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ABSTRACT

A process for depositing CVD mullite coatings on SiC fibers for enhanced oxidation and

corrosion, and/or act as an interracial protective barrier has been developed. Process

optimization via systematic investigation of system parameters yielded uniform

crystalline mu[[ite coatings on SiC fibers. Structural characterization has allowed for

tailoring of coating structure and therefore properties. High temperature

oxidation/corrosion testing of the optimized coatings has shown that the coatings remain

adherent and protective for extended periods. However, preliminary tests of coated

fibers showed considerable degradation in tensile strength.

Research sponsored by the U.S. Department of Energy, Fossil Energy Advanced
Research and Technology Development Materials Program, DO13FE AA 1510100,
Work breakdown structure element BU-2.



1.0 INTRODUCTION

Increased operating temperatures to achieve higher efficiencies in

applications have generated the need for new structural materials for

several industrial

components such

as hot gas filters, heat exchangers, and gas turbine combustion liners. Ceramic matrix

composites like SiCf/SiC owing to their oxidation resistance and mechanical properties

at elevated temperature have been identified as a leading candidate material for many

such applications [1]. Currently the use of these composites is being limited due to fiber

degradation at the fiber-matrix interface either during processing or subsequent high

temperature service. In monolithic SiC, the formation of a thin silica layer at moderate

temperatures has been shown to reduce the rate of further oxidation [2]. However, the

non-stoichiometric nature of commercially available SiC fibers modifies the rate of

oxygen diffusion through the scale resulting in active oxidation and corrosion [3]. Thus

the development of an interracial coating to protect SiC fibers is critical for the utilization

of ceramic composites for such applications. This presents a major technical challenge

since the interlayer must be thermodynamically compatible with the fiber and matrix,

control stresses and frictional forces within the composite, and be environmentally

stable.

Carbon whether deposited on the fibers prior to consolidation [4] or formed during

processing [5] is the most commonly used interlayer in ceramic composites. A highly

oriented graphite layer has been found to perform well in Nicalon fiber reinforced SiC

matrix composites, yielding exceptional mechanical properties via reduction in interracial



stresses [1]. Flowever, the poor oxidation resistance of carbon over 400°C results in

fiber degradation via attack of the carbon coating at the exposed fiber ends [6].

Several alternative coatings to overcome the deficiencies of carbon have been

investigated. So far hexagonal BN coatings have shown the most promise. This is not

surprising since mechanically BN behaves like carbon [6], but has significantly better

oxidation resistance. However, the presence of inherent oxygen in these coatings

decomposes the fibers leading to both loss of strength and oxidation resistance. Other

potential coatings like TaC, ZrC also suffer from similar oxygen contamination problems

[7].

Mullite (3AlzOs*2SiOz), due to its unique properties such as thermal expansion match

with SiC, oxidation resistance, elevated temperatures mechanical and compositional

stability has been targeted as a candidate material [8-1 O]. However, attempts to deposit

mullite coatings by various processing conditions have met with limited success [11].

Several of the techniques developed require a high temperature post-heat treatment to

convert amorphous alumina-silica into crystalline mullite, which

decomposition and micro-porosity [12-1 3]. Plasma spray deposition

results in fiber

of mullite as a

corrosion barrier coating has been reported [14], but since the resultant coatings are

thick, non-uniform, and contain pores, they are unsuitable as a intetfacial coating.

Additionally, grit blasting is used to enhance adherence which not only degrades

strength but is unusable for fiber tows. To overcome these problems, a process to

chemically vapor deposited mullite coatings has been developed and patented at



Boston University [15]. In the present investigation this process is being modified to

develop an oxidation resistant intetfacial barrier coating for SiC fibers.

2.0 EXPERIMENTAL DETAILS

2.1 CVD Process

Commercially available, organo-metallic precursor derived SiC fibers, namely Nicalon,

Hi-Nicalon and Tyranno were used as substrates. The organic sizing on the as-received

fiber tows was removed by heating them in air at 375°C for 4 hours. A vedical hot

walled reactor CVD unit was used to deposit the coatings. The fibers were gripped in

clips and inserted into a 95 mm long coating tube (Fig. 1). The diameter of the coating

tube could be varied to get different gas flow velocities. An axial temperature gradient of

about 8° was maintained to pattially overcome axial depletion. The effect of process

parameters such as input gas velocity, system pressure, and partial pressure of metallic

chlorides (PMCIX)was investigated at a fixed substrate temperature of 972 * 4°. The

coated fibers were characterized using SEM and XRD.

2.2 Oxidation Testing

Oxidation tests were carried out in oxygen between 10OO°C to 1300”C for 100 to 200 h.

The flow rate of oxygen was varied from 500 ccm to 1000 ccm. Weight measurements

were taken every 25 hours by interrupting the experiment. Since oxygen flow was

maintained while the furnace ramped down at 4°C/min, the actual duration of the test

was actually slightly longer then reported. The uncoated samples used in these tests

were “desized” and subsequently heated in the CVD reactor to mimic coating
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conditions. This ensured that the oxidation results were not influenced by weight loss

due to “desizing” or volatilization.

2.3 Cyclic Oxidation Testing

Cyclic oxidation testing was performed at 10OO°C in a reciprocating furnace with a 1-

hour heating and 1-hour cooling cycle. An oxygen flow of 250 ccm was maintained

throughout the cycle. Samples reached the set temperature in about 10 minutes, while

forced cooling with a fan resulted in the fibers cooling to -50°C in about 25 minutes.

Weight measurements were made after 10, 100 and 250 cycles.

2.4 Corrosion Testing

Coated and un-coated fibers were loaded with approximately 0.15 mg/cm2 of NazSOg.

Hot corrosion tests were performed on these fibers at 1100”C in a horizontal tube

furnace and at

every 25 hours

an oxygen flow rate of 250 ccm. Weight measurements were made

by interrupting the experiment. Entire fiber tows were used to facilitate

handling for taking weight measurements. However, this created some problems, as it

was not possible to coat all the fibers of the tow uniformly.

2.5 Tensile Testing

Dr. Edgar Lara Curzio of Oak Ridge National Laboratory performed some very

preliminary single fiber tensile test on mullite coated SiC fibers. Individual fibers were

picked up using cellophane tape and mounted on cardboard holders with epoxy. The

cardboard was cut along the center, so as to transfer the applied load to the fiber, and

5



pulled in tension. To account for variations in fiber diameter, an average of 25 fibers

from each tow were tested.

3.0 RESULTS AND DISCUSSION

Initial CVD coating experiments yielded tows having several undesirable characteristics

such as brittleness, bridging in fibers, and non-uniform coatings. For example, initial

bridging of the fibers (Fig.2) resulted in brittleness of the tows and also prevented the

inside of the tows from being coated. This phenomena was by radial depletion of the

reactants as they flowed from the outside to the inside of the tow diameter. It was

determined that by increasing gas flow velocity and thus reducing growth rate, bridging

could be reduced or eliminated. Experimental results showed that at gas flow velocities

above 600 cm/s bridging was completely eliminated. Additionally it was observed that

by increasing the gas flow velocities further into the 600-800 cm/s regime, the problem

of axial depletion was also alleviated and -85 mm long fiber tows could be uniformly

coated.

Surface morphology and the cross-section of a typical mullite coating on Nicalon fibers

is shown in Fig.3. The coatings were observed to be dense, uniform in thickness (about

1p) with a fine-grained equiaxed structure. X-ray diffraction studies confirmed that the

only crystalline phase present was mullite (Fig.4). X-ray analysis of mullite coatings on

fibers usually showed distinct {(abO) (baO)} type peaks, indicating a normal

orthorhombic structure. However, coatings grown on monolithic SiC substrates were

observed to be typically tetragonal in structure [16]. The difference is probably due to

.... ..-. .- —. ——. — . .. ..... ..xN...-y.- - -, ,.. - -.... I%., -,. ?-r ---



combination of factors. Firstly, compositional since the AI/Si ratio measured on the

sutiace of the coated fibers was found to be lower than that measured on coatings on

monolithic SiC. As has been previously reported [17], mullite coatings have been found

to show an increase in their Ak@ content, which drives the structure to become

tetragonal, with an increase in coating thickness. Since the fibers had significantly

thinner coatings, this compositional/structural difference can in a way be attributed to

coating thickness. Secondly, it has been established that the tetragonal structure

formed on monolithic SiC is not stable. Thus, the orthorhombic structures formed on the

fibers may in part be due to the lower growth rates (0.66pm/hr vs. 5pm/hr) used for

fibers, giving more time for equilibrium (stable) structure to be formed during growth of

the coating.

3.1 Effect of System Parameters

3.1.1 System pressure

The system pressure was varied from 25 torr to 122 torr keeping all other parameters

constant. Tubes of different diameters were used to introduce the gas and maintain the

same gas flow velocity over the substrate regardless of the system pressure. This

resulted in a fixed residence time assuming that the gas velocity changed with a change

in the tube cross-section. To minimize possible errors due to this assumption all coating

thickness measurements (growth rate) were done at the midpoint of the sample.

Achieving fixed residence time by varying the amounts of dilutant gas, was not

investigated due to:



i) Possible shift of the optimum deposition zone, higher or

whether the velocity increased or decreased.

ii) Different viscosity’s of the dilutant gas when compared to

giving rise to different boundary layer profiles.

Growth rate was found to increase at an exponential rate with

lower depending on

the reactant mixture

increasing pressure

(Fig.5). A similar study petformed on monolithic SiC substrates showed linear increase

in growth rate followed by a decrease in growth rate due to depletion [18]. The

difference in trends is probably due to the higher gas velocity used for deposition on the

fiber tows, which effectively reduces depletion. The surface morphology of the coating

obtained on fibers are shown in Fig.5. At 25 and 50 torr very fine nano-crystalline

grains (50-1 00 nm) were observed on the surface. At 80 torr, the coatings had relatively

equiaxed grains and were uniform in thickness. However at 125 torr, the coatings had

varied surface morphology along the diameter of the tows and were non-uniform.

3.1.2 Input gas velocity

The linear gas flow velocity or rather the

hot zone of the reactor was found to

residence time of the gaseous species in the

strongly influence homogeneous gas phase

nucleation and growth rate. Mullite coatings were grown for 75 minutes using different

gas flow velocities while keeping all other parameters constant (Fig.6). It can be seen

that growth rate has an even stronger exponential dependence on velocity than system

pressure. The surface morphology showed a trend towards larger grain sizes with

decrease in gas flow velocity, because of a lack of the effect of gas depletion. However,



if the same tests were to be performed at a much lower average velocity, it is projected

that the growth rate may not show such a strong dependence on the velocity, mainly

due to depletion effects.

3.1.3 A1/Simolar ratios

The A1/Si molar ratio of the input gas was experimentally varied by i) holding the A1/Si

ratio constant while changing the total partial pressure of metallic chlorides, and ii)

holding the total partial pressure of metallic chlorides constant while changing the A1/Si

ratio.

The effect of partial pressure of metallic chlorides (sum of the partial pressures of AIC13

and SiC14) on coating thickness for a fixed A1/Si ratio of 3:1 was investigated in the 0.25

to 0.70 torr range (Fig.7). Typical fine-grained microstructure were observed in all the

samples, while X-ray diffraction indicated no differences in crystallanity. The observed

decrease in growth rate at partial pressures greater than 0.53 torr is probably due to

increased gas phase nucleation and depletion.

The effect of varying A1/Si ratios on growth rate,

metallic chlorides constant at 0.53 torr is shown

while keeping the partial pressure of

Fig.8. The samples grown with input

ratio of 2:1 and 3:1 showed conventional microstructure with the 3:1 surface

morphology being slightly less “plate-like”. The 4:1 samples showed different

morphologies with the outside of the tow showing regions of cluster formation wherein

the growth seemed to be occurring independently of the substrate, and the inside of the



tow showing fine-grained microstructure. Although all the coatings were less than a

micron thick and showed only mullite peaks in X-ray diffraction, the A1/Si ratio measured

at the surface of these coatings showed significant differences (Fig.9). TEM studies

performed on monolithic SiC [16] have indicated that samples grown with lower Ai/Si

ratios have thicker (Si-rich) amorphous interracial layers. It is possible that a similar

effect might be contributing to this observed difference in A1/Si ratios on the surface of

these coated fibers.

3.2 Structure of Mullite Coating

A schematic of the proposed structure of a mullite coating on SiC fibers is shown in

Fig.1 O. Mullite coatings were observed to start as nano-crystallites on the amorphous

interface and then transition to much larger “platelet-like” columnar grains. The

thickness of the nano-crystalline zone was found to depend on the growth rate, with

slower growth rates yielding thicker zones. The transition from nano-crystalline to

columnar platelets is projected to be the result of preferential growth along certain

crystalline directions on correctly oriented grains.

3.3 Oxidation Testing

Nicalon fibers are known to degrade at temperatures around 10OO°C due to carbo-

thermal degradation [19]. Although the reactions involved are not fully resolved, one set

of reactions proposed [20] are that silicon-oxycarbide (SisCQO) pyrolyses to form SiO

gas;

Si3CQ0 + SiO (~1+2C + 2SiC

10



which reacts with free carbon to from CO gas;

SiO + 2C + CO(~j+ SiC

so consequently the Nicalon fiber pyrolyzes to form SiC and CO;

Si3C40 + CO(~)+ 3SiC

This results in significant weight loss due to volatilization. However, in the presence of

oxygen SiC reacts to form SiOz which contributes to weight gain;

SiC(~)+ 1.5 02+ SiOz(s)+ CO(~)

Therefore during oxidation both mechanisms are at work and consequently the weight

measured is the resultant of the two competing mechanisms. However, the dominant

mechanism is that of silica formation [21].

All uncoated fibers developed silica scale (cristobalite) as confirmed by the significant

weight gain observed during testing. Additionally, other sutface defects such as pitting

(due to volatilization of the fiber) and bubbled surfaces (due to CO and SiO entrapment

in the silica layer) were also observed (Fig.1 1). On the other hand, mullite coatings

yielded excellent protection to Nicalon fibers. SEM analysis of the coated fibers

indicated no surface damage. Extensive cross-sectional examination showed

undamaged interfaces, and no structural changes. Nonetheless, significant damage at

the uncoated ends was observed in all cases (Fig.1 2).

Testing at 1000”C indicated that even though mullite coated samples provided

protection, the uncoated samples themselves did not degrade significantly (Fig.1 3).

11



However, when the samples were tested at 1300°C the superior performance of mullite

coated Nicalon (Fig.14) and Hi-Nicalon (Fig.15) tows was evident.

3.4 Cyclic Oxidation

The inclusion of coated fibers in composites that are targeted for applications which are

routinely subjected to thermal cycling, introduce further constraints such as i) thermal

shock resistance of the protective coating, and ii) low thermal expansion mismatch

between the coating and the fiber, to avoid spallation. Mullite coated fibers showed no

spallation and negligible weight gain after 250 cycles at 1000”C (Fig.1 6). X-ray

diffraction (Fig.17) indicated no structural changes in the coating. However, as has been

reported [22], grain growth in the fibers was observed as confirmed by the sharpening of

the (3SiC (1 11) peak at 35°.

3.5 Hot Corrosion

Alkali impurities (such as Na) in fuel systems are a major concern due to hot corrosion

degradation of SiC fibers [23]. The formation of a silica scale on the surface of SiC

fibers has been discussed earlier. [n the presence of NazSOd the following additional

reactions are expected to occur:

xSiOz(S)+ Na&OA(l) + NazO. xSiOz(l)+SOs

NazSOd(l) + NazO(s) +SOs(~)

Na20(~) + xSiOz(s) + NazO. xSiOz(l)

12
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Thus in the presence of the NazSO.4 the protective silica scale is converted to a liquid

which is no longer protective. Additionally, transport rates throughout the liquid are

much higher contributing to increased rate of attack of the substrate.

In the case of SiC fibers the silica layer formed is

the interface with the free carbon in the substrate [24]

as follows:

SiOz(sl + C(.) ) + SiO(~) + CO(~)

Obviously this reaction is accompanied by a weight

simultaneously expected to react at

resulting in additional degradation

loss and the evolved gasses are

expected to diffuse through the silica layer. Kim, et al. [24] have suggested that beyond

a certain thickness of the silica layer the diffusion distances become too large and the

gasses get trapped, reducing further degradation. However, it is projected that since the

scale is expected to liquefy, it is not likely to trap any of the reaction gasses, and the

degradation reaction

weight loss observed

will not be slowed down. This might partly explain the significant

in the fibers (Fig.1 8).

Several distinct types of damage due to corrosion were observed in the uncoated fibers

(Fig,19). In contrast the mullite coated samples showed very good protection. Figure 20

shows the cross section and surface of the coated fiber after the

that both the coating-fiber and coating-salt interfaces are clean.

test. It can be seen

However, uncoated

ends showed extensive damage. To a very limited degree (<5%) some silica formation

on the surface of the coated fiber was observed. It is not clear if this was due to non-

uniform coating or occasional cracks obtained due to handling of the fibers.

13



3.6 Tensile Strength

Preliminary single fiber tensile test showed strength drops, due to mullite coatings, that

were alarming, especially since the coatings were typically found to be crack free.

Average strength values for coated Nicalon were 11.9 ~ 3.7gm, coated Hi-Nicalon were

17.7 ~ 5.6 gm, and both types of uncoated fibers were measured to be around 43.1*

6.2 gm. The reason for this higher than expected degradation in strength needs to be

investigated.

4.0 CONCLUSION

A modified CVD process

developed. Growth rate

pressure and input gas

to deposit crystalline mullite coatings on SiC fibers has been

was found to have a exponential dependence on system

velocity. Coatings grown using partial pressure of metallic

chlorides higher than 0.53 torr showed a decrease in growth rate due to depletion and

gas phase nucleation. Structural investigation showed that plate-like columnar mullite

grains develop out of nano-crystalline mullite zones that nucleate on amorphous

interracial layers. The thickness of the two zones was found to depend on the growth

rate. Oxidation tests performed on mullite coated Nicalon and Hi-Nicalon fibers showed

excellent protection up-to 200 hours at 1300”C. The coatings also performed well in a

cyclic oxidation test carried out for 250 cycles at 1000”C and a sodium sulfate hot

corrosion test performed at 1200”C.
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Figure 1: Schematic of fixture used to coat fiber tows.

Figure 2: SEM micrograph showing bridging in SiC fiber tows.
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Figure 3: Micrographs showing mullite coated fiber, surface morphology
and cross-section.
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Figure 4: X-ray pattern from a mullite coated Nicalon tow.
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Figure 10: Structure of mullite coating on SiC fibers.
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Figure 11: Surface of uncoated fibers after oxidation testing.

Figure 12: Uncoated end of coated fibers showed damage due to oxidation
testing.
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Figure 16: Weight change vs. cycles for coated Nicalon and Hi-Nicalon
during cyclic oxidation testing.
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Weight loss vs time after hot corrosion testing.
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Figure 19: SEM micrographs showing A) Pitting and smooth surface, B)
Bubbled surface, C) Cracked surface and D) Bridged fibers.
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Figure 20: SEM Micrographs showing A) Undamaged coated fibers after
corrosion testing B) undamaged interface and C) Few (c5Yo)

damaged fibers.
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