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EFFECTS ON THE OXIDATION PROTECTION

REVIEW OF TEMPERATURE DEPENDENT
OF CARBON/CARBON
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REVIEW OF TEMPERATURE DEPENDENT EFFECTS ON THE OXIDATION
PROTECTION OF CARBON/CARBON

E. L. Courtright

Pacific Northwest Laboratories*
P.0. Box 999
Richland, Washington 99352

Abstract

There is continued interest in the use of carbon/carbon for a variety of
structural applications because of the excellent strength retention exhibited
by this composite at high temperatures. However, the principal performance
1imiting issue, which is oxidation protection, has yet to be solved. Coating
development efforts have been extensively pursued and the factors that limit
the effectiveness of oxidation protection systems are identified. This paper
reviews the temperature dependency of several important criteria such as the
limitations imposed by oxygen permeability, and the kinetics of oxidation for
candidate coating materials. The influence of active/passive transition,
mass loss by evaporation, and thermochemical stability are also included.

* Operated for the U.S. Department of Energy by Battelle Memorial Institute
under contract DE-AC06-76RLO 1830,



Introduction

The incentive to use carbon/carbon in high temperature structural
applications evolves from the superior specific strength and enhanced service
temperature capability of these composites. At temperatures above 1000°C,
carbon/carbon exhibits strength/density ratios in excess of superalloys and
ceramics. The mechanical strength of carbon/carbon also increases with
_ temperature, unlike most other materials.

Carbon/carbon composites are really a family of materials that consist of
high strength and high modulus carbon fibers in a matrix of carbon formed
through the carbonization of an organic precursor or by the deposition of
pyrolytic carbon. Many applications of interest require extended periods of
operation in oxidizing environments where unprotected carbon deteriorates
rapidly. As a result, the development of reliable oxidation protection
systems emerge as the principal performahce-]imiting consideration. A
variety of protective coating concepts have been extensively pursued and
those criteria which impose performance limitations have, for the most part,
been identified. This paper reviews the temperature dependent behavior of
several important criteria that include: phase stability, active oxidation,
mass loss through evaporation, and the effects of oxygen permeability on
oxidation kinetics. Issues associated with coating adherence, thermal
expansion mismatch, microcracking, or the limitations of metallic coatings
are not considered.

Background

Silica-forming coating systems provide the best oxidation protection for
carbon/carbon composites, where SiC or Si,N, are the preferred

materials. (-3

The primary oxygen barrier is a continuous silica glass layer
that grows on the surface following exposure to oxygen. In the case of
silicon nitride, Si,N,, it has been postulated that the oxidatijon kinetics
are controlled by a combination of oxygen and perhaps nitrogen diffusion
through Si0, along with the kinetics of the interface reaction that forms
SiZNZO.(LS) In the case of SiC, the rate Timiting process may also be due to

factors other than oxygen diffusion alone.(®

Low viscosity external
sealants based on silica as the primary glass former are often employed to
help fi1l cracks, voids, or defects in the coating surface. Most additives,

including boron, lower the viscosity of the glass which enhances oxygen



permeability and thus the protection capability of the barrier is seriously
diminished, particularly at higher temperatures. The effectiveness of silica
as an oxygen barrier is also reduced when it comes in direct contact with
carbon because silica does not wet carbon. Glasses high in B,0, are better
suited for sealants and boron is coften the preferred constituent for an
inhibiting agent because the low interfacial surface tension of the boria
glass enables wetting of carbon surfaces. Borate glasses also exhibit
moderately Tow viscosities over a wide temperiture range which, when combined
with good wettability, allows the formation of a continuous protective
1ayer.(6) Unfortunately, borate glass systems have major limitations,
particularly at high temperatures, and these issues will be briefly
discussed. ‘

Phase Stability

At high temperatures, a reaction between the protective §i0, layer and the
underlying SiC or Si,N, will produce volatile vapor species that can become
disruptive if total gas pressures exceed one atmosphere.(7) A phase stability
diagram for Si-C-0, developed by Rapp and St. Pierre, !’
1 for a temperature of 1727°C (2000°K).

, 1s shown in Figure
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Figure 1 - Silicon-Carbon-Oxygen phase stability diagram with

superimposed isobars of Pcp and Pgip for 1727°C
(2000°K), Ref. 7.



Isobars of constant Pco and Pgjg are superimposed to show that the least
total pressure corresponding to the highest Psjg and Towest Pco occurs at the
triple junction in equilibrium with silicon. At all higher carbon activities
on the SiC/Si0, equilibrium line, Pco>Psio which means that the reaction
between silica and silicon carbide is driven to saturation with silicon:

2 SiC(s) + Si0,(s) =3 Si(1) +2 C0(g) (1)
Thus, the temperature dependency for both Si0 and CO are highly dependent on

chemical activities. The gas evolution for several possible interface
reactions are shown in Figure 2 for unit carbon and unit silicon activity.
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Figure 2 - Calculated gas evolution for several potential interface
reactions and chemical activities.




The reaction producing the highest pressures is obtained under conditions of
unit carbon activity where Pcp exceeds one atmosphere above 1500°C. Gas
evolution for a borate (B,0,) glass is similar to that for $i0, at unit carbon
activity and that for SiN, (not shown) is close to SiC at unit silicon
activity.®

As the gas pressure begins to increase with increasing temperature, bubble
formation occurs. When the total pressure for all volatile species exceeds
the ambient pressure, the bubbles can become disruptive and often destroy the
protective nature of the film. Mieskowski, Mitchell, and Heuer® calculate
that the internal pressure for a S§i0, bubble opposing one atm external
pressure is 1.3 atm for a 20um diameter bubble and 7 atm for a bubble with
lum diameter. Hence, bubble nucleation should not represent a significant
hindrance to bubble formation,

In Figure 3, the time to failure for a silicon carbide coating on
carbon/carbon is seen to be only a few minutes above 1650°C because the
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Figure 3 - Time to failure for a SiC coating on carbon/carbon
exposed to oxidizing conditions.
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cumulative pressures of the volatile species induce failure. Failure times
are much greater at lower temperatures, and a distinctive gas composition
effect is observed. Gas evolution at the protective scale/coating interface
may be disruptive at temperatures as low as 1500°C, depending upon the
chemical activities invo1ved.(”

Active Oxidation

A transition between slow passive oxidation and rapid active oxidation was
first noted by Wagner(” who observed that a clean Si surface would completely
react with a Tow oxygen flux to form Si0 molecules and not a protective §i0,
film. A low flux of incident oxygen molecules might result from either
exposufe to 0, at a reduced total pressure or to a dilute concentration of
oxygen in an inert carrier gas. In either case, a transition partial
pressure, P02°, can be defined above which the silicon containing material
is protected by a passive Si0, film. Hinze and Graham*® concluded that the
transport of CO rather than Si0 was the rate controlling process in the
active oxidation of hot pressed SiC as described in equation (1). The
critical transition pressure P02° is obtained from a model proposed by
Wagner(® that combines the equilibrium pressure Pco or Pgyp with an effective
thickness for the gaseous boundary layer (6C0/60,,65i0,/60,) and ratio of
diffusion constants in the gas phase (DCO/DOZ’DSiO/DOZ)- The temperature
dependency of the transition pressure is compared with predicted values
calculated from three different possible reactions in Figure 4.

Included is the work of Narushima, Goto, and Hirai™) who established that
the transition oxygen partial pressure increases with temperature at a
constant gas flow rate whereas at constant temperature, the transition oxygen
partial pressure increases as gas flow rate decreases. Evaporative Si0 loss
was also shown to increase linearly with ambient oxygen partial pressure in
the active oxidation regime. Active oxidation does not appear to be a
potentially limiting effect at temperatures below 1700°C and oxygen partial
pressures greater than 0.1 atm, although localized areas, e.g. large gas
bubbles, of Tow oxygen activity could accelerate attack,

One area of importance, and for which little ur no data exists, are the
conditions required to induce active oxidation once a passive film has
already been formed. It is likely that this process will be controlled by
the thickness of the initial film layer and by the conditions controlling

g i



mass loss through evaporation, as well as the time required to deplete the
initially protective film.
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Figure 4 - Temperature dependence of the critical transition
pressure, ° for CVD-SiC active oxidation compared
with hot pregsed SiC and thermodynamic predictions,

Evaporation Losses

The calculated effects of physical evaporation for both Si0, and B,0, are
shown in Figure 5. Under conditions of rapid gas flow across a surface, the
vaporization coefficient (a) would be nearly unity and mass loss would
approach the maxim m possible (Hertz-Langmuir) rate for a given pressure:

J, = 44.35&.&&//4/7 (2)
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Where the flux (J,) is expressed in g/cm?.s, P, is the equilibrium partial
pressure of the evaporating species in atm, M is the average molecular
weight, and T is the temperature in K. If one assumes that the film
evaporates as a stoichiometric molecule, and the evaporation coefficient a
is equal to 1, the temperature dependence of the recession rate for $i0, is
about 0.17um/hreC. Data for the vapor species Si0,(v) were taken from
Zanbov, Ames, and Margrave!?) and that for B,0, from Soulen, Stapitananda,

and Margrave, 3
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Figure 5 - Vapor pressure and recession due to mass loss by
‘ evaporation as a function of temperature for §i0, and
B,0,. .

Graham and Davis*" have shown that mass transport through a gaseous boundary
layer is the rate-controlling step in the oxidation/vaporization process.
In their work, which was performed on Cr,0,, evaporation coefficients at flow
rates under (<lm/s) were Tess than 0.01. Figure 5 presents two curves for
each species to represent a potential mass loss as a function of temperature
for evaporation coefficients in the range between a = 0.01 and 1. For §i0,,
a recession rate of 0.lum/hr is exceeded above 1610°C (1883°K) under stagnant
conditions (a = 0.01). The equivalent temperature for B,0, is only about
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940°C, and if moisture is present at that temperature, vaporization loss
could increase almost to 400um/hr.(®

Oxidation Kinetics

The oxidation of SiC and Si,N, has been extensively studied.!"® Strife and
Sheehan (! summarized the data applicable to coatings on carbon/carbon and
show that there is a rather broad range of parabolic rate constants for both
materials, see Figure 6. The lowest values are associated with the highest
purity materials which normally means coatings produced by chemical vapor
deposition. A parabolic rate constant of 10um?/hr corresponds to the
oxjdation of 100um of material in 1000 hours. Silicon base compounds
generally do not reach this oxidation rate below 1700°C. On the other hand,
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Figure 6 - The temperature dependency of the parabolic rate
constants for the oxidation of several non-oxide ceramics.
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other ceramic compounds of potential interest as candidate coating systems
oxidize at significantly higher rates above 1400°C, and in some cases,
several orders of magnitude higher.

This behavior indicates a much higher oxygen permeability for almost all
oxide compounds relative to pure silica, and is graphically demonstrated in
Figure 7 where the temperature dependency of the oxygen permeability constant

Permeability Constant (g G2 /cm-sec)

is shown for several oxides and two noble metals.(!5-19)
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Figure 7 -

temperature for several oxides and noble metals at a Po,
of 0.21 atm. \

The temperature dependence for oxygen permeability through pure $i0, shown

in Figure 7 was calculated from parabolic reaction constants.

The data were

obtained from a range of silica films grown on silicon carbide compiled by



Motzfeltd!’) for data provided by Muhlenbachs and Schaeffers, '8 and from
Wil11ams’® on measurements of the diffusion of oxygen through fused silica,
The upper curve probably represents material of Tower purity. Above 1400¢cC,
an increase in activation energy has been reported by both Sch11cht1ng(2m and
by Costello and Tressler.'?) Lattice diffusion and/or the breaking of Si-0-
S{ bonds have becn proposed as possible causes. Luthra®® has also suggested
that crystallization (devitrification) can have a pronounced effect on the
parabolic rate constant above 1400°C. In consideration of these factors, the
temperature dependence for the oxygen permeability of §10, was modified to
reflect a possible increase in kinetics above 1400°C. Silica still has the
lowest permeability to oxygen of all ceramic oxides (Pel < 107!! gm 0,/cmesec)

‘for which data is available, even when the potential effects of
devitrification are taken into account..

The effects of oxygen permeability on the rate of oxidation for a carbon
substrate based on the calculated oxygen flux through a 10um film of B,0, and
§i0, is shown in Figure 8. The temperature dependency of the two materials
are similar since the diffusion of molecular oxygen is the predominate
mechanism in both cases.? The rate of oxygen diffusion through B,0, is
seen to be almost six orders of magnitude higher than for Si0,. If a B,0,
sealant was to be employed as the primary barrier for the protection of
carbon (e.g. inhibiting agent), then oxidation of the underlying carbon would
consume nearly 100um (™4 mils) 1in one hour at 600°C. This comparison
dramatically demonstrates the temperature Timitations of boria inhibiting
agents and glass sealants despite their excellent wetting characteristics
with respect to carbon. |
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Conclusions

Many of the critical performance limitations of carbon/carbon protective
coating systems are strongly temperature dependent. Examples include:

. Gas evolution and disruptive bubble formation can occur at the
protective film/coating or substrate interface and will depend upon
the chemical activities at that interface. Disruptive bubble
formation is of most concern under conditions of unit carbon activity
(e.g. Si0,/SicC, Si0,/C, B,0,/C) and could occur at temperatures as low
as 1500¢C.

° Active oxidation as defined by accelerated attack at the surface in
the absence of protective $i0, scale formation does not appear to be
a limiting effect at temperatures below 1700°C and oxygen partial
pressures greater than 0.1 atmospheres.

. Mass loss through evaporation can be excessive for boria base glasses
and sealants in the presence of moisture. Evaporation rates for pure
B,0, could reach 0.lum/hr under stagnant flow conditions at
temperatures as low as 940°C. Mass loss by evaporation for silica
base glasses and sealants becomes appreciable at 1400°C under
conditions of rapid gas flow across the surface, and can reach rates
of 0.lum/hr at 1600°C under stagnant conditions.

° Silica based compounds are the only non-oxide ceramics that exhibit
acceptably low oxidation rates (Kp < lOunF/hr) above 1400°C and silica
is the only known ceramic with an acceptably low permeability to
oxygen (Pe/ < 107'' gm 0,/cmesec) below 1700°C.  Devitrification

(crystallization) may reduce that Timit to near 1500¢C.

o While boria (B,0,) glasses wet carbon and are capable of providing
short term oxidation protection for carbon/carbon to temperatures as
high as 1200°C, the permeability of oxygen by molecular diffusion is
sufficiently rapid to restrict extended (> 1000hr) life protection to
about 600°C if boria is the only barrier.
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