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CMAS corrosion of turbine blades is a crucial failure in turbine engines and their components. In this study,
oxide/oxide CMCs (AS-N610), which are candidates for gas turbine (GT) applications, are investigated for its
corrosion behaviour at different temperatures and time in presence of CMAS. The corrosion studies using CMAS
coating of the CMCs reveal that CMCs had a weight gain of ~6% owing to formation of a-Al;O3 at 1000 °C. The
SE image indicated the penetration of CMAS into the porous CMC. At 1000 °C, CMAS degraded to form a black

glassy substance (Calcium alumino silicate) with traces of Mg which led to corrosion of the matrix. Indentation
fracture toughness of the oxide/oxide CMCs was 7.78 =+ 0.5 MPa m®® which degraded by ~12% at 1000 °C after
10 h in the presence of CMAS. A mathematical model derived through diffusion equation indicated weight gain
of ~0.3 g which was closer to experimental data.

1. Introduction

Ceramic matrix composites (CMCs) are being demonstrated as
promising candidates in the gas-turbine and hot-section components as
alternatives for superalloys due to their lower density, chemical stability
and excellent mechanical properties at high temperatures [1,2]. Even
with these promising properties, CMCs are susceptible to corrosion
through water vapour and CMAS (Calcium-magnesium aluminosilicate)
environments at high temperatures. For instance, SiC/SiC composites
undergo rapid recession due to formation of Si(OH), in a water vapour
environment [3,4]. Thus, to protect CMCs from the recession behaviour,
protective coatings such as Environmental Barrier Coatings (EBCs) are
utilised to protect the gas-turbine (GT) engines for aircraft propulsion,
power generation and marine propulsion [5,6]. For GT and hot-section
components, one of the fundamental properties is to have a good
resistance towards hot corrosion as well as molten CMAS at higher
temperatures in different environments [7,8].

CMAS attack occurs when atmospheric dust including sand, volcanic
ash and other silica particles are being deposited on the surface of tur-
bine blades. These deposited particles melt and wick into the columns of
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coatings/turbines leading to cracks and spallation [9,10]. Various at-
tempts have been made to mitigate the CMAS attacks in thermal/-
environmental barrier coatings (T/EBCs) in the past few decades [5,11,
12]. One such approach is to utilise the de-wetting of the outer layer.
However, during thermal cycling and operation these outer layers
cracked or eroded. Other approaches such as involving sacrificial layers
or crystalline Al,O3 reinforcements in barrier coatings have been
attempted to arrest the CMAS propagation [13]. These approaches
provided limited success but due to mismatch between barrier layers
and AlyOs, there was a continuous detrimental effect during thermal
cycles [14]. Likewise, various TBC and EBC materials have been studied
for CMAS attack on CMCs to understand the substrates recession
behaviour [15,16]. Research on SiC/SiC composites are well established
and its corrosion as well as mechanical behaviour has been extensively
studied [3,17]. However, there has been limited study on its counterpart
oxide-oxide CMCs under similar conditions [18,19].

Hence, this paper focuses on understanding the effect of CMAS on the
oxide/oxide CMCs (AS-N610) at different temperatures (800 °C, 900 °C
& 1000 °C) for different intervals of time (1, 5 & 10 h). The CMAS
coating was applied onto the oxide CMCs at room temperature and hot

E-mail addresses: K1825123@kingston.ac.uk (K. Ramachandran), k1803433@kingston.ac.uk (B. Chaffey), k1546465@kingston.ac.uk (C. Zuccarini), J.Bear@

kingston.ac.uk (J.C. Bear), d.daniel@kingston.ac.uk (D.D. Jayaseelan).

https://doi.org/10.1016/j.ceramint.2022.09.294

Received 4 August 2022; Received in revised form 5 September 2022; Accepted 22 September 2022

Available online 26 September 2022

0272-8842/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:K1825123@kingston.ac.uk
mailto:k1546465@kingston.ac.uk
mailto:k1546465@kingston.ac.uk
mailto:J.Bear@kingston.ac.uk
mailto:J.Bear@kingston.ac.uk
mailto:d.daniel@kingston.ac.uk
www.sciencedirect.com/science/journal/02728842
https://www.elsevier.com/locate/ceramint
https://doi.org/10.1016/j.ceramint.2022.09.294
https://doi.org/10.1016/j.ceramint.2022.09.294
https://doi.org/10.1016/j.ceramint.2022.09.294
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2022.09.294&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

K. Ramachandran et al.

condition (250 °C). The hot substrate condition is to mimic the effect of
CMAS on a hot blade while in contact. This could allow us to understand
the effect of CMAS in real time.

2. Experimental details
2.1. Materials

Commercially available oxide/oxide CMCs designated as AS-N610
were procured from Ansaldo Energia, Italy in the form of 300 x 300
x 3 mm plates. These CMCs were manufactured by COI ceramics, CA
using infiltration of matrix precursors of aluminosilicate by sol-gel
techniques followed by vacuum bagging technique along with pres-
sureless sintering. The required samples for the study with dimension 10
x 10 x 3 mm were cut using waterjet cutting (Custom waterjet cutting
Ltd., Uxbridge, UK). Further material description and properties of the
oxide-oxide CMC are available in our previous study [18]. The other
powders for the study included calcium oxide, magnesium oxide,
aluminium oxide, and silicon dioxide which were obtained from Fishers
Scientific Pvt. Ltd, UK with a purity range of ~98% and average particle
size of 70 pm.

2.2. CMAS preparation

The composition of CMAS is similar to previously used by Drexler
etal. and Kramer et al. [11,12]. The CMAS mixture consisted of 37.1 wt%
Ca0, 3.5 wt% MgO, 7.1 wt% Al,03 and 52.3 wt%. SiO, was mixed with
ethanol in the ratio of 1:2 and wet ball milled (Planetary ball milling,
Retsch, Germany) at 300 rpm for 4 hr with resting time of 5 min every
half hour. The wet ball milled CMAS slurry was heated at 1200 °C for 4
hr. The resultant powder was crushed using mortar/pestle and screened
using a #500 mesh sieve.

2.3. CMAS coating

The synthesised CMAS powder was mixed with ethanol at a ratio of
2:1 to form a thick and sprayable slurry. The slurry was loaded into a
hand-held atmospheric spray gun (Silverline, United Kingdom) with
nozzle diameter of 1 mm and sprayed it over oxide/oxide CMC sub-
strates. The coating was carried out at two different substrate conditions
- (1) room temperature and (2) substrate heated at 250 °C for 2 h using a
box furnace (Carbolite Gero Ltd, United Kingdom). The coated
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substrates were dried at room temperature for 24 hr and further dried at
200 °C for 2 hr with a slow heating rate of 1 °C/min.

2.4. Characterisation & testing methods

Heat treatments of the CMAS coated oxide/oxide CMCs were carried
out to understand the effect of CMAS attack at different temperatures
(800 °C, 900 °C & 1000 °C) and time intervals (1 hr, 5 hr & 10 hr). For
corrosion studies, samples were placed in an alumina boat at a wedged
angle to minimise the direct contact between the alumina boat and
substrates. Fig. 1 shows the temperature profile of the corrosion exper-
iment. All samples were heated to desired temperature at a heating rate
of 120 °C/h and held for different intervals of time and cooled down to
room temperature at a cooling rate of 120 °C/h. The surface of oxide/
oxide CMCs, corrosion tested samples and CMAS powder were charac-
terised using Scanning Electron Microscopy (Zeiss SM350D, Kingston
University) fitted with Energy-Dispersive X-ray spectrometer (EDS). X-
Ray diffraction (XRD) technique was used to identify the phases of the
synthesised CMAS powder and corroded oxide CMCs. XRD was carried
out with 26 values ranging from 0 to 90° with a step rate of 0.1° sec ™.
Vickers hardness of the oxide CMCs and coated CMAS substrates were
evaluated as per ASTM C1327 with indentation load of 10 N and dwell
time of 20 s. The diagonals of the cracks were measured to calculate the
indentation fracture toughness as per previous studies using Evans and
Charles equations [20,21].

3. Results & discussion
3.1. Characterisation of CMAS & oxide CMCs

Fig. 2 shows the SE images of oxide/oxide CMCs. Fig. 2(a) reveals
that the oxide/oxide CMC has a typical 0°/90° fibre orientation on the
surfaces with Nextel™ 610 fibres continuously woven in the alumino-
silicate matrix. At higher magnification, the matrix shows the presence
of sub-micron sized a-alumina grains on the surface (Fig. 2(b)). Fig. 2(c)
shows the fibres at higher magnification showing an undamaged sur-
face. The elemental compositions carried out at different localized areas
namely A, B, C and D in Fig. 2(a) are given in Table 1. It is inferred from
EDS analysis that the substrate contained only three elements i.e., oxy-
gen, aluminium, and silicon. The higher percentage of aluminium and
oxygen indicates presence of aluminium oxide on the CMCs. The small
traces of silicon on the EDS indicates presence of aluminosilicate matrix.
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Fig. 1. Temperature Profile of Corrosion studies on oxide-oxide CMCs.

4214


astm:C1327

K. Ramachandran et al.

Ceramics International 49 (2023) 4213-4221

Fig. 2. SE images of Oxide CMC (AS-N610) (a) Fiber Orientation (b) alpha alumina on surfaces and (c) NextelTM610 fibers on CMC.

Table 1
Elemental distribution of oxide CMC (AS-N610) at different localized zones.

Elements 0O (Wt.%) Al (Wt.%) Si (Wt.%) Total (Wt.%)
Localized Zone

Spectrum A 50.2 43.12 6.68 100
Spectrum B 50.37 43.16 6.47 100
Spectrum C 50.15 43.5 6.35 100
Spectrum D 49.15 44.26 6.6 100

The XRD patterns of oxide CMCs and synthesised CMAS powder are
given in Fig. 3. The peaks of oxide CMCs include corundum and mullite
(3Al1503:25i103). The higher amount of corundum peaks is attributed to
alumina contribution from matrix and fibres. The XRD of CMAS (Fig. 3)
reveals the peaks of anorthite (CaAlySi2Og), corundum (a-AloO3) and
diopside (MgCaSi2Og). The presence of anorthite and diopside indicates
a proper mixing of the powders and formation of CMAS. These obser-
vations are in good agreement with previously published data [22]. The
SE image of CMAS (Fig. 4) confirms the homogeneous mixing of pow-
ders through the ball milling process. EDS analysis was carried out in a
few different places numbered in the SE image in Fig. 4 and the
elemental compositions are tabulated in Table 2.

3.2. Effect of CMAS

The CMAS coated oxide/oxide CMC substrates were heated at tem-
peratures of 800 °C, 900 °C and 1000 °C for different time intervals (1, 5
& 10 h) to understand the effect of corrosion in oxide/oxide CMCs. There
is a clear weight gain in all samples after the corrosion studies and the
weight gain vs heat treatment temperature is plotted in Fig. 5. It is
evident that the CMAS coated on the hot substrate had higher weight
gain compared to the CMAS coated on cold substrate. The weight gain of
the hot substrates was observed to be ~3-6% higher than the cold
substrates. This increase in the weight could be due to the adherence of
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the CMAS onto the hot substrate due to the quick evaporation of the OH™
molecules which allows more CMAS to deposit on the surfaces. How-
ever, the weight gain of some cold coated substrate at 900 °C and
1000 °C might be owing to the melting of the glassy CMAS which has a
transition glass temperature of above 800 °C which could form different
oxides on surfaces. The changes in weight gain in most of the coated
samples were in second decimal in most cases inferring that the oxide
layers formed were limited owing to pre-occurring oxide structure in the
CMAS and substrates.

Fig. 6 shows the XRD of the cross-sectional surface of a CMAS coated
sample after being heated for 10 h at different temperatures in two
different conditions. The peaks at 800 °C showed the presence of mullite
with a trace of anorthite. The presence of anorthite peak in the XRD
supports the penetration of the CMAS into the substrate at 800 °C.
However, anorthite peak diminishes with increase in temperature
showing the diffusion of anorthite to a-AlyO3 and SiO» at high temper-
ature. Most of the peaks corresponded to a-Al;O3 in all three tempera-
tures. Few peaks correspond to mullite (3A1503:2Si05). The increase in
the a-AlpO3 peaks could have been due to the lower Gibbs activation
energy of a-Al;O3 compared to SiO,. Thus, formation of a-AlyOs is
comparatively faster in atmospheric conditions resulting in still the
presence of alumina peaks at all the temperatures [23]. This could have
been the case for both hot coated and room temperature conditions as
most peaks (Fig. 6 (Right)) also showcased a high amount of a-AlOs.
Comparing with the RT coated substrates, it could be assumed that
owing to adherence of the CMAS and further diffusion during corrosion
studies, the intensity of a- Al;O3 peaks formed at hot coated substrates
was higher than the other set. The presence of mullite peaks is from the
matrix. The presence of mullite and a-Al;03 peaks at 1000 °C supports
the thermal stability of oxide CMCs not being corroded by CMAS.

The stability of oxide CMC has also been confirmed by EDS analysis
given in Table 3 where most elements present in the EDS still correspond
to CMAS and oxide substrate. Although EDS indicated the change in the
elemental composition with high amounts of Al and O elements followed
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Fig. 3. XRD pattern of the oxide CMC substrate and CMAS powder.

Fig. 4. SE images of synthesised CMAS powders at (a) low magnification with EDS spectrums and (b) higher magnification.

Table 2

EDS of synthesised CMAS powder attained at different spectrums.
Elements O (Wt.%) Mg (Wt.%) Al (Wt.%) Si (Wt.%) Ca (Wt.%)
Spectrum
Spectrum 1 57.61 2.36 2.46 21.34 16.22
Spectrum 2 59.5 2.29 1.01 20.24 15.46
Spectrum 3 58.26 2.28 2.44 17.15 18.88
Spectrum 4 57.84 2.3 1.44 17.86 18.56
Spectrum 5 59.52 1.92 1.21 22.09 15
Spectrum 6 63.69 1.87 0.99 21.71 10.73

by Si, the increase in Al and O in Table 3 indicates the formation of Al,O3
on the surfaces of the substrate which could have been diffused from
CMAS. The presence of the Al, O and Si elements even after the CMAS
corrosion shows the stability of oxide CMCs. Previous study shows the
thermal shock resistance of oxide CMC at temperature of 1200 °C [18].
The amount of Ca diminished with increase in temperature which sup-
ports the penetration of CMAS into the matrix along with the diffusion of
anorthite. However, XRD does not pick up any peaks of Ca or Mg other
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than anorthite peak at 800 °C. This could have been due to the low
elemental percentage of Mg and Ca or melting of the CMAS in the porous
matrix which could have hidden the traces of Ca and Mg. With increase
in the temperature, Mg peaks diminished (<0.5 wt%) for samples at
1000 °C. This might be due to diffusion of MgO into the porous areas of
the substrate between the temperature range 800 °C-1000 °C [24].

Fig. 7 represents the cross-sectional SE images of CMAS coated oxide
samples after corrosion at different conditions. SE images showed clear
deposition of CMAS on the fiber surfaces and it has been confirmed with
EDS in Table 3. The traces of CMAS on fiber surfaces proves the CMAS
penetration in porous oxide matrix. Although penetration of the CMAS
has been confirmed by SEM in the substrates, microstructural observa-
tion indicated no corrosion along the substrate. Likewise, no identifiable
CMAS layers were found on the top surfaces of substrates showcasing the
melting of CMAS layer and further penetration onto the porous oxide
matrix even at temperature range of 900 °C. The penetration of CMAS
into the porous matrix was confirmed in the EDS (Table 3) where
presence of Mg, Ca, Al and Mg were determined in the cross-sectional
surface analysis.

On the other hand, Fig. 8(a) & (b) represents the cross sectional SE of
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Fig. 5. Weight gain of pre-coated and hot-coated CMAS substrate after different corrosion time.
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Fig. 6. After corrosion cross-sectional XRD phases of CMAS coated RT substrate (left) and hot coated substrate (right) for 10 h.

Table 3
Elemental distribution of room temperature and hot coated substrate after corrosion study at 10 h at different temperature.
Temperature Type of Coating Elements O (Wt.%) Mg (Wt.%) Al (Wt.%) Si (Wt.%) Ca (Wt.%)
Location
800 °C RT Spectrum A 53.55 1.36 13.29 16.34 14.26
Spectrum B 48.34 0.75 15.4 14.95 18.56
900 °C Spectrum 1 62.18 0.93 9.4 17.15 10.2
Spectrum 2 59.94 0.54 18.3 12.86 6.21
1000 °C Spectrum A 60.26 0.24 21.45 10.81 4.24
Spectrum B 58.21 0.34 28.06 10.29 1.7
800 °C Hot Coating Spectrum 1 56.52 0.98 10.21 15.09 14.55
Spectrum 2 63.27 1.87 4.62 16.72 11.49
900 °C Spectrum 1 62.38 1.02 6.27 15.79 11.2
Spectrum 2 58.63 1.05 7.35 21.48 10.73
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Fig. 7. (a) Cross section SE of substrate near coated area (5 h/800 °C RT), (b) 5 h/800 °C Hot Coated substrate after corrosion and (c) view of the substrate near

coated region (10 h/900 °C RT).

Fig. 8. Cross sectional SE image of corroded substrates at 1000 °C/10 h for (a) RT coated and (b) Hot coated.

CMAS coated samples corroded at 1000 °C. Fig. 8(a) shows the degra-
dation of the matrix due to the attack of CMAS on the surfaces. Fig. 8(a)
also shows visibility of traces of molten CMAS on the surfaces of the
oxide matrix which confirms the penetration of the CMAS onto the
porous matrix. The non-visibility of the CMAS layers on the surfaces of
oxide substrate might be due to the higher porosity percentage in the
substrate along with high amount of open channels with prevailing
pores, cavities and microcracks which could accelerate the infiltration of
molten CMAS into the substrate [25]. The dark spots observed in Fig. 8
(b) on the matrix of oxide substrates is the formation of a thin glassy
phase at 1200 °C for 10 h in air. EDS (Table 4) carried out on black glassy
surface reveals it to be CAS (calcium aluminosilicate) with small traces
of Mg as reported in Table 4 [25]. The closer observation of the SE image
showed that the matrix was eaten away slowly by the black glassy
substance. This was also the case for fibers which show some corrosion
at high temperatures. With increase in temperature, CMAS eat away or
degrade the oxide matrix as well as fibers leading to damage drop in the
mechanical due to the infiltration of the CMAS onto the entire matrix.
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Table 4

EDS of hot substrate coated CMAS after corrosion test at 1000 °C for 10 h.
Elements O (Wt. Al (Wt. Mg Si (Wt. Ca(Wt.  Total

, %) %) (Wt.%) %) %) (Wt.%)

Localized
Zone
Spectrum A 60. 62 21.64 0.30 14.42 3.02 100
Spectrum B 64.26 24.95 - 10.79 - 100
Spectrum C 56.46 28.41 0.14 14.96 - 100
Spectrum D 28.97 44.47 0.22 21.69 4.65 100

3.3. Effect of CMAS on fracture toughness

Indentation fracture toughness was measured for oxide CMC prior
and after CMAS corrosion to identify the effect of CMAS onto the sub-
strate. The substrate had a fracture toughness of 7.78 + 0.5 MPa m®® at
room temperature. The strength of the oxide CMC was closer to values
reported by other researchers [26,27]. However, with CMAS it was
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indicated that the fracture toughness reduced as represented in Fig. 9.
Fig. 9 indicates the effect of CMAS corrosion on oxide CMC after 10 h.
The samples coated with CMAS in RT show a reduction of ~4% for
800 °C, ~7% for 900 °C and ~10% for 1000 °C whereas hot coated
CMAS shows high reduction in values compared to RT. Hot coated
samples showed ~7% loss for 800 °C, ~10% for 900 °C and ~13% for
1000 °C which was over ~3% increase than the RT samples.

The deterioration on fracture toughness at CMAS coated samples
could have been due to the temperature and further infiltration of CMAS
into the substrate at high temperature which degrades the matrix and
fibers. Choi et al. reported the degradation in the mechanical properties
of Nextel™?720/alumina CMC with CMAS infiltration due to the direct
brittle fracture with no visible fiber pull-outs [26]. However, SE images
indicated no visible fractures due to the CMAS infiltration. However,
degradation on the matrix and fiber could make the CMCs brittle leading
to reduction in mechanical properties with increase in temperature and
CMAS infiltration. Further, pre-heating of oxide CMCs shows higher
reduction in fracture toughness compared to RT coated CMAS which
might be attributed to the pre-heating of substrate at 250 °C. The coating
of CMAS enhanced the brittle behaviour which could be supported by
the high intensity peaks of a-Al;O3 present in the XRD. The SE images
(Fig. 7) of CMAS coated oxide CMC samples show no pull-out mecha-
nisms or any kind of cracks in the matrix. This infers that the CMAS
which penetrates the porous oxide matrix could have degraded the
matrix as well as fiber leading to reduction in mechanical properties
[26].

3.4. Corrosion rate modelling

The corrosion model for the oxide CMCs was developed by consid-
ering the factor that the corrosion is induced by the parabolic oxidation
of material. Using the law of Lavoisier, the first assumption is made that
nothing can be created or destroyed, hence there is no flow divergence
[23].

a—p+v-J:0
ot

(€Y
Where p is the flow density position vector (7) and J is flux of substance.
Further, in a continuum regime, total flux is defined as the rate of change
of concentration or concentration gradients. Hence:

J=—DVp )
where D denotes the diffusion constant which depends on the material.
Taking divergence of Eq (2) and combining with (1) leads to diffusion
equation in second order position and first order in time.
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Fig. 9. Effect of CMAS on fracture toughness of the oxide CMCs.
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o

—DV?* =0
ot Vep

3

This partial differential equation will have a time dependent part
that will be function of exponential and position dependent part which
will be sinusoidal.

p(r,t)=¢€""[B sin D,(x,y,z,t) + C cos D,(x,,z,1) | (€))

In Eq (4), A, B and C are arbitrary constants and D is diffusion con-
stant which depends on the material. The model is based upon the
assumption that corrosion is induced solely by oxidation with such
variable increasing only in one direction as per Deal-Grove modelling.
The vectorial problem of equation (3) an (4) is therefore simplified to a
one-dimensional equation by disregarding volume thickness. Hence, the
rate of density change (4) can be written as:

p(x,t) =e"-[B sin Dx + C cos Dx] 5)

Assuming the change in concentration leads to corrosion. Then
solving Eq (5) would allow us to determine the function that could
support the rate of change of material density induced by corrosion. The
boundary conditions to attain the density function are attained by
solving the arbitrary constants. First assumption is to showcase that total
density is equivalent to density of sample (p,,). Therefore, substituting
the values in Eq (5)

p(0,0)=p, 6
e [BsinD-0+CcosD-0]=p,, @)
C=pn ®)

The second assumption will be rate of change in density is consistent
with change of density induced by corrosion/oxidation (p,) in the ma-

terial. Therefore, first derivative is set equal to T. Let
[B sin Dx+ C cos Dx | = F(x) (C)]

Then substituting its value in Eq (5) and deriving it could lead to

p(x,t) =" -F(x) 10)
P _ 4 (1n
o e ()

op _

= (0.0)=p, (12)

Evaluating Eq (12) with respect to Eq (5) by setting to 0 with respect
to T yields:
Po
pm

A= 13)

Final assumptions will be that the rate of density change in the material
will remain constant over time could form Eq (14) and evaluating to Eq
(5) yields

0
2(0.0)=0 a9
B=0 (15)

Based upon the assumptions made, it is expected that due to oxygen
diffusion the density is described by the following equation.

p(x,t)=p,em' cos D x 1e)

Equation (16) describes a particular solution on how density changes
as a function of position and time. As Corrosion rates are described
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either by weight loss(gain) or by depth of penetration and, given that the
ultimate goal of this model is to find a formula that estimates the weight
lost or gained as a result of corrosion, there is the need to introduce the
general rate of corrosion equation. This is given by:

kW
o 17

AL a7n
Where k is a constant that depends on the material diffusivity, p the
environmental density, A the area of the sample and W the weight loss/
gain due to corrosion. Equation (17) is not time dependant, however the
initial assumption is that the rate of change of density is equal to the rate
of carrion, therefore, at constant oxidation and in an uniform corrosion
attack, R is given, as a function of time as:
_dp

dt as)

R-R(1)

Differentiating equation (16) with respect to t and considering the x-
part as constant yields to:

d o o
—p:pme/%’ x 2o cos Dx = p e’ x cos Dx 19
dt P
Hence, combination of Eqs (17) and (19) leads to:
kW o
oAl = pﬂe;’?‘ -cosDx (20)

Re-arranging the weight loss can be estimated as a function of time.

Lo
__pyerm'-cosDx-pAt

W(r) -

(2D

Equation (21) shows that the weight gained due to oxidation-
induced corrosion which depends on material properties (thermal con-
ductivity (k) and diffusivity (D) and densities (p,,p,,), sample dimensions
(area (A) and length (x)) and environmental factor (p) that in turns
depends upon the Temperature. Assuming the parameters in Table 5 for
1000 °C it was noted that the weight gain was up to ~0.25 g, this was
closer to the weight gain reported by the experiment (~0.1325 g). The
difference is due to the fact that only oxidation induced corrosion has
been estimated with this model and loss of material is not being
considered. However, the mathematical model was successful in show-
casing that such corrosion induced a weight gain. Further development
by combining the density function model with the Euler Lagrange
Equation [31] would lead to an optimised and more accurate model to
Ref. [28] predict change in the sample due to corrosion.

4. Conclusion

Corrosion behaviour of oxide CMCs (AS-N610) coated with syn-
thesised CMAS through atmospheric spray technique under two
different substrate conditions were studied using different characteri-
sation techniques. The substrates showed a second order weight gain
(3-6%) after corrosion experiment at different temperatures and hold-
ing times owing to the molten CMAS penetrating the oxide substrate.
The XRD technique reveals that after corrosion studies alumina and
mullite were present as dominant phases along with small traces of
CMAS constituents which indicates the stability of oxide CMCs at high
temperature of 1000 °C. The presence of black glassy spots which was
confirmed to be CAS was observed in samples heated at temperature
900 °C and 1000 °C. The presence of CAS with small traces of Mg on
matrix and fibers ate away the matrix and fibers on the substrate with
prolonged time. The black glass spots showed the degradation of the
matrix at 1000 °C. Further, the fracture toughness of the CMAS oxide
CMC deteriorated with increase in the temperature up to 12% for
1000 °C. An analytical model established by combining the diffusion
equation and assuming the rate of oxidation induced corrosion is
equivalent to the rate of change of density can lead to derivation of an
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Table 5

Model Parameters utilised in analytical equation.
Parameter Value Unit
CMAS Density (p,,) 2830 kg/m*®
Substrate Density (p,) 2930 kg/m®
Length (L) 0.005 m
Width (x) 0.003 m
Height (H) 0.005 m
Environmental Density 0.2272 kg/m®
Area (Lx) 0.000015 m?
Thermal Conductivity (k) 2 W/mK
Thermal Diffusivity (D) 4.1 x1077 m?/s

equation describing weight gain/loss as a function of time. The derived
equation using the model gives a weight gain of ~0.3 g which was close
to the experimental values.
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