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Abstract

Oxidation tests have been carried out on highly porous ceramic matrix fiber composites consisting of Tyranno Lox M fibers coated with Pyro C
and CVD-SiC thin layers. TGA experiments carried out at 900 °C confirm that mass loss rates are higher for materials with thicker Pyro C layers.
At higher temperatures (i.e. 1250 °C) such differences are not significant likely due to the interaction between SiC oxidation and Pyro C burnout.
These tests clearly show that the oxidation kinetics of Tyranno fibers are much faster than those of CVD-SiC coatings. Therefore, the CVD-SiC
coatings protect the Tyranno fibers against oxidation, although this is less effective as the thickness of the Pyro C layer increases. Finally, it has
been found that the oxidation kinetics of the CVD-SiC layers are faster as the coating thickness increases and are different for the inner and the

outer coating surfaces.
© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Silicon carbide fiber based ceramic matrix composites
(CMCs) are commonly used in a wide variety of high tem-
perature structural applications due their excellent combination
of mechanical and chemical properties (i.e. strength retention
above 1200 °C, resistance to thermal shock, good oxidation
and corrosion behavior, etc.).!™ These composites are typi-
cally based on Si—-C-O or Si-Ti—C-O fibers (corresponding to
Nicalon® and Tyranno® commercial names respectively) and
SiC matrices obtained by chemical vapor deposition (CVD)
from several organometallic compounds.’ With regard to the
fibers, the two mentioned groups present similar microstructures
mainly consisting of 3-SiC nanocrystals and free carbon embed-
ded in an amorphous silicon oxycarbide matrix (SiC,COy).6 In
general, the fiber oxidation rates depend on the selected tem-
perature range. Thus, below 1200 °C for the Si—C-O system
and 1350 °C for Si-Ti—C-O fibers, oxidation kinetics are typi-
cally parabolic and not strongly affected by their free carbon and
oxycarbide contents, with activation energies ranging from 70
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to 110 kJ/mol.*7® Above these temperatures, oxidation kinetics
are much faster likely due to the decomposition of the oxycarbide
phases, which occurs at the abovementioned temperatures with
emission of CO and SiO gases.” !0 It is believed that the pressure
induced by these gases at the fiber/oxide interface is enough to
break the outer silica layer allowing a direct access of oxygen
to the unoxidized part of the fiber.!!~!3 For highly pure CVD-
SiC materials, oxidation kinetics are found to be parabolic up to
much higher temperatures (i.e. 1675 °C).!4"1° Below 1400 °C,
it is believed that the controlling step is the inward diffusion of
O, through the silica scale. However, at higher temperatures,
measurements carried out with the isotope exchange technique
suggest a transition from molecular oxygen to network atomic
oxygen diffusion.?*-2? These phenomena are still not well under-
stood since diffusion is affected by the crystallization of the silica
layer to crystoballite and the corresponding diffusivity coeffi-
cients of oxygen species in this phase are still unknown.*!# In
addition, there is also no explanation for the differences found
in the oxidation rates of pure SiC single crystals as a function
of their crystallographic orientation leading to significant differ-
ences in the corresponding activation energies (from 94 kJ/mol
for the (000 1) face to 285 kJ/mol for the (000 1) face). On
the other hand, most of the works related to oxidation of SiC-
C-SiC CMC:s (specifically SiC/Pyro-C/CVD-SiC materials) are
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Fig. 1. (a) Scheme of the structure of the porous Tyranno/Pyro C/CVD-SiC composites, (b) BSE-SEM image of the composite side view, (c) Id. top down view and
(d) detail of a broken fiber showing the three different constituents of the composite: Lox M Tyranno fiber, Pyro C layer and- CVD-SiC coating.

focused on compositions used for the fabrication of high tem-
perature load bearing components.!>23 In this case, oxidation
resistance is typically studied in relation with the deterioration
of the CMC mechanical properties. When a SiC/C/SiC compos-
ite is exposed to an oxidizing atmosphere, the carbon interface
is the first constituent to react (starting around 450 °C) leading
to CO and CO, emissions.?* As a result of this reaction, the C
interface disappears leaving an annular pore around each fiber.
As the oxygen diffuses along these pores, it also reacts with their
walls forming silica layers both at the fiber surface at the inner
CVD-SiC surface. At high temperatures (above 1100 °C) and for
thin carbon interfaces, the pore resulting from its gasification is
closed once the growing silica layers get in contact. Therefore,
oxidation is limited to a thin region near the CMC outer surface.
On the other hand, at low temperatures (600—700 °C) the growth
kinetics of the silica layers are extremely low and the oxida-
tion progresses through the whole thickness of the component.
Recently, a new family of highly porous SiC/Pyro C/CVD-SiC
CMC composites has been developed for their application not
as a structural materials but as thermal insulators or heat resis-
tant noise absorbers>2% (Fig. 1). These materials are processed
in two steps. Firstly, the fibers are dispersed into an aqueous
medium containing a certain amount of polymer additions. Once
the mixture is homogeneous, the fibers are flocculated and the
water removed in order to obtain a thin laminated preform.?”-?8
These preforms, in which fibers are only slightly bonded by
PVA filaments, present porosity levels higher than 95 vol.%. In
a second step, the fibers are more strongly bonded by a SiC
film deposited by CVD. As described above, many works have
been published on the oxidation resistance of dense SiC/Pyro

C/CVD-SiC CMCs. However, no oxidation data are available
for high porosity materials like those selected in this investi-
gation. Under these premises, this work is aimed at analyzing
the oxidation phenomena occurring in these new type of CMCs,
specially the relationship between the oxidation kinetics of the
three main constituents (i.e. Tyranno fibers, pyrolytic C and the
CVD-SiC coating) and the overall composite oxidation behavior.

2. Experimental procedure

Preforms were obtained by dispersing the Lox M Tyranno
fibers into water based solution containing 5% of polyvinyl
alcohol (PVA). Once the mixture is homogeneous, the water is
removed obtaining laminates of controlled thickness. Although
the Tyranno fibers present a certain degree of orientation in the
lamination direction (side view in Fig. la and b), from a top
down view, they appear oriented at random (Fig. 1¢). Preforms
are consolidated following a process similar to that used for the
fabrication dense SiC/C/SiC CMCs consisting on the subsequent
deposition of Pyro C and SiC layers (Fig. 1d) (see Ref.> for a
detailed description). The thickness of these layers is much lower
than that required in dense products, since only a few microns are
needed to hold together the porous fiber structure. Propane and
methyltrichlorosilane (MTS) were the initial gaseous reactant
species and different processing conditions were applied in order
to modify the thickness of the abovementioned layers (Fig. 2).
This is also reflected in the general chemical composition of the
processed materials, given in Table 1, since the PyC thickness
is proportional to the free C content (after subtracting the mass
corresponding to the CVD SiC layer, which is different in each
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Fig. 2. FEG-SEM images of the three selected Tyranno/Pyro C/CVD SiC composites showing the different thicknesses of the Pyro C and CVD-SiC layers.

Table 1
Chemical composition of the processed SiC/pyro C/CVD-SiC fiber composites.

Reference Chemical composition (at.%)
Si C (e} Ti % free C
A 36.97 57.46 5.25 0.32 20.49
B 35.93 60.76 3.11 0.19 24.83
C 31.69 60.14 7.70 0.47 28.45

case). Porosity values were calculated by means of picnometry
experiments and geometrical measurements of the CVD coated
laminates (Table 2). In all cases, porosity volume fractions were
between 96 and 97 vol.%. The diameters of as-received Tyranno
fibers and the thickness of Pyro C and CVD SiC layers were
obtained from SEM images of samples mounted on epoxy resin
and polished down to 1 pm diamond paste (Fig. 3). A set of 50
different fibers were measured for each material.

These measurements show that Lox M Tyranno fibers present
an average diameter of 13.6 wm with a very narrow dispersion
(95%C.1.=0.1 pm). These data also show that the thickness of
the Pyro C layer is similar for materials A and C (0.99 £ 0.03 pm
and 0.92 £0.03 wm respectively) and higher for material B

Table 2

Density and porosity values corresponding to the different compositions.

Reference Actual density Geometrical Porosity
(g/cm?) density (g/cm?) (%)

A 0.10 2.74 96.3

B 0.08 2.28 96.4

C 0.07 2.52 97.1

(2.20£0.07 pum). On the other hand, the thickness of the CVD-
SiC coating is similar for materials A and B (between 2.5 and
4.5 pm) and much lower for material C (0.82 4= 0.04 pm). The
surface area of the composites was measured by the BET method
using nitrogen as the adsorbing gas (ISO 9277:1995).

Fig. 3. BSE-SEM image corresponding to a polished sample of material “B”
used for the measurement of the Tyranno fiber diameters an the thickness of
Pyro C and CVD-SiC layers.
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Fig. 4. TGA curves corresponding to the three different Tyranno/Pyro C/CVD SiC composites. The thermal cycles were carried out at temperatures ranging from
900 °C to 1250 °C in synthetic air (pO, =0.25 atm) with a dwelling time of 6 h and a constant heating rate of 15 °C/min.

Oxidation kinetics were analyzed by means of high resolu-
tion thermogravimetry (TGA) on samples with an initial mass
of 15 mg (sensitivity: 0.01 mg). The thermal cycles were carried
out at temperatures ranging from 900 °C to 1250 °C in synthetic
air (pOy =0.25 atm) with a dwelling time of 6 h and a constant
heating rate of 15 °C/min. Additional tests were carried out in
industrial muffles at the same temperatures and heating rate but
for a longer dwelling time; 100 h. Finally, the long term oxida-
tion behavior was studied in samples oxidized at 1100 °C for
2000 h. Samples of 50 mm x 50 mm x 3 mm were used in these
two types of experiments. As described for the starting materi-
als, SEM images of polished samples were used for measuring
the thickness of the oxide layers produced by the different ther-
mal treatments. Mean values and 95% confidence intervals were
obtained from a total number of 50 fibers measured for each
material and condition.

3. Results and discussion
Thermogravimetric curves present similar characteristics for

the three investigated materials (Fig. 4). Firstly, significant mass
losses are detected during the heating ramp and the initial part of

the temperature “plateau”. Afterwards, mass losses are reduced
reaching a minimum whose position depends on the tempera-
ture and the material composition. From this point on, the mass
increases at a rate which is higher as the temperature increases.

First mass losses are associated to the oxidation of the Pyro
C layers. According to the literature, this phenomenon starts
at 450 °C with different kinetics depending on the access of
oxygen to the Pyro C coating. This is consistent with the values
of the minimums observed in the derivatives of TGA curves
(corresponding to the maximum mass loss rates) (Fig. 5a and c).
Thus, the highest mass loss rate (4 x 1073 s~!) was measured for
the material with the thickest Pyro C layer (i.e. composite “B”)
at 640-650°C and the lowest (6.5 x 10~%s~!) was measured
for the material with the thinnest Pyro C layer (composite “A”)
at 715-720°C.

According to Ref.3, above 750 °C both the Tyranno fibers and
the CVD-SiC coatings start to oxidize leading to relative mass
gains. The interaction between these processes and the Pyro
C burnout explains the minimums observed in TGA curves. As
shown in Fig. 5b and d, the position of the minimums (defined by
the intersection of the TGA derivatives with the x axis) changes
with the temperature and the material composition. Thus, for
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Fig. 5. Derivatives of TGA curves for the tests carried out at: 900 °C (a and b) and 1250 °C (¢ and d). Images (b) and (d) correspond to a zoom of the region of

interest in each case.

the tests carried out at 900 °C, the minimum for material “A”
occurs after 132 min after reaching the temperature “plateau”
(solid black line Fig. 5b) whereas for material “B” this hap-
pens only after 17 min (blue line Fig. 5b). This can be explained
by considering that, in materials “A” and “C”, Pyro C oxidation
occurs at a lower rate due to the small surface area exposed to air
between the fiber and the coating. So, the elimination of the Pyro
C layer takes longer time than for material “B”. Such differences
are less important at 1250 °C (Fig. 5d). In this case, the mini-
mums are found at the end of the heating ramp: at 890-985 °C
for composites A and B and at 937 °C for material C. This can
also be explained by considering that, at 900 °C, the oxidation
rate of the Pyro C layers is much higher than that of Tyranno
fibers or CVD-SiC coatings. However, at 1250 °C, the oxidation
rate of the fiber and the CVD-SiC coating are not negligible. It
is, therefore, possible that Pyro C burnout is hindered by the fast
growing of silica layers, especially in material “A”, since the
small gap left between the fiber and the coating can be easily
clogged.

After the minimum, mass gain rates present a particular evo-
lution characterized by a sharp maximum at the end of the

heating ramp followed by a gradual reduction with time. The
magnitude of these maximums also depends on the material
composition, being higher for material “C” and decreasing for
materials “B” and “A”. This is due to the fact that material “C”
presents the thinnest CVD SiC coating, that is the highest vol-
ume fraction of fibers, which, as will be shown below, are less
resistant to oxidation.

A detailed microstructural analysis of TGA samples was not
possible due to the small amount of material used in these exper-
iments. The observation of the oxidized layers was carried out on
larger specimens tested at the same temperatures in an industrial
muffle. The use of these larger samples do not affect the access
of oxygen to the PyC layers due to the high porosity of the inves-
tigated materials (above 95 vol.%). These tests were extended to
longer dwelling times in order to confirm the kinetics observed
in TGA experiments. BSE-SEM micrographs corresponding to
these samples are included in Fig. 6. These images show also
the gaps left between the Tyranno fibers and the CVD-SiC coat-
ings by the Pyro C burnout and the oxide layers growing from
the surfaces exposed to air. These oxides generate strong bonds
between the fiber and the inner coating surface at the zones
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Fig. 6. BSE-SEM images corresponding to composites “A”, “B” and “C” oxidized at 1100 °C for 100 h in an industrial muffle.

where they come into contact. The extension of these bonded
zones is higher for the composites with thinner Pyro C layers
(for instance, in material “C”, more than 30% of the fiber sur-
face is bonded to the inner CVD-SiC face). On the other hand,
the size of the gap left between fiber and coating decreases with
the thickness of the Pyro C layer. A limit situation is found in
samples tested at 1100 °C for 2000 h. In these long term exper-
iments, the aforementioned gap appears completely closed in
material “A” and still open in material “B” (Fig. 7).

A similar phenomenon has been described for dense
SiC/C/SiC composites in which cracks generated at high tem-
peratures in the presence of oxygen are closed by the growth
of oxide layers from the crack surfaces.>>* This so-called “self
healing” behavior protects these dense composites against fur-
ther Pyro C oxidation and, although it is very unlikely to occur
in the composites studied in this work, it emphasizes the strong
interaction between both Pyro C and SiC oxidation phenomena
in these materials.

Taking these results into account, a first estimation of
oxidation kinetics of the Tyranno/Pyro C/CVD-SiC porous com-
posites was carried out from TGA curves by considering the
mass gains measured after reaching the parabolic regime (Fig. 8).
The data corresponding to the tests carried out at 900 °C were
excluded from these calculations, since in this case mass gains
do not follow a parabolic trend. The corresponding parabolic
rate constants have been calculated from the equation:

Amz—Kt 1

where (Am/S) is the weight gain per unit surface, K, is the
parabolic rate constant expressed in terms of mass gain, and ¢,

the time. The surface area of the composites (“S”) was mea-
sured by the BET technique obtaining similar results either
for as-deposited or oxidized samples (0.60 m?*/g and 0.62 m?/g
respectively). Although, this suggests that Pyro C burnout does

D —— 10m

Fig. 7. BSE-SEM images of samples oxidized at 1100 °C for 2000 h showing
that the gap between the fiber and the coating is completely closed for material
“A” (a) and still open for material “B” (b).
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Fig. 8. Specific weight gain squared vs. time for different temperatures: (a) 1000 °C, (b) 1100 °C and (c) 1250°C.

not produce a significant modification of the surface area of the
composites, BET measurements may be misleading because it
is possible that the access of the nitrogen (i.e. gas used in these
tests) to the gap between the fiber and the CVD coating is limited
by the growth of silica layers in this region. The corresponding
activation energies (E,;;,) were obtained after confirming that K,
data followed the Arrhenius law (Fig. 9):
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Fig. 9. Arrhenius plot of the parabolic rate constants K, obtained from TGA
experiments.

where Ky is the so-called pre-exponential constant, E,,, the
apparent activation energy, R the ideal gas constant and 7, the
temperature in Kelvin degrees.

These activation energies, included in Table 3, are much
higher than those reported for single Lox M Tyranno fibers,*
being close to those reported for CVD-SiC materials!*2° or
SiC single crystals for the (000 1) face.!” In TGA oxidation
experiments, the Tyranno/Pyro C/CVD-SiC composites are con-
sidered as a whole, not taking into account the different oxidation
behavior of Lox M Tyranno fibers and CVD-SiC coatings.

Table 3
Activation energies (E,) and parabolic rate constants (K,,) calculated from TGA
experiments.

Reference T (K) K, (kg?/(m* s)) Eum (kJ/mol)
A 1273 8.487E—16 327
1373 4.133E—15
1523 1.291E—13
B 1273 5.160E—15 267
1373 9.008E—15
1523 2.970E—13
C 1273 1.286E—15 351
1373 1.031E—14
1523 2.922E—13
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In order to analyze the actual oxidation kinetics of each com-
ponent, the thickness of the different oxide layers have been
measured as a function of time from 900 °C to 1250 °C. These
graphs also include the data corresponding to the tests carried
out at 900 °C since, unlike what has been described for TGA
experiments, the thickness of oxides scales produced at this
temperature can be measured by FEG-SEM.

These measurements confirmed that the thickness of the dif-
ferent oxide layers follow parabolic laws (Fig. 10b). Similarly
to that described for TGA data, the activation energies corre-
sponding to each oxidation process were calculated from the new
parabolic rate constants (K),) after confirming that the Arrhenius
law was obeyed in each case (Fig. 11):

(Ax)? = K pt (3)

Eqp
RT

In K,=In K'g— %)
where Ax is the thickness of the corresponding oxide layer and
K’y the corresponding pre-exponential coefficient.

The new activation energies (E,,) are considerably lower
than those obtained in TGA experiments (compare data of
Tables 3 and 4) and agree with those previously reported for
both Lox M Tyranno fibers and CVD-SiC coatings in the
selected temperature range.*'%20 This discrepancy is likely
related to the interaction between Pyro C burnout and the
formation of the silica layers at the short dwelling times used in
TGA test, an effect which tends to underestimate the mass gains
and which is probably less important in the experiments carried
out in the muffle at longer dwelling times. Nevertheless, TGA
experiments are still interesting for qualitative comparisons
and as the best possible way of monitoring the Pyro C burnout.
Under these considerations and taking into account the activa-
tion energies calculated from K, values, it can be concluded
that oxidation kinetics in these SiC/Pyro C/CVD-SiC porous
composites is controlled by the inward diffusion of O, through
the different silicon oxide films.

Table 4
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Fig. 10. (a) SEM image of a polished cross section of a specimen mounted in
epoxy resin after oxidation at 1100 °C for 100h and (b) parabolic plot of the
oxide scales obtained from these measurements (also at 1100 °C).

These results also confirm that the oxidation resistance of Lox
M Tyranno fibers is lower than that of the CVD-SiC coating. The
lowest activation energy (i.e. 57 kJ/mol) corresponds to material
“B”, that with the thickest Pyro C layer. The same tendency is
observed in TGA data corroborating that the CVD-SiC coating
protects the fiber against oxidation and that this protection is
less effective as the size of the gap left after Pyro C burnout

Activation energies (E4) and parabolic rate constants (K},) calculated from the evolution of oxide layer thickness.

Reference T (K) Fiber surface Inner CVD surface Outer CVD surface
K, (nm?/s)  Eg, (kJ/mol) K, (nm?/s) Egp (kJ/mol) K, (nm?/s) Egp (kJ/mol)
A 1173 1.337 68 0.060 175 0.332 129
1273 1.889 0.277 0.865
1373 3.342 1.431 2.319
1523 6.376 3.345 6.824
B 1173 1.715 57 - 160 0.329 133
1273 1.509 0.221 1.024
1373 3.210 1.224 2.260
1523 5.865 2.747 7.891
C 1173 1.452 62 0.052 225 0.105 154
1273 1.588 0.208 0.200
1373 3.441 1.517 1.090
1523 5.684 - -
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Fig. 12. BSE SEM micrographs corresponding to material “B” tested for 100 h
at: (a) 1100 °C and (b) 1250 °C. This latter image shows the presence of cracks
at the fiber surface and in the CVD-SiC coating.

increases. This happens in material “B”, in which the presence
of a wider gap between the fiber and the coating allows an easier
access of oxygen to both surfaces.

Another important result is that the CVD-SiC coating exhibits
faster oxidation kinetics for the outer than for the inner surface
(Table 4). Moreover, it has also been observed that oxidation
kinetics accelerate as the coating thickness increases. Thus,
materials “A” and “B”, both with thick CVD-SiC coatings,
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Fig. 13. XRD patterns of material “A” corresponding to: the composite in the
initial state (red line) and after oxidation experiments for 100 h at 1100 °C (green
line) and 1250 °C (blue line). The latter shows the presence of crystoballite due
to the crystallization of the silica layer. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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present much thicker outer scales than material “C”, with a thin-
ner CVD-SiC coating. These two phenomena are likely related to
those described by Ramberg and other authors,'®>° which con-
firm that oxidation kinetics in SiC single crystals are anisotropic.
TEM studies are in progress in order to analyze the aforemen-
tioned differences.

Finally, it has to be pointed out that most of the oxidation
tests lead to continuous oxide layers, what is compatible with
the observed parabolic kinetics. Nevertheless, the oxide scales
of the samples tested at 1250 °C for 100 h presented numerous
cracks both at the fiber and the outer CVD-SiC surfaces (Fig. 12).
Such cracks are likely due to the strain built-up associated to
the high to low cristobalite transformation, since this phase is
already present in the oxidized layers (Fig. 13).?7

4. Conclusions

The oxidation of highly porous Tyranno/Pyro C/CVD-SiC
composites comprises the Pyro C burnout and the oxidation
of the Tyranno fibers and the CVD-SiC coatings. Within the
selected temperature range (from 900°C to 1250°C), it has
been confirmed that the phenomena leading to mass gain (i.e.
silica formation from the oxidation of the fibers and the coat-
ings) exhibit parabolic kinetics. The activation energies obtained
from the evolution of the thickness of the silica layers with tem-
perature agree with those related to the inward diffusion of O,
through the silica scale. However, the onset of the silica cracking
observed in the tests carried out at 1250 °C suggest a change of
tendency at higher temperatures.

TGA experiments confirm that Pyro C burnout is faster for
the composites with thicker Pyro C layers, although, at 1250 °C,
such difference is less evident. This could be due to the interac-
tion between Pyro C burnout and the formation of silica layers
which is stronger as the temperature increases. Finally, it has
been confirmed that the oxidation resistance of CVD-SiC coat-
ings is higher than that of the Lox M Tyranno fibers, although
it is not homogeneous. Thus, the outer surface of the coating
presents a thicker silica layer than that found at the inner surface.
Moreover, the oxidation resistance of the coating is observed to
decrease as its thickness increases. A possible explanation for
these phenomena could be related to anisotropic effects.
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