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Oxidation of silicon melt infiltrated SiC/SiC ceramic matrix composites (CMC) was studied in air at
1200-1400°C for 1, 5, 24 and 48 h. Weight gain and oxide layer thickness measurements revealed the
oxidation follows parabolic reaction kinetics with increase in temperature and time. XRD showed the
extent of oxide layer (SiO,) formation was greatest after 48 h at 1400°C: an observation confirmed by
X-ray photoelectron spectroscopy (XPS), energy dispersive spectroscopy (EDS) and transmission electron
microscopy (TEM) analyses. Oxide layer thickness varied from 1 wm after 48 h at 1200°C to 8 wm after
48 h at 1400 °C. Oxidation of SiC/SiC composites is both temperature and time dependent with an acti-
vation energy of 619 k] mol~'. BN coatings around SiC fibres showed good resistance to oxidation even

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The need to increase the cycle efficiency and reduce noise and
NOx emissions from jet engine turbines has promoted development
of ceramic matrix composites (CMC) such as silicon carbide fibre-
reinforced silicon carbide (SiC-SiC) [1-3]. Use of CMCs will lead
to a significant improvement in fuel consumption and thrust-to-
weight ratio compared to metal alloys. In addition, the low density
of CMCs allows weight savings of up to 30% compared to Ni-based
super alloys equating to about 1000 kg/engine thus leading to vastly
improved fuel consumption [4]. At high temperature >900 °C, SiC
may undergo either active or passive oxidation [5]. At low oxygen
pressures (<1 atm), active oxidation occurs due to the formation of
volatile products as follows:

SiC(s) + 2Si04(s) — 3Si0(g) + CO(g) (1)
SiC(s) + O2(g) — SiO(g) 4 CO(g) (2)

During passive oxidation a protective film of SiO, is formed on the
surface according to:

SiC(s) + %Oz(g) — Si0y(s) + CO(g) 3)

SiC(s) + 20,(g) — SiO5(s) + CO5(g) (4)

Castello and Tressler [6] studied the oxidation behaviour
of sintered SiC and chemical vapour deposition (CVD) SiC at
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1200-1500°C in dry oxygen. They observed a parabolic behaviour
and suggested that oxidation is controlled by permeation of oxygen
ions through the growing oxide film. However, the oxidation rates
of CVD SiC were higher than those of sintered SiC due to the pres-
ence of free silicon. Schiroky [ 7] studied oxidation behaviour of CVD
SiC at 1200-1800°C. At >1500 °C, growth of uniform films of amor-
phous silica was observed and with bubble formation between
1700 and 1800°C due to the high CO pressure at SiC-SiO, inter-
faces. Oxidation of CVD SiC was also investigated by Narushima
et al. [8] at 1550-1700°C. They observed that the parabolic oxi-
dation behaviour of CVD SiC consists of stage I and stage Il as a
result of a change in diffusion rate of oxygen in the SiO film due to
crystallization from amorphous silica to 3-cristobalite. However, in
both stages, the parabolic rate constant (k) depends on the oxygen
partial pressure meaning that the rate controlling process for oxi-
dation is diffusion of the oxygen ions in the SiO; film. They obtained
activation energies of 345 and 387 k] mol~! for stage I and stage II
respectively at 1550-1700 °C in reasonable agreement with values
obtained by Sucov (420 k] mol~') at 700-1200°C [9].

Only a few reports on the oxidation of SiC/SiC composites are
available in the literature. Kleykamp et al. [10] were the first to
investigate the influence of carbon-coated SiC fibre reinforcement
on the oxidation behaviour of SiC at 550-1520°C in air. They
observed that at 870-985°C, the amorphous SiO, transforms to
tetragonal cristobalite and oxidation kinetics follow a quadratic
rate law above 1000°C. Moreover, no apparent improvement in
corrosion resistance of SiC fibre-reinforced SiC compared to dense
monolithic SiC was observed due to the high porosity (10 vol%)
of the SiC matrix and the free carbon in the interlayers that is
burnt out over the lower temperature range. Sheldon et al. [11]
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studied the oxidation behaviour of boron nitride (BN) coated SiC
fibres in CMC at 1000-1450°C. They suggested that oxidation of
this material undergoes three different stages, where stage I rep-
resents oxidation of SiC to form SiO, and solid carbon according
to:

SiC(s) + 0y(g) — SiOy(s) + C(s) (5)

After all the available SiC has oxidised, stage II is active where
the oxidation of solid carbon takes place to produce CO, where stage
IlI corresponds to oxidation of the BN coating as follows:

2BN(s) + 5 02(g) — B20s(D) + No(g) (6)

They observed that formation of SiO, takes place before forma-
tion of B,O3 meaning that BN-coated SiC fibres will not necessarily
lead to formation of a low melting oxide phase such as borosilicate
glass, in agreement with Jacobson et al. [12].

Based on the above discussion, this work focuses on the oxi-
dation behaviour and kinetics of BN-coated SiC-reinforced SiC
composites at 1200-1400°C in dry air for different periods of time.
The main aim was to investigate the influence of several parame-
ters (temperature and time) on the oxidation behaviour of SiC/SiC
composites and to characterise formation of SiO, as a function of
time.

2. Experimental methods

BN coated SiC/SiC composites were manufactured through
chemical vapour infiltration (CVI) and slurry infiltration of SiC
and then impregnated with liquid silicon. The SiC matrix and
fibres are bonded together via a boron nitride fibre coating on the
fibres, details are given elsewhere [13]. The samples were cut to
10 x 10 x 4 mm, then cleaned with acetone in an ultrasonic bath
and dried in a vacuum oven for 24 h prior to testing. Oxidation
experiments were conducted at 1200-1400°C for 1, 5,24 and 48 h
in a lift furnace under static air and samples were quenched in air
after each hold. Samples were placed on high purity >99.99% alu-
mina boats (Almath crucibles, Newmarket, UK) in contact with their
two edges to minimize the contact area between samples and cru-
cible and then placed inside a chamber lift furnace (Lenton, Hope,
UK) at a heating rate of 10°Cmin~!. The weight and dimensions
of all samples were recorded before and after the experiment with
precision of £0.001 g and +0.01 mm respectively.

Oxidation kinetics were analysed using a parabolic power law
as follows [14]:

(%) — Vit (7)

where, Aw is the weight change before and after oxidation, A is
the total surface area, k is the parabolic rate constant and ¢ is the
oxidation time. The activation energy (E) needed for oxidation was
determined according to the Arrhenius equation [5]:

k = A.e(—E/RD) (8)

where, A is a constant, R is the gas constant and T is absolute tem-
perature.

Samples before and after oxidation were characterised using
XRD (Bruker instrument, Coventry, UK). XRD measurements were
carried out in 26 range of 10-80°. Phases were identified using
Xpert High Score Plus software utilising the ICDD (International
Centre for Diffraction Data) database.

Samples oxidised at 1400°C for 1, 5, 24 and 48 h were ana-
lysed using XPS (K-Alpha, Thermo scientific, Warrington, UK) to
determine the nature of the oxide layer through their binding
energies. XPS measurements were conducted using Mg X-rays of
1253.6eV. Photoelectrons from Si-2p, C-1s and O-1s core levels
were collected using a hemispherical analyser with 50eV pass
energy, a 200ms integration time and 0.1eV steps. The analy-
sis was performed using CasaXPS software. Shirley or two point
linear background subtractions were employed depending on
background shape. Scofield cross-sections were used as relative
sensitivity factors in the calculation of the atomic percentages with
relative sensitivity factor (RSF) of C 1s=1.000. Peaks were fitted
using GL(30) lineshapes; a combination of a Gaussian (70%) and
Lorentzian (30%). All XPS spectra were charge corrected by refer-
encing the fitted contribution of C—C graphitic like carbon in the C
1s signal to 284.6eV.

Microstructures were examined in back scattered and sec-
ondary electron imaging (BSI and SEI, respectively) modes using
a scanning electron microscope (SEM) JEOL (JSM 6010LA, Tokyo,
Japan) also equipped with an energy dispersive spectroscopy (EDS)
JOEL silicon drift detector (SDD) with ultra-thin window (UTW).
Samples were mounted in epoxy resin and cut at 90 ° using diamond
blade and polished to 1 wm and 0.06 wm suspensions of diamond
and silica colloidal respectively. Samples were cleaned in an ultra-
sound acetone bath for 1 min to remove any contamination during
polishing. Prior to SEM, samples were coated in gold to avoid elec-
trical charging. The average oxide layer thickness (+0.5 um) was
obtained based on 200 points of both oxide faces from SEM micro-
graphs using Image-] software.

The crystalline structures and chemistry of the as-received and
oxidised samples of SiC/SiC CMC were characterised by Transmis-
sion Electron Microscopy (TEM). Cross-sectional TEM samples were
prepared by focused ion beam (FIB) milling (Helios NanoLab 600).
TEM bright field and Scanning Transmission Electron Microscopy
(STEM)imaging was carried out on a JEOL (JSM 2100F, Tokyo, Japan)
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Fig. 1. SEI microstructure of BN coated SiC/SiC composites as received from supplier revealing the SiC bulk and fibres.
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operated at 200 kV. EDS in the STEM was done using INCA software
(Oxford instrument, Abingdon, UK) and electron diffraction pattern
(DP) capture using a Gatan digital camera (Gatan, Abingdon, UK).
Electron Energy Loss Spectroscopy (EELS), work was carried out
in STEM mode on a FEI Titan 80-300S/TEM operated at 300 kV,
equipped with a monochromator and a Cs aberration image correc-
tor. The incident angle o and collection angle 3 for EELS acquisitions
were ~10 and ~14 mrad, respectively. Hydrocarbon contamination
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can originate from sample handling and preparation processes and
is common for TEM specimens. A plasma cleaning step before the
TEM experiments is normally applied to remove it, however this
could not be used for the current samples due to formation of water
molecules during the plasma cleaning process and the sensitivity of
the coating to moisture. The main issue with hydrocarbon contam-
ination for STEM-EELS is that the mobile hydrocarbon molecules
move towards the electron beam and are polymerized by the

(b)

(d)

Fig. 2. High magnification BF TEM image of: (a, b) SiC bulk and fibre with BN coating interphase before oxidation, (c) EDS of BN coating, (d) DP of SiC fibre and (e) DP of BN

coating.
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Fig. 3. XRD of BN coated SiC/SiC for: (a) as received sample, (b) oxidised at 1200°C, (c) oxidised at 1300°C and (d) oxidised at 1400°C for 1, 5, 24 and 48 h.

electrons, leading to a continuous increase in the local specimen
thickness at the probe position, which makes EELS measurement
impossible. To tackle the problem, a beam shower procedure inside
the TEM [15] was carried out, which successfully reduced the
mobility of the hydrocarbon so that during the spectrum acqui-
sition continuous build-up of hydrocarbon under the STEM probe
was avoided. In this condition, the relative specimen thickness
(thickness over electron inelastic mean free path, t/\) was checked
to be below ~0.4 for all EELS analysis, sufficiently thin to enable
valid analysis of the interested elements (B, N and O) without inter-
ference from carbon.

3. Results and discussion

SEIs of as-received BN-coated SiC/SiC (Fig. 1) revealed the SiC
matrix, fibres and BN coating on the SiC fibres. A bright-field TEM
image of a region in the as-received sample is shown in Fig. 2(a).
A typical interface between the SiC fibre and SiC matrix shows
about 100 nm thick BN coating on the fibre. Fig. 2(b) shows typ-
ical SiC matrix-BN coating-SiC fibre interfaces. On both sides of
the BN-coating, a thin (about 10 nm) film is observed (Fig. 2(b)).
EDS analysis of this thin film (Fig. 2(c)) reveals the main elements
of the BN-coating with some oxygen contamination due to FIB
milling while the peaks of Si and C are from SiC neighbours. Elec-
tron diffraction patterns (Fig. 2d and e), indicate the coatings are
largely amorphous, while the SiC fibres are polycrystalline.

XRD of samples before and after oxidation at 1200-1400 °C for
1, 5, 24 and 48 h is shown in Fig. 3. Before oxidation (Fig. 3a), XRD
reveals only 6H-SiC and silicon, where the main silicon carbide and
silicon peaks are at 20 of 35.7° and 28.5° respectively. After oxi-
dation at 1200 °C, the intensity of the main silicon peak decreases
with an increase in the oxidation time, where it is lowest after 48 h
oxidation at 1400°C. On the other hand, the opposite is observed
for formation of the oxide layer where the most intense SiO, peak
(20 of 48.8°) is highest after 48 h at 1400 °C. It is also observed that
oxidation of SiC takes place at all tested temperatures, however
the oxidation is greater after holds at 1300-1400 °C as indicated by
the decline of the main SiC peak at 26 of 35.7°. After oxidation at
1200°C, the SiC peaks did not decrease with increase in oxidation
time, whereas the Si peaks decrease with an increase in oxidation
time. This suggests that oxidation of Si is predominant over the oxi-
dation of SiC around this temperature. However, after oxidation at
1300°C, the SiC peaks started to decrease with an increase in the
oxidation time, which suggests that the oxidation of SiC is dom-
inant after 1300°C. Hence, the oxidation of SiC/SiC satisfies Eq. 5
where silicon and SiC react with oxygen to form SiO, [11].

There was no change in the morphology of the BN coating after
48 h oxidation at 1400°C (Fig. 4(a) and (b)) compared to before
oxidation (Fig. 2(a) and (e)). EELS spectra from the BN coating
before and after oxidation are very similar (Fig. 4c), indicating little
change in the composition of the coating. B-K and N-K edges can
be clearly seen with a very low intensity O-K edge, which could
come from a slight surface oxidation of the thin TEM specimen.
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Table 1
Oxidation kinetics in terms of mass gain and oxide layer thickness of BN coated SiC/SiC at 1200-1400°C.

Oxidation time (h) 1200°C 1300°C 1400°C

Am (mg) Oxide layer (um) Am (mg) Oxide layer (pum) Am (mg) Oxide layer (um)

1 0.1+0.04 0.6+0.09 0.15+0.06 0.9+0.1 1.0+04 1.8+04

5 0.15+0.07 0.8+0.1 0.44+0.15 1.2+0.2 23408 3.4+07

24 0.2+0.1 09+0.2 0.74+0.04 2.6+0.6 5.8+0.7 6.1+0.9

48 0.4+0.08 1.3+04 2.14+0.05 3.6+09 7.9+0.7 71+14
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Fig. 4. High magnification BF TEM image of: (a) SiC bulk and fibre with BN coating interphase after oxidation, (b) DP of BN coating, (c) EDS of BN coating before and after

oxidation and (d) normalised intensities of B, N and O before and after oxidation.

The C-K edge is present in both samples, and is a result of hydro-
carbon contamination at the specimen surface, as mentioned in
the experimental section. Although accurate compositional quan-
tification from EELS measurements needs careful calibration with
standards, the normalised intensities for B, N and O edges were cal-
culated and averaged from 20 EELS spectra acquired in the coating
area. This reveals (Fig. 4d) that the difference between oxidised and

non-oxidised samples is within the margin of error indicating that
the coating composition is not altered after oxidation.

Oxidation kinetics at 1200, 1300 and 1400 °C are illustrated in
Fig. 5, in which mass gain per unit area and oxide layer thickness
versus time are presented with best fitting curves according to Eq.
(7); these data are summarised in Table 1. Fig. 5 shows clearly that
weight is increasing as oxidation temperature and time increasing
and is highest after 48 h at 1400°C. A similar observation is made
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Fig. 5. Mass gain and oxide layer thickness versus time at: (a) and (b) 1200°C, (¢) and (d) 1300°C and (e) and (f) 1400 °C respectively for BN coated SiC/SiC composites. Best
fitting to Eq. (7) is drawn.
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Table 3
Activation energy of SiC materials of this study and reported values from the literature.
Material Temperature range (°C) Environment Activation energy (k] mol~1) Reference
SiC/SiC CMC 1200-1400 Air 619 Present work
HP-SiC 1200-1445 Dry O, 481 Singhal [5]
HP-SiC 1200-1500 Dry O, 221 Pultz [20]
CVD sSiC 1550-1675 Dry O, 345 Narushima et al. [8]
CVD SiC 1200-1500 Dry O, 118 Ogubji and Opila [21]
Sintered SiC 1200-1350 0, 128 Liu [22]
Sintered SiC 1200-1500 Air 289 Costello and Tressler [6]
Table 2 T(°C)
Summary of oxidation kinetics of BN-coated SiC/SiC at 1200-1400 °C. 1400 1300 1200
(k)‘mgz mm-4h-1! ] T ! T : T
1200°C 235x108+0.9 g
1300°C 6.59x 1077 +1.3 7 e Ink)
1400°C 9.95x106+2.2 .
—~ -101
< b \;\\'\\mm\\xr
for the oxide layer thickness which ranges from 1 to 8 wm after E 154 I S
48 h at 1200 and 1400°C respectively. This parabolic behaviour & \“\n;\;\
illustrates that oxidation of SiC/SiC composites is controlled by ? 1
diffusional mechanisms. It is suggested that the growth of oxide XQ -20
layers on the composites is due to inward diffusion of either oxy- ié/ ]
gen ions or molecules and it depends strongly on temperature and - 25
exposed time [16]. Pultz and Hertl [ 17] suggested that oxidation of
SiC is controlled by the CO desorption from the SiC/SiO, interface 1
at 1270-1430°C as upon desorption more sites become available -30 . . . . . . . . . .

for further oxidation. The parabolic rate constants (k) for the oxi-
dation of BN-coated SiC/SiC composites are given by the slopes of
Fig. 53, c and e and plotted in an Arrhenius plot (Fig. 6). From the
slope of Fig. 6 and using Eq. (8), an activation energy (E) for the
oxidation of these SiC/SiC composites is ~619k] mol~! and listed
in Table 2. The activation energy of this study and published values
for CMC and monolithic SiC are given in Table 3 revealing a wide
variation in the reported values of the activation energy. This may
be due to the different materials used in each investigation and
the formation of a silica layer in either crystalline or amorphous
form. The activation energy obtained in this work is higher than
those previously reported indicating that this SiC/SiC composite
exhibits better oxidation resistance in air compared to monolithic
SiC. This may be due to the formation of a dense and smooth SiO,
film (Fig. 7). The SiC/SiO, interface is observed to be free from pores
or defects, which likely makes the diffusion of oxygen through the
SiO, oxide layer slow conferring higher resistance to oxidation.
Another interesting observation is that SiC/SiC CMC of this study
shows faster kinetics, but with a steeper activation curve (higher
activation energy) compared to CVD SiC (310 kJ mol~1) [18] (Fig. 7).
This increase in activation for temperatures >1350°C is associated
with the retention of amorphous SiO, and contamination of this
scale by small amounts of aluminium from the testing environ-
ment. Boron impurity present in the SiC/SiC CMC may be significant
where more reaction occurs between boron and SiO, layer as tem-
perature increases modifying the glass network for easier oxygen
transport.

EDS analysis (Fig. 8) shows that the oxide layer on SiC/SiC com-
posites consists of silicon and oxygen for samples oxidised 48 h at
1200-1400 °C. The oxide layer is smooth, amorphous and continu-
ous on the CMC, with thickness varying with temperature and time.
Detailed TEM analysis of the oxide layer on samples oxidised 48 h
at 1400°C is shown in Fig. 9. Fig. 9a shows the location of the TEM
samples being milled using FIB and high magnification TEM images
of the oxide layer are shown in Fig. 9b and c. EDS analysis (Fig. 9d)
reveals only silicon and oxygen consistent with previous analysis

6.0 6.2 6.4 6.6 6.8
10000/T (K™)

Fig. 6. Parabolic rate constant for the oxidation of BN coated SiC/SiC composites in
air at 1200-1400°C.
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Fig. 7. Comparison of parabolic rate constant for the oxidation of BN coated SiC/SiC
composites in air with that of pure CVD SiC.

(Fig. 8(f)). Diffraction pattern analysis (Fig. 9e) shows that the oxide
layer is completely amorphous after 48 h oxidation.

XPS analysis of samples oxidised at 1400°C for 1, 5,24 and 48 h
is given in Fig. 10. The binding energies used to identify the SiC and
Si0, are according to standards established by Onneby and Pantano
[19], where they defined specific energy level of Si (102.5eV), SiC
(99.5-100.1 eV) and SiO, (102.5-102.9eV). After 1h oxidation at
1400°C a clear shoulder is seen on the high energy side (102.5eV)
from the SiC substrate (99.5-100.1eV) confirming the formation



3300 N.A. Nasiri et al. / Journal of the European Ceramic Society 36 (2016) 3293-3302

(b)

600.0 .

500.0—

400.0—

Counts

300.0- |

200.0—

100.0—

[
450 500

900.0—
800.0—
700.04
600.0—

500.0— |

400.0— ‘ ’)

Counts

300.04

200.0— ‘

100.0- A
A WS 1',\

T I T I | T [ I
000 050 100 150 200 250 300 350 400 450 500
keV

300.0—

\ Au
| |
50.0- ‘|‘ I} ‘L |

'y .
0.0 ,.fi\,wf Loamastornrand™SA Syl

T T T T =T i T ===
000 050 100 150 200 250 300 350 400 450 500
eV

Fig. 8. SEl images and EDX analysis for (a, b) oxidised at 1200°C, (c, d) oxidised at 1300°C and (e, f) oxidised at 1400°C for 48 h.

of an oxidation product of SiO, (102.5-102.9eV). Increasing the
oxidation time to 5, 24 and 48 h indicates formation of only SiO,
around 102.9eV with no traces of SiC. However, XPS analysis is
extremely surface sensitive revealing the formation of species on
the surface to 10 nm depth meaning that the oxide overlayers may
mask the signal of the SiC substrate.

4. Conclusions

Oxidation of SiC/SiC CMCs at 1200-1400°C for 1-48h in air
depends on both temperature and time being highest at 1400 °C for
48 h as revealed by weight gain and oxide layer thickness measure-
ments and the oxidation reaction kinetics clearly follow a parabolic
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Fig. 9. STEM image of an oxide layer of sample oxidised at 1400 °C for 48 h with corresponding EDS analysis. Diffraction pattern shows that the oxide layer is amorphous.
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Fig. 10. High resolution Si 2p spectra of SiC/SiC CMC samples oxidised at 1400°C
for 1, 5,24 and 48 h.

behaviour due to oxygen diffusion through the oxide layer. From
XRD, EDS and TEM analysis, the oxide layer consists of silicon
and oxygen and it has an amorphous structure confirmed by TEM
diffraction pattern analysis. The activation energy for oxidation of
SiC/SiC composites is 619 k] mol~! indicating good oxidation resis-
tance compared to monolithic SiC from previous studies where
activation energies range from 120 to 480 k] mol~!. This high acti-
vation energy can be explained due to the dense and smooth
protective SiO, on the outside surface of the CMC passivating and

hindering the oxygen penetration. The BN coating was resistant to
oxidation after 48 h oxidation at 1400 °C.
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