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R. Bouffioux
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ABSTRACT

The strengths of Hi-Nicalon™-S SiC fibers were measured after oxidation in wet air between
700° and 1300°C. The oxidation and scale crystallization kinetics were also measured. Thicknesses of
amorphous and crystalline scale were measured by TEM. Oxidation initially produces an amorphous
scale that starts to crystallize to cristobalite and tridymite in 100 hours at 1000°C or in one hour at
1300°C. Crystallization kinetics for oxidation in wet air were slightly slower than those for dry air. The
activation energy of 249 kJ/mol for parabolic oxidation to uncrystallized SiO, scale in wet air was
indistinguishable from that for dry air oxidation, but the pre-exponential factor was ~2x higher. SiC
fiber strength changes with oxidation in dry and wet air were very similar. The fiber strength increased
by approximately 10% for SiO, scale thickness up to ~100 nm, and decreased for thicker scales. No
significant strength degradation was observed for amorphous scales. All fibers with significantly
degraded strength had crystallized or partially crystallized scales.

INTRODUCTION

S|C fiber strength is affected by oxidation. Fiber strength defines the maximum attainable CMC
strength. Oxidation is affected by fiber impurities, particularly alkali and alkali earthsé that increase
oxidation rates reduce scale viscosity, and lower temperatures for scale crystallization.? Morsture has
similar effects.”® Some work suggests that oxidation of SiC fibers reduces their strength.**’ However
recent work has shown that thin silica scales (< 100 nm) actually increase SiC fiber strength,’*? as
might be expected from surface flaw healing and residual compressive stress |n the scales. Ambiguous
effects of SiC oxidation on strength have also been observed for bulk material.??

Preliminary data and analysis for the oxidation Kinetics, scale crystallization kinetics, and
strength of Hi-Nicalon™-S SiC (B-SiC) fiber oxrdrzed in wet air are presented. This paper builds on a
thorough descrrptron and analysis of Hi-Nicalon™-S SiC fiber oxidation and scale crystallization
kinetics in dry air.?>?! Hi-Nicalon™-S fiber was chosen because it has near-stoichiometric SiC
composrtron (~1 at% oxygen and ~2 at% carbon) and the smoothest surface of currently available
SiC fibers.?® The fiber properties are described in several publications.* 24 263

EXPERIMENTS

Hi-Nicalon™-S fibers have a PVA (polyvinyl alcohol) sizing. To avoid contamination of the
fiber surface by sizing impurities, the sizing was removed bX two sequential dissolutions in boiling
distilled deionized water in a Pyrex glass beaker for one hour.?! The desized fibers were oxidized in
flowing wet air by bubbling dry air through distilled water at room temperature (24°C). Water
saturation at this temperature yields a water/air molar ratio of 0.03. Fibers were oxidized in an alumina
muffle tube furnace with an alumina boat dedicated to these experiments. Both the muffle tube and
boat were baked-out at 1540°C for 4 hours in laboratory air prior to use. These bake-outs have been
shown to be necessary to prevent contamination by alumina impurities.** Fiber oxidation was done at
700 to 1300°C for times up to 100 hours. A total of 20 different heat-treatments were done (Table I).
Heat-up and cool-down rates of 10°C/minute were used.

The strengths of the oxidized fibers were measured by tensile testing at least 30 filaments,
using published methods.** The average and Weibull characteristic value for failure stress were
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calculated, along with the Weibull modulus. Strengths were calculated
using both the original (r;) and final SiC radius after oxidation (ry)
(Fig. 1). The average fiber diameter measured by optical microscopy
and SEM was 12.1 pm.

The uniformity SiO, scale uniformity was characterized using
reflected light interference fringes observed by optical microscopy.
Cross-sectional TEM sEecimens were prepared from oxidized fibers by
published methods.®**** TEM sections were ion-milled at 5 kV and
examined using a 200 kV Phillips LaBg-filament TEM and a 300 kV
FEI Titan TEM. SiO, oxidation product thickness (x) and cracking,
fraction of crystallized scale (f), and microstructures of the SiO, scale
were characterized for a minimum of five filaments, and in many cases
more than ten. The crystallized SiO, phase (tridymite or cristobalite)
was identified from selected area electron diffraction patterns in some scales.

Fig. 1. Diagram showin
RESULTS AND DISCUSSION .  initial (r) and final (1 SiC

Results for twenty wet oxidation experiments are shown in  thickness after oxidation and
Table I. All reported strengths are calculated from the final SiC radius  sjO, thickness x.
present after oxidation.

# #of | T(°C) | t(hrs) X (hm) X (nm) f Strength Weib. Char. Weibull Comments
Obs. amorphous crystalline (GPa) (GPa) Modulus
1 29 700 100 17.7+5.7 — 0 2.64 2.93 7.71
2 38 800 1 7.2+16 — 0 2.98 3.15 5.89
3 22 800 10 20.1+11.3 — 0 2.80 3.13 2.96 1 outlier — 0.66 GPa
4 43 800 100 74.1+11.1 — 0 3.05 3.18 4.90
5 23 900 1 159+4.3 — 0 2.77 2.86 5.64
6 45 900 10 72.0+5.6 — 0 2.73 2.87 6.98
7 15 900 100 216. + 8. — 0 2.77 3.17 4.11
8 30 1000 1 66.0+5.4 — 0.036 3.14 3.25 6.67
9 66 1000 10 198. + 10. — 0.04 3.15 3.28 6.36
10 23 1000 30 333.+15. — 0.043 2.82 2.93 7.47
11 30 1000 100 859. + 29. 841..+ 62. 0.15 2.44 2.83 2.70
12 15 1050 100 — 1470. + 110. 1 <1 <1 — 6 Tridymite, 1 Cristobalite
13 39 1100 1 167. £ 7. — 0 2.40 2.77 2.46
14 22 1100 3 214.+17. — 0 2.82 3.14 5.55
15 75 1100 10 652. + 24. 623. +53. 0.44 2.14 2.37 3.05 11 Tridymite, 4 Cristobalite
16 5 1100 100 — 1590. + 79. 1 <1 <1 — 1 Tridymite
17 6 1200 1 274.+16. 257. +41. 0.2 2.38 2.71 4.06 1 Tridymite
18 5 1200 10 — 790.£90. 1 2.07 2.08 4.68 2 Cristobalite
19 11 1200 100 — 2390. + 200. 1 <1 <1 — 1 Tridymite
20 13 1300 1 601.+49. 456. + 17. 0.77 2.55 2.56 4.93 1 Tridymite, 1 Cristobalite

Table I. Hi-Nicalon'"-S wet-air oxidation experiments. f is the fraction of scale that is crystallized.

Fiber Strength

The relationship between oxide scale thickness (x) and the Weibull characteristic strength of
the fibers is shown in figure 2. As-received fibers had average strengths of 2.85 GPa and Weibull
characteristic strengths of 3.0 GPa; this is plotted at x = 1 nm on the logarithmic scale thickness axis.
Tensile strengths could not be reliably measured for some fibers with thick, crystallized scales.
Extensive experience with filament tensile testing suggests that these fibers have tensile strengths less
than 1 GPa, as indicated in Table | and figure 2. Fiber strengths in figure 2 are shown as a function of
scale thickness after oxidation at various times at 700 - 1300°C for both dry and wet air oxidation. Dry
air is denoted by discs and wet air by circles. Amorphous scales are red, fully crystallized scales are
purple, and partially crystallized scales have colors between red and purple, with a hue proportional to
the fraction of scale crystallized (f) in Table . The strengths are plotted for the final SiC fiber radius
(rf) after oxidation, which can be calculated from the original fiber radius (r;) and the oxide scale
thickness (x) from:

re = [X* (Qsic’ /Qsios” - Osic /Qsioa) + 121 - (Qsic / Qsioz)X [1]

2
Approved for public release; distribution unlimited



where Qs;c and Qsjo, are the molar volumes for SiC and SiO,, respectively. The load carried by the SiO, scale,
which has a modulus less than 1/5 that of SiC, is insignificant and beneath measurement error.
35 - _ Fiber strength increased about 10% for
e ° thin oxide scales, with a weakly defined
O * maximum near SiO; thicknesses of ~50 - 100
(o nm. As observed for dry air oxidation,* there
3de was no relationship between oxidation
temperature and fiber strength; scales of similar
thickness that formed in a short time at high
temperature or a long time at low temperature
had similar effects on fiber strength. No
significant strength degradation was observed
for fibers with amorphous scales. All fibers
with Weibull characteristic strengths <2.75
GPa had crystallized or partially crystallized
scales (Fig. 2). However, there were some
fibers with crystallized or partially crystallized
scales that were not significantly degraded in
strength. Detailed analysis of Weibull
parameters as well as a discussion of possible
strengthening and degradation mechanisms will
1 m ™ 2050 l be done in future papers covering dry air, wet
Scale Thickness (nm) ‘ alr, and active oxidation eXperImentS.

Tensile Strength (GPa)

=
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o
~
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Crystallization

As in dry air oxidation,
crystallization always nucleated at the scale
surface, and growth was comparatively rapid
parallel to the surface than through thickness
(Fig. 3). EDS measurements for dry air
oxidation suggest some carbon incorporated in
the amorphous scale was later rejected during
crystallization.”**! We have not yet checked
this for wet-air oxidation.

SiO, crystallized to cristobalite and
various tridymite polymorphs at 1000° -
1300°C (Fig. 4, Table I). Tridymite dominated.
This was also observed in dry air oxidation.?>**

Fig. 3 TEM micrograph of SiO, crystallization The relative abundance of cristobalite increased

after oxidation in wet air for 10 h at 1100°C. at higher temgeratures (Table 1), as observed in

other studies. rystalline silica scales were

thinner than corresponding amorphous scales, as observed previously,™ and the thicknesses of

crystalline scales were more variable (Table I). Nucleation was not synchronous, so such variation
could be caused by variation in the amount of time spent in amorphous and crystalline states.

Crystallized SiO, scales often cracked (Fig. 4). Debond cracks between SiO, scale and SiC
were also cgmmon. Cracked crystalline scales were previously observed Hi-Nicalon™ and Hi-
Nicalon™-S,%%' and were suggested to cause lower fiber strengths. 1039 Unlike amorphous SiO,,
cristobalite and trld(ymlte have larger coefficients of thermal expansion than SiC, particularly near
room temperature. Cracks are assumed to form from thermal stress during cooling, and from
volume contraction during tridymite phase transformations and the o — [ cristobalite phase
transformation.

Thick crystalline scales had wide aperture cracks parallel with the fiber axis that clearly formed
during oxidation (Fig. 4). They are inferred to be caused by tensile hoop growth stress that develops
during OX|dat|on of cylindrical substrates, which in turn is caused by the 2.2x volume expansion for
SiC oxidation.*>*® When these cracks form the scale is no longer passivating; they are a short-circuit

Fig. 2 Weibull characteristic fiber strength vs.
oxide scale thickness.

20-21
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path for O, ingress and SiC oxidation rates are increased underneath them.* Other cracks, generally
with narrower apertures, formed perpendicular to the fiber axis, as observed for dry air oxidation. 20-21

Fig. 4 TEM micrograph of SiO,
crystallization after oxidation in wet air for
100 h at 1200°C. Thermal and growth
cracks are identified. An inset shows a
selected area electron diffraction pattern for

tridymite.

1.0}

—_—
-

o e e
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f - Fraction of Crystallized SiO2
]

—

10° 10° 10°

t(s)

Fig. 5 Avrami plot of crystallization kinetic
data from Table I. Wet air data and
parameter fit is in bold; dry air data and
parameter fit from earlier work is faded.

Kolmogorov-Johnson-Mehl-Avrami
(KIMA) analysis was used for silica crystallization
kinetics:***°

f=1-exp[-Kt"] [2]
K = Koexp[-Q/RT] [3]

where f is the fraction crystallized (Table 1), K is a
rate constant, t is time, n is a the time growth
exponent, K, is a pre-exponential factor and Q an
activation energy for growth, and RT has the usual
meaning in an Arrhenius expression. A parameter
best fit for all t, T, and f yields:

Q =487 kJ/moI [4a]
K, =5 x 10" [4b]
n=16 [4c]

The parameter fit is shown in figure 5, along
with the data and fit found previously for dry air
oxidation.””%* The wet air activation energy Q is

slightly lower than that found for dry air (514
kJ/mol), K, is 40x lower, and the time growth
exponents (n) are similar, 202 Crystallization
kinetics were slightly slower in wet air than in dry
air, particularly at high temperatures (Fig. 5). A
growth exponent n of ~1.5 is diagnostic of three-

dimensional growth from site-saturated
nucleation.*

Oxidation Kinetics — Amorphous Scale

No cracks were observed in amorphous
scales, even in scales nearly a micron thick. Thick
scales were uniform; thin scales had higher relative
variability in thickness (Table 1). This was also
observed for dry air oxidation.?*%

Passive oxidation kinetics for SiC in wet air
were analyzed using Deal-Grove kinetics for flat
plates, with diffusion of molecular O through SIOE
as the rate limiting step in the parabolic regime.
Flat plate geometry was shown to be accurate for
scale thlcknesses < 1 um on a 6.5 um radius
fiber.?>* A more detailed description of the
analysis methods that includes corrections for scale
formed during heat-up and cool-down is given
elsewhere. %

The thickness of the SiO, scale (x)
described by Deal-Grove kinetics for the flat plate
geometry is:

dx/dt = B/(A +2x) 5]

4
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A = Ao exp[-Q/RT] [6]
B = B, exp[-Qu/RT] [7]

where A, and B, are constants and Q, and Qy, are activation energies. B is the parabolic rate constant
and B/A is the linear rate constant. For an initial SiO, thickness of x;, the solution to [5] is:

= YeA{[1+ (t + 7)/(A%4B)]M? - 1} [8]
T = (X + Ax)/B []

where 7 is a time shift that corrects for presence of an initial oxide layer. For long times, [8] becomes
the simple expression for parabolic oxidation Kinetics:

x*=Bt [10]

The best fit for “Deal Grove” parameters for oxidation kinetics for amorphous SiO, scale
formation for Hi-Nicalon™-S fiber in wet air are:

A,=81x10%m [11a]
Q. =108 kJ/moI [11Db]
B, = 2.2 x 10 m?/s [11c]
Qb (parabolic) = 249 kJ/mol [11d]
Qura (linear) = 141 kJ/mol [11e]

As found for dry air oxidation, the fit had strong convergence to the Qyp, value, but was less sensitive to
the other parameters, particularly Q, and A,. Data and the parameter fit are plotted in figure 6, along
with  predicted values for  various
1000 . geew o 90% . crystallization fractions (f) from [2-4]. Q, and
557 e~ ., Qb values for wet air oxidation were almost
’identical to those for dry air oxidation, but the
— 1% pre-exponential factors A, and B, were ~2x
= 0.1 higher. The 2x factor increase with little
change in temperature dependence for Py,o of
~ 0.03 is roughly consistent with other
observations of oxidation rate increases in
water environments.®®®  More detailed
analysis and discussion will be presented in
publications building on this preliminary

study.

500| —

=
n O
o O

SiO2 Thickness (nm)
=)

(9}

SUMMARY AND CONCLUSIONS
0 The Deal-Grove oxidation kinetics for
17 amorphous SiO, scales, Avrami scale
dk = — — crystalllzatlon Kinetics, and tensile strength of
) . (5)10 10 Hi-Nicalon™-S SiC fiber were measured after
oxidation in wet air at 700° to 1300°C for up

Fig. 6 Deal-Grove oxidation kinetics parameter to 100 hours. The results are generally similar
fits [5-11] to data in Table I. Data and fit are for to those previously found for oxidation in dry
amorphous SiO; scale growth in wet air for Hi- air. Activation energies for both oxidation and
Nicalon™-S SiC fiber. Avrami crystallization crystallization rates were similar in dry and

kinetics predictions for various f values [2-4] are wet air. However, wet air oxidation had
superimposed. approximately a 2x increase in the pre-

exponential factors A, and B, for linear and
parabolic oxidation, respectively, and a decrease in scale crystallization rate at the higher temperatures
in comparison with dry air parameters. As observed for dry air oxidation, the fiber strength increased
by approximately 10% for SiO, scale thickness up to ~100 nm, and decreased for thicker scales. No
significant strength degradation was observed for amorphous scales. All fibers with significantly
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degraded strength had crystallized or partially crystallized scales. Scale crystallization typically began
at thicknesses greater than 100 nm. Amorphous scales were uncracked. Crystalline scales were cracked
from thermal stress, polymorphic phase transformations, and tensile hoop growth stress. These cracks
are inferred to be responsible for lower fiber strength. Future work will try to establish quantitative
relationships between fiber strength, oxidation kinetics, crystallization kinetics, and scale residual
stress.
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