #3 

Figure 3-53. Surface of a pulled-out fiber in the minicomposite MC78 - #3 

Figure 3-54. Flakes of material on the surface of a hole in the matrix (MC78 - 

#3) 

Figure 3-55. (a) & (b). Pullout in minicomposite MC72 - #2 

Figure 3-56. Debonding in minicomposite MC72 - #2 

Vill 

NN 
n
i
 

74 

74 

75 

75 

77 

78 

79



Figure 3-57. Pullout in minicomposite MC78 - #2 

Figure 3-58. Coating on the surface of a pulled-out fiber (MC78 - #2) 

Figure 3-59. Process flow for sol-gel coated tows 

Figure 3-60. Process flow for MOD-coated tows 

Table I. Effect of coating on Nicalon fiber strength 

79 

80 

85 

86 

14



Chapter 1 

INTRODUCTION 

1.1 Motivation 

Heat exchanger tubes and hot gas filters, used in fossil energy applications, 

require materials capable of withstanding high temperatures (>1200C) and corrosive 

environments for long periods of time. Silicon carbide (SiC) is a prime candidate for 

these applications because of its high fracture strength at elevated temperatures, excellent 

thermal shock resistance, as well as corrosion resistance in air. However, monolithic SiC 

is brittle and has a low toughness. Thus, components fabricated from monolithic SiC 

have very little reliability, damage tolerance, and durability. To overcome these 

drawbacks, the SiC matrix is reinforced with ceramic fibers like Nicalon™. The 

Nicalon™ fiber consists of B-SiC nano-crystallites and has a typical composition (at %) 

of 58% silicon, 31% carbon, and 11% oxygen [1]. This SiC/SiC composite exhibits high 

temperature stability as well as a higher value of toughness. 

The crucial role played by the interface between the fiber and the matrix in 

influencing the mechanical behavior of the composite is well known [13]. It has been 

shown by many researchers that crack bridging by fibers and fiber pullout are the major 

contributors to toughness of the composite. This implies that the fiber/matrix interface 

must debond readily. If the fibers and matrix are strongly bonded, there is little or no 

debonding and the cracks in the matrix propagate straight through the fibers instead of 

around them. On the other hand, if there is debonding, the composite properties are 

controlled by the residual interfacial sliding resistance between the debonded fibers and 

matrix. 

A thin coating between the fiber and the matrix facilitates debonding. The 

debonding can occur at the fiber/coating interface, matrix/coating interface or within the



coating itself. The coating material should have a low modulus so that an impinging 

matrix crack gets deflected along the coating. In addition to this, the coating should be 

chemically compatible with the fibers and matrix, and should withstand the composite 

fabrication process - chemical vapor infiltration (CVI). Also, in order to protect the 

fibers. the coating should be resistant to oxidation and corrosion. Otherwise, the 

Nicalon™ fibers get oxidized and corroded. and a tough composite at room temperature 

becomes brittle at high temperature. 

Currently, graphitic carbon and hexagonal boron nitride function well at low 

temperatures as interface coatings for Nicalon-reinforced composites. The reason for 

their success is attributed to preferential planes of fracture and slip, which facilitate 

debonding. However, at high temperatures, both coatings get oxidized. Carbon oxidizes 

at 800C leaving behind a composite devoid of an interface coating. Further, the matrix 

and fibers get oxidized to form S10 leading to embrittlement. Boron nitride is converted 

to B203, a glass, at high temperatures, again leading to embrittlement. Thus, the search is 

on for new interface coatings that are stable at high temperatures ( >1200C). 

In oxidizing environments containing alkalis, SiC materials lose up to 50% of 

_ their strength. Thus, it 1s necessary to have corrosion resistant coatings for both fibers and 

exteriors of composites. As of now, no coatings have been found that perform this 

function well. 

1.2 Objective 

The objective of the present study 1s to evaluate the potential of a new class of 

low modulus, oxidation-resistant materials as an interface coating. Previous studies on 

one of these materials have shown that it functions well as an exterior coating on SiC hot 

gas filters. The good prospects for the successful use of these new materials as interface 

coatings are based on (1) the established chemical compatibility, (11) the coating stability 
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under composite processing conditions, (iii) the possibility of controlled adhesion 

between fiber and coating, (iv) the low modulus of the coating, and (v) the low thermal 

expansion coefficient. 

1.3 Presentation of the study 

This study starts off with a literature survey which deals with the application of 

SiC-SiC composites, the corrosion behavior of SiC and the developments, to date, in the 

area of interface coatings for these composites. The use of chemical vapor deposition 

(CVD) for SiC matrix and interface deposition, the use of C as a protective coating and 

the theories of the coating methods, sol-gel and metal organic deposition (MOD) are also 

dealt with in the literature survey. Next, the experimental procedure for the application of 

coatings is described. Here, the procedures for sol-gel, MOD, CVD and CVI as well as 

the procedure for tensile testing of the composite samples are explained. The results and 

discussion follow this chapter. In this chapter, the data pertaining to the characterization 

of coatings and tensile strength of the composite samples is presented, and their 

implications are discussed. The study ends with conclusions and references.



Chapter 2 

LITERATURE SURVEY 

2.1 Applications of SiC-SiC composites 

SiC/SiC composites have the potential to provide components for aerospace, 

power generation, and radiant heating applications as well as high temperature filters for 

pollution control. 

In aerospace applications. they can be used as structural components for aircraft 

and space shuttle engines. A ceramic-matrix composite combustor liner is deemed 

necessary for low emissions combustors in aircraft engines. SiC/SiC composites have 

been selected for this application. Their high thermal conductivity and low temperature 

gradients allow for improvements in fuel efficiency due to increased engine temperatures 

and pressures, which in turn generate more power and thrust. They offer significant 

potential over conventional materials for raising the thrust-to-weight of the gas turbine 

engines [2]. Use of turbine tip shrouds would reduce the cooling air requirements and 

lead to a 1% increase in power output with $460,000 fuel savings/turbine/year [18]. 

In the area of power generation, they are among the few materials that can be used 

for the core in a fusion power plant. The characteristics that make them suitable are the 

low activation 1.e., the ability to withstand neutron bombardment without becoming 

highly radioactive and high temperature capability [3]. 

The DOE-Continuous Fiber reinforced Ceramic Composites (CFCC) Program 

sponsors various projects that evaluate the potential of these composites for some of the 

applications mentioned before. One project is directed towards development of a new 

generation of radiant burners with greater durability, longer life and high temperature 

capability. 10% market penetration of these burners would save 50 billion cubic feet of 

natural gas and reduce nitrogen oxide emissions by 35,000 tons per year. A burner



incorporating a CFCC outer shell operated with minimal material degradation for 3000 

hours at 250 deg.F higher than a conventional burner. A CVD SIC infiltrated porous mat 

was tested for 1500 hours with no degradation. A concept to utilize a CFCC reverbatory 

screen was explored and demonstrated to increase radiant output up to 100% [4]. Another 

project focused on the improvement in high temperature stability, on cost reduction and 

on achieving a controlled pore structure for hot gas filters[4]. A graded matrix CFCC was 

developed with a silicon carbide interior and a mullite surface that exhibits improvement 

in corrosion resistance [4]. 

CFCCs can also be used for other industrial heat management applications [18]. 

Use of CFCC heat exchanger tubes im a coal-fired power generation plant would allow 

an increase in plant efficiency to 47% (versus the conventional 35%) and generate 34% 

more power per ton of coal. Additional benefits are at least a 25% reduction in airborne 

emissions (CO, NOx, SOx and particulates), a 25% reduction in solid waste, and a 33% 

reduction in thermal loading to cooling water. Use of CFCC tubes in steam reformers 

could increase temperatures to 1040C versus the current 870C and result in 99% 

conversion to synthesis versus 86% in conventional plants. This will result in up to 30°%% 

savings in total energy requirements. CFCC materials can be used for the construction of 

hot gas transfer lines because of their high temperature strength and resistance to 

corrosion. 

2.2 Thermal Degradation of Nicalon and Nicalon/SiC composites 

Strength degradation of Nicalon fibers on exposure to high temperatures is well 

documented in the literature. 

Okamura et al. [10] studied the effect of oxygen content on the tensile strength of 

stoichiometric SiC fibers. Fibers with different oxygen contents were synthesized from 

polycarbosilane. Additional amounts of oxygen were introduced by using heat treatments



and y-ray irradiation curing. The variation of tensile strength with temperature was then 

studied. At 1300C, CO gas was evolved leading to a decrease in the tensile strength of the 

fibers that had been heat treated due to the oxygen introduced by the heat treatment. 

Another reason for the decrease in strength was the crystallization of b-SiC and S102. In 

the case of the irradiated fibers, those that had been irradiated in air had lower tensile 

strengths as compared to those that had been irradiated in vacuum because a fair amount 

of oxygen had been introduced by the irradiation in air. 

J. P. Singh et al.{5] compared the strength of as-fabricated ceramic-grade Nicalon 

fibers (carbon-coated) with that of Nicalon fibers in composite specimens, before and 

after exposure to elevated temperature (1300C). Strength distribution of as-fabricated 

Nicalon fibers was obtained from the bundle test, originally developed by Manders and 

Chou [6]. The strength of fibers in composites after fabrication and after exposure of 

fabricated composites to elevated temperatures was estimated from fracture mirror radii 

measurements. The results indicated that as-fabricated fibers exhibit an average strength 

more than 50% greater than that of fibers incorporated into matrix after processing. Also, 

after exposure to high temperature, there is further reduction in the Nicalon fiber strength, 

compared to the fibers an as-fabricated composites. However, the Weibull! moduli, which 

describe the variability, or dispersion of measured strengths about the average [33], 

remain almost the same in all three cases implying that the flaw distribution remains 

similar but flaws become more severe due to degradation of inherent material properties. 

Thus, the decrease in the average strength of Nicalon fibers after incorporation into 

composites is attributed to thermal and mechanical degradation of fibers during 

processing, The effects of long term exposure at elevated temperatures (1200C) on the 

composite mechanical properties was also investigated. Flexural strength of Nicalon/SiC 

composites decreased with test temperature over 800C. Exposure at 1200C for 24h 

significantly reduced strength.



Tressler et al. [7] determined the short-term mechanical properties of several 

fibers which offered promise for high-temperature applications and identified factors 

which limited their properties. In particular, Nicalon showed nearly constant strength (~2 

GPa) from room temperature to about 800C. SEM examinations of the fracture surfaces 

of specimens tested in this temperature range revealed distinct mirror and hackle regions 

characteristic of brittle fracture. The strength was ~30% lower and relatively constant 

from 1000C to 1200C. Fracture surfaces for specimens tested in this temperature range 

were flat and featureless. The decrease in strength relative to lower temperatures was 

attributed to chemical reactions within the fibers. The SiC-based fibers were 

thermodynamically unstable and free carbon and silicon were present. These fibers were 

known to undergo internal reactions above 800C. It was felt that the kinetics of the 

internal reactions became sufficiently rapid at about 1000C to cause measurable 

weakening in the interval of the tests. Nicalon exhibited linear elastic behavior through 

1200C and extensive plasticity at higher temperatures. At 1300 and 1400C, the strength 

dropped significantly. The fracture surface of the specimens revealed large voids near the 

surface, suggesting that oxidation was involved in the degradation process at the highest 

test temperature. 

Stamatoff et al.[8] investigated the role of Nicalon structural modifications in the 

thermal degradation of the fiber at high temperatures. The fibers were heat treated for 12h 

periods at temperatures of 1000, 1200, and 1400C in flowing wet air or flowing argon. 

The samples gained weight when heat treated in wet air and lost weight when heat treated 

in argon. This was explained as surface oxidation of SiC leading to the formation of a 

Si0O7 layer. It is known that the evolution of gaseous CO and SiO leads to high corrosion 

rates for SiC materials and that the oxide film can serve to protect the material from gross 

decomposition. Elemental analyses were used to follow the relative gains and losses of 

the constituents after thermal test runs were completed. There was a relative oxygen gain 
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indicating oxidation of the fiber in a wet air environment. There was a steady relative 

carbon loss with increasing test temperature indicating oxidation of carbon from the fiber. 

After heat treatment in argon, the fiber stoichiometry did not significantly change as a 

function of test temperature. The (room temperature) tensile strengths of the fibers heat 

treated in wet air at various temperatures were as follows: 2.4 GPa (room temperature), 

1.7 GPa (1000C), 750 MPa (1200C) and 450 MPa (1400C). In the argon environment, 

the fiber behaved similarly. Using XRD, beta-SiC was identified as the major phase with 

a 2.7 nm crystallite size. On heating the fibers to high temperatures in air, a broad peak 

developed at 26 = 22° @ 1000C. The peak sharpened at 1200C and became very narrow 

at 1400C. This peak was due to alpha-cristobalite (S107). Small SiO> crystallites were 

formed at lower temperatures and coarsened with increasing temperature and time. The 

remaining beta-SiC showed little change in crystallite size up to 1400C. After heat 

treatment at 1400C in argon, the sample experienced only a slight increase in crystallite 

size. SEM micrographs revealed that at elevated temperatures in air, a SiO film (~1 mm) 

formed on the fiber surface providing a surface coating. The low viscosity of Si0> at 

temperatures between 1200 and 1400C aided the sintering among the fiber coatings 

leading to fiber fusion. The oxide formation on SiC-containing materials can be 

accompanied by evolution of gaseous oxides of carbon which may cause pores to develop 

in the growing silica scale. Evidence of this kind of microstructure was observed in 

thermal stability test samples. Fibers from the 1400C wet air heat treatment conditions 

showed extensive roughening and exhibited a scale which tended to spall from the 

surface. This indicated that there was not a good bond between the phases to allow 

transmission of the stresses. Difference in the thermal expansion coefficient of the phases 

resulted in extensive microcracking in the silica film. The SEM micrographs of the 

1400C heat-treated fibers revealed different microstructures. A coarsening of the beta- 

SiC crystallites was observed on the outer layer. The core of the fiber exhibited



amorphous-like and crystalline reaction zones. Thus, crystallization was not only surface- 

oriented but bulk-oriented as well. Cavities and crack-like flaws seemed to occur 

preferentially at grain boundary interfaces between silicon carbide particles via grain 

boundary separation. Thus, it 1s important to monitor elemental analysis in the 

development of a fiber intended for high temperature applications. 

Thus, the oxygen, incorporated into the Nicalon fibers during processing, 

adversely affects the strength of the fibers at temperatures above 800C. The fibers 

undergo internal reactions above 800C. These reactions become sufficiently rapid at 

1000C leading to a 30% decrease in strength. Beyond 1200C, there is a marked decrease 

in strength. The internal reactions, referred to earlier, are the oxidation of C and Si to 

form CO and SiO respectively and the crystallization of b-SiC and S102 . 

Gyekenyesi et al. [9] investigated damage mechanisms of 3-D Nicalon preform 

silicon carbide matrix composites resulting from tensile and flexural loading and 

determined effects of test temperature and test environment on their tensile and flexural 

strengths. The composite specimens were coated with an oxidation resistant coating, 

which was mostly stoichiometric CVD-SiC. The Nicalon preform was coated with a thin 

layer of pyrolitic carbon (0.5-1.0 mm). The specimens were tested in air at 23, 1200 and 

1550C. Under tensile loading, the specimens demonstrated an elastic response in the 

initial loading stage followed by an inelastic regime showing nonlinear behavior as the 

load increased. Beyond the critical point i.e. the transition point from elastic to inelastic 

response, the slope of the stress-strain curve decreased progressively because of 

transverse matrix cracking and fiber failure. Optical micrographs showed that the fracture 

surface at 1550C was fibrous (fiber pullout ~ 750 mm, estimated from the micrograph) 

while the failure surfaces of specimens tested at 23 and 1200C were not (no pullout 

visible). The fibrous failure mode indicated that the interfacial shear strength decreased in 

this composite at 1550C as similar pullout was not observed at 23 and 1200C. A much



larger strain-to-failure was also seen in this specimen. The ultimate tensile strength (66 

MPa) and Young's modulus (60 GPa) were drastically reduced at 1550C. These values 

were 139 MPa and 250 GPa at 23C and 122 MPa and 258 GPa at 1200C. However, the 

loss in matrix cracking stress (33 MPa) for the specimen tested at 1550C was more 

modest when compared to specimens tested at 23C (38 MPa) and 1200C (40 MPa). This 

was mainly due to the outer oxidation resistant coating which protected the fibers up to 

the critical strength but not to the ultimate tensile strength. For the composite tested at 

1200C, both the ultimate strength and modulus were surprisingly high. Failure in the 23 

and 1200C were very similar. This was remarkable as the fibers normally lose their 

strength above 1000C. Thus if the fibers are protected by an oxidation-resistant coating, 

at least for short periods of time, the fibers do not lose their strength. Only a single 

transverse matrix crack and fiber fracture at failure load were observed in the 23C 

specimen. Under flexural loading, all specimens failed by cracks forming on their tensile 

sides. Deflected and tortuous crack propagation was observed in specimens tested at 23 

and 1200C but not in the in the 1550C specimen. The specimens at 23 and 1200C showed 

optically flat fracture surfaces in spite of the branched microcracks. However, in the 

1550C specimen fibrous fracture morphology was observed. This pullout mechanism was 

very similar to the tensile specimen response, confirming that the oxidizing environment 

at 1550C altered the fiber-matrix interface even during short exposure periods. 

2.3 Interface Coatings for Nicalon/SiC Composites 

Several people are involved with trying to find new materials capable of being 

used as interface coatings in Nicalon/SiC composites. 

R. Naslain [15] proposed that a material with a layered crystal structure or a 

layered microstructure might be the best way to accomplish the interface functions. The 

examples suggested were: (1) interfaces of anisotropic pyrocarbon, BN, Ti3SiC> and 
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phyllosiloxides (a new class of all-oxide layered materials deriving from micas) for those 

with layered crystal structures and (ii) multilayered (PyC-SiC) interfaces for those with a 

layered microstructure. To evaluate the performance of these interfaces, 1-D 

minicomposites were prepared. Nicalon/PyC/SiC minicomposites were prepared from 

single Nicalon fiber tows with an anisotropic interface by pulse CVI and tensile tested at 

ambient. The failure stress, strain, microcrack interspacing and interfacial strength were 

found to be strongly dependent on the interface thickness. The best results were obtained 

for a thickness of around 200 nm. The strength of bonding between the fiber and the 

PyC-interface was found to influence the load transfer capability. A strong bond, 

achieved by a proper pre-treatment of the Nicalon fibers, caused the matrix microcracks 

to follow a tortuous path within the PyC rather than at the fiber/PyC interface. This led to 

a high load transfer capability. At high temperatures in oxidizing atmospheres, it was 

found that a thin PyC interface (~ 0.1 mm) worked best as it facilitated a self-healing 

behavior. Hexagonal BN has advantages over PyC in oxidizing atmospheres Its oxidation 

starts at a higher temperature (~850C vs. 450C) and it yields an oxide, B903, which 

remains liquid over a broad temperature range (from 500 to 1100C) and is known for its 

healing properties. In the intermediate temperature range (500 - 800C) and under a stress 

level of 600 MPa, the lifetime of the minicomposites dramatically improved when the 

PyC interface was replaced by a hex-BN interface. 2-D Nicalon/(PyC-SiC),/SiC 

composites with n ranging from | to 4, have been prepared [16] from Nicalon fabrics, in 

which the overail interface thickness was maintained constant and equal to 0.5 mm. It 

was found that these composites exhibited greater fracture toughness compared to 

composites with a homogeneous 0.5 mm PyC interface. Park et al.[20] investigated the 

effect of multilayer CVD C and SiC coatings on the mechanical properties of the 

composites. They found that the flexural strength and fracture toughness of the 

composites were increased with the number of coating layers, the maximum values being



obtained for 7 coating layers (C/SiC/C/SiC/C/SiC/C). Typical flexural strength and 

fracture toughness of the composites were 300 MPa and 14.5 MPa ml/2, respectively. 

Ti3SiC>4 [15], despite its layered crystal structure , was thought of as being an 

Inappropriate interface material because its oxidation starts at temperatures as low as 

400C. and it grows as hexagonal platelets oriented perpendicular to the substrate. A 

phyllosiloxide having the formula KMg7Al(Siq4)O 12 has been found to be stable up to 

950C at atmospheric pressure and beyond 1350C under a pressure of 2 GPa. These limits 

are compatible with CVI and hot-pressing. Preliminary experiments [15] have suggested 

that this material can act as an interface. 

Contrary to what was proposed by Naslain, Cawley [17] found that using thinner 

carbon films did not reduce the rate at which a fiber became decoupled from a matrix as a 

result of carbon oxidation. However, the rate at which the fiber became fused to the 

matrix was very sensitive to the gap opening, and, thereby to carbon thickness. The use of 

multilayers, such as alternating layers of C and SiC, did not change the result. 

Lowden et al.[11] used thermogravimetric analysis to study the reaction kinetics 

associated with high-temperature (950C) air oxidation of graphite- or BN-coated Nicalon 

fiber-reinforced SiC composites. For those with graphite interlayers, the weight change 

behavior with time was characterized by a rapid initial mass loss followed by increasing 

weight gain. The maximum weight loss was generally proportional to the graphite 

thickness. Weight loss was not observed when a Nicalon/SiC composite without a fiber 

coating was oxidized. When specimens with graphite interlayers were exposed im air at 

950, 1080 and 1210C, the minimum point in the weight change versus time curves moved 

to shorter times with increasing temperature, and the greatest weight loss occurred at the 

intermediate temperature. These results were explained on the basis of concurrent 

reactions associated with oxidation of the graphite and the formation of SiO> on the 

matrix and fibers. The oxidation resistance of the SiC with BN-coated Nicalon fibers was



significantly better. Little or no weight loss was observed in the composite. Flexure tests 

of Nicalon/graphite/SiC previously oxidized in air at 95OC revealed that degradation of 

fracture resistance could be detected after very short exposure times (less than 1h). 

Welch et al. [21] deposited oxide-carbon multilayer coatings on Nicalon. Sugar- 

ammonium hydroxide solutions were used for carbon coatings, and aqueous sols were 

used for the oxides. Nicalon fibers were embrittled when coated with alumina and 

mullite. Embrittlement by alumina was much less severe than that by mullite. Carbon 

coated Nicalon fibers, however, were not embrittled when overcoated with alumina or 

mullite. Even 25 nm of carbon was sufficient to protect the fibers from embrittlement. 

The coatings did not bond well to the carbon surface. though, during firing in the furnace 

and tended to crack and spall off. A carbon overcoating in simultaneously deposited 

oxide-carbon coatings helped prevent the oxide coating from spalling off. 

Liaw et al. [12] fabricated Nicalon/SiC composites with carbon, alumina or 

mullite interfacial coatings and compared their flexural behavior at room temperature and 

elevated temperature.(1000C). Fracture surface examination of composites with carbon 

interfacial coatings showed considerable fiber pullout before oxidation. However, after 

oxidation for 24h in air at 1000C they exhibited brittle fracture with very little fiber 

pullout. Similarly, the fracture surface of a composite with an alumina interfacial coating 

showed very little fiber pullout after oxidation. This was attributed to either chemical 

reaction or mechanical damage resulting from the thermal expansion mismatch between 

fiber and coating, or a combination of both. The fracture surface of the composite with a 

mullite interfacial coating, however, displayed considerable fiber pullout before and after 

oxidation. 

Griffin and Kieschke [14] used CVD to deposit various coatings on Nicalon tows. 

The effect of coating on Nicalon fiber strength is tabulated below: 
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Table I: Effect of coating on Nicalon fiber strength 
  

  

  

  

  

  

  

        

Coating Strength Reduction Coating Thickness 

(%) (nm) 
BN 55 150 

C 0 50 

se 95 100 

S13N4 100 100 

BN/SiC 0 300/100 

BN/S13Nq4 0 300/100 

C/SiC 0 50/100     
BN coating resulted in a 55% strength reduction, but no reduction was found when 

subsequently overcoated with SiC or Si;N,4. Previous work has determined that the 

Nicalon surface is sensitive to impurities during BN deposition. Nicalon fiber has been 

found to contain small particles of Na, Ca, Mg and K. These cause the strength 

degradation, through a BN/Si0O9/impurity interaction. All coatings were deposited at 

temperatures in excess of 900C, so the chemical interactions between chloride-based 

precursors and the fibers are severe. Strength degradation is attributed to gross chemical 

attack of the fiber or strong fiber/coating bonds. This is evident in the case of SiC and 

Si3Nq deposited onto bare fibers. 

Morscher et al. [19] deposited pyrolitic boron nitride with silicon additions, 

PB(SDN, on Hi-Nicalon tows using CVD. The PB(Si)N showed 1-3 orders of magnitude 

greater oxidation resistance than pure PBN at 1200-1500C and was more resistant to 

reaction with moisture. X-ray diffraction and EDX showed that the PB(Si1)N was glassy 

and that the silicon and boron were uniformly distributed. The coatings exhibited low 

thermal expansion, close to that of pure PBN, and showed good debonding characteristics 

like those of PBN. Tests on single fibers of Hi-Nicalon yarn which were continuously 

coated with PB(S1)N showed less than 5% strength loss compared with the as-received 

fibers.



Boron doping of carbon has been shown to be an effective method for improving 

the short-term oxidation resistance of Nicalon/SiC composites [23]. The boron was added 

to inhibit oxidation of the interface coating through the formation of a glass layer that 

could seal the exposed surfaces of the fiber coating and prevent further attack. Small 

concentrations of boron had little effect on the mechanical behavior of the composites, 

however, properties were diminished at higher dopant levels. The interface coating 

became harder and stiffer with increasing boron content, and interfacial forces were 

altered which resulted in a loss of strength and embrittlement of the material. 

Pseudo-porous SiC/C coatings on Nicalon were evaluated in as coated condition 

and after oxidation at 600 and 1000C for 20 hours [22]. The coatings were 1-2 mm thick 

and showed a columnar morphology. The coating spalled easily after oxidation. Most of 

the carbon was removed after oxidation at 600C leaving behind a skeleton of porous SiC. 

Even at 1000C, the coating was not completely oxidized. 

2.4 Chemical Vapor Deposition of Silicon Carbide 

Chemical vapor deposition (CVD) is defined as the formation of a non-volatile 

solid film on a substrate by the reaction of vapor phase chemicals (reactants) that contain 

the required constituents [26]. The reactant gases are introduced into a reaction chamber 

and are decomposed and reacted at a heated surface to form the thin film. 

A CVD process consists of the following steps: a) a given composition (and flow 

rate) of reactant gases and diluent inert gases is introduced into a reaction chamber; b) the 

gas species move to the substrate; c) the reactants are adsorbed on the substrate; d) the 

adatoms undergo migration and film-forming chemical reactions, and e) the gaseous by- 

products are desorbed and removed from the reaction chamber. 

The chemical reactions of the gases leading to the formation of a solid material 

may take place not only on the wafer surface (heterogeneous reactions) but also in the gas



phase (homogeneous reactions). Heterogeneous reactions are much more desirable, as 

such reactions occur selectively only on heated surfaces, and produce good quality films. 

The surface reaction rate is known to increase with increasing temperature. When the 

reaction cannot proceed any more rapidly than the rate at which reactant gases are 

supplied to the substrate by mass transport, no matter how high the temperature is 

increased, the situation is referred to as a mass-transport limited deposition process. On 

the other hand, at lower temperatures, the surface reaction rate is reduced, and eventually 

the arrival rate of the reactants exceeds the rate at which they are consumed by the 

surface reaction process. Under such conditions, the deposition rate 1s reaction rate 

limited. 

In the present work, SiC thin films were deposited using low pressure chemical 

vapor deposition (LPCVD). By operating at medium vacuum (30-250 Pa or 0.25-2.0 

torr), and higher temperatures, LPCVD reactors typically deposit films in the reaction 

rate limited regime. At reduced pressure the diffusivity of the reactant gas molecules is 

sufficiently increased so that mass-transfer to the substrate no longer limits the growth 

rate. The two main disadvantages of LPCVD are the relatively low deposition rates and 

the relatively high operating temperatures. 

The construction of the LPCVD reactor, the deposition procedure and the 

conditions used in the present work were based on previous work by Chiu and Desu [27]. 

Stoichiometric and polycrystalline b-SiC thin films with smooth surfaces were 

successfully grown by them on Si(100) substrates with SiC buffer layers at 1050C by 

using a mixture of methyl trichlorosilane (MTS) and H) in a hot wall LPCVD reactor. 

The deposited SiC thin films showed a preferred orientation (111). Defect free Si 

substrates and smooth topography was obtained at lower MTS concentrations and/or low 

deposition pressures. Poor topography, degradation in preferred orientation, and etching



of the Si substrate were observed at high values of deposition pressure, MTS 

concentration, and temperature. 

While LPCVD is used for the deposition of SiC interface coatings. chemical 

vapor infiltration (CVI) is used for the deposition of the matrix. CV] is simply CVD on 

the internal surface of a porous preform [28]. It 1s a unique method for preparing 

continuous fiber ceramic composites that spares the strong but relatively fragile fibers 

from damaging thermal, mechanical and chemical stress. This is also a major advantage 

CVI has over competing densification processes. The precursors are introduced into a 

porous preform via either diffusion or forced convection. They react to deposit the 

appropriate phase(s). As infiltration proceeds, the deposit on the internal surfaces 

becomes thicker. Thus after some time, the growing surfaces meet, bonding the preform 

and filling most of the free volume with deposited matrix. 

Even though there are a variety of techniques available for infiltration, only two 

have been found to be practical. The most widely used commercial process 1s 

isothermal/isobaric CVI (ICVI), which depends only on diffusion for species transport. 

This generally operates at reduced pressure (1-10 kPa) for deposition and transport rate 

control. Fixturing of the fibrous preforms is needed before initial densification to 

maintain the proper shape. Density gradients are minimized by a low reaction 

temperature, although in order to get economical densification rates, deposition is often 

sufficiently rapid to overcoat the outer surface before infiltration 1s complete. This 

diffusion-dependent process 1s still slow requiring several-week-long infiltration times. It 

is commercially attractive, however, because large number of parts of varying 

dimensions are easily accommodated in a single reactor. The forced-flow/thermal 

gradient technique (FCVI) developed at Oak Ridge National Laboratory (ORNL) 

overcomes the problems of slow diffusion and restricted permeability, and has 

demonstrated a capability to produce thick-walled, simple-shaped components in times of



the order of hours. Its disadvantage lies in the extensive fixturing necessary to maintain 

both the thermal and pressure gradient, and as such has lagged ICV] in its application. 

In this work, the Nicalon/SiC composites were fabricated by FCVI. A detailed 

description of the reactor set-up and procedure followed ts given in Chapter 3. 

2.5 Sol-gel 

The term "sol-gel" refers to chemical processes in which polymeric gels are 

formed from metalorganic starting solutions [29]. The advantages of sol-gel processing, 

in general, are purity of the starting components, homogeneity on the molecular level, 

and the synthesis of compositions which cannot be obtained through traditional methods. 

The disadvantages include the high costs of raw materials, the large shrinkage that occurs 

and the long processing times involved. Tailored microstructures can now be obtained 

routinely by varying process parameters such as precursors, water ratios, solvents, and 

catalysts. 

The most commonly studied sol-gel systems are based on the chemistry of metal 

alkoxides, M(OR)y. Two key steps are involved in the sol-gel process, hydrolysis and 

condensation. The reaction can be summarized as follows: 

Hydrolysis: 

M(OR), + H20 — M(OR)x_;OH + ROH 

Condensation-Polymerization: 

2M(OR)x.}OH — H 20 + (OR)x_] M-O-M(OR)x_] 

where M is a metal species (Al. Ti, Zr, etc.) and R is an organic group (methyl, ethy], 

isopropyl, etc.) [30]. 

In general, hydrolysis is facilitated by increases in the charge density on the 

metal, the number of metal ions bridged by an hydroxo or oxo ligand, and the number of 

hydrogens contained in the ligand. Hydrolysis is inhibited as the number of hydroxo 
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ligands coordinating M increases. Condensation occurs only by additional reactions when 

at least one of the reactants species is coordinately unsaturated. Condensation occurs as 

soon as one OH 1s present in the coordination sphere of M. This 1s brought about by 

adding a base or oxidizing agent to aquo-ions or by adding an acid or reducing agent to 

Oxy-10ns. 

Acid or base catalysts can influence both the hydrolysis and condensation rates 

and the structure of the condensed product. Acids can increase the reaction kinetics by 

producing good leaving groups, 

M-OR + H30* — M* +:ROH + H90, 

and eliminate the requirement for proton transfer within the transition state. 

Alkaline conditions produce strong nucleophiles via deprotonation of a hydroxo 

ligand: 

L-OH + :B — L-O- + BHT 

where L = M or H and B = OH™ or NH3. Condensation kinetics are systematically 

enhanced under basic conditions. 

Alcohol is one of the chemical modifications of transition metal alkoxides. 

Alcohol exchange is a common method of alkoxide synthesis because alcohol exchange 

reactions occur readily with metal alkoxide precursors: 

M(OR)z + xR'OH — M(OR) 7_x(OR')y + xROH. 

Alcohol exchange can significantly alter the hydrolysis behavior of transition metal 

alkoxides. 

The hydrolysis and condensation behavior of the modified precursor depends on 

the stability of the modifying ligand, which is not always possible to predict on the basis 

of stability of the parent compound. In general, less electronegative ligands are removed 

more slowly during condensation.



Whether precipitation or gelation occurs depends not only on the processing 

factors of pH gradients, temperature, and speed of mixing, but also on the condensation 

kinetics. More compact polyanions are formed when the kinetics of condensation are 

rapid whereas slower kinetics result in more open structures and generally allow the 

formation of clear gels when an acid 1s added. 

The hydrolysis and condensation reactions lead to the growth of clusters that 

eventually collide and link together into a gel by contact with the substrate and exposure 

to the atmosphere. The process of gelation can be described as follows: clusters grow by 

condensation of polymers or aggregation of particles until the clusters collide; then links 

form between the clusters to produce a single giant cluster that is a gel. The gel network 

contains a continuous liquid phase, which allows relatively fast transport. The reactions 

that produce gelation continue long after the gel point. 

Most gels are amorphous , even after drying, but many crystallize when heated. If 

the objective of the processing is to produce a pore-free coating, it is necessary to heat the 

gel to a temperature high enough to crystallize the coating. The limitation to this step ts 

the temperature to which the substrate and the film can be subjected. Hermetic films can 

be achieved in some, but not all applications. 

2.6 Metalorganic Deposition (MOD) 

The metalorganic deposition process is a technique for producing inorganic films 

without processing in vacuum or going through a gel or powder step [24]. The processing 

starts with metalorganic compounds of the desired elernents dissolved in an appropriate 

solvent. A metalorganic compound is one in which a metal atom 1s bonded to a hetero 

atom (e.g. O, N, S, or P) which in turn is bonded to an organic radical. Of the many 

metalorganics from which to choose, only a few of the octoates (2-ethyl-hexanoates), 

neodecanoates, amines, and mercaptides are commercially available. The solutions of



individual metalorganic compounds are then mixed in the appropriate ratio to give the 

desired cation stoichiometry for the final film. The mixture of the solutions 1s itself a true 

solution. The formulation is deposited on a substrate by any of a variety of techniques to 

produce a wet film, which is then heated first to remove any solvent that did not 

evaporate during the deposition step and then decompose the metalorganic compounds to 

produce an inorganic film. A significant volume change occurs in going from the wet 

film to the inorganic film. If a single deposition does not produce a film of the desired 

thickness, the deposition and pyrolysis steps can be repeated as many times as necessary 

to produce a multilayer film of the required thickness. After the desired thickness 1s 

achieved, the films can be subjected to further heat treatment to control features such as 

oxygen stoichiometry , grain size or preferred orientation. 

MOD processing has many advantages over alternate techniques for producing 

thin films. Equilibrium phases of the desired systems can be obtained at relatively low 

temperatures. The selective volatility of different species , thus, ceases to be a problem. 

In general, the low temperature processing yields extremely fine grain size 

polycrystalline films. In many cases, the initial inorganic films are amorphous to x-rays. 

This allows for precise control of grain size by annealing after preparation of the films. 

The low temperature processing and the achievement of equilibrium phases is primarily 

due to the fact that the formulation that is deposited on the substrate is a true solution, and 

hence the mixing of the various ingredients is on the molecular level. This implies that 

diffusion distances in the inorganic film after pyrolysis that are required to achieve 

thermodynamically stable phases are very short. This intimate mixing and high reactivity 

as well can be used to advantage in preparing very dense films. In most cases, films with 

near theoretical density can be achieved. Starting from solution also leads to films with 

extremely uniform composition over large areas having complicated shapes and



geometries. High purity can be maintained during MOD processing by appropriate care 

in the various processing steps. 

There are also some disadvantages of MOD processing. The volume change in 

going from the deposited wet film to the fired inorganic film is always very large, with 

typical ratios of deposited to fired thickness of 6 to 30. This large volume change implies 

that the fired films will always be thin (less than 1 mm in almost all cases). This 

limitation can be overcome by a multilayer approach, but there might be either technical 

or economic limits as to the number of layers that can be produced. The rapid 

achievement of thermodynamic equilibrium, mentioned before, can prove to be a 

disadvantage too, in certain cases. Many of the ferrolelectric materials in use today have 

their desirable properties because of a non-equilibrium microstructure. These non- 

equilibrium microstructures cannot be duplicated by MOD technology. 

2.7 (Cag.6,.Mgo.4)Zrg(PO4)6 - A Review 

A brief review of the work done in the development of CMZP, in the bulk as well 

as thin film form, 1s presented below. This composition was developed by Brown et al. 

[25]. 

(Ca]_x,Mgx)Zr4(PO4)¢ (CMZP) is a member of the structurally similar family of 

materials designated as NZP, of which NaZr9P30}]2 1s the prototype composition. It has 

been seen that NaZraP301 7 exhibits low thermal expansion which transitions from 

positive to near-zero as the composition is varied between NaZr2P30] 7 and 

Na]+xZr2P3_xSixO. The open structure of the NZP framework permits the substitution 

of different ions leading to the formation of new crystalline solutions with tailored 

thermal expansion characteristics. The NZP structure is made of corner-sharing PO4 

tetrahedra and ZrO¢ octahedra linked together to form a rigid hexagonal framework. The 

thermal expansion of the NZP skeletal framework is essentially zero and the interstitial



ion, e.g., Na”, is primarily responsible for the total thermal expansion of the structure. 

The standard formula for this structure can be written as M!;Ml3A>B30]>, where M 

sites are vacancies, four per formula unit, which can be filled or left empty with little or 

no alteration to the structure's crystallography. Alkali and alkaline earth cations have 

been substituted into the vacancies to obtain compounds with thermal values ranging 

from positive and negative to near zero. Thus, Ca2* and Mg2* can be substituted for 

Na™ at M sites in the NZP structure to create a new, low-thermal-expansion, low thermal 

conductivity material, CMZP. 

Sintered samples prepared by the solid-state reaction and sol-gel methods were 

identified as single phase by x-ray diffraction. The indexed pattern for CMZP was 

equivalent to the CaZrq(POq)¢ pattern. Peak positions were shifted slightly, but the 

pattern still closely resembled that of CaZrg(PO4)6, suggesting solid solution. Samples 

prepared by the sol-gel route have higher bulk densities as compared to those prepared by 

the solid state reaction. CMZP samples exhibit thermal expansion anisotropy. The unit- 

cell parameter c expands upon heating and a contracts Thermal expansion anisotropy is 

significantly reduced as the Mg-+ content is increased from 0.0 to 0.4 in (Cayq_ 

x Mg x)Zrqg(POq)g. Expansion of ¢ decreases with Mg2* content and contraction of a 

approaches zero at x=0.4. The average bulk linear coefficient of thermal expansion (a, ) 

of CMZP ts only 1.65 x10-®. Thermal conductivity of CMZP is very low. This is due to 

significant phonon scattering within the NZP structure of CMZP. A sample with an 

Mgt content of 0.3 has a thermal conductivity of 0.561 W/m.K at 200C increasing to 

only 1.0 W/m.K at 1000C. Thermal conductivity values tend to decrease with increasing 

Mgt content. 

CMZP thin film coatings have been deposited on Si3Nq4, dense SiC and porous 

SiC using sol-gel and dip coating techniques. CMZP coatings derived from inorganic 

precursors formed thin films with small grains. Organic precursors resulted in a thicker



film with large grains. The coating thickness was also controlled by the concentration of 

precursors in the solution. Good adhesion between substrate and coating was achieved by 

surface treatment of the substrate. For porous SiC, homogeneous, crack-free coatings 

were formed on both the outer surface and the interior sections of the pore walls. CMZP 

coatings exhibited good thermal shock resistance and greatly improved alkali corrosion 

resistance. The thermal shock testing involved heating the coated samples to 300C, 500C, 

and 1000C, respectively, and then quenching in water at 25C. The samples tested at 300C 

and 500C had no cracks, while those tested at 1000C had small cracks. The alkali 

corrosion resistance was determined by measuring the weight loss of samples exposed to 

molten NayCO3 and sodium-containing atmospheres at 1000C for 50h. The weight loss 

decreased from 5.3% for uncoated dense SiC to 1.3% for CMZP-coated dense SiC and 

8.5% for uncoated porous SiC to 4.2% for CMZP-coated porous SiC.



Chapter 3 

EXPERIMENTAL PROCEDURE, RESULTS & DISCUSSION 

3.1 Materials 

Ceramic-grade Nicalon, manufactured through a polymer pyrolysis process by 

Nippon Carbon Co., Ltd., of Japan, was used in this study. Coatings were deposited on 

woven cloth as well as continuous fiber. The continuous fiber was supplied as a tow 

consisting of 500 filaments. The nominal diameter of the filaments was 12 mm. 

Specimens to be coated were prepared by cutting 2.5 cm x 2.5 cm pieces from the cloth 

and 13 cm long pieces from the tow. 

3.2 Sol-gel coatings 

Surface preparation of Nicalon before the deposition of coatings has been shown 

to be important in obtaining crack-free coatings [25, 31]. The surface preparation 

procedure followed for the cloth samples was similar to that followed in a previous study 

[25, 31] for dense and porous SiC. This is presented in Figure 3-1. Even though a 

calcination temperature of 1200C was specified in previous work, a temperature of 400C 

was used. Calcination at 1200C caused the Nicalon cloth to become brittle. 

The raw materials used for the CMZP solution were calcium chloride (CaCl9), 

magnesium perchlorate hexahydrate (Mg(ClO4)9.6H30O), zirconium propoxide 

(Zr(C3H7O)4q4), triethyl phosphate ((C2H50)5P(O)), hydrochloric acid and ethanol. 

Stoichiometric amounts of calcium chloride and magnesium perchlorate were mixed in 

ethanol until they dissolved completely. The mixture was stirred while hydrochloric acid 

was added drop by drop until a pH between 2.0 and 4.0 was reached. Stoichiometric 

amounts of triethyl phosphate and zirconium propoxide were mixed. The calcium 

chloride and magnesium perchlorate solution was added dropwise to the triethy] 
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soaked in deionized water for 30 min. 

L 
dried at 110C for 2 hours 

1 
soaked in acetone for | hour 

L 

dried at 110C for 2 hours 

L 
washed with deionized water 

L 
etched with 5% HF for 5 min. 

L 

rinsed with water 

L 
calcined at 400C for 6 hours 

L 
washed with 5% HCl for 20 min. 

L 

rinsed with water 

L 
dried at 110C for 2 hours 

Figure 3-1. Surface treatment of Nicalon cloth samples



phosphate and zirconium propoxide solution with constant stirring. The final CMZP 

solution was clear with a slight yellow color and had a concentration of 0.12 moles of 

solute in | liter of total CMZP solution. 

The Nicalon cloth samples were soaked in boiling CMZP solution for 15 min. and 

remained in the solution while being cooled slowly to room temperature. The samples 

were withdrawn at the rate of 4 cm/min. The samples were placed vertically in a constant 

humidity (~ 40%) chamber for 72 h and in air for an additional 72 h. The samples had to 

be placed vertically because samples that had been placed horizontally earlier ended up 

having thick coatings with cracks as shown in Figure 3-2. After drying, the samples were 

fired at 900C. A temperature of 900C had to be used as Nicalon samples fired earlier at 

1200C for 24 hours were brittle. The heat treatment schedule is given in Figure 3-3. The 

samples had uniform crack-free coatings approximately 0.2 mm thick. However, the 

coatings were not homogeneous, with clusters being formed all over the sample. The 

microstructures of the coatings on the samples fired at 1200C and 900C are shown in 

Figures 3-4 and 3-5 respectively. The presence of coating was confirmed using EDX, 

shown in Figure 3-6. The XRD pattern of the samples indicated the formation of the 

CMZP phase. The XRD patterns for CMZP powder and the coating are shown in Figures 

3-7 and 3-8 respectively. 

The samples were stacked between multiple layers of uncoated Nextel™ (70 wt% 

Al,O3, 28 wt% Si02, 2 wt% B»O3; major phase mullite) cloth in a graphite holder. The 

preform was infiltrated with SiC matrix using forced-flow chemical vapor infiltration 

(FCV]). The infiltration and flexure strength testing procedures are described later in the 

chapter. 

Some Nicalon samples were coated with a CMZP solution prepared from 

different precursors, viz. calctum acetate (Ca(CH3CO07)7.H20), magnesium ethoxide 

(Mg(C2H50)9). zirconium ethoxide (Zr(C2Hs50)q) and triethyl phosphate



  
Figure 3-2. Cracked coating on a Nicalon cloth sample placed horizontally 

room temperature 

L 1C/min. 
100C for 2 h 

JL 1C/min. 
200C for 2 h 

JL 1C/min. 
300C for 2 h 

L 1C/min. 
400C for 2 h 

L 5C/min. 

1000C for 10h 

JL 5C/min. 

room temperature 

Figure 3-3. Heat treatment schedule for CMZP coated specimens 
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Figure 3-5. Microstructure of the coating fired at 900C 
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Figure 3-6. EDX confirming the presence of a coating 
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Figure 3-7. XRD pattern of CMZP powder (standard) 
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((C2H50)3P(O)). An excessive amount of HCI (40 ml in 30 ml of CMZP solution) was 

required to obtain a clear solution. The samples were coated, dried and fired using the 

procedure described earlier. The SEM micrographs.revealed the absence of a coating 

(Figure 3-9). The lack of a coating was due to the dilution caused by the use of excess 

HCl. 

In order to observe the effect of the different steps on appearance of the final 

coating, variations were introduced in the surface treatment procedure. Some samples 

were boiled in trichloroethylene before using the usual surface treatment, some had all 

steps in the usual surface treatnment except the HF treatment, and the rest underwent the 

usual surface treatment. The samples were then dipped in boiling CMZP solution. The 

cross section of the tows was observed to see the effect of boiling on the penetration of 

the solution into the tows. There was no difference in the quality of the coatings. A 

typical cross section 1s shown in Figure 3-10. Each fiber was coated; the majority of them 

had uniform coatings while a few of them had cracks. The coating had chipped off close 

to where the cut had been made. There seemed to be a considerable amount of material 

deposited between the fibers suggesting that boiling was not necessary. 

Nicalon tows, each 10 cm long, were coated with CMZP (conc. = 0.12 m/L) using 

the procedure used earlier for the Nicalon cloth samples. It was observed that after the 

surface treatment. it was difficult to keep the fibers in the tow together. As the tows were 

quite long, they could not be placed vertically in the humidity chamber during the drying. 

They had to be rested against the wall, and that led to a curvature in the tows on drying. 

The tows were then observed using the scanning electron microscope (SEM). Even 

though exactly the same coating procedure was followed for the tows as for the cloth, the 

coating on tows was found to be non-uniform, thick (~ 5 mm) and with a lot of cracks 

(Figure 3-11). This was probably due to the tendency of the sol to gel quickly. As the 

tows were long, by the time they 
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were withdrawn from the solution the coating on the upper portion of the tows would 

have already dried and consequently cracked. Also, it was not possible to drain the 

solution from the tows as easily as it was from the cloth. This led to a lot of sol being 

retained by the tows and therefore, a thicker coating. Before the tows had been observed 

under the microscope, they were infiltrated with the SiC matrix. Attempts were made to 

straighten the tows before infiltration. This was not very successful and hence, tensile 

testing could not be done. The mini-composite was broken by hand and its cross section 

was observed using the SEM. The fiber surfaces were flat and featureless (Figure 3-12). 

There was no debonding or fiber pullout. No interfacial coating was visible as it had 

probably been etched away by the HCl in the CVI reactor. 

Nicalon tows, each 10 cm long, were coated with a 0.075 m/L CMZP sol as it was 

felt that a lower concentration sol would give thinner coatings. This time a different 

surface treatment was followed to minimize the spreading of the fibers. The tows were 

dipped in boiling trichloroethylene, acetone, ethanol and then water for 10 min. each. The 

tows were dried, coated and fired using the usual procedure. Despite all tows being 

subjected to identical coating conditions, some appeared to have clear coatings while 

others had patches of white. Two tows that seemed to have clear coatings were observed 

with the SEM. The first tow was stiff as the fibers were cemented together (Figure 3-13). 

The coating was uniform and crack-free but had clusters all over. The coating on the 

second tow had a lot of cracks and was thick in various places (Figure 3-14). The above 

procedure was repeated using a lower conc. (0.05 m/L) CMZP solution. Even though the 

coatings were uniform in most places and better than those obtained using the 0.075 m/L 

solution, cracks were visible at the point of contact between two fibers (Figure 3-15). 

Hence, a still lower conc. (0.025 m/L) CMZP solution was used to coat the Nicalon tows. 

Later, a wetting agent (silicone, 0.07 g in 60 ml CMZP solution) was added to the 

solution to facilitate the formation of uniform coatings. More tows were coated with this 
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Figure 3-15. Fibers coated with a 0.05 m/L CMZP solution



solution. A polymer (vinyl alcohol) was added to this solution as it was felt that the 

tendency of polymers to form films would help. However, when the polymer was added 

to the solution, there was gelation. This was due to the presence of water which had been 

added to the polymer to dilute it. The tows that had been coated with the solution 

containing a wetting agent had slightly better coatings qualitatively than the tows that had 

been coated with just the CMZP solution (Figure 3-16). However, some areas still had 

cracks. 

It was decided to use 2-methoxyethanol as the solvent instead of ethanol because 

its very slow drying rate obviated the need for the usual week-long drying schedule. 

Another important characteristic of this solvent is that it is unaffected by moisture. CMZP 

solution (conc. = 0.02 m/L) was prepared using the usual procedure. The tows were 

coated and dried for 24 hours in air and for another 24 hours at 110C. The SEM 

micrographs of the tows revealed excellent crack-free coatings (Figure 3-17). 

An experiment was performed to determine the solvent with the best wetting and 

coating characteristics. Three solvents were used to make the CMZP solution : ethanol, 

ethanol + xylene (2:1) and 2-methoxyethanol. The different concentrations used with and 

without a wetting agent were as follows: 0.025 m/L and 0.0125 m/L solutions with 

ethanol + xylene, 0.02 m/L and 0.0125 m/L solutions with 2-methoxyethanol and 0.0125 

m/L solution with ethanol. The tows were coated using the different solutions. They were 

dried for only one day in air and one day at 100C. The tows were observed with the SEM. 

The tows coated with the 0.0125 m/L ethanol + xylene with or without a wetting agent 

looked similar. The coatings were very rough with clusters in some places but without 

cracks (Figure 3-18). The tows coated with the 0.0125 m’/L 2-methoxyethanol solution 

with a wetting agent looked similar (Figure 3-19) to the tows that had been coated with 

the 0.02 m/L 2-methoxyethanol solution (Figure 3-17). The tows coated with the 0.0125 
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Figure 3-16. (a) Fibers coated with a 0.025 m/L CMZP solution (b) Fibers coated with a 

0.025 m/L CMZP solution + wetting agent



  
Figure 3-17. Fibers coated with a 0.02 m/L CMZP solution prepared using 2- 

methoxyethanol as a solvent 

  z 

Figure 3-18. (a). Fibers coated with a 0. 

wy] ret 

0125 m/L ethanol + xylene CMZP solution 

without a wetting agent.



  
Figure 3-18. (b). Fibers coated with a 0.0125m/L ethanol + xylene CMZP solution with a 

wetting agent 
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Figure 3-19. Fibers coated with a 0.0125 m/L 2-m 
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ethoxyethanol CMZP solution with a 

wetting agent 
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m/L ethanol solution with a wetting agent had very good crack-free coatings (Figure 3- 

20). 

It was decided to put down a very thin layer of carbon (~30 nm) before depositing 

a coating of CMZP. This was because the samples with just CMZP coatings (MOD) that 

had been infiltrated before were too weak to be tested (explained in the next section). A 

set of carbon coated tows was coated with a 0.02 m/L CMZP solution with 2- 

methoxyethanol as a solvent. Some tows were fired in argon at 900C for 5 hours while 

others were dried at 110C. The samples were infiltrated with SiC matrix and their tensile 

strength was measured. 

3.3 MOD coatings 

The raw materials used for the preparation of CMZP solution were calcium 2- 

ethy! hexanoate (solid), zirconium ethyl hexanoate, magnesium ethoxide, triethyl 

phosphate, 2-ethyl hexanoic acid and xylene. Stoichiometric amounts of magnesium 

ethoxide and triethyl phosphate were reacted at 80C with ethyl hexanoic acid to form the 

respective ethyl hexanoates. Zirconium ethyl hexanoate and calcium 2-ethyl hexanoate 

were added to this solution. Xylene was added as a solvent to obtain a CMZP solution 

having a concentration of 0.2-0.4 m/L. The solution was stirred at 110C for 30 min.. A 

coating was deposited on a Si substrate using the spin coating technique. The speed of 

rotation was 2000 rpm. After the deposition, a lot of particles were seen on the surface. 

The solution was filtered and the deposition was carried out again. The sample was 

heated on a hot plate at 180C to get rid of the solvents and then fired at 1000C for 10 

hours. From the XRD pattern (Figure 3-21), it was possible to infer that CMZP was not 

formed. The reason for this was traced to the limited solubility of calcium 2-ethy] 

hexanoate in xylene. At this point no suitable solvents were found in which calcium 2- 

ethyl hexanoate could be dissolved. 
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Figure 3-20. Fibers coated with a 0.0125 m/L ethanol CMZP solution with a wetting 

agent. 
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Figure 3-21. XRD pattern of a CMZP thin film on Si fired at 1000C for 10h



Liquid calcium 2-ethyl hexanoate precursor, which is calctum 2-ethyl hexanoate 

dissolved in 2-ethyl hexanoic acid, was used to prepare CMZP solution using the 

procedure mentioned earlier. The precursor dissolved completely and a clear solution was 

obtained. A Si substrate was spin coated using the solution and fired at 1200C for 24 

hours. The peaks in the XRD pattern were shifted by as much as 0.6 degrees compared to 

the peaks for CMZP (Figure 3-22). Also, one of the peaks was missing. A shift so large 

was thought to be due to the thermal mismatch between the S1 and the coating. An XRD 

pattern of another sample fired at 1000C for 10 hours revealed that the material was still 

multiphase (Figure 3-23). This implied that a higher temperature (~1200C) was needed 

for the conversion into a single phase material. 

It was felt that the CMZP phase was not being formed because of some reaction 

between the coating and the substrate. Therefore, it was decided to obtain an XRD pattern 

of just the CMZP powder. A coating was deposited on an alumina plate and baked at 

200C. The coating was scraped off the plate and fired at 1200C for 24 hours. The firing 

was done in two stages: from room temperature to 600C in air to let the organic solvent 

burn off completely and from 600C to 1200C in oxygen to ensure that the carbon was 

converted into carbon dioxide and carbon monoxide. The XRD pattern had most of the 

CMZP peaks in addition to other peaks (Figure 3-24). [t was concluded that CMZP was 

the dominant phase along with another phase. 

The elemental composition of this CMZP powder, determined by ESCA, was 

found to be: O = 66.19%, Ca = 8.62%, Mg = 4.45%, Zr = 6.34% and P = 14.39%. The 

composition of standard CMZP powder, obtained by sol-gel, was found to be: O = 

67.53%, Ca = 4.17%, Mg = 2.86%, Zr = 8.74% and P = 16.7%. The considerable 

difference in the compositions was thought to be due to the use of an incorrect molecular 

formula for zirconium ethyl hexanoate in the calculations. However, even after using the 

correct molecular formula, the CMZP phase was not formed (Figure 3-25). 
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Figure 3-22. XRD pattern of a CMZP thin film on Si fired at 1200C for 24h 
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Figure 3-23. XRD pattern of a CMZP thin film fired at 1000C for 10h 
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Figure 3-24. XRD pattern of CMZP powder fired at 1200C for 24h 
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Figure 3-25. XRD pattern for CMZP by MOD fired at 1000C for 10h, then refired at 

1100C for 20h. 
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Using the previous ESCA results, changes were made in the weights of the 

precursors to be used. The composition of the modified CMZP was found to be: O = 

66.86%, Ca = 6.42%, Mg = 6.18%, Zr = 8.83% and P = 11.71%. There was still a 

considerable difference in the compositions. Also, the XRD did not reveal the formation 

of the CMZP phase (Figure 3-26). Using these ESCA results, weights of the precursors to 

be taken were calculated again. This time too, the CMZP phase was not obtained (Figure 

3-27), 

In all cases, it was observed that there was less P than was needed. The solution 

was prepared again using excess triethyl phosphate. The powder obtained after drying 

and calcination did not have the CMZP phase (Figure 3-28). 

At this point, it was observed that calctum 2-ethyl hexanoate had separated into a 

solid and liquid part. This was probably due to the moisture sensitive nature of the 

material. Hence, it was decided to use the solid calcium 2-ethyl hexanoate. Previously, a 

solvent could not be found in which calcium 2-ethyl hexanoate could be dissolved. 

However, it was observed later that it could dissolve in 2-methoxyethanol. 

CMZP solution of conc. 0.025 m/L was prepared using the solid calcium 2-ethyl 

hexanoate precursor. The final solution appeared cloudy probably because of suspended 

particles. A powder was prepared by baking the solution at 200C and firing the resultant 

product at 1200C for 24 hours. The positions of the peaks in the XRD pattern were 

shifted consistently by 0.7 degrees compared to those for the standard CMZP powder 

(Figure 3-29). The same powder was fired again at 1550C for 24 hours. This time all the 

peaks were in the correct positions but their intensities were different (Figure 3-30). This 

implied that even though the phase obtained was not CMZP, it was very similar. 

Attempts to identify exactly what phases existed were unsuccessful. It was decided to use 

this composition for coating Nicalon tows. After dipping the Nicalon tows in the solution, 

they were baked at ~ 200C to get rid of the organic solvents. They were fired at 900C for 
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Figure 3-26. XRD pattern of a CMZP thin film on Si 
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Figure 3-27. XRD pattern of a CMZP thin film on Si 
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Figure 3-28. XRD pattern of a CMZP thin film on Si (excess P) 
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Figure 3-29. Peaks shifted consistently by 0.7 degrees compared to standard CMZP 
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10 hours. The firing schedule was as follows: room temperature to 500C at 1C/min., 

500C to 900C at 5C/min., holding at 900C for 10 hours and cooling to room temperature 

at SC/min. The coating on the tows was uniform and crack-free (Figure 3-31). 

Additional Nicalon tows were coated with one, two or three coatings using the 

same CMZP solution. Some tows were fired at 900C for 10 hours while others were 

merely baked at 150C. One of the fired tows was observed with the SEM. It exhibited 

very good coatings. The tows were infiltrated with SiC matrix. After infiltration, the 

samples were so weak that they could not even support the aluminum grips. The SEM 

micrographs for the cross sections of the samples with 2 coatings (baked at 150C) and 3 

coatings (fired at 900C) were similar (Figure 3-32 & Figure 3-33 respectively). The fiber 

fracture surfaces were flat and featureless. At the fiber-matrix interface, a very thin 

coating was present. There was some debonding but no fiber pull-out (Figure 3-34). It 

was, therefore, decided to put down a thin layer of carbon before depositing the CMZP 

coating. A set of carbon coated tows was coated with CMZP solution. Some tows were 

fired at 900C in argon for 5 hours while others were baked at 150C. The tows were 

infiltrated with SiC matrix. 

Various changes were tried out in the method of preparation of the CMZP 

solution in order to obtain a clear solution. An attempt to dissolve the precursors in just 

one solvent, 2-methoxyethanol, was unsuccessful as magnesium ethoxide was insoluble 

in it. A change in the order of addition of the precursors did not produce any change in 

the appearance of the final solution. The reason for the cloudiness of the solution was the 

incompatibility of calcium 2-ethyl hexanoate with 2-ethylhexanoic acid and xylene. It 

might have been possible to obtain a clear solution by using short chain C compounds. 

However, as good coatings were obtained with the usual solution, the idea was not 

pursued. 
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Figure 3-32. Cross section of minicomposites with 2 interfacial MOD coatings after 

drying at 150C 

  
Figure 3-33. Cross section of minicomposite with 3 interfacial coatings



It has been shown that a reducing atmosphere helps in the formation of a pure 

CMZP phase [31]. CMZP solution was prepared using the usual procedure. The solution 

was dried and fired at 1350C for 24 hours in a covered crucible. The XRD pattern was 

similar to the one obtained earlier (Figure 3-35). All the peaks were in the correct 

positions but the intensities of a couple of peaks were different from the corresponding 

intensities for the standard powder. 

3.4 Overview of the coating process development 

Sol-gel: The following improvements were made over the process developed by 

Brown - fewer surface preparation steps, use of 2-methoxyethanol as a solvent for its 

superior wetting characteristics, reduction in drying time from 2 weeks to 2 days and 

reduction in firing time from 36 hours to ~ 12 hours. 

The precursors used for sol-gel were calcium chloride, magnesium perchlorate, 

zirconium propoxide and triethyl phosphate. Stoichiometric amounts of calctum chloride 

and magnesium perchlorate were dissolved in ethanol or 2-methoxy ethanol. In general, 

better coatings were obtained by using 2-methoxyethanol because of its better wetting 

characteristics. When ethanol was used, HCl was added to the mixture of calcium 

chloride and magnesium perchlorate as it helps in the formation of better leaving groups. 

The mixture was then added dropwise to a mixture of zirconium propoxide and triethyl 

phosphate with continuous stirring. The final CMZP solution was clear with a yellowish 

color. Samples were dipped and withdrawn at the rate of 4 cm/min. They were dried 

overnight in air and then at 110C for 1 day. The heating rate was 5 C/min. Some samples 

are fired at 900C for 5 hours in argon. 

A slower dipping rate and lower concentration of the sol lead to thinner and 

uniform coatings. A controlled humidity atmosphere was not essential for drying when 
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Figure 3-34. Debonding present but no fiber pullout 
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Figure 3-35. XRD pattern of CMZP powder fired in a reducing 
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using lower concentration sols. Suspending coated tows for ~ 12 hours enabled the excess 

sol to drain off. 

MOD: There was no need to dry samples that had been coated as in sol-gel. They 

could be baked and directly fired. Use of long carbon chain precursors led to 

entanglement of the chains and therefore a better coating. | 

The precursors used were calcium ethylhexanoate, zirconium ethyl hexanoate, 

magnesium ethoxide and triethyl phopshate. Stoichiometric amounts of magnesium 

ethoxide and triethyl phosphate were reacted with 2-ethylhexanoic acid. Zirconium 

ethylhexanoate was added to this solution. To this was added calcium ethylhexanoate 

dissolved in 2-methoxyethanol. Xylene was added as a solvent. The dipping procedure 

was similar to that used in sol-gel. The samples were dried overnight and baked at 150C 

for 2-3 hours. The firing was similar to that for sol-gel. 

A clear CMZP solution was obtained by using the liquid calcium precursor. 

However, the amount of Ca in the precursor 1s not accurately known. As there was a large 

amount of shrinkage, multiple coatings are necessary. 

3.5 CVD of SiC 

A schematic of the hot wall LPCVD reactor used in this study for the deposition 

of SiC thin films is shown in Figure 3-36. The deposition was carried out in a quartz tube 

with inner and outer diameters of 5.08 cm and 5.43 cm respectively. In order to maintain 

a constant and sufficient equilibrium vaporizing pressure of MTS, the bubbler was 

maintained at a constant temperature of 33C. The valves and the tubing between the 

bubbler and reactor were held at 70C to prevent the condensation of MTS inside the 

tubing. 

Before deposition of SiC on Si(111), the Si surface was treated with acetone, 

propanol and HF. For each run, the substrate was placed at the center of the hot wall 
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reactor. The flow rate of Ha was 300 standard cubic cm per minute (sccm). The flow of 

MTS was adjusted so as to have a H3/MTS ratio of 100:1. The deposition was carried out 

at a pressure of 1.8 torr and a temperature of 1050C for 2 hours. The substrates were 

cooled to room temperature in flowing Hp) after the deposition was completed. 

Ellipsometry done on the sample indicated that the thickness of the deposited film was 

around 1080 nm. The refractive index of the film was found to be around 1.4 whereas the 

refractive index for SiC is 2.6-2.7, implying that the material deposited was not SiC. The 

XRD pattern had only a broad peak for Si(111). It was concluded that Si was probably 

oxidized to silicon dioxide. The reason for this was traced to a leak in the reactor. 

The reactor was rebuilt and the deposition was carried out again. The Si substrates 

were treated with detergent, sulfuric + chromic acid solution, hydrogen peroxide + water 

solution and HF. The reactor was evacuated to a base pressure of 50 mtorr before being 

taken to a temperature of 1050C in flowing hydrogen. The flow rate of hydrogen was 300 

sccm and the ratio of hydrogen to MTS was 100:1. The deposition was carried out at a 

pressure of 2 torr. The deposition was continued for 2.5 hours when it was noticed that 

the precursor had been exhausted. The deposition was stopped and the reactor was cooled 

to 400C in flowing hydrogen before the flow of hydrogen was stopped. Ellipsometry, 

ESCA and XRD were used to characterize the sample. The only conclusion that could be 

drawn from ellipsometry was that the films were thick or opaque. In the case of ESCA, 

the position of the binding energy peak for Si indicated that it was present in the form of 

an oxide (Figure 3-37). Even after gold sputtering, the C peak was intense. The position 

of the peak indicated that C was present in the form of free C instead of a carbide. The 

XRD pattern did not have any peaks. Thus, instead of a SiC film, there was a mixture of 

silicon dioxide and C. 

Another deposition was carried out using the same conditions as before. It was 

observed that as the deposition continued there was a drop in pressure. The MTS was 
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Figure 3-38. XRD pattern indicating the presence of Si(111) 
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exhausted in about 50 min. The substrate was cooled to room temperature in flowing 

hydrogen. The XRD pattern did not have any peaks. Ellipsometry indicated that the film 

had a high absorption coefficient. It was concluded that there was no SiC. 

It was thought that the reason for SiC not being formed was the high pressure at 

which the deposition was being carried out. As the pressure transducer was placed 

downstream, it was not possible to measure the pressure in the chamber. It was decided to 

reduce the deposition pressure by reducing the MTS flow rate. The conditions used for 

this deposition were as follows: temperature = 1100C, flow rate of hydrogen = 150 sccm, 

ratio of hydrogen/MTS = 75/1 (a ratio of 100:1 could not be obtained as the least count of 

the flow indicator was | sccm) and the deposition pressure was around 1.4 torr. The 

deposition was carried out for 2 hours and 45 min. The XRD pattern for the sample 

indicated the peaks for Si(111) and SiC(111) (Figure 3-38). 

In order to determine if the MOD coating would survive in a MTS environment, 

two tows were placed in the reactor. One of them was coated with a 0.025 m/L MOD 

solution and the other fiber was uncoated. The deposition was carried out at 1100C for 2 

hours. The flow rate of the precursors was maintained at 300 sccm. After the deposition, 

the tows were observed with the SEM. The coating was still present on the fibers. It was 

a little rough probably due to etching. It looked similar to the tows that had been coated 

with MOD solution and only baked (Figure 3-39). The uncoated tow seemed to have a 

rough surface (Figure 3-40). This could not have been SiC because of the low deposition 

temperature. Either there was etching of the Nicalon surface or there was formation of 

silica. 

3.6 CVI of SiC and C 

The cloth samples and tows were infiltrated with SiC matrix at Oak Ridge 

National Lab using forced chemical vapor infiltration (FCVI). This process 
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simultaneously utilizes thermal and pressure gradients to reduce the infiltration time from 

weeks to less than 24 h for thickness of 13 mm [32]. Fibrous preforms are placed in a 

graphite holder that contacts a water-cooled metal gas distributor, thus cooling the gas 

inlet and side surfaces of the substrates (Figure 3-41). The opposite end of the preform is 

exposed to the hot zone of the furnace. This creates a steep temperature gradient across 

the part. The reactant gases are forced under pressure into the cooled side of the fibrous 

preform where they initially do not react because of the low temperature. The gases move 

from the cooled portion of the preform into the hot portion, where the matrix material 

begins to deposit on the fibers. Deposition of matrix material within the hot region of the 

preform increases the density and therefore, the thermal conductivity of the preform. As 

the conductivity increases, the deposition zone moves progressively from the hotter 

region towards the cooler region. The process continues until reduced permeability of the 

densified composite prevents sufficient flow of reactant gases into the preform. 

The FCVI process has several advantages: (1) reduced infiltration time leading to 

increased efficiency, (11) simplification of preform fabrication because fibrous materials 

are held in place by a graphite holder eliminating the need for careful processing with 

binders, (i) compression of the preform by application of moderate pressures to the 

graphite holder, (iv) and fabrication of composites with increased thickness. 

A preform was fabricated by stacking the CMZP-coated cloth samples in a 

graphite holder. As there were very few samples, they were placed between uncoated 

pieces of Nextel cloth. The layers of cloth were compressed and held in place during 

infiltration by a graphite lid, which was pinned to the holder. In the case of the coated 

tows, they were suspended in a graphite cylinder. Pieces of graphite were attached to the 

free ends of the tows to ensure that the tows would be straight during infiltration. 

Infiltration was carried out using a furnace with control systems for vapor flow, 

pressure, and temperature. Silicon carbide was deposited from MTS at 1475K. 
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Figure 3-42. (a), (b), (c) & (d). Load-displacement curves for the flexure samples 
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MC78 - Solgel, 100C, #4 

  
120 

100 + . 

60 + 

Lo
ad
 

(N
) 

40 4 

20 +     
  

0 100 200 300 400 500 

Displacement (lum) 

  
  

Figure 3-44, (a), (b), (c), (d) & (e). Load vs. displacement curve for minicomposites 

containing sol-gel coated tows dried at 110C 
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Figure 3-45. (a), (b), (c) & (d). Load vs. displacement curves for sol-gel coated tows 

fired at 900C for 5h in Argon 

(a) 
  

MC72 - MOD, #2 

  
120 

100 + 

80 + 

60 + 

Lo
ad

 
(N
) 

40 + 

20 +       
  0 l 

0 100 200 300 400 500 

Displacement (jim)   
  

69



    (b) 

  

    
  

  

  

  

    
  

MC78-MOD, #1 

120 

100 + 

_ wi 
Sj 
zy 60, 

3 40 4 

20 + 

0 + 
0 100 200 300 400 500 

Displacement ({1m) 

(c) 

MC78-MOD, #2 

120 

100 + 

_ 807 

Sj 
gy 60- 

4 40 | 
20 | 

0 

0 100 200 300 400 500 

Displacement (jim) 

  

Figure 3-46. (a), (b) & (c). Load vs. displacement for minicomposites containing MOD 

coated tows baked at 150C 
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Deposition at higher temperatures could not be done because of fiber damage and 

resultant strength degradation. Prior to SiC deposition the preforms were precoated with a 

thin layer (30-50 nm) of pyrolitic carbon. This layer protects the fibers from the reactants 

and products containing chlorine and reduces interfacial bonding to enhance fiber pull- 

out. The carbon was deposited isothermally from the decomposition of propylene in 

argon at 1375K and 5 kPa. 

3.7 Flexure and tensile testing of the samples 

Four bars, each having a dimension of 45mm x 3mm xX 2.5mm, were cut for 

flexure strength testing from the composite that contained the CMZP-coated cloths 

(coated using sol-gel). The testing was done at ORNL. The bars were cut such that the 

bottom layers in each bar consisted of the CMZP-coated cloths. This was done to ensure 

that failure of the composite was controlled by the CMZP-coated cloths. Flexure testing 

was done using three point bending. The load vs. displacement curves for the four 

composites are shown in Figure 3-42. As can be seen from the curves, all composites 

failed gracefully. Micrographs of one of the specimens (# 989-03) revealed that there was 

debonding and some pullout (Figure 3-43). Flakes of material could be seen adhered to 

the sides of the fibers indicating that the debonding was probably at the matrix-coating 

interface. 

Tensile testing of the minicomposites was done at the ORNL Environmental 

Effects Testing Facility using an in-house developed electromechanical testing machine. 

A constant cross-head displacement rate of 1 m/sec was used. Self-aligning universal 

joints were using in the load train to minimize spurious bending strains. This was 

particularly necessary considering that the cross-section of the specimens was not 

constant. To facilitate specimen gripping and load transfer to the specimens, the 

minicomposites were mounted inside hollow aluminum tubing using a high shear 
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Figure 3-47. Sequence of coatings for minicomposites (sol-gel and MOD) 
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Figure 3-48. (a) & (b). CMZP coating on the surface of a pulled-out fiber (MC 72 - #1) 
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Figure 3-48 (c). Coating visible on the matrix surface (MC72 - #1)



  

Figure 3-49. Interface coating in the minicomposite, MC72 - #1 
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Figure 3-50. Clusters on the matrix of the minicomposite MC78 - #4 
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Figure 3-51. Surface of a pulled-out fiber in the minicomposite MC78 - #1 
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Figure 3-52. Minicomposite MC78 - #3 
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strength structural epoxy. Special steps were taken during sample preparation to ensure 

the concentricity of the hollow tubes by using a fixture specially fabricated for this 

operation [34]. 

Load-displacement curves for minicomposites containing sol-gel coated tows 

dried at 110C (MC72 - #1 & #2; MC78 - #1, #2 & #4), sol-gel coated tows fired at 900C 

for 5 hours in argon (MC78 - #1, #2, #3 & #4) and MOD coated tows baked at 150C 

(MC72 - #2; MC78 - #1 & #2) are shown in Figures 3-44, 3-45 and 3-46 respectively. 

The minicomposites containing the unfired sol-gel coated tows exhibited the best 

behavior. Two (MC72 - #1 & #2) of the four minicomposites were able to withstand 

relatively high loads (~ 100 N) and had not failed even after a displacement of ~ 500 mm. 

Micrographs for these two composites revealed extensive pullout (> 100 mm) for all the 

fibers and in some cases, as much as | cm) in both cases (Figure 3-48 a). The CMZP 

coating was visible on most of the pulled-out fibers and in some cases on the inner 

surfaces of the holes in the matrix (Figure 3-48). This indicated that debonding was 

taking place mostly at the matrix-CMZP coating interface. The presence of a 30-50 nm C 

layer between the matrix and the CMZP coating might have facilitated the debonding. 

From the micrograph, it was possible to estimate the thickness of the CMZP coating after 

infiltration to be ~ 0.15 mm (Figure 3-49). A minicomposite (MC78 - #4) that exhibited 

poor behavior and contained the unfired sol-gel coated tows was examined under the 

SEM. The micrographs revealed large clusters of SiC on the matrix (Figure 3-50). These 

clusters were not observed in the case of the previous two samples indicating that 

different deposition conditions were used for this sample. This might have contributed to 

the poor performance of the minicomposite. There was a small amount of pullout (~ 50 

mm) but hardly any coating visible on the fibers (Figure 3-51). 

The minicomposites that contained fired sol-gel coated tows exhibited low (10-30 

N) load bearing capacities (Figure 3-45). Even so, some of the composites exhibited fiber 
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Figure 3-53. Surface of a pulled-out fiber in the minicomposite MC78 - #3 

  

Figure 3-54. Flakes of material on the surface of a hole in the matrix (MC78 - #3) 

77



(a) 

1 5 Raeegar  ye genet 

  

(b) 

‘oe 

  

Figure 3-55. (a) & (b). Pullout in minicomposite MC72 - #2 
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Figure 3-56. Debonding in minicomposite MC72 - #2 

  

Figure 3-57. Pullout in minicomposite MC78 - #2 
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Figure 3-58. Coating on the surface of a pulled-out fiber (MC78 - #2) 

pullout (based on visual observation). One of the minicomposites (MC78 - #3) that 

exhibited the worst behavior was observed with the SEM. It can be seen from Figure 3- 

52, that the infiltration was not done in the right manner. The fibers in the tow were 

spread out during the infiltration causing each individual fiber to be coated with matrix 

material i.e. the matrix was not continuous. This could be one of the reasons for the poor 

performance of the composite. There was no debonding and negligible pullout. One of 

the fibers that had pulled out seemed to have traces of coating material on its surface 

(Figure 3-53). Looking down on a hole in the matrix, caused by pullout of a fiber, it was 

possible to observe flakes of coating material (Figure 3-54). 

One of the minicomposites (MC72 - #2) containing MOD-coated tows exhibited 

high load bearing capacity (100-120 N) and a non-linear behavior (Figure 3-46). 

Micrographs revealed that there was some pullout (Figure 3-55), though not as much as 
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for the unfired sol-gel coated minicomposites. Coating was visible on all of the pulled-out 

fibers. There was evidence of debonding (Figure 3-56); and as a coating was visible on 

the inner surface of the holes in the matrix, it was felt that the crack was propagating 

through the CMZP coating. The other two minicomposites containing MOD-coated tows 

failed in a linear manner. One of the composites (MC78 - #2)was observed under the 

SEM. There was evidence of some fiber pullout (Figure 3-57). Each of the pulled-out 

fibers had a coating (Figure 3-58). 

3.8 Overview of the mechanical testing of the composites 

A composite is said to exhibit good behavior if it fails non-catastrophically and 

demonstrates some toughness. The interfacial bond between the fibers and the matrix 

controls the properties of the composite. A composite that fails gracefully has a weakly 

bonded interface which allows an impinging matrix crack to be deflected. Crack 

deflection, debonding at the interface, fiber slip and pullout are typically associated with 

the fracture of such a composite. In this study, the composites that failed gracefully (all 

flexure samples and some minicomposites- MC72-MOD #2, MC72-Solgel #1 & #2) 

exhibited the characteristics mentioned previously. 

The manner in which the tensile testing is done strongly influences whether or not 

a composite will exhibit good behavior. The tensile testing of minicomposites using a set- 

up like the one in this study presents some difficulties. The minicomposites need to be 

absolutely straight. Even a slight curvature in the composites would cause it fail due to 

bending instead of just tension. It is very difficult to ensure that the 13 cm tows are 

absolutely straight during infiltration and therefore it is likely that there will be some 

curvature in the composites. This can explain the difference in tensile behavior of 

composites even though that were infiltrated in the same manner. The non-uniform cross 
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section of the minicomposites could also play a role in causing the composites to fail 

differently by creating sites of stress concentration. 

The presence of carbon in the interface definitely contributed positively to the 

composite behavior. However, as there was very less carbon (60-80 nim), it could not 

alone have been responsible for the behavior. It has been shown that in a SiC/SiC 

composite with a carbon interface, the effective interfacial frictional stress decreased as 

the thickness of the carbon layer increased, from 24.6 + 9.9 MPa for a thickness of 30 nm 

to 3.8 + 1.4 MPa for a thickness of 1250 nm [35]. It was also shown that both the 

coefficient of friction and the residual clamping stress decreased as the thickness of the 

carbon layer increased. Thus, the CMZP coating probably played a major role in the 

graceful failure of the composite. 

3.9 Suggestions for future work 

As the mechanical testing results have not proved the efficacy of the CMZP 

coating, it is very important to know the behavior of the interface at room temperature. A 

simple experiment can be performed to verify if it works well. CMZP coating can be 

deposited between two single crystal pieces of SiC. This can be hot pressed to form one 

piece. By indenting the SiC, it will be possible to see if the resulting crack would deflect 

along the interface. After this, additional tensile and flexure tests can be carried out on 

the composites after they have been exposed to high temperatures (>1200C). The CMZP 

coatings deposited on the fibers were not thick enough (~ 150 nm). It would be advisable 

to put down thicker coatings (> 250 nm) as this might lead to better composite behavior. 

With the thicker coatings, it might not be necessary to deposit any carbon. Composites 

that had MOD coatings but no carbon were weak probably because the coatings were not 

thick enough. Minicomposites having tows coated only sol-gel CMZP coatings can be 
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tested. Hi-Nicalon fibers can be used instead of Nicalon as it is well known that they are 

more stable at elevated temperatures. 
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Chapter 4 

CONCLUSIONS & SUMMARY 

4.1 Conclusions 

1) Procedures were established for applying uniform and crack-free CMZP 

coatings on Nicalon using MOD and sol-gel. 

2) Composites containing sol-gel coated Nicalon cloths exhibited debonding and 

fiber pullout when tested in flexure. 

3) Minicomposites containing sol-gel and MOD coated tows failed gracefully 

(debonding and extensive pullout) in tension. Even though carbon was present in the 

interface, it wasn’t enough to be alone responsible for this kind of behavior. 

4) In general, composites that contained unfired CMZP-coated tows exhibited 

better behavior- primarily higher load bearing capacities and more fiber pull-out. 

4.2 Summary 

A new material, CMZP, was evaluated as a low modulus and oxidation-resistant 

interface coating for SiC/SiC composites. Nicalon surface preparation techniques were 

developed to ensure that a clean surface would be available for the deposition of coatings. 

Plans to prepare the Nicalon surface by depositing SiC using chemical vapor deposition 

(CVD) were not pursued because of the detrimental effect the deposition was known to 

have on the fibers. Procedures were established to deposit uniform and crack-free CMZP 

coatings using sol-gel and MOD on Nicalon tows and cloth. The procedures are 

suminarized in the following flow charts : 
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Surface preparation 

(dipping for 10 min each in boiling 

trichloroethylene, acetone, ethanol and water) 

L 
Samples coated with 30 nm C (optional) 

1 
Sol preparation 

(calcium chloride & magnesium perchlorate 

mixed in ethanol or 2-methoxyethanol) 

L 
drops of HCl added 

(for ethanol only) 

L 
Above solution added to solution of 

zirconium propoxide & triethyl phosphate 

L 
CMZP sol 

(clear, yellow color) 

\ 
Dip coating 

(samples dipped and withdrawn at 4 cm/min) 

1 
Dried overnight in air & 

then at 110C for 24h 

L 
Some samples fired at 900C for Sh in Ar 

L 
Samples coated with 30 nm C (optional) 

L 
Coated samples infitrated with SiC using CVI 

1 
Mechanical testing of composites 

Figure 3-59. Process flow for sol-gel coated tows



Surface preparation 

(similar to sol-gel) 

L 
Samples coated with 30 nm C (optional) 

L 
Magnesium ethoxide and triethyl phosphate 

reacted with 2-ethyl hexanoic acid 

L 
Xylene added as solvent 

L 
Zirconium ethyl hexanoate added to this 

L 
Calcium ethyl hexanoate dissolved in 2-methoxyethanol 

added to resulting solution 

L 
CMZP solution 

(cloudy, yellow color) 

L 
Dip coating 

(similar to sol-gel) 

L 
Samples dried overnight and 

then baked at 150C 

L 
Some samples fired at 900C for 5h in Ar 

1 
Samples coated with 30 nm C (optional) 

L 
Coated samples infitrated with SiC using CVI 

1 
Mechanical testing of composites 

Figure 3-60. Process flow for MOD-coated tows 
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While a very good coating could be obtained on the cloth with a solution of concentration 

0.15 m/L, the solution had to be diluted to 0.0125 m/L to obtain similar results. Both tows 

and cloth, were infiltrated with SiC matrix using forced chemical vapor infiltration 

(FCVI) at Oak Ridge National Laboratory (ORNL). Flexure bars containing sol-gel 

coated cloths demonstrated very good composite behavior, 1.e., debonding and fiber 

pullout. A thin layer (~ 30 nm) of carbon had to be deposited on the CMZP coating to 

prevent it from being etched away. Infiltrated tows that contained only an MOD coating 

in the interface were too weak to be tested probably because the coatings were too thin 

(<100 nm) or because of the adverse effect the coating had on the fibers. Therefore, a thin 

layer ( ~ 30 nm) of carbon was deposited on the fibers before depositing the CMZP 

coating using sol-gel and MOD. The minicomposites that contained these tows 

demonstrated extensive pullout and debonding at the matrix/coating interface. This 

composite behavior could not have been only due to the carbon because there was very 

little (60-80 nm) present. At such a small thickness the interfacial frictional stress is very 

high (~ 20 MPa) thereby preventing the composite from failing gracefully. Thus, the 

CMZP coating did play a major role in influencing the properties of the composites in a 

positive manner. Additional tests are needed to determine the effectiveness of the coating 

at temperatures > 1200C. 
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