
Low Modulus, Oxidation-Resistant Interface Coatings for SiC/SiC 

Composites 

by 

Nikhil Miraj 

Thesis submitted to the Faculty of the 

Virginia Polytechnic Institute and State University 

in partial fulfillment of the requirements for the degree of 

MASTER OF SCIENCE 

IN 

MATERIALS SCIENCE AND ENGINEERING 

    

  

APPROVED: 

William Curtin, Co-Chair Seshu Desu, Co-Chair 

Stephen Kampe 

December 5, 1996 

Blacksburg, Virginia 

Keywords: Composite, Interface, Silicon Carbide, Nicalon, Coating



\T
 

LID 

VRE 
oy” 

wae 

M5o%



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.
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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


