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ABSTRACT

The oxidation of reaction-bonded SiC—B4+C (RBSBC) in air was studied at 1250-1350°C for
5-96 hours. SEM showed a 3—5 um uniform oxide layer after 48 h. TEM, Raman, and SIMS
analyses revealed that the oxidation of 7 wt% B4C with (SiC+ Si)/B4C ratio of ~13 produced
an amorphous Si-rich borosilicate layer. Oxidation followed a parabolic rate controlled by ionic
oxygen transport, and with an activation energy of 353 kJ mol!. RBSBC with 7 wt% BaC

offers a cost-effective and lower-density alternative to SiC for oxidation-resistant applications.

The CMAS corrosion of three different (RE)-based (Yb, Lu and Er) EBCs was studied at 1300
°C for 1-48 h. The EBCs were applied on the RBSBC substrate using dip coating. At the
CMAS-EBC interface, Yb and Lu formed protective garnet, while Er-silicate formed non-
protective stoichiometric apatite. SEM and EDS showed that Yb and Lu had lower diffusion
coefficients compared to Er-silicate, indicating higher CMAS resistance. XPS revealed that the
Ca—Yb-Si oxyapatite phase was formed by substitutional diffusion that is controlled by
vacancy formation in the RE>Os3 lattice. Higher Ca content in the structure suppresses vacancy
formation, which decreases Ca diffusion through the coat, thereby enhancing CMAS

resistance.

DIC using high-speed camera was used to study the fracture behaviour of RBSBC. RBSBC
failed transgranularly, where randomly-dispersed coarse B4C grains deflects the crack path. R-
curve for the stress intensity at the crack tip K; was determined experimentally using the
displacement values at the crack tip using virtual extensometers on the DIC images, and using
the LEFM SENB theory based on the fracture load and crack length. The experimental K; has
higher values than the quasistatic because it reflects the actual conditions at the crack tip.

Increasing B4C content enhances crack resistance compared to SiC ceramics.
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CHAPTER 1

1 INTRODUCTION

1.1 BACKGROUND

Gas turbine engines operate by compressing incoming air and directing it into a combustor,
where it is mixed with atomized fuel and ignited. The resulting high-temperature, high-speed
gas is then channelled to a turbine, where the kinetic energy of the gas is converted into
mechanical energy: either shaft power for applications such as gas plants and turboprop engines
or thrust for turbojet engines. Technological developments of high-temperature components for
combustors and turbines are among the technological challenges hindering the performance
improvement of gas turbines. Additionally, in the aircraft industry, thrust-to-weight ratios of
the aircraft propulsion engines and thermal efficiencies of stationary engines always need to be
increased. Thus, an increase in the efficiency of gas turbine engine would result in higher
combustion temperature, which would then lead to higher turbine inlet temperature (TIT). TIT
is particularly important because approximately 2/3 of the turbine power is used to run the

compressor [10, 11].

Nowadays, high-temperature parts are manufactured from Ni-based superalloys coated with
thermal barrier coatings (TBCs) such as yttria-stabilised zirconia (YSZ). This limits the
combustion temperature to 1400—-1500 °C, which results in a TBC surface temperature of
1000-1100 °C and heat-resistant alloy temperature of 800 °C [12]. Thus, the need for higher
gas turbine operating temperatures has led to the development of silicon carbide (SiC)-based
ceramics for use in the hot sections instead of Ni-based superalloys, which have reached the
upper limits of their temperature capabilities [13]. SiC-based ceramics exhibit high thermal

resistances and durabilities between 1000 and 1400 °C [12, 14].

Currently, SiC-based ceramics are crucial materials for aerospace applications. The increasing
demand for higher-efficiency gas turbines has resulted in the development of these ceramics.
In addition to excellent resistances to oxidation and corrosion, SiC-based ceramics demonstrate
lower densities and higher specific strengths than those of metals [4, 15]. They are presently
employed in combustor liners, shrouds, turbine inlet nozzles, and turbine blades (Figure 1.1a).
Reaction bonded SiC-B4C (RBSBC) is a compromise between reaction-bonded SiC (RBSC)
and reaction-bonded B4C (RBBC) [16], in which both SiC and B4C particles are combined.



Addition of B4C particles to SiC leads to a less dense material (RBSBC) with better hardness
as compared to that of RBSC [16-18] and lower cost than that of RBBC [16]. Reaction-bonded
ceramics are used in applications requiring heat-resistances and low densities, for example, in
gas turbines, because of their high thermal and chemical stabilities. They protect the hot section
components of aircraft turbine engines from high temperatures in the combustion
environments. SiC—B4C ceramics are specifically employed in the divergent seals in military

gas turbine engines (Figure 1.1b) [19, 20].

Shroud

(a) Combustor
O >

Figure 1.1 (a) GE9x engine with SiC-based components [21, 22] and (b) F-16 Fighting

Falcon F100 engine exhaust nozzle with SiC-B4C divergent seals (yellow arrows) [19].

Metal alloys + TBC
SiC CMC +EBC
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liner vanes blades Combustor liner turbine vanes

)

Figure 1.2 F119 Pratt & Whitney engine uses SiC/SiC CMC (coated with EBC) [23].



1.2 PROBLEM STATEMENT

As SiC corrodes in a gas turbine environment, it must be coated with environmental barrier
coatings (EBCs). Moreover, the fouling and corrosion of stator turbine vanes due to inferior air
quality are attributed to compressor power loss and engine efficiency reduction [11]. Thus,
corrosion-resistant EBCs are essential for engine performance, particularly in demanding
environments. EBCs are ceramic-based, contrary to thermal barrier coatings (TBCs) that are
deposited on Ni-based superalloys. Development of SiC-based ceramics with EBCs is the next
step in replacing metal alloys with TBCs in gas turbines, where high temperatures and severe
corrosive areas exist. These areas include the combustor liners, turbine vanes, and blades
(Figure 1.2). Silicates and oxides of rare-earth (RE) elements (that is, 15 elements from La to
Lu) are among the latest generations of EBCs. RE-silicates are chosen because of their abilities
to withstand temperatures above 1480 °C for thousands of hours [24], and they prove to be

superior to previous coating systems in resisting water vapour corrosion and ash/salt corrosion.

The RBSBC substrate was received from M-Cubed Technologies, Inc. and designed for high-
hardness and high-temperature (not exceeding 1300 °C) applications. The material was coated
with patented slurry-based reaction-bonded rare-earth silicate EBCs developed by Nasiri et al.,
in co-operation with Rolls Royce USA [25]. The substrate/slurry method was designed for use
in the stationary parts of a gas turbine hot section. Reaction between the slurry and silica oxide
layer formed the RE-silicate bottom coat at the coat/substrate interface. The topcoat was a
RE20; excess formed by dip coating method. This resulted in a coating architecture with two
layers (Figure 1.3). As indicated by Rolls Royce, the excess topcoat is not intended to be
scrapped but used as a first line of defence against environmental attack. Corrosion of the
coating in a high-temperature sand environment was investigated because sand ingestion is an

important industrial problem affecting the integrities of coatings.
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Figure 1.3 Substrate and coating system used in the current research (not to scale).

1.3 OBJECTIVES AND OUTLINE

An outline of the thesis chapters is provided in Table 1.1 below. The objectives of this study

are stated in the introductions of Chapters 4, 5, and 6 (‘Results and Discussion’ chapters).

Table 1.1 Outline of the thesis chapters and chapter descriptions.

Ch. Name Description and Objectives

Includes problem statement (background) on the
1 Introduction current research, in addition to the main research
objectives and thesis outline (this table).

Introduces topics that are related to Chapters 4, 5,
and 6 (‘Results and Discussion’ chapters). These
topics comprise oxidations of SiC and RBSBC in
addition to environmental barrier coatings, their
developments, and corrosions of EBCs in sand
environment.

2 Literature review

Explains the fundamentals of testing methods and
characterisation techniques used for the analysis of

3 Experimental methods the data presented in Chapters 4, 5, and 6. It also
includes coating application and sample
preparation methods.

S ] - Investigates the oxidation properties of RBSBC

Oxidation of reaction bonded silicon  gypstrate and compares the formed oxide layer

4 carbide-boron carbide in air with those of monolithic SiC-ceramics. Assesses

(Results and Discussion) the potential application of RBSBC as a high-
temperature substrate for EBCs.




Corrosion behaviour of rare-earth
monosilicates in CMAS exposure

(Results and Discussion)

Examines the corrosion resistances of the RE-
silicate based EBCs prepared by dip coating
method in a high-temperature sand environment.
Provides an understanding of the corrosion
mechanism, and damage morphology and
determines the factors affecting the sand corrosion
resistance. Develops an assessment methodology
to rank the performances of EBCs in a corrosion
environment. Determines the optimum RE element
for use in CMAS-resistant RE-silicate EBCs.

Fracture behaviour of reaction
bonded silicon carbide-boron
carbide using digital image
correlation

(Results and Discussion)

Analyses the damage morphology and evaluates
the crack resistance behaviour of the RBSBC
substrate using a DIC setup equipped with an ultra-
high-speed camera to assess the substrate
behaviour under static tensile and flexural loadings.

Conclusions

Summarise the work performed in the current
study.

Future Work

Proposes areas of future work for ceramic SiC-
based substrates and EBCs. These areas include
investigating dip coating of RE-silicate-based
EBCs to produce a denser, thicker, and more
corrosion-resistant coatings.

Additionally, examining the mechanical responses
of thin coatings using in-situ tensile beds in
collaboration with a DIC setup will be a useful
technique for investigating thin EBCs.




CHAPTER 2

2 LITERATURE REVIEW

21 INTRODUCTION

Literature review in this chapter is tailored to the topics examined in this study and their
background knowledge. Three main topics are analysed: reaction-bonded SiC-B4C (RBSBC),
oxidation of RBSBC, and environmental barrier coatings (EBCs). The first topic focuses on
understanding the substrate used in this study. This includes properties, processing, and
microstructure of RBSBC. In the second topic, oxidation properties of SiC and RBSBC are
examined because oxidation is a pre-step for coating application. The third topic comprises the
introduction of EBCs, including RE-silicates, followed by the corrosion of RE-silicate EBCs

in a sand environment. Finally, digital image correlation (DIC) is briefly introduced.

2.2 REACTION-BONDED SiC-B4C (RBSBC)
2.2.1 Development of RBSBC

SiC is primarily processed via chemical vapour deposition (CVD), solid-state sintering or
reaction bonding. CVD SiC is produced by introducing a Si-containing gas (silane or silicon
tetrachloride) and a C-containing gas (propane or methane) into the reaction chamber [26].
These gases react on the heated substrate to form a thin film of SiC, thereby generating ultra-
pure SiC, which is used in optics/mirrors, semiconductors, and high-temperature electronics
[26]. Sintered SiC is produced by initially mixing fine SiC powder with non-oxide sintering
aids [27]. The powdered material is formed or compacted using die pressing, isostatic pressing,
and injection moulding. Thereafter, the material is sintered under an inert atmosphere above
2000 °C [27]. Because of its their lower processing cost, high wear resistance, and thermal
shock resistance, this material is employed in the automotive industry, armours, and for high-
temperature heat exchangers. RBSC, also termed ‘reaction-sintered’ or ‘siliconised SiC’, is
synthesized by infiltrating compacts composed of mixtures of SiC and C with liquid Si [28].
This reaction demonstrates the lowest cost and produces a dimensional change of < 1%; thus

manufacturers possess excellent control of component tolerances [29].



2.2.2 Manufacturing

RBSBC comprises a-SiC, C or graphite, B4C, a binder, and water, where C is added either in
the form of powder or incorporated into a resin. These components are mixed in the desired
ratio followed by ball-milling to obtain a slurry. Then, the slurry is dried, crushed to the required
size powder, and pressed into dies. The final step leads to a green preform (Figure 2.2). This
preform is called ‘green’ because of green-coloured a-SiC [30]. If the resin acts as a free C
source, the green pre-form undergoes pyrolysis between 600 and 1000 °C, removing pure C
particles [28, 31]. The preform is placed inside a furnace (Figure 2.1), where a solid Si block
is put under the porous preform. The preform/Si block are placed inside an alloy container,
which is encased within a retort chamber that prevents the ingress of contaminants [32]. The
amount of Si used depends on the preform size and desired SiC-B4C/Si ratio. At the furnace
operating temperatures of 1400—-1600 °C, the molten Si infiltrates the porous green body with
no applied pressure such that infiltration occurs by capillary action (Figure 2.2a) [31]. Molten
Si reacts with C particles to form B-SiC that precipitates on the original a-SiC particles and
bonds with them (Figure 2.2b). Hence, the corresponding material is termed ‘reaction-bonded
SiC’. In the presence of B4C, Si forms SiC—B4C—Si compounds [28], where excess Si binds to
SiC and B4C grains, generating a matrix. Si infiltration increases the volume of the body
because of the new reaction products and added Si. Therefore, certain initial amount of porosity
in the green body is needed to accommodate the volume change and allow Si to infiltrate it
[33]. High infiltration temperature results in lower Si viscosity, which facilitates the filling of
the pores and free space in the green body by Si [34]. It also enhances the Si—C reaction.
Infiltration time ranges from a few minutes to hours depending on the pre-form density,
porosity, particle size, and Si viscosity [33]. Reaction-bonding demonstrates several advantages
over conventional sintering. It leads to a denser product with near-zero porosity because of Si
filling. It also reduces processing energy and time because conventional sintering occurs at
~2000 °C, resulting in lower production cost. It also produces complex shapes with a high

precision of less than 1% volume change [28].
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Figure 2.1 Graphical representation of reaction-bonded ceramic manufacturing unit.

(a)

Simultaneous infiltration

Porous
Preform

Si melt

and reaction

Ny

Fd LLL L L L L Ll

T

Crucible

Si infiltrates
preform

(b)

Preform Ceramic (i.e. SiC) particles

. ' ., P a Si infiltration

" .

Figure 2.2 (a) Infiltration of a SiC preform [35] (b) reaction-bonded structure [31].



2.2.3 Structure and formation

Previous studies [16, 36] have reported that the microstructure of RBSBC consists of SiC, B4C,
B—C-Si (BxSiyC,) and residual Si (Figure 2.3). It also comprises plate-like SiC inside large B4C
grains. A dissolution-precipitation model has been proposed for the reaction between Si and C
[16, 30, 37]. At the beginning of infiltration, C dissolves in molten Si [Eq. (2.1)], generating
heat during the process. This exothermic reaction increases the local infiltration temperature
by ~400 °C [31], thereby increasing the solubility of C in Si by a factor of ten [16]. This local
temperature increase also increases the diffusion coefficient of C in Si [36]. Consequently, a
concentration gradient of C in Si forms between the reaction and non-reaction regions at the
peripheries of the SiC grains [16]. However, Zhou et al. [38] have stated that the Si/C reaction
is an electrochemical process [Egs. (2.2) and (2.3)] that can be considered a redox reaction in
which Si comes into contact with C and loses an electron because of its lower electronegativity,
leading to oxidation. C is reduced to a negatively charged ion. Si and C ions react, producing
a charged SiC layer around the C particles, and C particle diffusion through this layer governs

the reaction kinetics.

plate-like B-5aC

-

Figure 2.3 Microstructure of reaction-bonded SiC-B4C (RBSBC) [36].
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B4C powder added to the reaction mixture serves as an alternative C source, thus reducing the
amount of free Si [39]. Molten Si diffuses into the B4C grains, where it is incorporated into the
chain bonding the BxC icosahedrons, thereby forming BSiyC, [40]. BxC prefers C over Si; this
means that the amount of BxSiyC, generated decreases with an increase in the C content [41].
It is noted that B4C is an acronym rather than a chemical formula because it exists over varying

chemical compositions B12xCsx (0.06 <x <1.7) [39, 42, 43].

Increasing the amount of C in the preform results in a coarse-grained structure as C reacts more
with Si, forming more SiC, which undergoes coalescence [28]. The amount of residual Si
decreases with an increase in the C/Si ratio because of SiC production [44]. The amount of
residual Si can be controlled by the weight % of the slurry components and packing density.
This in turn depends on the element particle size and available porosity in the green body [45].
Residual Si negatively impacts the mechanical properties of the components and limits their
use to 1400 °C. Concerning Al, it slows down Si/C formation, which can be advantageous for

limiting SiC coalescence, thereby lowering the residual stresses in the process [28].

Regarding the effect of temperature, the solubility of Si in B4C is low at infiltration
temperatures less than 1550 °C [40]. This supresses the generation of B—C—Si [i.e. B12(B, C,
Si)3] at infiltration temperatures less than 1600 °C owing to the limited C and B solubilities in
Si [28, 41]. This indicates that infiltrating the preform below 1600 °C leads to lower B-C—Si
content. With respect to the diffusion time, infiltrating the preform for more than 30 min
supresses the formation of silicon borides SiB because there is sufficient time for the reaction

to proceed towards the production of SiC and B—C-Si, as demonstrated in Eq. (2.4) [41].

2SiC + 3B,C > 2SiBg + 5C (2.4)



2.2.4 Oxidation of Si and SiC

Oxidation of SiC is essentially the same as that of Si [46, 47]. Oxidation of Si has been
extensively analysed, most famously by Deal and Grove [48], who derived a theoretical
relationship for the calculation of oxide thickness with respect to time. Their study is also
widely accepted for modelling the oxidation of SiC [48]. They conducted experiments on Si
under dry air and wet conditions between 700 and 1300 °C. The main assumptions of their
model are as follows: (a) oxidation proceeds by the inward movement of the oxidant O rather
than the outward movement of C or Si (b) O2 completely reacts with Si on the substrate surface,
forming SiO» (Figure 2.4). This results in the consumption of Si to form SiO> and recession of

the initial Si surface with the loss of the newly formed oxide layer (Figure 2.4).

Oxidant

— |
Oxide Diffusion

|~

Si or SiC Reaction

New surface | Oxidiser surface

SiO; (oxide layer)

Old surface
recession |
SiC-based substrate SiC-based substrate

Figure 2.4 Basic process for the oxidation of silicon, and the moving interface and

volume expansion during Si oxidation. Courtesy of C. Hollauer [49].

Ogbuji and Opila [47] compared their work with Deal and Grove and deduced that the
mechanism controlling the oxidation rates of both Si and SiC is the permeation of O, through
SiO> because these materials have the same activation energy E across the investigated
temperature range. Most researchers support that O, transport through the oxide layer is the
rate-limiting step for oxide growth on both Si and SiC, where the parabolic rate constant k,,
depends on O partial pressure p(0,). This results in a parabolic behavior that explains the
oxide weight gain (or thickness increase) with respect to oxidation time. Putz and Hertl [50]
suggested that the oxidation of SiC is controlled by CO desorption from the SiO2/SiC interface,
thereby opening more sites for further oxidation. Regardless of whether O diffusion or CO

desorption is the rate-limiting step, the behaviour of the resulting oxide does not change. Based
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on the dependence of oxidation on O, concentration [O2] and p(0,), Wagner [51] discussed
the conditions for the production of volatile SiO (active oxide layer) or protective SiO (passive
oxide layer). At temperatures exceeding 900 °C [52] under atmospheric conditions, SiC is
oxidised to form a protective silica layer, releasing gaseous CO as in Eq. (2.5). At lower p(0,)
(< I atm), active oxidation leads to rapid weight loss by the formation of gaseous SiO instead
of the protective SiO2 because [O>] is extremely low to form an SiO; protective oxide film, as
shown in Eq. (2.6) [53, 54]. Subsequently, and based on this principle, Wagner [51] derived an

active-to-passive transition pressure according to the supply of O to the SiC surface [55].

2SiCs) + 30y, > 250, +2C0(, 2.5)

Under passive oxidation conditions, a protective SiO; layer will form on the ceramic substrate.
However, in the presence of water vapour (major combustion product), the SiO> layer
volatilises due to the hydrolysis of Si—-O-Si bonds to form volatile Si-O—H molecules
(Si(OH)4(g)) resulting in SiC substrate recession [Eq. (2.7) and Figure 2.5a] [56, 57]. This is a
function of p(H,0), where under a 4-10 bar combustor pressure, water vapor pressure is
sufficient to generate Si(OH)a(g) leading to weight loss [57]. The recession kinetics follows a
linear behaviour (Figure 2.5b) and can reach rates of 1 um h ! [4, 58, 59]. In the presence of
water vapour, both behaviours simultaneously occur; parabolic silica formation and linear
volatilisation (Figure 2.6). The sum of both processes results in paralinear kinetics, which
eventually leads to component failure (Figure 2.5) [57, 60, 61]. It is noted that the parabolic
growth rate of silica in steam in the absence of volatilisation is around one order of magnitude
faster than that in dry O> because H>O and OH™ molecules exhibit 10 times higher permeability
in Si0; [61, 62]. SiO> volatilisation opens the way for the ingress of O, and water vapour
(hydroxyl groups) through the substrate, allowing for further oxidation and substrate recession.
It also opens the way for ionic compounds from the fuel ash and environment to form molten
salts, resulting in hot corrosion. Thus, EBCs are developed to enable the protective silica layer

to withstand the severity of the gas turbine environment and prolong its service life.

SiCs) + 2H,0(g) = Si(OH), 2.7)
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Figure 2.5 (a) SiO2 volatilisation in H20(g) [13] (b) AW plot of SiC in a 50% H20-50% O
environment at 1200 °C [60, 63].
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Figure 2.6 Kinetics of SiO2 oxidation and volatilisation in a H.0(g) environment [61].

2.2.5 Oxygen diffusion in silica

O diffuses through silica either by the motion of molecular Oz through voids or by the
occupation of lattice vacancies in the SiO4 tetrahedral network by ionic O (0*") [64, 65]. These
two mechanisms demonstrate different temperature dependencies. At temperatures below 1300
°C, the diffusivity of molecular O is significantly higher than that of O?>~ because O*" is scarce
[64]. At temperatures above 1300 °C, network O?~ diffusion becomes dominant [64]. As the
two mechanisms exhibit different temperature regimes, they demonstrate different activation
energies. If O is the dominant flux species, E of oxidation is expected to be higher because
O* requires higher energy to form [64]. Understanding oxygen diffusion mechanism is
important for comprehending how the oxide behaves under different [O2] and p(0,) conditions

depending on the environment, and this mechanism reflects the kinetics k,, of the oxide layer.
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2.2.6 Effects of B4C, Si, and Al

B4C suppresses oxidation because of its low vacancy diffusion, and strong covalent bonds [41].
B4C is oxidised to liquid boria B2O3( at ~600 °C (~450 °C according to Wuchina et al. [66],
as shown in Eq. (2.8), and evaporates at temperatures between 1200 and 1300 °C [67-69].
Boria mixes with SiO» to form borosilicate glass Si0>—B>03 [Eq. (2.8)] [66] or borate anions
[Egs. (2.9) and (2.10)] [67]. Borosilicate is a more effective passive layer than boria owing to
its higher viscosity, which results in low O diffusivity [70]. The oxidation of RBSBC is
affected by the oxidation properties of SiC and B4C. As with SiO», the rate-controlling step for
Si0>-B»03 growth is O» diffusion [70]. However, the fluidity of B2Os allows it to fill in the
cracks, which makes B4C useful for the self-healing properties of materials [34]. Self-healing
materials can be achieved by mixing B4C and SiC. At ~600 °C, the formation of B20O3 remains
slow, whereas at temperatures higher than 1100 °C, the formation of less viscous Si—B—O

increases its fluidity and helps seal the cracks [34, 71, 72].

B4C(s) + 4‘02(5) - 2B203(l) + COZ(g) (2'8)
B4C(s) + 302(5) il 4B0(g) + COZ(g) (29)
B4C(5) + 502(3) il 430(9) + COz(g) (210)

The presence of residual Si in borosilicates positively impacts the oxidation of RBSC in two
ways: at temperatures above 1410 °C, Si melts and provides short routes for O> diffusion,
whereas at lower temperatures, the higher oxidation rate of Si compared to that of SiC increases
the overall oxidation rate of RBSC [73]. The introduction of Al into the SiC matrix helps reduce
the volatilisation of boron species at high temperatures [34]. Furthermore, Si0; can also react
with SiC above 1250 °C, where SiO> reduction results in either CO bubbles at the SiC/SiO»
interface [Eq. (2.11)], or form Si [Eq. (2.12)] [50]. This depends on the stoichiometry of the

reaction; nevertheless the reaction producing CO is faster [50].
SiCes) + 28i0,, = 3510, + COy) (2.11)

2SiC + Si0, - 3Si + 2C0 (2.12)
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2.3 ENVIRONMENTAL BARRIER COATINGS (EBCs)
2.3.1 Development of EBCs

The purpose of thermal barrier coatings (TBCs) is to protect metal-based superalloys, such as
Ni and Co-based alloys, that are used in the hot section and the turbine, from high temperature
combustion gases [12]. Their thicknesses are usually between 100 and 500 um, and they consist
of bond coat (i.e. NiCoCrAlY), thermally grown oxide as Al,O3, and a ceramic topcoat such as
Y,03s-stabilized ZrO> (YSZ). They are also sometimes stabilised with other materials; for
example, MgO, CaO and CeO> [74]. Nevertheless, TBCs usually fail prematurely in corrosive
environments, which limits their use below their full temperature boundary [74]. Figure 2.7
shows the development of the turbine blade material + coating and turbine inlet temperature

(TIT) (red lines) of each coating milestone, where SiC/EBCs are at the high end.

The need for high-temperature corrosion-resistant ceramic-based coatings for SiC-based
ceramics has led to the establishment of EBCs. Major developments in EBCs can be
categorised into four main generations (Figure 2.8) [7, 13]. This section only discusses the key
milestones in the advancement of EBCs. Numerous other EBC compositions and architectures

are available as the field of EBCs is still undergoing extensive research.

Generation I was developed in the early 1990s. Atmospheric plasma sprayed (APS) mullite
(3A1203-2510; or 2A1,03-Si02) (Figure 2.9a) was used as a protective coating for SiC
ceramics because its coefficient of thermal expansion (CTE) and chemical stability match those
of SiC and Si-based ceramics. However, the exposure of mullite to temperatures above 1000
°C led to the crystallisation of the amorphous phases in mullite. Shrinkage accompanying
crystallisation causes cracks and delamination [57, 75]. Mullite also suffers from recession in
combustion environments owing to the selective volatilisation of silica in water vapour [4]. To
overcome the recession of mullite, a YSZ topcoat was proposed (Figure 2.9a). Nevertheless,
CTE mismatch between YSZ and SiC resulted in cracking and delamination. Generation II
EBCs were developed from the mid-1990s to the early 2000, where the YSZ topcoat was
replaced by barium-strontium-aluminosilicate (BSAS) Ba(1-x)StxAlxSi2010. CTE of BSAS is
almost the same as that of SiC, and its silica activity is lower than that of mullite. Adding the
BSAS second phase to the mullite bottom coat reduces the stresses and thus cracks and

delamination. A further improvement was the introduction of a Si bond coat for adherence and
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phase stability, forming three-layered structure Si bond coat + mullite/BSAS + BSAS topcoat
(Figure 2.9b). However, BSAS demonstrated volatilisation due to SiO> activity in addition to
BSAS-Si bond coat reaction at 1300 °C, resulting in degradation and spallation of the coating.

Based on the services of Gen. I and I EBCs, Gen. III must fulfil five main requirements (Figure
2.10), where the lifetime durability of the coat is expected to be between 5000 and 10,000 h
[76] to last for thousands of take-offs and landings in commercial jets, or 30,000 h in case of
industrial gas turbine engines [74]. A close CTE match between the coatings and SiC substrate,
and between the layers themselves. Second, EBC must exhibit phase stability at temperatures
exceeding 1300 °C. Third, they must possess low SiO» activity. Fourth, chemical compatibility
should be present between the different layers of the coating and the environment. Fifth, the
coatings must be dense (free of pores and cracks). These requirements are explained in the

‘Rare-earth silicates’ section.

RE-based EBCs have been constructed for these purposes as Gen. III EBCs using lanthanides
(15 RE elements from La to Lu). Early Gen. III EBCs had RE-silicate topcoat above the mullite
(or mullite + BSAS) middle coat and Si bond coat (Figure 2.9¢). RE-silicates are either
monosilicates, such as RE»SiOs (one SiO> molecule), or disilicates RE>Si>O7 (two SiO»
molecules). Because of the integrity of RE-silicates at high temperatures [24], they were
employed as the entire coating systems (Figure 2.9d). RE-silicates have proven to be superior
to previous coating systems in resisting water vapour corrosion and ash/salt corrosion. Gen. [V
EBCs comprised doped RE-silicates that increases their operating temperatures and improved
their resistances to sand/dust/ash and molten salt corrosion, which are major factors in EBC
design. A Hf-RE-silicate system, for example, plasma-sprayed HfO,—RE>Ox(silicate) exhibited
high-temperature stability and improved calcium-magnesium-aluminosilicate (CMAS)
resistance (Figure 2.9e—f) [77]. Another option is the multicomponent RE-silicate system such
as (Yb,Gd,Y)2S12.xO7-2x [77], which demonstrated excellent stability in steam tests at 1500 °C,
and (Ero.25Tmo25Ybo.25Lu0.25)2S1207 [78]. Both systems exhibited improved CMAS resistance.
Nevertheless, the fields of Gens. III and IV EBCs are still novel.
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Figure 2.8 Timeline of the evolution of EBC systems for SiC ceramics. Curved arrow

indicates that EBC below the dashed is the latest development in each generation.
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Mullite

Figure 2.9 (a) Mullite + YSZ on a SiC substrate [81] (b) BSAS + Mullite + Si bond coat on
SiC/SiC (MI) [82] (c) Yb2SiOs + mullite + Si [4] (d) Yb2SiOs + SiO2 bond coat over SiC [83] (e)
Yb-Gd-Y silicate + HfO>—Si bond coat on SiC [77] (f) 3-layer HfO>-Yb silicate-Si [23].
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2.3.2 Application of EBCs

EBCs are applied using different techniques, each of which results in materials with different
properties, microstructures, and defects. Therefore, they can be used in various different
applications. This section presents the most common coating techniques for EBCs. Most
general spraying processing techniques are categorised into thermal spray processing, colloidal
processing, and vapour deposition. Thermal spray processing comprises atmospheric plasma
spraying (APS) [80, 84-88], suspension plasma spraying (SPS) [86, 89, 90], and high velocity
oxy-fuel coating spraying (HVOF) [84, 86]. Colloidal processing includes dip coating, whereas
vapour deposition comprises chemical vapour deposition (CVD) [91, 92], electron-beam
physical vapour deposition (EB-PVD) [93-97], and plasma spray PVD (PS-PVD) [59, 98-100].

Thicknesses of EBCs usually range from a few micrometers to millimetres.

APS is the most common processing technique, and it employs a high-power jet of ionised gas
to melt the ceramic powder and propel molten particles to the substrate surface [101]. APS of
RE-silicates on SiC ceramics forms a low-porosity homogenous structure that consists of splats
(single impacted molten particles) (Figure 2.11a). High cooling rates from the plasma
temperature lead to phase composition differences along the splats and the formation of thermal
stresses, which induce vertical cracks [102-104]. These cracks in the topcoat lead to easy
penetration of steam and O2. The APS powder feedstock particle size is limited to 10-100 pm
[105]. SPS utilises fine powders (nominal particle size less than 1 um) dispersed in a liquid,
such as alcohol, to produce a liquid feedstock that is injected into the plasma jet for melting
and propulsion towards the sample [12]. This results in considerably finer molten splats,
leading to denser coatings with fewer phase composition differences between splats [106].
Additionally, suspension control limits material loss during spraying [107]. HVOF uses the
flame generated from the combustion of O, with a flammable gas to deposit a molten or semi-
molten powder. HVOF produces dense coatings on SiC-based ceramics with porosities
comparable to those of APS coatings and lower thermal stresses [86, 105, 108].
Suspension/solution HVOF (SHVOF) employs a liquid suspension of Yb-silicate, resulting in
fewer microstructural defects, including microcracks and splat boundaries, than those in the

case of APS (Figure 2.11b) [105, 108].

Vapour deposition involve vapour condensation on the substrates. CVD uses a precursor gas

that chemically reacts with a base material to form a targeted coat. It is generally used to process
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thin functional coatings similar to those used in the semiconductor industry. CVD is rarely used
for EBCs because the induced chemical reaction results in undesired silicate phases [109]. EB-
PVD is a non-line-of-sight technique that utilises an electron beam to bombard RE>O3 and
Si0; ingots, in a vacuum environment, transforming them into one vapour cloud of RE-silicate.
The vapour cloud is converted to a heated substrate, where the coating forms by condensate
deposition. Subsequently, the coating is annealed. The EB-PVD microstructure densifies and
shrinks after annealing, leading to a columnar structure with vertical gaps in between (Figure
2.11c). The advantage of this structure is that it improves the strain tolerance, which
decreases thermal shock stress and results in a longer thermal life cycle [110]. However, these
gaps cannot effectively impede the transfer of heat leading to high thermal conductivity [111].
Furthermore, the gaps result in inferior corrosion resistance. Nevertheless, the development of
a feathery EB-PVD structure leads to a feather-like columnar structure with the ability to limit
molten sand and salts through the columnar gaps by 56-72% [93-95]. PS-PVD uses a
supersonic plasma jet in a very-low-pressure environment (0.5-10 Torr) at ultra-high
temperatures (~5700 °C) to vaporise the injected ceramic powder followed by deposition on
the substrate’s surface [100, 112]. PS-PVD offers the advantage of varying the coating
architecture by adjusting the processing conditions. It can produce both splat-like
microstructures and columnar structures, thus bridging the gap between APS and EB-PVD, in
addition to affording higher deposition rate than EB-PVD. Currently, both EB-PVD and APS
are the most frequently used coatings techniques for TBCs and EBCs [74, 113].

Dip coating is a non-line-of-sight process that consists of dip coating the SiC-ceramic in a
slurry of RE-silicates followed by sintering. The reaction of RE oxides with silica formed on
the surface of SiC-based ceramics results in RE-monosilicate-based coatings [25, 114].
Compared to thermal spraying, fewer studies have been reported on dip coating of RE-silicates.
The reported studies [114-117] indicate that dip coating produces dense microstructures (Figure
2.11d and e). However, these microstructures lead to porosities and cracks through the coatings,
and with a maximum thickness of 200 um [115, 116]. The advantages of dip coating is that it
is a simple and low-cost method that allows the coatings of intricate parts that are otherwise
difficult to coat with uniform thicknesses using spraying methods. Note that hybrid methods
combining different coating application methods to form functionally graded EBCs have been
reported (Figure 2.111) [91, 118]. Additionally, the application of these EBCs is faster than APS

and EB-PVD, and less sensitive to surface finish than those obtained using spraying techniques.
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Figure 2.11 (a) APS Yb;Si,O; on a SiC/Si susbstrate [104] (b) SHVOF Yb,Si>O7 on a Si
susbstrate [108] (c) EB-PVD HfO; topcoat on Yb:Si-O7 [119] (d) dip coated Yb,SiOs-based
coating on a SiC/SiC CMC substrate [114] (e) dip coated Yb2Si.O7 on a SiC substrate [117]

(f) NASA-developed EB-PVD HfO: topcoat over an APS middle coat [118].
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2.3.3 Rare-earth silicates

RE-disilicates can be formed by the direct reaction of RE oxides with silica, as presented in
Egs. (2.13) and (2.14), or through the generation of monosilicates at first, as demonstrated in
Eq. (2.15) [120, 121]. RE-monosilicates and disilicates exhibit low silica activities and lower
volatilisation rates as compared to those of corresponding previous generation materials [2,
13]. The higher SiO; content in RE2S1,07 results in higher silica activity than that of RE>SiO:s.
Thus, they are more prone to volatilisation and coating recession in water-vapour environments
[122, 123]. This often leads to the decomposition of disilicates to monosilicates. The presence
of large amounts of RE2O3 in the coatings further decreases ag;p, in the H2O(g) environment.
CTEs of disilicates are closer to those of SiC-based ceramics than those of monosilicates, which
minimises thermal stresses and avoids cracking and delamination risks [124]. Among the RE-
monosilicates, Sc, Lu, Yb, Tm, Er, and Dy do not exhibit polymorphs. Among RE-disilicates,
only LuzSi2O7 demonstrates no polymorphs [4]. Materials with polymorphs of varying
densities are not desirable because the coatings should not undergo any phase transformation
that may cause volume changes and result in internal stresses [4]. RE-silicates and RE>O3 are
chemically compatible with Si and SiC, facilitating their formation in several Si-based layers.
Finally, RE-silicates are reactive coatings that reacts with molten salts and ash and form

protective compounds that resist further salt ingress.

RE, 03 + Si0, = RE,SiOs (2.13)
RE, 03 + 2Si0, = RE,Si,0, or RE,SiOs _ + Si0, (2.14)
RE,SiOs + Si0,  © RE,Si,0; (2.15)

RE-monosilicates are divided into type A, from La to Tb, and type B, from Dy to Lu (including
Yb and Er) [120]. Both types exhibit monoclinic structures. The coordination numbers for type-
A RE cations are 7 and 9 [125], and their structures consist of isolated SiO4 tetrahedra and RE—
O polyhedra. The structures contain two RE sites: RE(1) and RE(2). RE(1) is coordinated to 9 O
atoms, 8 of which are bonded to Si and the remaining O atom is Si-unbonded O atom. RE(2)
is coordinated to 7 O atoms, 4 of which are bonded to Si and 3 are Si-unbonded O atoms [120].
Type-B, have coordination numbers of 6 and 7 [125]. They also comprise two RE sites: RE()
and REq). RE(1) is coordinated to 7 O atoms, 5 of which are bonded to Si and 2 are Si-

unbonded O atoms. RE ) is coordinated to 6 O atoms, 4 of which are bonded to O and two are
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Si-unbonded O atoms, forming an octahedron [125]. Figure 2.12 a, b and ¢ show the structure
of RE2Si0s, its projection along the b-axis, and the RE coordination numbers for REOs and
REO7 polyhedrons, respectively. Type B RE-silicates exhibit shorter atomic radii and stronger
RE-O bonds.

RE elements can also be classified to light RE elements (LREEs) and heavy RE elements
(HREEs) [126, 127]. LREEs include Sc, and elements ranging from La to Gd, whereas HREEs
are elements ranging from Y to Lu. The definitions of LREEs and HREEs are based on the
electron configuration, where LREEs possess unpaired 4f electrons (half-filled 4f electron
shells), whereas HREEs contain paired electron configurations (clockwise and counter-

clockwise spinning electrons) [126, 127].
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Figure 2.12 (a and b) Crystal structure of RE2SiOs [125] (¢) RE coordination numbers for
REOs and REOy polyhedrons [125].
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2.3.4 Particle ingestion

Engine damage owing to high-temperature corrosion can occur in two ways. First, hot
corrosion from the fuel residues (including sulphates, such as Na>SQOs, chlorides, such as NaCl,
and vanadates, such as vanadium pentoxide V>0s) arising from combustion. The second way
is the ingestion of particles, which is almost inevitable because the inertial particle separator
is incapable of filtering-out particles less than 50 um [128, 129]. Additionally, they can travel
for thousands of kilometres (as shown in Figure 2.13¢ and d) and reach altitudes higher than
5500 m. Particles are either salicaceous sand particles that results from flying in desert areas
or environmental ash such as volcanic ash, which are also salicaceous in nature. The earliest
studies on particle ingestion investigated the damage to engines operating in the Middle East,
including the study of military aircraft engines operating in the Arabian Gulf (Figure 2.14a)
[130, 131] in addition to commercial liners (Figure 2.13b) [132]. This deposit-induced coating
degradation has become increasingly relevant due to high engine operating temperatures and
the growth of air transport within and through the Middle East and Asia [123]. Engine deposits
from these regions are typically high in CaO content, with moderate amounts of Al>O; and
MgO. FeO, NiO and TiO; were detected in trace amounts, and they likely originated from the
engine components. Alkali salts, such as Na>O and K»O, were also discovered in trace amounts,
and they stemmed from fuel components. Contrarily, volcanic ash comprises a high SiO»
content with less contribution from alkali-earth compounds such as CaO [133-135].
Understanding sand composition and type is important for assessing sand corrosion of EBCs.
At high operating temperatures, siliceous oxides such as CMAS glass, with low melting points
~1200 °C, are ingested into the turbine (Figure 2.14a), where they melt in the hot section and
gets propelled at high-speeds (Figure 2.14b) to deposit onto the EBCs in the hot section
components in the form of sticky droplets that adheres to the surface (Figure 2.14c) [136].
Molten CMAS reacts with RE-silicates in the combustion environment and corrodes them,
which affects the coating service life and leads to component failure. Figure 2.13a (inset) shows
molten CMAS deposits on turbine guide vanes, and Figure 2.14d and e depicts CMAS molten
deposits on Pratt & Whitney airfoils coated with 7-8% YSZ TBCs [123, 129, 137]. Siliceous
oxide particles also cause abrasion of engine parts, particularly fan and compressor, and can
destabilise combustion by affecting the fuel/air mixture [138]. Kueppers et al. [138] conducted
a study on the compositional effects of volcanic ash and several types of ingested sands on gas

turbine engines, and they noticed that glassy volcanic ash is rarer yet it is more dangerous
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because it usually softens at temperatures approximately ~600 °C and melts at ~1059 °C, which

is lower than the melting points of crystalline silicates [138].

(a)

Figure 2.13 (a) Boeing C-17 Globemaster ingesting sand [129] (b) Airbus A320 dusted by
Calbuco volcano [139] (c) spread of volcanic ash from Calbuco volano in Chile to across
the globe [140] (d) dust storm travelling across the Middle East [129, 141].
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Figure 2.14 (a) Schematic of ash ingestion in the gas turbine [128] (b) ash particles melt
inside the combustor [128] molten ash adheres to coating surface (c) [128] (d) dust intake
through the gas turbine engine [123] (e) CMAS molten deposit on airfoils [123, 137].
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2.3.5 Thermochemical interaction

This section introduces the morphology of CMAS and the mechanisms of reactions of CMAS
with RE-monosilicates and RE-disilicates as an illustrative basis for the reaction of salicaceous
sand with RE-silicate EBCs. This is because CMAS reaction with RE-silicates is the most
deleterious and widely addressed EBC corrosion in literature. However, discrepancies exist in
the literature concerning the reaction of RE-based EBCs with CMAS and volcanic ash. These
discrepancies arise from numerous factors, which include, but are not limited to, the CMAS
composition (desert sand or volcanic ash), coating microstructure, which is a function of the
spraying method and its parameters, and the coating architecture and composition.
Nevertheless, the corrosion of volcanic ash and salicaceous sands, such as CMAS, follows the
same behaviour. CMAS reacts with RE-silicates [Eq. (2.16)], or the RE-apatite RE9 33(S104)60:
[Eq. (2.17)], forming silica- and alkaline-earth-based RE-silicate oxyapatite (i.e.
CaxREs(S104)602) [142-144].

4RE,Si,0, + CMAS (2Ca0) — Ca,RE(Si0,)¢0, + 25i0, (2.16)
REq 45(Si0,)0, + CMAS (2Ca0) & Ca,RE4(Si0,)s0, + 1.33RE,05 (2.17)

The general formula of apatite-type oxide is M1o(XO4)sZ2, where M can be a RE or alkaline-
earth element, X can include Si and P, and Z is an anionic site that can include O*~ and OH~
[145, 146]. The doping of RE apatite with alkaline-earth metals leads to the general formula
MLMY6.4(XO4)602, where M! is an alkaline-earth element and M" is a RE element. Under
CMAS corrosion, M'xis Ca®", which shares lattice sites with M""o.x (RE*") (Figure 2.15a). This
results in crystalline calcium apatite that comprises SiO4* tetrahedra surround by REOx (RE**—
0?") polyhedra, where RE** occupies two sites: RE(1) coordinated with seven oxygen anions
and RE() coordinated with nine oxygen anions that are shared with Ca?* cations [147, 148].
This is demonstrated by the apatite formula REs[RE2Caz](Si04)sO2, where the cations
surrounded by dashed circles correspond to the RE(») sites and the remaining cations represent

the RE() sites (Figure 2.15b) [147].
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Figure 2.15 (a) CazREs(SiO4)sO2 unit cell [148] (b) apatite structure along the c-axis [123].
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Previous researchers [58, 76, 136, 147, 149-156] have examined the corrosion of RE-
monosilicates and RE-disilicates in a CMAS environment. They have observed that apatite
forms by the diffusion of Ca, Mg, and SiO: from the CMAS melt into the reaction front at the
Y>Si05—CMAS interface, coupled with the outwards diffusion of RE ions into the CMAS melt
(Figure 2.17a and Figure 2.18a). This leads to coating recession by the CMAS melt, whereby
Si and Ca diffuse to the grain boundaries either between the columnar apatite grains (Figure
2.17b) or between the channels and through the grain boundaries in RE2Si207 (Figure 2.18b).
The reaction of Si and Ca with the coating results in the recession of the coating at the expense

of the newly formed apatite layer.

Apatite can form columnar (Figure 2.17b) or equiaxed grains (Figure 2.18b) that are
interpenetrated by an amorphous CMAS-based melt, which is the primary gate regulating the
diffusions of Ca and Si through the apatite grains. The presence of molten CMAS glass between
apatite grains allows the continuous transport of cations and anions to the reaction front, which
results in the coarsening of apatite crystals over time until they fuse together (Figure 2.17b).
The continuous diffusion of the melt also increases the proportion of the amorphous phase and
substantially widens the gaps between apatite grains. The growth of columnar protruded apatite
is usually based on the previously formed dense apatite, as shown by the white square in Figure
2.17b. This morphology is explained by the diffusion of ionic species through the narrow
tunnels and intergranular paths of RE-silicates, where they form new apatite grains that are

forced to grow vertically through these tunnels.
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The final composition of apatite formed from the reaction of RE2Si105 with CMAS melt [Eq.
(2.18), where O3 is omitted from the equations] consumes more SiO; from the melt than that
in the case of RE>Si1,07 [Eq. (2.19)] because of the higher SiO; activity in RE2Si207 (the SiO»
contents in disilicates are two-fold those in monosilicates). Thus, the reaction of CMAS with
RE>Si,07 to form apatite products can proceed without the contribution of Si from the melt, as
shown in Eq. (2.19). This indicates that more disilicate moles are required to produce the same
amount of apatite produced by monosilicates. This results in higher disilicate recession [76,
136, 149]. Some authors, including Zhao et al. [76], have discovered that the apatite formed by
the Yb2S1207—CMAS interaction is less columnar and more equiaxed than that formed by the
Yb2Si0s—CMAS interaction because of more CMAS consumption with RE>Si,07 (Figure
2.18a-b). This, supported by the fact that RE-monosilicates are less volatile in harsh
environments because of their low silica activity [4, 150, 157], implies that RE>SiOs provides
higher resistance to CMAS corrosion. In contrast, some researchers, such as Stolzenburg et al.
[150], have reported a slower reaction of CMAS with Yb,Si207 than that with Yb,SiOs by one
order of magnitude, which was attributed to the lower Yb2Oj3 activity in disilicates, which stem

from their lower Yb203/Si;0 ratio.
6Cao.33Mgo.09Alo13Sl0.a5 + 4YD,Si = Ca,YbgSis + 2[Mgo26Al0.305i0.35] (2.18)
6Cag33Mgo.09Aly13Sipas + 4YbySi; > CayYbgSic + 6[Mgo g9Aly 135io.7s] (2.19)
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Figure 2.16 Profile of the reaction of CMAS pellet (dark grey) with a Y.SiOs EBC (light
grey) over 24 h [149]
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Figure 2.17 (a) lon transfer from the CMAS melt to Yb2SiOs [76] (b) Image obtaied after
Yb2SiOs—CMAS reaction at 1300 °C for 24 h, showing CMAS columnar apatite grains [76].
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Figure 2.18 (a) lon transfer from the CMAS melt to Yb2Si-O7 [76] (b) Image obtained after
Yb2Si.O;—CMAS reaction at 1300 °C for 100 h, depicting equiaxed apatite grains [76].
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2.3.6 Testing for EBCs

EBC:s are initially processed using a certain system design, coating chemistry, and application
technique that are expected to best fulfil the five main requirements shown in Figure 2.10. The
CMAS-EBC corrosion tests of EBCs are analogous to the crucible tests of refractory materials,
where molten CMAS corrosion of ceramic-based coatings can be compared to molten slag
corrosion of ceramic-based refractories. Engineering tests are either thermochemical or
thermomechanical (Figure 2.19 and Figure 2.21). Figure 2.19 depicts a graphical representation
of the primary damage mechanisms explained in Figure 2.21, where (Comb.) is the chemical
damage caused by the combustion environment and (Ext.) is the chemical damage induced by

external factors.

Thermochemical testing includes humidity, water vapour, and corrosion testing. Humidity
reflects the shutdown conditions, where water droplets collect on the coating surface and react
with silica in the coating, forming Si(OH)as(). This leads to the consumption of silica from EBC
and its recession [158, 159]. Humidity tests are performed by placing the coatings in a beaker
filled with water, where the coatings are exposed to water for prolonged periods at ~65 °C [56].
Water vapour, product of combustion environment, also lead to silica volatility in EBCs, in
which SiO> volatility depends on various parameters, such as silica activity in EBC, gas
velocity, the water vapour partial pressure, and the total pressure [60]. The volatility of various
RE-silicates is determined using thermogravimetric analysis (TGA) [4, 88]. Steam tests can be
conducted in a tube furnace [160] or in high steam test rigs [158, 159]. In these tests, O> partial
pressure can also be adjusted to simulate several conditions. Corrosion testing evaluates the
coating performance in the presence of fuel ash (hot corrosion), salts, and salicaceous dust
particles (CMAS and volcanic ash). Corrosion testing is usually performed in a laboratory
furnace using CMAS pellets or in burner rigs to simulate the actual operating environment
[161-173]. The burner rig consists of a simulated combustion chamber in which jet fuel and
air/Oz are mixed to produce a high-temperature exhaust that is directed towards the sample. A
disperser is typically used to disperse the ash between the sample and flame and control the
particle size, distribution, and concentration of the dispersed ash. Because burner rigs are
expensive and exhausting to build and operate, a microturbine [174, 175] or jet flame [176]
can be employed as a middle ground between laboratory furnaces and burner rigs. The

microturbine uses a jet turbine similar to those utilised in radio-controlled jet planes to direct
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the exhaust towards the sample, whereas the flame jet is simpler and more common in academic
laboratories; flame jet from a flame torch is directed towards the sample. Salicaceous particles
are either placed on the sample before being exposed to the flame or dropped between the flame
and sample surface. Microturbines are rare because most research groups prefer the safer and
cheaper option of using a static furnace. In the cases of burner rigs and microturbines, jet fuel
is used resulting in a complex corrosion setting because the actual combustion environment is

a mixture of ash, water vapour, and fuel residues.

Mechanical testing is employed to analyse coating failure due to mechanical damage. The
factors causing mechanical damage include residual stresses, stresses owing to thermal
expansion mismatch, erosion from foreign objects and internal debris, and fracture mechanics
as crack resistance behaviour and fitness for service, which induce delamination and cracking
in the coating system. Thermal expansion mismatch is unavoidable and is usually the result of
thermochemical interactions of the coating. It can also arise from phase instability owing to
corrosion, which can be accompanied by volumetric shrinkage or expansion. The stresses in
the coating can be calculated using LayerSlayer [79, 102, 177] or FEA [178-182]. Solid particle
erosion occurs because of the ingestion of foreign particles, including ash, sand and debris, at
speeds that can reach 300 m s!, and they particularly affect the fan and compressor blades.
This results in mechanical damage indentation, impact damage, and possibly erosion-
corrosion, in which the mechanical damage can tear away the coating surface and enhance
corrosion, considerably impacting the lifetime of the coating and substrate. Erosion can be
estimated by numerical methods [183] or tested using burner rigs or specially-manufactured
erosion rigs [184, 185]. Testing for the fracture behaviour of the coating comprises
conventional mechanical testing, for example, in-situ and ex-situ flexural bending, high-
temperature fatigue test rigs, environmental fatigue test rigs to investigate the corrosion fatigue
phenomenon, and high temperature fatigue to evaluate thermomechanical fatigue resistance
[186]. Damage to EBCs is usually a complex process involving a multitude of mechanisms that

can be thermochemical and/or thermomechanical in nature.
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Figure 2.19 Graphic representation of the damage mechanisms stated in Figure 2.20 and

Figure 2.21.
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Figure 2.20 Graphic representation (expansion of Figure 2.19) illustrating the key failure
mechanisms in EBCs. Courtesy of Lee et al. [88].
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Figure 2.21 Block diagram showing the testing of EBCs. Red boxes represent the topics

that are examined in this study. Blue boxes indicate the topics that are investigated by

colleagues in the same reseach group.
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2.4 DIGITAL IMAGE CORRELATION (DIC)

There are numerous methods to quantify the deformation of a material when a force is applied
to it such as strain gauges, extensometers (mechanical, optical, and laser), linear variable
differential transformers (LVDT), and DIC. The advantage of DIC over other methods is that
it can provide displacement measurements across any point on the material as opposed to strain
gauges and extensometers, which offer a single measurement per test. Additionally, DIC can
determine local deformations caused by inhomogeneity, cracking, or stress concentrations

across the material.

Digital image processing techniques are based on obtaining information by imaging a specific
feature or area over a certain time frame and comparing the images. As such, DIC can evalate
the full-field strain data and surface displacements of a material based on a series of images
acquired using either one or two cameras. One camera obtains two-dimensional information
because it does not possess the perspective for out-of-plane motion. Thus, the specimen should
be flat, planar to the camera sensor, and at a constant distance from the camera to avoid errors
in strain measurements, because if the specimen moves towards the sensor, it will appear larger
in the image and lead to tensile strain bias in the data and vice versa. A three-dimensional DIC
(also called digital volume correlation) uses a second camera to acquire perception such as

having two eyes, which facilitates how an object moves out of plane.

DIC operates by tracking points across a series of images obtained over successive time frames.
Therefore, a speckle pattern must be applied to the surface. The DIC experiment (Figure 2.22)
can be divided into three main steps: (1) forming a speckled pattern on the tracked sample, (2)

obtaining images during deformation, and (3) analysing the sample displacement data.
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Figure 2.22 Three main stages of the DIC experiment [187].

The speckle pattern (Figure 2.25a) provides features and markers to track points across the
sample surface. For the speckle pattern to be effective, it must deform with the specimen and
resist testing conditions such as temperature and moisture. The pattern characteristic itself must
be visible with a high contrast opposite to the specimen surface (i.e. black speckle on a white
surface), 50% coverage with an approximately equal amount of black and white regions,
consistent speckle size (3—5 pixels), and finally random speckle distribution that does not form
a specific pattern [188]. Speckle patterns can be applied using different methods including
spraying, printing, stamping, and manual application using a permanent marker [188]. DIC
matches the speckle pattern of a deformed image with that of a reference or baseline image.
The reference image is the initial undeformed image, and it has a number of speckled dots that
can be tracked. A square section of the pattern is selected for tracking, which is termed ‘subset’
or ‘facet’. Considering a field-of-view of 10" using a 1 MP camera (1000 x 1000 pixels), 1
pixel = 0.01". Thus, the ideal speckle size is between 0.03 and 0.05" (3 and 5 pixels). A subset
is selected such that its default size is a square of 20-30 pixels, which means that a single subset
would contain approximately 6 speckles (Figure 2.23), which is twice the minimum number of
speckles required within a subset [189, 190]. Thus, the speckle size is critical because it affects
the subset accuracy. If the speckle size is significantly large or small, an entire subset may be
in either the black or white region, respectively, which would prevent a suitable correlation.
However, this can be compensated by increasing the subset size: nevertheless, this will be
performed at the cost of spatial resolution and processing time. If the pattern is extremely small,

the camera resolution may not be sufficient to accurately represent the specimen.
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Figure 2.23 A schematic table showing the pixel conversion to inches in addition to

speckle and subset size with relation to camera resolution.

After the material is deformed, the subset of the deformed image (post-event image) is
correlated with that of the reference image (pre-event image). Once the subsets are matched, a
new position is defined according to its displacement vector, (Figure 2.24). The centre of the
subset (shown as a green dot in the pre-event image), which is not part of the speckled pattern,
is the origin point from which the displacement is calculated (Figure 2.24). Then, the
displacement vector can be decomposed into the Cartesian coordinates X and Y, where the
displacement fields U and V can be determined. The subset is then repositioned with its centre
at the new location to allow tracking points that are continuously moving away from the origin
point in the reference image [191]. Figure 2.24 depicts the deformation of a single subset for
illustrative purposes. The DIC however, calculates the displacement field for multiple subsets
as shown in Figure 2.25, where four subsets are depicted and their origins appear as red dots,
and the distance between the points of origins of subsets is called ‘step size’. Upon deformation,
the new positions of the red dots are represented as blue dots, where the direction and distance
between them are the vector fields (Figure 2.24). Then, magnitudes and directions of the strain

fields are translated into a colour map.
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Typical errors that affect DIC results include inadequately prepared sample surfaces or
speckled patterns, improper camera focus, unevenly distributed lightening, poor image
resolution that results in an inaccurate subset correlation, and out-of-plane motion, where the

deformation of the sample is not constrained to a plane that is parallel to the camera [193-196].

25 SUMMARY

In summary, RBSBC is a SiC-based ceramic that falls between pure SiC and B4C. RBSBC is
designed for high-temperature low-load-bearing applications and is used in the hot-section
components of gas turbines. Reaction-bonding process offers a low-cost and high-tolerance
material with high density. The presence of B4C decreases the material density and increases
its hardness. The oxide formed from the oxidation of the RBSBC substrate is a SiO-based
borosilicate S102—B:0s3 layer that is formed by the inward diffusion of Oz through the oxide
layer. Due to oxide layer recession in water vapour and salicaceous corrosive environment such
as CMAS (sand), coatings are used to protect the RBSBC substrate from the deleterious effects

of these environments.

Research on EBCs began in the early 1990s and four generations of EBCs have been developed.
RE-silicates are among the most recent generations. The most promising RE-silicates are Yb,
Lu, and Er-based coatings. RE coatings are applied using several techniques such as line-of-
sight spraying, including APS, HVOF, and EB-PVD, and non-line-of-sight techniques such as
dip coating. Dip coating provides a low-cost coating solution and can fully cover intricate parts
better than spraying techniques. Regardless of their protective nature, RE-silicates corrode in
a CMAS environment by forming an alkaline-earth metal-based RE-silicate structure Ca—RE—
Si0s structure known as apatite. Apatite forms a hexagonal structure that incorporates elements
from the CMAS melts as Ca and Si, which increases the protective nature of the coat and
consumes the deleterious melt on the coating surface. Testing of EBC is broadly divided into
corrosion and mechanical testing depending on the damage to the coating. Corrosion damage
includes water vapour and humidity attack, in addition to high-temperature corrosion such as
salicaceous sand (CMAS and volcanic ash) and molten salt corrosion. Mechanical testing
includes impact from foreign object damage, erosion, thermal stresses and mechanical rupture.
The mechanical stresses are also an important part for the substrate because it will hold most

of the applied load.
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CHAPTER 3

3 EXPERIMENTAL METHODS

31 MICROSTRUCTURE AND CHARACTERIZATION TECHNIQUES
3.1.1 Density measurement

Experimental density p.,, [Eq. (3.1)] of the sample was measured using the Archimedes
principle according to ASTM C830 [197]. py,o (gm cm™) is the water density, Wary (gm)
denotes the sample weight measured in dry air, and Wy, is the weight of the sample recorded

after submerging the sample in water. The samples used were 10 mm? cubes.

Wdry
Pexp = mxpyzo 3.1

The theoretical density p;j., of the sample is determined from the rules of mixtures [198] based
on the volume fractions of phases (mass%) and density of each phase, as represented in Eq.
(3.2). Both the experimental and theoretical densities are used to ultimately calculate the
relative density p,.; (%), which is the ratio of the actual density of the material to the ideal
density of the same material (theoretical density) as shown in Eq. (3.3). The relative density
provides an indication of the percentage volume of voids in a ceramic, where the higher p,;,
the denser the ceramic [199]. Thus, relative density is used to determine the density of RBSBC
with regard to its chemical composition. Moreover, p,,; assesses the reaction-bonding method

in producing dense SiC—B4C ceramics.

Ptheo = [(mass%) X (p)]phase—l + et [(mass%) X (p)]phase—n (32)
Pexp

Prelt = X100 (33)
theo
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3.1.2 Weight gain measurements

Gravimetry is a quantitative chemical analysis that aims to estimate the kinetics of the chemical
changes occurring in a sample during oxidation and corrosion experiments via weight gain or
loss. The weight gain is measured using a mass balance (Ohaus Pioneer, USA) with an accuracy
of + 0.01 mg. The weight change AW is recorded as the difference between the masses of the
sample before and after testing. Weight gain is used to determine the kinetics of the RBSBC
oxidation and EBC-CMAS reactions.

3.1.3 Grain size measurement

Grain size is the diameter of an individual grains in addition to its aspect ratio [200]. The
average grain size is evaluated using the Heyne linear intercept method according to BS EN
623-3:2001 [201]. This method depends on calculating the mean linear intercept length [ over
many grains by first drawing a line on the scanning electron microscope (SEM) image using
ImageJ (Figure 3.1). The number of intersects (n, + -+ + n, = 6 intersects in Figure 3.1) of
the line with the grain boundaries are counted and divided by the line length, as shown in Eq.
(3.4). The average grain size is considered 1.5701 [198, 202, 203]. Four random lines are
measured on the SEM images along the grain intersects, where each line crosses at least 50
grains [203, 204]. Approximately 200 grains were considered for the grain-size analysis. The

grain-size method is used to calculate the size of the SiC and B4C grains in RBSBC substrate.

Linear intercept method

Figure 3.1 Schematic showing the use of lineal intercept method to calculate grain size.

Grain size = (ny +ny, + -+ n,)/l (3.4)
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3.1.4 Mercury intrusion porosimetry (MIP)

MIP is a technique used to measure pore size, volume, and distribution in porous materials. It
involves the intrusion of Hg into the open pores of the samples. Pressure is applied to force Hg
into the open pores of the samples. Hg is used because it is a non-wetting liquid, which means
that it does not wet the sample or penetrate the pores through capillary action [205, 206], but
rather require external pressure to fill the pores in the sample. The apparatus consists of a sealed
glass connected to a stem filled with Hg (Figure 3.2). The stem acts as a Hg reservoir for
measuring the intrusion volume. The sample is placed inside the glass, where Hg is pressed

against it to fill the sealed sample.

The required pressure is inversely proportional to the sizes of the infiltrated pores according to
the Washburn equation (Eq. 3.5), where P is the applied pressure, y represents the surface
tension of Hg, 6 is the contact angle of Hg, and d denotes the pore diameter. Thus, the pore
diameter can be estimated from the applied Hg pressure. The volume of the pores is determined

based on the measured volume of the intruded Hg.

—4ycos
P :% 3.5)

The pore size and pore volume percentage of the coating are evaluated using MIP
(Micromeritics AutoPore IV, Germany) that operates in a pressure range of 0-33,000 psi and
exhibits a pore detection range from 0.003 to 360 pum. MIP is used to determine the pore size
and percentage within the coating. The results are compared with the ImageJ analysis of the

pore size obtained from the SEM images of the coating.

42



(b)

Interparticle @o @090

Voids Filled

Cap

o
Pressure » » »
Mercury
N QQQQ%&@
00
Mercury Filling CA @
J Mercury

Figure 3.2 (a) Porosimetry cup with sample inside [205] (b) mercury intrusion [207].

3.1.5 X-ray diffraction (XRD)

XRD was used to determine the crystallographic structure, identify the polymorphs, and
quantitatively analyse the samples. Its principle depends on bombarding a target with an X-ray
(Figure 3.3a), which releases electrons from the inner K-shell of the target material, prompting
electrons in higher-level shells to drop to its place, thus releasing X-rays in the process [198].
Therefore, the source is denoted as K,. X-rays interact with the electron cloud in the atoms of
a crystalline structure to cause elastic scattering of secondary waves in all directions [208], and
only waves that undergo constructive interference produce a detectable peak. According to
Bragg’s law, diffraction occurs in the case of constructive interference when the phase shift
between two parallel waves, diffracting from parallel crystallographic planes, is an integer n
of wavelengths A (multiple of 2x) (Figure 3.3b) [209]. Based on Bragg geometry [Eq. (3.6)],

the phase shift between parallel reflected beams is 2dsin6,
nil = Zdhleinehkl (36)

where d is the interplanar distance considering the crystal structure to be modelled as a set of
parallel crystallographic planes (hkl). It is proportional to the number of regularly-spaced
electrons in the plane. Every crystalline solid exhibits a unique pattern of d spacings that can
differentiate between compounds with the same chemical compositions yet different phases. 6

represents the angle between the transmitted X-ray and diffracted plane. As the diffracted beam
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is at the same angle as that of the incident beam, the angle between the incident and diftracted

beams is 26.

(b)

Incident
plane wave
TN

X-ray
SOUNCe ey ————— Y ————
Fixed sample

S: scanning speed

Figure 3.3 (a) XRD operating principle [210] (b) geometrical representation of Bragg’s law
[211].

Relative intensity ratio (RIR) is semi-quantitative analysis, where an integrated internal
standard intensity of corundum (a-alumina) peak is normalised against the measured peaks at
a 1:1 wt.% mixture [212]. Corundum was chosen as the reference crystal by the International
Centre for Diffraction Data (ICDD) [213]. This means that the XRD measures the strongest
peak intensity (intensity counts) I for the tested phase m (its amount X is unknown) and
compares it with the strongest peak intensity I of a-alumina at a known amount of a-alumina
(Figure 3.4). This results in four parameters, three of which are known: I,,, is the maximum
intensity for the measured phase m (measured from the XRD test run), I, is the maximum
intensity for the standard phase corundum (standard data in the XRD software), X,, is the
relative percentage amount X of the measured phase m (it is the required data), X, is the relative
percentage amount X of the standard phase corundum (standard known amount of corundum
in the XRD software that corresponds to 1..). Since [ is proportional to X, Eq. (3.7) represents
a direct relationship between the relative peak height intensities and weight fractions of phases

[212-214]. The results are presented as a pie-chart.
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XRD instrument used in this study is a Bruker D2 Phaser, UK. Measurements were conducted
in the 20 range of 10°-90° at 0.0345 increments. The software used for the analysis is
HighScore Plus, utilising ICDD database. HighScore Plus compares the obtained peaks with a
dataset of peaks to assign the angle of each peak 26 to its corresponding element or compound.

XRD is used to determine the phases present in the RBSBC and EBC-CMAS corrosion.

3.1.6 X-ray photoelectron spectroscopy (XPS)

XPS is a surface analysis technique used to determine the elemental composition, in addition
to the chemical and electronic states of the atoms and other elements to which they are bonded.
The principle depends on irradiating the sample surface with a low-energy (~1.2—1.5 keV) X-
ray beam, which ionises molecules or atoms by forcing electrons from the K-shell close to the
nucleus to become excited and released (Figure 3.5). The released electrons emit kinetic energy
as a result of being bombarded with X-ray photons, which reflects the electronic structure of
the atoms present. The kinetic energy Ej is measured using a spectrometer. Ej is used to
determine the binding energy E}, of electrons belonging to a specific core level according to the
photoelectric equation [Eq. (3.8)], where ¢ is a function term for the spectrometer and E,,
represents the applied photon energy [215]. The electrons pass through an electrostatic lens
that collects them and focuses them to a hemispherical analyser, which measures the kinetic

energy of electrons (binding energy) and also counts the electrons. The binding energy is the
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energy required to remove an electron from the atom, and it decreases at higher orbitals further
from the nucleus. It is characteristic for each element, and its peaks reflect the electronic orbital
shell, such as Is, 2s, 2p orbitals, from which the electron is excited (Figure 3.6). The
composition is assessed by quantifying the number of electrons, indicated as intensity, emitted
from the top 1 to 10 nm of the analysed samples [216, 217]. XPS spectra are presented as count
intensity vs. binding energy (keV). Note that all orbitals except for 1s yield doublet peaks [218].
The doublet peak is a peak that split into two smaller peaks. These two small peaks have the
same oxidation states yet different binding energies. These peaks originate from the interaction
between the electron spin around its axis and its orbital motion around the nucleus. For
example, the spin states of the 2p orbital are 2pi and 2p32, where 2p32 has a higher binding
energy. The 2p1/2 : 2p32 binding energy ratio is 1:2.

Ey =Epn—Ex—¢ (3.8)

XPS system used herein is K-Alpha" (Thermo Fischer Scientific, USA) operated at a 400 um
beam source and 200 eV for surveys. The samples were sputtered with electrons for 20 s before
the XPS analysis to remove the surface layer containing contamination and C traces, which
could block the X-ray beam and affect the accuracy of the acquired spectra. Curve fitting and
analysis were conducted using ‘Avantage’ software (Thermo Scientific, USA). XPS was used
to determine the oxidation state and bonding structure of the reaction product formed from the

corrosion of RE-silicate EBCs in CMAS environment.

Hemispherical

P
Detector

-
Sample surface

Figure 3.5 Schematic showing the operating principle of XPS and its main components
[219].
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Figure 3.6 XPS spectra obtained from the electrons that are excited from their electronic

orbital shells including 1s, 2s, 2p, 3s and 3p orbitals.

3.1.7 Scanning electron microscope (SEM)

Electron microscope directs an electron beam onto the sample, where the resultant of the beam-
sample interaction is detected and analysed (Figure 3.7a). When the electron beam interacts
with the target, elastic and inelastic scattering modes occur. Elastic scattering takes place when
the electron retains its original energy after the scattering event, whereas inelastic scattering
occurs when the electron hits the target and transfer some its energy to it, causing the electron
to lose energy and change its energy state. Elastic scattering produces backscattering electrons
(BSE), whereas inelastic scattering generates secondary electrons (SE) and X-rays (Figure
3.7b) [220]. SEs are weakly bonded outer shells, or valence electrons emitted in response to
the ionisation of the sample by the electron beam. Their energies are low: thus, only SEs that
are produced at the surface are released [221]. The emitted electrons are functions of the atomic
number Z, atomic density, and topographic surface. Thus, SEs reflect the topographic surface
of a material, resulting in secondary electron imaging (SEI). Some of the electrons are attracted
to the nucleus, where they circle around it and return without slowing down or colliding with
another electron and transferring all their kinetic energies to it, resulting in elastic scattering.
These are BSEs or reflected electrons [222]. As they go deeper in the atom, and has higher
energy than those of SEs, their intensities are more dependent on Z, where larger Z leads to the

release of more electrons. Thus, they differentiate between phases based on contrast. Emitted
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X-rays are at an energy and A that are characteristic of the substrate allowing the detector to
identify the composition of materials and amounts of elements using energy dispersive
spectroscopy (EDS). As SEM uses electrons to produce an image, the sample must be
conductive to obtain an SE image. Alternatively, beam electrons build up on the sample surface,
and the number of electrons entering the specimen becomes higher than those exiting it

resulting in a negatively charged sample surface [221]; resulting in bright image distortions.

Microstructures of the as-received, corroded, and oxidised materials were examined using SEM
(JEOL JSM 6010LA, Japan, and TESCAN MIRA, Czech Republic) coupled with EDS at an
accelerating voltage of 20 kV. All images were acquired using backscattering electron imaging
(BEC) for phase contrasts. Prior to SEM, the samples were cross-sectioned, and polished to 1
um using diamond suspension followed by cleaning in an acetone ultrasonic bath for 15 min
to remove contaminants. The samples were gold sputtered (Emitech K575X, UK) to prevent
electrical charging. Imagel] was used to analyse the SEM images, where each measurement

represents the average of 20 points equally taken along the length of the sample.

El
(@) = w

Anode ﬂﬁ. -
|l | ]

(b)

| | Scan generator
; Primary

. ) electrons
I |

-

X, ¥ scancoils

Condensor
lenses

Objective

lens \

Back-scattered
electron detector

K-ray

detector ‘%
T

Electron-sample

Secondary interaction volume

electron detector

Sample EEEEENE NN RN REEEEENEEELEE

‘ Motorized stage Thick sample

=
.-
=
3
o
g
3
(=N
z

Figure 3.7 (a) SEM components [223] (b) SEM scattering modes arising from electron

beam-sample interaction [223].

48



3.1.8 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) lamella samples are prepared using focused ion
beam (FIB). A Gallium ion Ga” beam is employed at low currents for imaging purposes, and
at high currents for milling [198]. The FIB sample is processed through a series of steps (Figure
3.8). First, arectangular area of interest is chosen on the sample where Pt is deposited to prevent
damage from the Ga” beam. Second, horizontal trenches at the edges of the deposited area are
milled using the Ga* beam, leaving a 1 um thick lamella protected by a Pt layer on top. This
lamella contains the features of interest. Finally, the areas under the lamella are cut while
leaving only a small part attached to the actual substrate of the material. Finally, the lamella is
lifted from the substrate, welded to the sample holder and surface-etched using Ga™ beam until
the lamella thickness is less than 120 nm. During each step, the stage is tilted such that the

lamella is always normal to the incident ion beam.

Figure 3.8 FIB sample preparation (a) Pt deposition (b) trench milling (c) lamella

undercutting (d) lamella welding.

49



TEM investigates the internal details of the sample at near-atomic resolutions (1-10 nm) [223].
TEM has the same basic components as those of SEM (Figure 3.9) but TEM detects the
electrons that pass through ultra-thin samples (< 120 nm), where they hold information on their
internal structure (Figure 3.10b). The beam of electrons should be of high-energy of 60-300
kV to be transmitted through the sample. Dense or more crystalline phases appear darker
because of fewer transmitted electrons, resulting in bright-field images in which transmitted
electrons pass to the detector and backscattered electrons are blocked. A dark-field image is the
opposite of the bright-field image, in which scattered electrons are detected; thus, denser areas
appear brighter. TEM also acquires the diffraction pattern (DP) of a material giving information
on its crystal structure and lattice parameters. The TEM beam is high-energy, and its
wavelength is considerably lower than the spacings between atoms; thus, atoms act as
diffraction gratings, where electron waves hitting the atoms are diffracted if they satisfy

Bragg’s law. This results in a spot image, in which each spot corresponds to an atom location.

Electron microscopes consist of the following main components (Figure 3.7 and Figure 3.9):
electron gun, electromagnetic lens system (condenser and objective lenses), vacuum system,
and a detector. The gun produces an electron beam by sending high electric current to a thin W
filament (cathode), heating it to emit electrons. High voltage between the anode and cathode
accelerates the electrons to form a beam, which is directed through a hole in the anode.
Electromagnetic lenses create a magnetic field by passing a current around a magnet to
manipulate the electron beam. The lens power can be adjusted by changing the current through
the lens. The condenser lens focuses (by stretching the beam to control its width;
demagnification) the beam through an aperture that lies between the condenser and objective
lenses. This regulates the amount of beam heading towards the objective lens [224]. The
objective lens controls the diameter of the electron beam (beam intensity) that hits the sample,

which controls focus. The electromagnetic coils are used to shift or tilt the beam to the sides.

Bright-field imaging and diffraction patterns were obtained using TEM (JEOL JSM 2100F,
Japan) equipped with EDS (INCA software, Oxford Instruments, UK). TEM lamella was
prepared by FIB milling (Helios NanoLab 600, USA). TEM is used to investigate the structure

of the reaction product formed by the corrosion of EBC in CMAS environment.
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Figure 3.9 TEM components [223]. The detector detects electrons that pass through the

sample instead of the electrons reflecting from the sample in the case of SEM.
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Figure 3.10 (a) Difference between SEM and TEM [223] (b) TEM electron interaction [223].
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3.1.9 Secondary ion mass spectrometry (SIMS)

SIMS is a surface analysis technique that provides information on the composition of a sample
surface. The sample is sputtered by a primary ion beam that is usually Cs or O> (Figure 3.11a).
Interaction of the beam with the sample provides sufficient energy to ionise the sample and
release secondary electrons, neutral particles, and secondary ions. If the primary beam is
positively charged such as Cs" and Oz, the resultant ionisation will mostly be composed of
negative ions and vice versa (Figure 3.11b). Thus, the choice of the primary ion beam is a
function of the analysed sample and the expected charges of its ions. The secondary ions yield
varies according to the sample and sputtering conditions such as beam source, energy and
angle. Only secondary ions are detected, and the ejected ions are accelerated through a lens to
a mass spectrometer for mass analysis. The ions are sorted according to their mass/charge ratio,
their resonant electric fields or according to their velocity which is function of ion mass and
time of flight. The types of results include mass spectrum and depth profile where counts are

detected across a profile depth (um).

A depth profile is used to detect B, Si, and O counts through the oxide layer depth using SIMS
(Hidden SIMS Workstation, UK). B is particularly difficult to detect using EDS analysis;
therefore, SIMS is required for this purpose. The analysis uses Cs" and O, gases as the primary

ions at 20 keV and 80 nA for a depth of 6 pm and crater size of 600 um.

(a) i (b) ima
lon Mirror primary
ion
beam
lon Gun
Secondary particles
—= Neutral
—p Negative
]
= / { Detector

Transport Optics
Focusing e | Sl

A\
v Extractor
o8 " g
Sample

Figure 3.11 (a) Operating principle of SIMS [225] (b) sputtering of a sample surface [225].
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3.1.10 Raman spectroscopy

Raman spectroscopy is a non-destructive tool that determines the chemical structure and
identifies phases and atomic bonding properties. Raman microscope (micro Raman) comprises
a laser source coupled with an optical microscope to facilitate visualisation the sample and
performs analysis at specific spot locations (Figure 3.12a) [226]. Raman spectroscopy is a light-
scattering technique, where a laser with a wavelength A in the order of nanometres interacts
with the electron cloud of the atom. Laser-atom interaction leads to elastic and inelastic
scatterings. The elastic scattering (Rayleigh scattering) occurs when the scattered light has the
same energy E as that of the laser source and it is filtered by the detector. Inelastic scattering
(Raman scattering) takes place when the incident light photon E,, interacts with the atom, where
it either transfers part of its energy to the atom raising the internal energy of the system, or part
of the internal energy of the matter is transferred to the scattered photon E. Thus, the scattered
photon has a different energy and frequency f than those of the incident photon. It can either
be higher (E > E,) or lower (E < E,) as shown in Figure 3.12b. This difference amounts to
the change in the internal state of the molecule, which is a function of the internal structure and
bonding properties of the atom. The electrical field from the incident laser alters the charge
distribution within the atom depending on the atomic properties such as bond strength, length
and symmetry, resulting in rotational and vibrational modes in the atomic bonds [227, 228].
Additionally, when the laser hits the lattice, vibrations are created in the lattice which are a
function of lattice parameters, resulting in multiple peaks for the same material depending on
the mode of reaction of the lattice with the laser. The Raman spectrum is presented as Raman
scattering (cm™') versus intensity. The reflected Raman-scattered light is obtained using a

spectrometer.

Raman acquisition was obtained using a Raman microscope (Renishaw RE 04, UK) with a 532
nm laser source and acquisition time of 10 s at 50% laser power, within a scanning range of
100-1500 cm™!. Raman spectroscopy was used to identify the elements present in RBSBC
individual and the bond type of the formed oxide layer.
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Figure 3.12 Schematic of the operation of Raman spectrometry showing the main

3.2

3.21

Fracture toughness of ceramics reflects the ability of ceramics to resist fracture whether an
indentation exists inside the material or on its surface. The fracture toughness is measured using
the critical stress intensity factor K. (for Mode I fracture) at the crack ends, where fracture
normally occurs. K is the material’s resistance to brittle fracture when a crack is present. Thus,
higher fracture toughness indicates a higher resistance to fracture. K;. is determined according
to ASTM C1421-18 [230] based on three-point bending test. Samples are prepared according
to the single-edge-V-notch beam (SEVNB) method following the requirements of Kiibler [231]
and CEN/TS 14425-5:2004 [232]. This method is also called ‘precracked beam method (pb)’
in ASTM C1421-18. An 0.8 mm pre-notch is introduced into the sample centre, along the 3

mm face using a 0.3 mm diamond blade (Figure 3.14) to promote early crack initiation [230].

components of the Raman microscope [229].

Sample molecules Raman scattered light
E>Eo
Incident laser
i | NN Rayleigh scattered light

-

Figure 3.13 Scattering of light because of laser-sample interaction [229].

MECHANICAL AND THERMAL TESTING

Fracture toughness K,
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The stress field around the notch tip is related to the notch radius [233]. A critical notch radius
that can simulate a sharp crack is required for accurate K, estimation [234]. Therefore, a razor
blade is used that slides back and forth, using a motor, over a pre-notch while being lubricated
with a 1 um diamond suspension (Buehler MetaDi). The notch radius, measured using an
optical microscope, is ~20-30 um, which is almost equal to the average grain size of the
material (~20 um) because the defect size at the notch tip is proportional to the characteristic
length of the material microstructure; namely the grain size [235]. The final notch length after

sharpening is 1.20-1.25 mm.

The RBSBC specimen was loaded under tension during three three-point bending test. The
tests were conducted using Zwick/Roell Z2.5 at ambient temperature with a 16 mm supporting
span S, and a 0.01 mm s ! displacement rate [230]. Sample dimensions (mm) are 40 (length) I
x 3 (width) B x 4 (height) W (Figure 3.14). After fracture, the average crack length a is
measured on the fractured surface (Figure 3.15b) using Image]. It is calculated as the average
of a;, a, and a; measured at 0.25B, 0.5B and 0.75B respectively [232]. K;c (MPa m'?) is
calculated according to Egs. (3.9) and (3.10), where P is the fracture load (N), a denotes the
ratio of the average relative crack length to specimen height a/W, and g is the stress intensity

shape factor, as notch geometry affects the stress distribution around it [233].
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Figure 3.14 Dimensions of the fracture toughness specimen.

55



Pre- _
sharpened
notch

0.76 mm

Sharpened
length
0.50 mm

Y 0.25 mm
T r=32um —

Figure 3.15 (a) Lengths of the sharpened samples, measured by optical microscope (b)

SEM image of the fractured surface and measurement of the average crack length.

3.2.2 Coefficient of thermal expansion (CTE)

Thermal expansion coefficient represents the change in the sample dimensions with respect to
temperature and is measured using a dilatometer according to ASTM E228-17 [236]. The push-
rod dilatometer consists of an LVDT, pushrod, furnace, and a thermocouple (Figure 3.16). The
sample is placed at the end of the pushrod, inside a furnace, where it is gradually heated to the
desired temperature. As the sample expands, it pushes against the pushrod. The pushrod is
connected to LVDT, which converts the pushrod displacement to a voltage, and the software
convert the voltage to a readable displacement signal. The temperature of the sample is
recorded using a thermocouple placed on the sample. In this technique, the linear change of
sample length is recorded as AL/L, versus temperature, where AL denotes the change in

sample length and L,, is the original sample length.

Dilatometer components can be affected when changes in length are driven by the temperature
changes [237]. Therefore, a ‘correction’ run, under the exact conditions and dimensions as
those employed in the sample run, is performed using high-purity Al>O3 to negate the effect of
sample expansion because the pushrod is made from high-purity Al>O3 [236]. The correction
run facilitates the determination of the changes in the length of the pushrod material. The
second run is the ‘sample’ run, in which the dilatometer reads the displacement of the sample
and pushrod. Thus, to account for the changes in the length of the experimental sample only,

the ‘correction’ run is subtracted from the ‘sample’ run.
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Figure 3.16 Schematic of the dilatometer in a horizontal configuration [238].

During the ‘sample’ run, the dilatometer signal reading for the strain (AL/L,)sqmp 18 the
average of the readings of alumina push-rod and sample. To calculate the true sample strain
(AL/L,)¢rue, and negate the effect of pushrod displacement, a calibration should be made,
which is equal to the difference between the measured strain from ‘correction run’ (AL/L,) corr
and true Al,Os strain (AL/L,) gum [shown in small brackets in Eq. (3.11)]. Calibration subtracts
the true alumina strain from the correction run to account for any errors caused by the expansion
of the dilatometer components [238]. Note that the value obtained from the ‘sample’ run is
negative in value (Figure 3.17) because the expansion of the AI>O3 pushrod is higher than that
of RBSBC, and thus the machine reads a contraction in the sample materials. The correction in
Eq. (3.11) is applied to each data point to acquire the true strain at each point. The CTE «a for
the measured sample [Eq. (3.12)] is obtained over the temperature range (AT =T,, — T,),

where T, is the temperature at point m and true sample strain at point m is (AL/L,) tryem-

(AL) B (AL) N [(AL) (AL) ] G.11)
LO true LO samp LO alum LO corr ‘
1 AL
a=| =X <_> ] 3.12
AT LO true,m ( )

m

CTE of the RBSBC substrate was measured using a pushrod dilatometer (Netzsch DIL 402,
Germany). Sample dimensions (mm) are 25 (length) x 4 (width) x 4 (height). The operating
conditions are 1 K min~! to achieve an accuracy result of 0.1 x 10°® K! [239] at a heating

interval between 25 and 1350 °C.
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Figure 3.17 Correction plot demonstrating the data obtianed from the dilatometer runs.

3.2.3 Vickers microindentation hardness

Vickers microindentation testing is a hardness test method that differs from the standard
Vickers testing in its ability to measure the hardness in localised areas as the crystal grains in
the microstructure. It also uses a force of less than 10 N, which means a smaller indentation

(hence the name ‘microindentation’) [240].

Vickers microindenter is an optical measurement system, in which an optical microscope is
focused on a polished specimen and a pyramid-shaped diamond indenter makes an impression
using a selected force that usually ranges from 2 to 10 N. Figure 3.18a shows a Vickers indent
on a B-C—Si—Al grain on a RBSBC sample using a 2 N force. Vickers hardness HV (GPa) is
calculated using Eq. (3.13), where F (N) is the applied load and d (mm) represents the average
length of the two diagonals of the impression indent (Figure 3.18b).

F
HV = 0.0018544 (P) (3.13)

Vickers hardness HV indentation was conducted with a 2 N load using a Wilson VHI1102
microhardness tester (Buehler, Germany) according to ASTM C1327-15 [21]. Vickers hardness

was employed to determine the hardness values of B4C grains in the RBSBC substrate.
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Figure 3.18 (a) Microhardness indenter [241] (b) Vickers indent (red) on RBSBC.

3.2.4 Impulse excitation technique (IET)

Impulse excitation technique (IET) is used for the non-destructive characterisation of the elastic
properties of a material according to ASTM E1876-22 [242]. The obtained properties include
the Young’s modulus, shear modulus, and Poisson’s ratio. The principle depends on the
resonant frequency of each material. When a material is excited, it emits a sound that depends
on its elastic properties, dimensions, and mass. The measurement principle involves hitting the
sample with a ball and recording the induced vibration signal (amplitude) in the time domain
using a microphone or laser vibrometer placed above the sample without contact. The vibration
signal is transformed into frequency using fast Fourier transformation (FFT), where a software

determines the resonant frequency and accordingly deduce the elastic properties (Figure 3.19).
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Figure 3.19 Schematic of IET and FFT signal processing [243, 244].
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Based on the sample geometry and resonant frequency, the Young’s modulus E (Pa) can be
calculated using Eq. (3.14) [242], where m is the mass of the bar (g), f; denotes the resonant
frequency of the bar (Hz), B is the width of the bar (mm), L represents the length of the bar
(mm), W is the thickness of the bar (mm), and T; is a correction factor that depends on the

Poisson’s ratio and thickness-to-length ratio as shown in Eq. (3.15).

mfZ\ [ L3
E= 0.9465( = ><W) T, (3.14)

(3.15)

W2

T, = ll.OOO + 6.585 (T) l
The shear modulus G (Pa) was calculated using Eq. (3.16) [245], where R is a factor that is a
function of the bar width to thickness as shown in Eq. (3.17). The Poisson’s ratio is calculated
as a factor of the Young’s modulus and shear modulus, as represented in Eq. (3.18) [245]. The

abovementioned equations for E, G and v are for rectangular bar specimens.

4Lmf?
= R 3.16
m (3.16)
B 2
1+ (y7 0.00851B>2 B\3/%2 /B 2
R = = 2 T 14— ]—0.060(—) (——1) .17
4—2.521—(1—'—) L L w
B eﬂ'(B/W)-{-l
E (3.18)
=(—)-1 :
v (26)

The samples (dimensions in Figure 3.20) were synthesized as 40 mm circular pellets from
powder, then cut to the desired dimensions using a diamond saw blade. IET technique was used
herein to obtain the E and v values for the RBSBC, Yb,2S10s, Yb20O3, and CMAS. The purpose
of the acquired E, G, and v data is to be used for future work involving thermomechanical

stresses and modelling.
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Figure 3.20 Dimensions of the CMAS pellet for the IET technique.

3.3 SUMMARY

The experimental work in this study was divided into four main stages: analysing the RBSBC
substrate properties, investigating the oxidation of the substrate, preparing coatings,
characterising the CMAS-EBC corrosion experiments. Figure 3.21 depicts a flow chart that
summarises the experimental work performed and the characterisation methods used herein.
The green boxes indicates the experiments for each stage, and the orange boxes represents the
characterisation methods used for that stage. For example, for examining the oxidation
properties of RBSBC, the oxidation experiments were conducted in a furnace, and the
corresponding testing and characterisation techniques include weight gain measurements,
XRD, SEM, TEM, SIMS, and Raman spectroscopy. After the oxidation experiments, the
oxidised samples were dip-coated for ‘EBC preparation’, and then EBC was characterised

using SEM and XRD.

Substrate properties EBC preparation CMAS corrosion EBC-CMAS charac.
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¥

Oxidised samples CMAS pellets
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Figure 3.21 Flowchart for the experiments (green) and characterisation (orange).
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CHAPTER 4

4 OXIDATION OF REACTION BONDED SILICON CARBIDE-BORON CARBIDE
IN AIR

K. El Shafei and N. Al Nasiri, "Oxidation of reaction-bonded silicon carbide-boron

carbide in air," Ceramics International, vol. 47, no. 12, pp. 17463—17470, 2021.

4.1 INTRODUCTION

Oxidation studies of RBSBC have not been thoroughly addressed in the literature, particularly
for low boron concentrations. Previous studies of SiC—B4C materials incorporated high boron
carbide, ranging from 25 to 67 wt% [246-248]. This chapter provides an insight into the
oxidation behaviour of RBSBC with low B4C content (~7 wt%) in order to examine the
applicability of an economical and lightweight RBSBC with high oxidation resistance
compared to SiC. In addition, the RBSBC substrate forms the basis of the coating system,
discussed in chapter 5, so studying its microstructure and oxidation properties is essential in

understating the substrate-coating interaction.

4.1.1 Microstructure

Previous authors [16, 30, 37, 38] recorded the morphology of RBSBC to consist of core-rim
structure, where the original a-SiC is surrounded by a very thin rim of B-SiC. It was proposed
that dissolution-precipitation is responsible for the formation of the core-rim morphology. Zhou
et al. [38] however states that the Si/C reaction is an electrochemical process governed by redox
reaction, whereby silicon is oxidised and C is reduced to form SiC. This assumption is refuted
by Wang et al. [16] because, unlike the dissolution-precipitation model, it doesn’t account for

the formation of core-rim structure.

Regarding B-C—Si, Solodkyi et al. [41] stated that the formation of B12(B, C, Si); is diffusion
controlled and therefore, it is affected by infiltration temperature and time. This assumption is
in accordance with Zhang et al. [40], and Wang et al. [36], who proposed Si inward diffusion
into the B4C grain to explain B12(B, C, Si); phase formation at B4C rim. Alternatively, other
authors [37, 249-251] on the other hand, suggested dissolution-precipitation mechanism where
B4C dissolution by molten silicon results in the precipitation of silicon-rich B12(Si, B, C); phase

at the B4C rim.
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According to Wang et al. [36] and Hayun et al. [37], the formation of B-SiC plates inside the
B4C grains, which they presumed to be formed by dissolution-precipitation. During cooling, C
and B solubility in Si decreases and SiC supersaturates the liquid to precipitate B-SiC [16]. SiC
forms because it is more stable than B4C at 1600 °C [36]. This results in secondary phase -
SiC being trapped inside B4C grains. Ness and Page [30] relate the B-SiC plate-like morphology
growth to carbon concentration, where they tend to grow towards the carbon saturated areas

creating an elongated structure in the process [36].

4.1.2 Oxidation

According to Lamkin et al. [65], oxygen diffuses through silica by the motion of molecular
oxygen through the voids or via occupation of the lattice vacancies in the SiO4 tetrahedral

network by ionic oxygen O*.

Ramberg and Worrell [64] observed parabolic rate behaviour for Si—SiC, as well as for
chemical vapor deposition CVD-SiC oxidised between 1200 and 1600 °C in dry oxygen. They
observed the formation of amorphous SiO», with activation energy E of 361 kJ mol ™, at
temperatures above 1350 °C, which they attributed to O~ diffusion through the silica scale as
the rate-controlling step for oxidation. It was deduced that O* diffusion becomes dominant
above 1300 °C, resulting in an increase in the activation energy. Costello and Tressler [252]
oxidise single-crystal a-SiC in dry O at temperatures of 1200—-1500 °C and attributed the
activation energy (289 kJ mol™') to O?" diffusion through the oxide layer above 1400 °C.
Narushima et al. [53] recorded a two-stage parabolic behaviour for CVD-SiC oxidised in dry
oxygen at 1550-1675 °C, with activation energies of 345 and 387 kJ mol!. Their findings
agree with those of the above-mentioned authors [64, 65, 252]. Narushima et al. [53] observed
that the crystallisation of amorphous SiO> results in deviation from parabolic behaviour due to
the change in oxidation kinetics and in E for O, transport through the oxide layer. Ogbuji and
Opila [47] oxidised CVD-SiC cyclically at 1200-1500 °C in dry oxygen and found parabolic
behaviour for the growth of amorphous SiO», with an activation energy of 118 kJ mol . It was
proposed that the permeation of molecular oxygen through silica dominates oxygen transport
at the SiO2/SiC interface. Ogbuji and Singh [73] also studied RBSC in dry air between 1100—
1400 °C for 50 hrs and found parabolic oxidation behaviour. Costello and Tressler [252]
oxidised single-crystal a-SiC in dry O» at temperatures of 1200—1500 °C and attributed the
activation energy (289 kJ mol™') to O?~ diffusion through the oxide layer above 1400 °C.
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On the other hand, Fitzer and Ebi [253] studied the oxidation of SiC in air and pure O, and
reported O diffusion to control the reaction process up until 1400 °C then CO diffusion out of
the oxide is the rate-controlling step between 1400—1600 °C. This was confirmed by Pultz and
Hertl [50] when they suggested that oxidation of SiC is controlled by CO desorption from the

S10,/SiC interface thus opening more sites for further oxidation.

According to Telle [251], materials in which B4C particles that are enveloped by SiC exhibit
higher oxidation resistance than SiC materials. Ogawa et al. [254] oxidised C—SiC—B4C at
1000-1300 °C in air and noticed that the SiO> content is proportional to the SiC/B4C ratio,
where a higher SiO» content results in a more protective oxide layer. This is due to the higher
viscosity and lower vapour pressure of SiO, compared to those of B2O3 and SiO>—B;0s.
Narushima et al. [70] oxidised SiC-B4C (35 wt%) in Oz-rich atmosphere at temperatures of
800-1500 °C. They considered the diffusion of molecular oxygen through the borosilicate layer
to be the rate-controlling step for oxidation. They noted that increasing the SiO> content in
Si02—-B:0s resulted in a protective SiOz layer dominating the oxide. Gogotsi et al. [68] studied
the oxidation resistance of SIC-B4C—AION ceramics in air at 1500 °C. They observed that
increasing SiC/B4C ratio leads to the formation of borosilicates which extend the serviceability

of B4C-contained ceramics in oxidizing environments up to 1350 °C.

The presence of cracks in the amorphous oxide layer were observed by Narushima et al. [53],
Ogbuji and Opila [47], and Ramberg and Worrell [64]. It was attributed to thermal stresses
occurring between different SiO> polymorphs. They can be the result of CTE mismatch
between amorphous and crystalline SiO2 [64] or from internal stresses arising from volumetric

expansion [47, 53].
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42 METHODOLOGY

The oxidation kinetics are presented as the oxide weight gain vs. oxidation time. The weight
gain was measured using a mass balance (Ohaus Pioneer, USA) with an accuracy of + 0.01 mg.
Samples of 10 x 10 x 4 mm were placed inside zirconia boats (Almath, UK) in a chamber lift-
up furnace (Lenton, UK), where oxidation at 1250, 1300 and 1350 °C were conducted in
laboratory air at a heating rate of 10 °C min™! for 5, 24, 48, 72, and 96 h. The testing temperature
of 1350 °C is chosen as the upper testing limits because the silicon present in the material melts
at 1410 °C. The oxidation kinetics were analysed using the parabolic rate law [Eq. (4.1)], where
AW (mg) is the weight change before and after oxidation, A (mm?) is the sample surface area,
and ¢ is the oxidation time. The parabolic rate constant k,, (kg m™ s!) was obtained from the
weight gain versus time plot. The activation energy E (kJ mol™') was calculated using the
Arrhenius equation [Eq. (4.2)], where A* is a pre-exponential factor accounting for the initial
rapid oxidation period (determined from experimental results) and R (J k! mol™) is the

universal gas constant.

Lift-up furnace base

High-purity alumina boats

Alumina crucible

@125

Figure 4.1 Top view of the sample arrangement for the oxidation tests.

@W/A) = [kt (4.1)

k, = A*.eCE/RT) 4.2)
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4.3 RESULTS
4.3.1 Properties and microstructure

The studied material is RBSBC supplied by M-Cubed Technologies, Inc. There was no
provided data or catalogue for the received material, so testing was required to understand
material properties. RBSBC has an experimental density of 2.915 gm cm >, theoretical density
of 2.981 gm cm™ and relative density of 90% making it a lightweight material, that falls
between B4C (~2.6 gm cm™) and SiC (~3.2 gm cm™). It is close to the value recorded by M-
Cubed Technologies for reaction-bonded silicon carbide (2.8-3.0 gm cm™) [33, 36, 255]. The
CTE calculated between 23—1350 °C is 4.8 x 10°° °C! which is between that of SiC (4.5 x 10~
6 °C!y and B4C (> 5 x 10°® °C!). The measured young’s modulus E is 370 GPa and the
Poisson’s ratio vis 0.18. The measured K;; (3.2 MPa m'?) is slightly lower than the one
recorded by M-Cubed for RBSBC (4 MPa m'?) [28, 255]. The grain size of SiC is between
15-20 pm, while B4C is ~50 um. The coarse grains matches those used by Aghajanian et al.
[256] at M-cubed Technologies for SiC-B4C—Si composites, which is ~50 pum. Thus, the
original SiC particles are coarse and/or excess carbon was used in the slurry during fabrication.

The material is designed for high temperatures and corrosion resistance [28].

SEM imaging (Figure 4.2a) shows that SiC and B4C grains are connected by a residual silicon
pool. The B4C grains have plate-like a-and B-SiC trapped inside them. Figure 4.2b is a
backscattering image (BEC) showing the core-rim structure of the original SiC surrounded by
a secondary phase SiC. It also shows the B4C grains to be surrounded by SiC particles across
its perimeter. Based on EDS analysis, the B4C grains contained Si (~4 %) and Al (~1 %), where
Si and Al atoms occupy vacancies in the B4C crystal structure forming a B4C—Si—Al solid
solution (B4SixAlyC). The Raman spectra in Figure 4.3a shows that the SiC core (point 1) is
formed from a-SiC. This is evident form the Raman peaks at 149, 788 and 797 cm™'. The rim
of the structure (point 2) shows a notable decrease in the a-SiC peaks and a rise of the B-SiC
peaks at 796 and 971 cm !, in addition to Si peak at 518 cm ™! and a small B peak at 240 cm ™.
The B peak is only noticed in few samples. Raman spectra on the B4C core grains (Figure 4.3b
point 3) shows the presence of B4C through the 480 and 530 cm™' twin peaks and 1060 cm™
peak, in addition to small traces of SiC. Further from the B4C core and towards the edges

(points 4 and 5), the presence of Si (518 cm™) and SiC (797 and 971 cm™!) becomes evident.
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The SiC inside the B4C grains (point 5) consists of a-SiC in addition high amount of B-SiC. Si

is also detected at the SiC grains.
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Figure 4.3 (a) Raman spectra for the SiC core and rim (b) B4C core and rim.

XRD analysis (Figure 4.4) reveals the existence of a-SiC, B-SiC, B4SixAlyC, Si and Al, where
all phases are crystalline. The main peak of B4SixAlyC at 37.6° falls between the B4C peak at
37.8° and that of the B12(B, C, Si); phase at 37.4°. This is attributed to the lower Si (~4%)
concentration in B4SixAlyC compared to 6% in B12(B, C, Si)3, which shifts the 26 value towards
that of B4C. The composition of RBSBC obtained from RIR is: 82% SiC, 7% B4SixAlyC, 10%
Si and 1% Al. This shows that RBSBC is formed using SiC as the main filler material with

B4SixAlyC acting as a reinforcement.
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Figure 4.4 XRD peaks of RBSBC showing crystalline SiC (a and B), B4SixAlyC, and Al.

4.3.2 Oxidation kinetics

The XRD plots for the samples oxidised at 1250 °C (Figure 4.5a) and 1350 °C (Figure 4.5b)
for 24-96 h shows an increase in silica content with increasing oxidation time. The growing
Si0; peak at ~22° is associated with a decrease in the Si (28.5°) and SiC (35.7°) peaks. The
silica peak is highest at 96 h, indicating the thickest oxide layer. This peak is more intense for
the sample oxidised at 1350 °C than for the sample oxidised at 1250 °C, reflecting an increase
in silica content with temperature, and higher oxidation rate. The intensity of the silicon peak
at 28.5° declined to a greater extent with oxidation time compared to the SiC peaks, suggesting
that silicon oxidation is predominant over SiC oxidation. The peak of B4SixAlyC did not decline

notably because this peak is small relative to those of the major phases. Borosilicates are not

detected.
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Figure 4.5 XRD for the oxidised samples at (a) 1250 °C (b) 1350 °C.

SEM images (Figure 4.6—Figure 4.8) show a proportional relationship between the oxide
thickness and oxidation temperature and duration, which matches with the XRD results. The
oxide (shown as white dahed line in Figure 4.6a) could barely be detected at 5 h of oxidation
for the oxidation temperatures. With oxidation at 1250 °C (Figure 4.6), the oxide layer is thin
and non-uniform after 24 h, consistent with almost non-observable SiO> peaks in the XRD
pattern. The oxide became noticeable after 48 h and reached its maximum thickness after 96 h.
The same pattern was observed at 1300 and 1350 °C (Figure 4.7 and Figure 4.8 respectively).
Oxidation at 1350 °C results in a thicker and more uniform silica layer than that formed at 1250
and 1300 °C. This indicates a denser and more protective oxide layer. Table 4.1 shows the
measured oxide thickness. Pores are observed at the SiO>—SiC interface and around the
B4SixAlyC grains (Figure 4.6d, Figure 4.7c and Figure 4.8d) due to the evolution of CO and
CO» gases as a result of SiC and O» reaction, and B2Os3; formation from B4C and O, reraction.
In the case of the thin oxide layers formed at 5 and 24 h, rapid evolution of the gases disrupted
the formation of a uniform and protective oxide layer. However, no cracks were observed in

the substrate or the oxide layer.
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Figure 4.7 SEM images of the oxide layer at 1300 °C (a) 24 h (b) 48 h (c¢) 72 h (d) 96 h.

Figure 4.8 SEM images of the oxide layer at 1350 °C (a) 24 h (b) 48 h (c) 72 h (d) 96 h.
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Table 4.1 Weight gain and thickness measurements for oxide layer between 5-96 h.

Intensity (counts)

Point 1

10

15

Energy (KeV)

2.0 25

Time 1250 °C 1300 °C 1350 °C
(h) AW (mg) L (um) AW (mg) L (um) AW (mg) L (um)
5 0.00+0.12 1.3+043 0.00+0.13 1.8+053 0.00+023 2.3 +0.54
24 020+024 24+047 027+036 25+083 045+048 2.7+0.93
48 030005 26+08 050+0.15 32+1.02 070+034 3.9+1.40
72 035+0.15 31+12 060+017 4.0%133 090014 4.8+1.58
96 045+067 37+10 070+020 47+122 1.03+004 58+1.52
v

Figure 4.9 TEM of the oxidised sample at 1350 °C for 72 h with FIB location and EDS.

TEM images (Figure 4.9) of the oxidised samples at 1350 °C for 72 h show the location of the
FIB lamella (Figure 4.9a) and an image of the oxide layer (Figure 4.9b) with the EDS location

at point 1. Elemental analysis (Figure 4.9c) shows a composition of 8 mass% B, 57 mass% O,

33 mass% Si and 1.5 mass% Al. The detection of boron indicates the presence of borosilicate

72



or borate groups. The diffraction pattern (Figure 4.9d) lacks diffraction spots, which shows an

amorphous oxide layer.

Raman spectra is recorded at 1350 °C for 72 h, where it shows the oxide layer to consist of
vitreous SiO2, as the main phase, in addition to borate units. The analyses are performed at the
oxide surface and close to the substrate (points 1 and 2 respectively in Figure 4.10). The 420
cm ! peak is assigned to vitreous SiO2 [257]. The Raman peak at 527 cm™' may be related to
both SiO; and B203 in the borosilicate [258]. According to Hassan [259], the 525 cm™! peak is
attributed to vitreous B2O3 and becomes more intense with temperature. On the other hand, the
530 cm™! peak is assigned to the vibrations of Si—-O-Si in the SiO4* network [260]. Furukawa
and White [261] noticed a band between 500 and 550 cm ! that intensified with increasing
Si0,/B,0; ratio, which they attributed to Si—O-Si and Si—O-B bonds. Walrafen et al. [262]
also assigned the 570 cm™! peak in the profile of molten B,Os at 1152 °C to the motion of BOs
triangles involved in a random network. The small peak at 640 cm ™! may be a distortion of the
630 cm ! peak of the ring-type BOs groups [260, 261, 263], while the 770 cm ™! peak is assigned
to BO4 units [261, 263, 264]. Finally, the peak at 970 cm™! peak is assigned to BOs groups
[265]. The Intensity of the Raman peaks decreases for the measurements taken closer to the

substrate, indicating less diffusion of oxidising species across the borosilicate layer.

25k .
420 |

N

o

-~
I

15k Poimty.
' | 527

10k +

Intensity (counts)

<))
-~

200 400 600 800 1000 1200 1400

Raman shift (cm_1)

Figure 4.10 Raman spectra of the oxide layer at 1350 °C for 72 h.

73



The SIMS depth profile (Figure 4.11) shows the distribution of boron across a 4.5 pm oxide
depth. The relative amount of boron with respect to Si—O is approximately two orders of
magnitude lower (shown in the log counts vs. depth plot in the inset of Figure 4.11), indicating
a low content of boron species inside the silica-rich layer. This is confirmed by the low amount
of boron detected by TEM and the detection of the SiO» peak in the XRD pattern instead of
that of borosilicate. The boron content increases gradually and becomes constant when the
oxide layer reaches a depth of 1 um, which shows that the oxide surface is almost SiO2

dominated. The distribution of boron in the oxide layer is almost constant.

The oxidation kinetics are shown in Figure 4.11b as the normalised weight gain versus the
oxidation time. The curves show parabolic behaviour, where weight gain occurs due to Si and
SiC oxidation. The percentage increase in the mass gain (Table 4.1) becomes less from 72 to
96 h indicating an enhancement of the protective effect of the oxide, where oxygen diffusion
through the oxide layer is hindered. The maximum weight gain is observed at 96 h, as
confirmed by the SEM images and XRD results. The weight gain at 1350 °C is higher than that
at 1250 °C and 1300 °C reflecting a thicker oxide layer. The parabolic rate constant values are
1.66 % 10°% 4.30 x 10 and 9.28 x 10 ® mg> mm *hr ! at 1250, 1300 and 1350 °C, respectively.
The higher value of k,, at 1350 °C reflects a higher oxidation rate, forming a thicker and denser

oxide layer.
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Figure 4.11 (a) SIMS profile for the oxide layer at 1350 °C after 72 h. (b) AW plot.
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4.4 DISCUSSION
4.41 Substrate microstructure

Based on the core-rim structure, it is evident that the dissolution-precipitation mechanism
formed SiC grains [16, 30, 36] because the electrochemical reaction between Si and C does not
explain the formation of core-rim morphology. During Si infiltration, C in the material
dissolves in molten Si raising the local infiltration temperature, which increases C solubility in
Si[30]. Consequently, C concentration gradient forms in Si causing dissolved C to diffuse from
high solubility regions (reaction regions) to lower solubility ones (non-reaction regions) at the
peripheries of the SiC grains (Si/C rim regions). This leads to the formation of SiC solid
solution that precipitates as -SiC. Secondary B-SiC preferentially precipitates at the rims of
the existing a-SiC grains to lower their nucleation energy compared to nucleating in the liquid
phase, thereby creating a core-rim morphology [16, 36]. The presence of both a-SiC and B-SiC
(Figure 4.3a) suggest uncomplete  to a transformation during the exothermic reaction between
Si and C, which is arrested once the Si/C solid solution is saturated. The precipitation of B-SiC
at the boundaries of B-C—Si—Al results in their entrapment in B-C—Si—Al grains during their

growth, where the precipitate form needle-like grains because of the anisotropic nature.

Microhardness test on the B4C grains confirm the results of EDS analysis and XRD that they
contain Si and Al making them B4SixAlyC. The microhardness of B4SixAlyC grains (39 + 3
GPa) falls between that of B4C (33 GPa) and boron carbide-rich B13(B, C, Si); phase (46 GPa)
[266]. The formation of the B4C—Si—Al phase is through dissolution-precipitation, where
molten silicon dissolves in B4C grains to form a solid solution of Si in B4C, and precipitates as
boron carbide rich grains containing Si. The presence of Si and SiC increases away from the
B4C core and towards the Si melt pool. The transformation of all B4C grains to B4SixAlyC is
due to the presence of aluminium. Hayun [267] noticed that the presence of aluminium in the
B4C—Si system enhances the transformation of boron carbide grains to B—C—Si—Al. The
dissolution of Si into B4C (to form B—C—Si) results in the release of C, which reacts with the
Si pool to form SiC at its periphery as shown in Figure 4.2 and Eq.(4.3) [251]. This explains
the detection of B-SiC Raman peaks at the B-C—Si grains (Figure 4.3), and also account for the
precipitation of plate-like B-SiC inside the B-C—Si phase.
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B,C + Si > SiC + B,Si,C, [i.e., B,(B, C,5i);] (4.3)

4.4.2 Oxide layer

The analysis revealed the presence of a borosilicate layer. The boron content on the inside of
the oxide layer is relatively low (8 mass%), as shown by TEM and SIMS analysis, which
indicates that the oxide is a silica-rich borosilicate layer. This is also confirmed by XRD,
showing the presence of a SiO> peak at the expense of a borosilicate one. The mechanism of
borosilicate formation starts with B4C oxidation to B2O3( at ~700 °C. Silica dissolves in B2O3()
to form Si102—B20s until the solubility limit is exceeded and SiO: covers the borosilicate layer.
This is aided by the evaporation of liquid boria from the borosilicate network at ~1100 °C,
which helps to decrease the boron content in the oxide, leaving a rich SiO; structure (Figure
4.12). The high (SiC + Si)/B4C ratio plays a role in forming a silica-rich borosilicate layer,
where the slow growth rate of SiO> dominates oxide formation, aided by the lower vapour
pressure of SiO2 compared to that of B2Os. The slower rate of formation of SiO2 compared to
B>03 [254] makes it the rate limiting step, where the rate of formation of SiO» controls the

growth rate of borosilicate oxide layer.

The increase in the boron concentration profile at a depth of up to 1 pm indicates that the SiO2
in the oxide surface originates from the high SiO2/B,O3 ratio. The growth of the oxide scale
and the high viscosity of SiO2 compared to that of B2Os and Si0,-B203 impedes oxygen
diffusion through the oxide scale and can also supress the evaporation of liquid boria. This is
evident from the higher boron concentration with increasing oxide depth compared to that at
the surface (< 1 um). The presence of free silicon increases the SiO2/B2O; ratio by providing
short routes for oxygen diffusion, which increases the overall oxidation rate due to the higher
oxidation rate of silicon compared to that of SiC [73]. The B2Os consists of boroxol rings
attached to the SiO4* network. At 1250—1350 °C, the boroxol rings decompose to borate units
(BOs triangles) that are randomly distributed within the SiO4* framework, accounting for the
absence of the 806 cm™! Raman band for the borosilicate structure [259], while the 527, 640,
and 971 cm™! bands of the BOs units and the 770 cm™' of the BO4 rings are observed instead.
Thus, loose BO3 units are randomly mixed with the SiO4 network [106], where the extent of
mixing increases with temperature and high silicon content [106, 268]. The amorphous oxide

does not show clustering or phase separation, which reflects a high degree of mixing in the
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borosilicate glass because the SiO4 and BO3 groups are neutrally charged. Miiller-Warmuth
[269] reported high a degree of random mixing in 90 wt% Si02>—10 wt% B0s. The presence
of BO4 groups is relatively low and could be traced to high-coordination AlOs and AlOeg,
present in the Si0>—Al,03 system, which can compensate for the extra negative charge in Si04—
0O-AlO4 or BO4—0O-AlO4 bonds [270]. The presence of aluminium oxides in the network
decreases the oxidation resistance because the Al-O bond energy is lower than that of the Si—

O and B—O bonds. Thus, AlO¢ can stabilize B-O—Al at high temperature.
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Figure 4.12 2D schematic of the vitreous borosilicate glass. To correspond to 2D
representation, Si is shown attached to 3 oxygen atoms instead of 4 and B (in BO3) is

attached to 2 atoms instead of 3.

Previous work [70, 254] recorded a weight loss for B4C and SiC—B4C materials upon oxidation.
However, the RBSBC is predominantly SiC resulting in weight gain, albeit slow, due to the
presence of B4C, which retards growth of the oxide due to B2O3(1) evaporation. The low quantity
of boria did not negatively affect the oxidation resistance. Boria can be considered an impurity
within the silica network that decreases the defect density and thus oxygen diffusion [271].
However, the presence of BoO3 exhibits crack-sealing ability up to 1350 °C as a result of the
reaction between B20O3; and SiC, which would result in the formation of SiO» around the
surfaces of the SiC cracks. In addition, the formation of lower viscous Si—-B—O phase also helps

in sealing the cracks at high temperature.

The parabolic rate constant indicates slower oxide growth compared to oxide growth of the
silicon carbide materials, as shown in Figure 4.13 and Table 4.2. The oxidation kinetics show

parabolic behaviour, where the rate-controlling step for oxide growth is oxygen diffusion
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through the borosilicate layer. The activation energy can give an indication on the rate-
controlling step of the oxidation reaction. It was calculated to be 353 kJ mol™!, which is in good
agreement with the ionic oxygen (O?") diffusion mechanism in the silica layer. This is expected
because SiO; is the abundant species in the borosilicate layer, and thus oxygen diffusion
through the SiO4* network is expected to be rate-controlling. The value of E lies between the
value of the activation energy for the permeation of molecular oxygen in vitreous silica (~112—
118 kJ mol ™) [47, 65, 272] and the activation enthalpy for Si—O bond breaking (440 kJ mol ")
[47, 65]. However, the E value is closer to the activation energy of the bond-breaking
mechanism, suggesting that ionic diffusion dominates the oxygen diffusion process. Because
E is not in the range of ~400 kJ mol ™!, the formation of network oxygen is most likely aided
by the permeation/diffusion mechanism, where O2 permeation provides interstitial defects for
forming network oxygen. Diffusion of ionic oxygen into the silica network can be greatly
enhanced by the permeation of molecular oxygen into the network [65]. A permeation
mechanism followed by network oxygen diffusion is highly unlikely because the same
activation energy prevails across the studied temperature range, indicating that one mechanism
controls the oxidation rate. The Arrhenius plot does not deviate between 1250 and 1350 °C,
which supports the vitreous nature of the film because any deviation in the parabolic rate
behaviour of the oxide layer can result from the difference in the oxygen diffusion rate of the
amorphous versus crystalline oxides. The activation energy for oxygen diffusion through the
borosilicate layer is close to the values for CVD-SiC and Si—SiC above 1400 °C, as shown in
Table 4.2. The oxidation rate of RBSBC is low compared to SiC ceramics. The RBSBC
activation energy value that is close to siliconized-SiC above 1400 °C. Finally, the absence of
cracks also confirms the vitreous nature of the oxide layer and excludes devitrification
occurring on the oxide layer. In addition, the lower CTE of amorphous SiO>-dominated
borosilicate glass (~0.2 x 1076 °C~! [273]) compared to SiC—B4C substrate allows it to generate

compressive residual stresses in the oxide layer adding to its elastic structure.
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Table 4.2 Oxidation results for SiC and SiC-B4C materials from previous authors.

Material Ox.(otg;np. Env. (kJ rﬁol—1) (Kg? lr:"’_4 &) Oxide form Ref.
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4.5 CONCLUSION

The microstructure of RBSBC was composed of SiC and B4C—Si—Al grains linked by a pool
of free Si. The oxidation of RBSBC is studied at 1250, 1300 and 1350 °C in air for 5-96 h. The
oxide layer formed at 1350 °C is thicker and offers higher protection than that formed at 1250
and 1300 °C, as evident from SEM images. TEM analysis shows an amorphous oxide with a
boron content of ~8 wt%. Raman analysis revealed the presence of BO3; and BO4 groups, which
were randomly mixed in the SiO4 framework, resulting in a high degree of intermixing. SIMS
analysis also showed a relatively low concentration of boron inside the oxide layer, indicating
that the evaporation of liquid boria and the high (SiC + Si)/B4C ratio results in a SiO»-rich
borosilicate layer. The oxidation kinetics follow parabolic behaviour with low parabolic rate
constants and low weight gain, reflecting an oxidation-resistant material. The activation energy
of 353 kJ mol ! indicates that the mechanism of oxide growth is dominated by the diffusion of
ionic oxygen through the silicate network of the borosilicate layer or a mix of oxygen
permeation/ionic oxygen diffusion. The oxide layer behaved like pure silica. RBSBC with 7
wt% B4C content offers high oxidation resistance comparable to that of silica, but with a lower
density. The use of RBSBC will result in a coating system with lower density compared to

conventional SiC, while offering similar oxidation resistance.
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5 CORROSION BEHAVIOUR OF RARE-EARTH MONOSILICATE-BASED EBCs
IN CMAS EXPOSURE

K. El Shafei, "Investigating the mechanism of formation of Ca-rich Ca—YDb apatite that
forms from the Yb-silicate—CMAS reaction at 1300 °C," Materials Characterization,
vol. 210, pp. 113777-113787, 2024.

K. El Shafei, R. Kassem, and N. Al Nasiri, "Diffusion behaviour and corrosion rate of
rare earth monosilicate-based EBCs under CMAS exposure," Ceramics International,

vol. 49, no. 23, Part B, pp. 3854438555, 2023.

K. El Shafei and N. Al Nasiri, "Corrosion behaviour of rare-earth monosilicates in

CMAS exposure," Corrosion Science, vol. 202, no. 2, pp. 110312, 2022.

5.1 INTRODUCTION

Most authors studied the corrosion of RE-silicates using spraying techniques such as APS or
EB-PVD to produce multi-layered coating architecture, with no focus on dip coating. In
addition, most authors also studied the corrosion of RE-monosilicate or RE-disilicate in CMAS
environments, with very few studies on RE2Os-rich RE-silicates as a CMAS-resistant coat.
This chapter studies the corrosion mechanism and morphology of dip-coated EBCs with
RE>Si105 bottom coat and RE>O; topcoat processed on reaction-bonded SiC—B4C substrate,
where RE is Yb, Lu or Er, in order to form an economical and efficient CMAS-resistant EBC.
The chosen testing conditions is ~8 mg cm™ low-load CMAS at 1300 °C to simulate engine-
like conditions. The present coating architecture and chemistry is based on a patent by Al Nasiri
et al. [25]. These RE elements (Yb, Lu and Er) are chosen because they have the lowest ionic
radius in Lanthanides, and can offer enhanced corrosion resistance and chemical stability. Thus,
they can offer enhanced corrosion resistance and chemical stability. Yb has been under study
as a potential for EBCs, with less focus on Lu and Er. In addition, RE2Oj3 is specifically chosen
as topcoat because, unlike RE-monosilicates and RE-disilicates, it lacks silicon in its structure
so that it is more prompt to react with CMAS and consume it faster. Thus, they are more
sacrificial compared to monosilicates and silicates and can offer higher resistance against

molten CMAS. This chapter also studies the diffusion process of calcium and silicon during
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CMAS-EBC reaction, and the corrosion rate of the processed dip coating method. The
diffusion coefficient and corrosion rate parameters are used as effective quantitative tools to
rank the performance of RE-EBC in a CMAS environment in an attempt to recommend a cost-
effective CMAS-resistant EBC architecture. As such, the naturally formed RE2O; topcoat will
be assessed as an effective strategy to mitigate CMAS attack on the dense EBC silicate

coatings, and improvements on CMAS-resistant RE-silicate coatings is proposed.

5.1.1 EBC-CMAS thermochemical interaction

Stokes et al. [274] studied the CMAS—Yb>Si107 reaction in dry air at 1200 °C for 1-28 h. They
observed the formation of grossular garnet CaisMgis5AloaYbi16(SiO4); and Ca-YDb
cyclosilicate CazYb2SisO1s. They found the disappearance of the phases at temperatures above
1300 °C. Poerschke et al. [275] studied the CMAS reaction with sintered pellets of Hafnate and
Zirconate containing Yb2Os in dry air at 1300 °C for 4 h. They found the formation of Ca—Yb
garnet at the CMAS—YbHO interface to be beneficial in resisting CMAS attack. They also
identified the presence of phases with Yb2O3 concentrations that are close to the original Yb2O3
starting material, suggesting that some areas of YbHO did not fully dissolve in the penetrated
CMAS melt. In their study on silicate deposit degradation, Poerschke et al. [123] noticed that
RE-elements with smaller ionic radius form RE>Os-rich silicates instead of silicate oxyapatite.
They found that Yb2Os; will react with CMAS to form Ca-Yb garnet and silicocarnotite
Ca3;RExSi3012 at a testing temperature of 1300 °C. Previous authors [276-279] recorded that in
the range of 1200-1300 °C, Yb2O3 and Yb2Os-based EBCs form garnet and silicocarnotite,
CazRE>Si13012, in addition to apatite. Jiang et al. [120] studied CMAS reaction of Yb2Si10s and
LuzSi0s in dry air at 1200 °C for 4 h and recorded the formation of Ca—RE silicates and garnet
phase. They observed slower reaction kinetics for RE-elements with small ionic radius,
including Yb and Lu. They recorded the formation of defected-apatite with composition

CaRE4S13013, Ca3zAlsO12 garnet and cyclosilicates at the expense of silicate oxyapatite phase.

Tian et al. [143] studied the corrosion behaviour of RE2SiOs (RE = Yb, Lu, Er) under CMAS
exposure in dry air at 1300 °C for 50 and 100 h. They found that RE>SiOs resists CMAS attack
through the formation of a silicate oxyapatite layer CaxREg(S104)6O> at the CMAS—RE>S105
interface, which further limits the diffusion of CMAS elements into the coat [280]. They
reported higher corrosion rate for Er2SiOs compared to Yb2SiOs and LuxSiOs due to its higher

ionic radius. On the other hand, they observed the same corrosion behaviour and kinetics for
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Yb2SiOs and LuzSiOs, because of their relatively small ionic radius leading to better resistance
to CMAS attack. They also connected the results with optical basicity (OB). OB is based on
the Lewis acid-base concept, where the difference in OB value between CMAS and RE>O3
reflects on RE>Os affinity to accept CMAS cations. They found that the OB difference
decreases with decreasing RE-element ionic radius and thus the corrosion reactivity decreases.
Zhong et al. [281] studied the reaction between CMAS (35 mg cm2 CMAS load) and APS
applied Yb-silicate coatings, with various contents of Yb203, Yb2SiOs, and Yb2Si207 at 1400
°C for 25-50 h. They observed that the CMAS—-Yb203 reaction resulted in garnet precipitation
at the CMAS—coat interphase. The Yb-silicate coatings with high Yb>SiOs and Yb2Si,0
contents demonstrated higher surface recession after corrosion compared to Yb2Os-rich Yb-
silicate coatings, owing to the higher amount of coating dissolved in the reaction layer.
Additionally, the presence of SiO; in Yb2SiOs and Yb2Si2O7-rich coatings decreases Ca
diffusivity through the coat which hinders the formation of a dense protective layer and
decreases the consumption rate of CMAS. Thus, they concluded that Yb-silicate coatings with
high Yb>Os3 content exhibits better CMAS resistant properties. Poerschke et al. [282] modelled
the performance of Y203 (80 mol%)—ZrO> (YgoZr2) thermal barrier coating (TBC) with
CMAS. It was observed that higher Y>O3 content in the coat increases the dissolution rate
because of the high solubility of Y203 in the coating-CMAS melt. This would be more effective
in sealing the channel pores to inhibit further attack and stabilise the corrosion process. They
noticed higher performance for YsoZr2o compared to 7YSZ or Y4Zr;O12. Ptacek et al. [283]
studied the SrO-Y>0;-Si0; system through the preparation and investigation of hexagonal
strontium-yttrate-silicate apatite SrY4[SiO4]30. They found that Mg is not incorporated into
the crystals of apatite phase but it stays dissolved in the glassy phase.

5.1.2 EBC-CMAS diffusion and infiltration time

Zhu et al. [284] modelled the diffusion-reaction of CMAS with 7 wt% Y SZ TBC using Fick’s
second law and observed a decrease in the concentration profile of CMAS across the infiltration
depth. Additionally, Poerschke et al. [285] studied diffusion interaction at the interphase
between Yb2Si0s/YbsHfO11 and Yb2Si0s/YbsHf3012 at 1500 °C. They found that the diffusion
of SiO» species is highly mobile at the first stages of interaction resulting in diffusion along
grain boundaries and porosities in the coat. As reaction proceeds, diffusion decreases due to

filling of the pores resulting in a direct relation between diffusion and porosity. Iqdari et al.
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[286] studied the diffusion of RE elements in natural apatite crystals 900—-1150 °C, and
concluded that the concentration profile of Nd and Eu diffusion into apatite followed Fick’s
second law, where the amount of RE atoms diffusing into the apatite crystal was restricted by

a maximum saturation value.

Wiesner and Bansal [287] studied the thermal properties of CMAS glass. They estimated the
infiltration time of CMAS through a 200 um EBC at 1300 °C to be 4.3 min for glass with a
viscosity of 78.1 Pa s. Sleeper et al. [288] studied the CMAS—Ca,Y3(Si04)6O2 apatite
interaction in dry air at 1200—1500 °C between 1 and 50 h. They calculated the infiltration time
of CMAS through a 3 mm-thick coating and found that the infiltration time decreased from 54
min at 1300 °C to 19 min at 1500 °C. The faster diffusion at 1500 °C resulted in the infiltration
of CMAS into the apatite reaction layer through the pores and grain boundaries, which
promoted the dissolution of apatite in CMAS and its re-precipitation as apatite needles within
the Ca—Y phase. Krdmer et al. [289] investigated the thermochemical degradation of EB-PVD
applied ZrO>-7.6%YO15 (7YSZ) in a CMAS environment with a 40 mg cm > CMAS load.
They reported that the dissolution/precipitation of 7YSZ with CMAS resulted in different
reaction compositions depending on the melt chemistry. In addition, CMAS was found to
penetrate the open gaps in the coating as soon as melting occurred. The infiltration time of
CMAS across a 200 um coating was found to be less than 1 min, which explained the rapid

reaction at the CMAS-TBC interphase.

Gatzen et al. [290] compiled the corrosion rates of RE-based EBCs in water vapour
environment by using data from Fritsch and Klemm [158, 291]. They used a methane-fuelled
burner rig to test the EBCs between 1200 and 1500 °C at a water vapor partial pressure of 0.24
atm, gas velocity of 100 m s™!, and for 100-350 h. They found that Yb,SiOs offered the best

corrosion performance.

5.1.3 EBC-CMAS thermodynamics

Xian et al. [292] prepared lanthanum silicates of the composition LagASisO27, where A = Nd,
Sm, Gd and Yb. The microstructure and electrical properties were investigated, where all
LaygASisO27 compounds were found to be composed of hexagonal apatite-type structure. They
found that the activation energy increases with decreasing ionic radius where LagYbSi6027 has

an activation energy of 100 kJ mol™' compared to 83 kJ mol™! for LagGdSicO>7. Bonhomme et
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al. [293] prepared SriLa9oSi6026.5 apatite SOFCs and studied their formation mechanism under
isothermal conditions between 1250—1500 °C. They found that the densification of apatite
ceramic is controlled by the Sr diffusion through the grain boundaries of the rare-earth element,
La, with an activation energy of 470 kJ mol'. Strzelecki et al. [294] investigated the
thermodynamic properties of a range of Ca RE-silicate oxyapatites, which included
CasPrs(Si04)602, CaxTbg(S104)602, CazHos(S104)602 and CarxTms(Si104)6O2. They found that
activation enthalpy AHy for apatite formation is 765.1 + 22.8, —638.9 & 20.5, —643.3 + 10.3
and —403.2 = 5.1 kJ mol ! respectively. They found a direct relation between the enthalpy of
formation of rare-earth silicate oxyapatites and the ionic potential (IP), where the AH; becomes
more positive (less exothermic) as IP increases. This means that as the ionic radius decreases
from Pr-Tm, so does AH; becomes higher. They also found a direct relation between the
volume of Ca;REs(Si04)s02 versus the ionic potential of RE**. Zhang et al [142] found that La
forms a thicker reprecipitated LagCaz(Si04)6O2 layer compared to Nd and Gd, which indicated
that a larger RE cation is easier to crystallize in the melt and form apatite. This is consistent
with the enthalpy of formation for RE-apatite, which decreases with the increasing RE cation
size (and decreasing ionic potential). The same finding regarding the relation between AH; and
ionic radius r and ionic potentials (Z/r, where Z is the ionic charge) were also noticed by
several authors including Leu et al. [295], Risbud et al. [296], Liang et al. [297], Costa et al.
[298], and Costa and Jacobson [2]. Yoshioka et al. studied the conductivity and defect-structure
of Mg-doped Lag 33-2x3MxSi6026 SOFC at 800 and 900 °C [299]. This resulted in the formation
of LaioSissMgo20268 and LaggSis7Mgo30264, where they noticed an increase in ionic
conductivity when doping Lao 33-2x3MxSisO26 with Mg, which was attributed to the O*" and

Mg?* interstitials in the apatite lattice.

Martinez-Gonzélez et al. [300] studied ionic conductivity of RE apatite silicate REio-
«(Si04)s02+y (RE = La, Nd, Gd and Dy) at 1500 °C for 3 h using electrochemical impedance
spectroscopy, where O'is an extra ion responsible for ionic conduction. They found that ionic
conductivity decreases with decreasing RE** ionic radius resulting in higher activation energies
for apatite formation with lower RE** radius. Ardanova et al. [301] studied the solubility limits
of RE elements in Ca-hydroxyapatites CaioxREx(PO4)s(OH)2xOx (0 <x <2) at 1100 °C. They
found that the solubility limit decreases with decreasing ionic radius. It also correlates with

increasing difference in ionic radii between Ca*" and RE**.
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5.1.4 EBC-CMAS structure

Previous authors [144, 145, 302-305] studied the structure of stoichiometric RE lanthanides-
silicate oxyapatite, which included Ca;Ndg(SiO4)sO2 by Fahey et al. [302], CazLag(Si04)602,
by Schroeder and Mathew [303], CaxCeg(SiO4)¢O2 by Massoni et al. [304], and
CaxRE3g(S104)s02 (RE = La, Nd, Sm, Eu, and Yb) by Crum et al. [305]. Their main focus was

to determine lattice parameters and cation ordering with no focus on the formation mechanism.

Wang et al. [306] studied the corrosion behavior of plasma-sprayed RE2SiOs (Gd2SiOs, Y2Si0s,
and Er:SiOs) coatings in water vapor environment at 1400 °C. They found from XPS spectra
that RE4d (RE = Gd, Er) and Si2p are assigned to RE—O and Si—O bonds respectively. They
concluded that the corrosion product, Gds.67S13013 garnet, is a cation-deficient silicate that
consists of [SiO4*] tetrahedra, and [GdO7] and [GdO9] polyhedrons. The cation-deficient
structure results in more defects, which provides extra reactive sites for water vapor corrosion.
However, they did not provide experimental evidence using XPS to the existence of cationic

vacancies.

Pantiex et al. [307] studied the influence of calcium concentration and anionic vacancies on
the electrical properties of CaxLao 33 x(Si04)sO2x2 (0 < x < 1) between 280-620 °C using
electrochemical impedance spectroscopy. They found that higher Ca substitutions (x) resulted
in lower conductivities and higher capacitance, which is attributed to lower ionic mobility. This
was correlated to stronger interaction between defects in the structure; whereby altering the
ionic conductivity of RE silicate oxyapatite can be done by controlling its stoichiometry. Serret
et al. [308] studied the diffusion of La** in Ca-oxyapatites CaioxLax(PO4)s(OH)y (0 < x < 2) at
1450 °C for 120 h. The substitution of Ca®" by La** of higher valency is compensated by the

formation of cationic vacancies, which results in the oxidation of OH ™ to 0%~ ions.
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5.2 METHODOLOGY
5.2.1 Rare-earth EBCs slurry

EBC was processed on the thermally grown silica layer obtained by oxidising the sample at
1300 °C for 72 h. Only one RE-oxide was deposited on the silica layer. Thereafter, three
separate water-based RE-oxide slurries were prepared using either 30 vol% Yb2O3 (abcr,
Germany, 4 um APS), 30 vol% ErO3 (Alfa Aesar, USA, 4 um APS) or 30 vol% Lu,0s (abcr,
Germany, 4 pum APS) [25]. For the preparation of the Yb2SiOs slurry, 0.7 wt%
aurintricarboxylic acid (Sigma-Aldrich, USA) dispersant was used with water at pH of 8 [15].
For LuzSiOs and Er2SiOs slurries, 3.2 wt% dolapix CE64 (Zschimmer and Schwarz, Germany)
dispersant was used with water at pH of 9.5 [15]. Polyethylene glycol 10,000 binder (Alfa
Aesar, USA) was used to prepare the three slurries. The exact compositions of the mixtures (in
g) are provided in Table 5.1. The slurries were homogenously mixed in plastic bottles
containing alumina balls (> 99.99% purity, Union Process, USA, 5 mm diameter) and then
placed in a tubular shaker (Willy A. Bachofen AG, Switzerland) for 24 h. The oxidised RBSBC
substrates were dip coated in the slurry followed by drying for 24 h at room temperature. The
dip-coated samples (Figure 5.2b) were sintered in laboratory air at 1400 °C at a heating and
cooling rate of 10 °C min! for 50 h.

Table 5.1 Coatings mixture (gm) for preparing Yb, Lu, and Er-silicate coatings [25].

szSiOs EI’zSiOs LUzSiOs

RE-Oxide 13.755 12.96 14.13
Water 3.5 3.5 3.5
Dispersant 0.0960 0.0238 0.0259
Binder 0.2750 0.2592 0.2826

5.2.2 CMAS pellets preparation

CMAS composition of 33Ca0-9MgO—-13A1b03-45S10, (mol%) was selected to simulate the
composition of sands sucked into engines during operation [58, 149, 155]. This CMAS
composition melts above 1235 °C [309, 310]. A12O3 99.9%, CaO 99.95%, MgO 99.95% (Alfa
Aesar, USA) and Si02 99.5% (abcr, Germany) were mixed with ethanol in a 1:1 ratio in plastic
bottles with alumina balls. The mixture was heated in dry air at 1200 °C for 24 h to facilitate
solid-state reaction between the CMAS components [120]. The mixture was then ground into

a fine powder using a mortar and pestle (VWR International, USA). A manual hydraulic press
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machine (Specac, UK) was used to press the CMAS pellets of ¢ 10 mm diameter) (Figure 5.1a).
The pellets were sintered in laboratory air at 1200 °C at a heating and cooling rate of 10 °C
min™! for 2 h and subsequently layered on top of each coated sample to cover the sample surface
(Figure 5.1b). Corrosion tests were conducted for 1, 6, 12, 24, or 48 h at 1300 °C in laboratory
air at a heating and cooling rate of 10 °C min' [309]. Samples were placed inside zirconia
boats, which were placed on high-purity alumina crucibles; the whole setup is placed inside a

tube furnace that uses high-purity alumina tube (Figure 5.3 and Figure 5.4).

~  CMAS pellet

Figure 5.1 (a) CMAS pellet that is ~8 mg with 5 mm diameter (b) CMAS pellet placed on
top of Er-silicate coated sample.

Lu-silicate Er-silicate Yb-silicate

<l By
iﬂ;

.

Figure 5.2 Yb, Lu, and Er-silicate coated samples before drying for 24 h.
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Alumina furnace tube
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alumina crucible

Zirconia
boats
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& 60 mm

5mm

Figure 5.3 Front view of the experimental setup of the CMAS experiments.

Lu-silicate

Yb-silicate Er-silicate

Molten CMAS

High-purity alumina crucible

Figure 5.4 Yb, Er, and Lu-silicate samples out of furnace after CMAS corrosion.
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5.2.3 Diffusion coefficient and corrosion rate

The diffusion coefficient Dy, (m?s™!) of Ca and Si through the penetrated EBC was calculated
using Fick’s second law for non-steady state diffusion [Egs. (5.1) and (5.2)], where C; and C,
are the concentrations of either Ca or Si at the CMAS-EBC interface and the EBC-substrate
interface respectively. Cy 1 is the concentration at a penetrated depth X and time ¢, while erf (2)

is the Gaussian error function and it is obtained from the Gaussian error function table [311].

C(x,t) -G, —1— erf(i) =1—erf (Z) (51)
Cs — C, 2v/Dt
X? (5.2)
Dgg, = 47%t

The diffusion coefficient Dp,y (m? s™!) for the CMAS melt through the coating was calculated
using Eq. (5.3) [57]. The equation does not consider the concentration of Ca in the EBC. The

obtained values are compared with that calculated from Fick’s second law.
DDAN = X2 t_l (5.3)

The infiltration time ¢; (min) of CMAS through the EBC coating was calculated according to
Eq.(5.4) [287-289] where 7 is the tortuosity factor, D, (um) is the capillary diameter, w is the
fraction of pores open for CMAS infiltration, L is the coating thickness, (N s m™) is the
viscosity of CMAS glass and o (J m2) is the surface tension. D, was estimated from the average
pore size using MIP and ImageJ software, ® was estimated from the volume fraction of pores
in the RE>O3 topcoat using MIP and ImagelJ according to ASTM E2109 [312], while n and o
are obtained from literature [288, 289], and 7 is calculated using Eq. (5.5) [313]. The corrosion
rate CR (um min") of CMAS across EBC was calculated as a function of EBC thickness and
infiltration time [Eq. (5.6)].

o5 o]

T =+/0.750 10819 (5.5)

CR=L.t! (5.6)

90


https://www.compart.com/en/unicode/U+1D70F
https://www.compart.com/en/unicode/U+1D70F

5.3 RESULTS
5.3.1 EBC and CMAS compositions

XRD analysis of CMAS pellet (Figure 5.5) show that the main constituents are anorthite
(CaAl>Si1,0g) and diopside (CaMgSi»O¢). Anorthite is the common reaction product for
33Ca0-9MgO-13A1,03—45S102 CMAS pellets [155]. The presence of Mg is reflected in the
diopside and akermanite (Ca2MgSi,07) phases. The composition of CMAS obtained from RIR
was 77% anorthite, 18% diopside and 5% akermanite. The as-coated substrates with the three
studied coatings are shown in Figure 5.7, where b, d, and f are magnified images of a, ¢, and e
respectively. The coating structure consists of a dense RE2Si0s-based bottom coat of ~16 + 4
pm and RE-oxide topcoat of ~170 = 20 pum. The RE-silicate bottom coat was formed due to
the reaction of RE-oxide with the silica layer from the substrate formed during the oxidation
process. The phases present in Yb, Lu and Er-silicates as obtained from the XRD (Figure 5.6a)
are: RE-oxide, RE>Si0s and RE>Si,07, where the bottom coat consists of ~85% RE>S105—15%
RE>S1207 [24]. The measured young’s modulus E for Yb2SiOs, and CMAS are 119 and 92 GPa

respectively, while Poisson’s ratio v is 0.27 and 0.28 respectively.
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Figure 5.5 XRD of CMAS pellet after heat treatment showing the presence of anorthite,

diopside, and akermanite.
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Figure 5.6 XRD of Yb, Lu and Er-silicates showing the presence of RE203, RE>SiOs, and
RE3Si;0y.
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SiO; layer
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Figure 5.7 (a, b) Yb-silicate (c, d) Lu-silicate (e, f) Er-silicate on RBSBC substrate.
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5.3.2 Yb-silicate and CMAS reaction

The cross-section of the CMAS—Yb-silicate at 1300 °C for 1, 6, 12, 24 and 48 h (Figure 5.8a—
e respectively) shows a proportional relation between the corrosion duration and the reaction
layer thickness (RL) and penetration depth of CMAS into the coat. The penetration depth is
measured as the distance between the baseline of the RL and the lowest point in the coat at
which CMAS was detected. The RL thickness is 3 um after 1 h corrosion, and it increases to 6
um after 6 h where 60% of the coat is penetrated by CMAS. Between 6 and 48 h, the increase
in RL thickness and penetration depth occurred at a slower rate. The RL thickness increases to
7 um after 12 h and 10 um after 48 h forming a dense reaction layer, while the CMAS
penetration depth increases by 71% after 24 h and total penetration (melt reached the bottom
coat) after 48 h. The reaction between CMAS and Yb-silicate results in the formation of molten
spots that are sporadically distributed in the topcoat. The Ca—Mg—Si—RE reaction layer has the

same composition in Lu and Er-silicates.

This reaction forms three melt-like Ca—Mg—Si—YDb garnet phases 1, 2 and 3 (Figure 5.8f). The
dark grey BSE contrast area (phase 1) is the reaction layer surrounded by medium grey areas
(phase 2), which contains lower Ca and Mg, and higher Yb. The light grey areas (phase 3)
consist mostly of Yb2O3 with small traces of Ca (~1 wt%), Si, and no Mg. Figure 5.9 show a
line scan across phases 1, 2 and 3 at the CMAS-Yb20Os3 interface after 48 h, where the
infiltration of Ca, Mg and Si follows the same trend, and their concentration decreases with
decreasing the BSE contrast (phase 1 being the highest). This is confirmed by the EDS mapping
(Figure 5.9¢) across phases 1, 2 and 3, which shows higher Ca and Si amounts at the darker
phases. The compositions of phases obtained from EDS are shown in Table 5.2. Regarding the
morphology of the reaction layers, they are amorphous melt-like (Figure 5.8f and Figure 5.9a)
and consists of two main features: phase 1 surrounded by phase 2 areas and phase 2 dispersed
in the coat matrix (phase 3). The melt penetrated approximately 50% of the bottom coat after
48 h, forming an approximately 2 um continuous apatite layer (phase V) at the surface of the
bottom coat in addition to sporadic apatite areas with slightly lower Ca content compared to
phase 2 (Figure 5.10, Figure 5.13a and Table 5.2). Concerning the topcoat, vertical cracks
(shown as horizontal white arrows) run along the coating and the CMAS glass, where finer

transverse cracks (vertical white arrows) branch from them. Alternatively, the bottom coat
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shows the presence of lateral cracks (black arrows) that run close to the interface with the

RBSBCS substrate (Figure 5.10b).

(a) ? Reactioq‘ layer

L5

Figure 5.8 CMAS-Yb-silicate at 1300 °C after (a) 1 h (b) 6 h (c) 12 h (d) 24 h and (e) 48 h (f)
48 h showing the coating morphology after CMAS reaction.
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Figure 5.9 (a) CMAS-Yb-silicate after 48 h (b) line scan at the CMAS-Yb,0; interface and
(c) EDS mapping at phases 1, 2 and 3.
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Figure 5.10 (a) CMAS attack Yb2SiOs-Yb.Si.O7 bottom coat after 48 h (b) magnified image

showing the formation of apatite islands within the bottom coat in addition to lateral mud

cracks at the substrate-bottom coat interface.
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5.3.3 Lu-silicate and CMAS reaction

Figure 5.11a—e shows the cross-section of CMAS—Lus-silicate at 1300 °C between 1 and 48 h.
Lu-silicate behaviour to CMAS attack is similar to that observed in Yb-silicate. The RL
thickness increases from 5 to 7 pm between 1 and 6 h corrosion, while CMAS penetration
depth increases from 50 to 57% of the whole coating. After 24 h corrosion, the RL is 10 pm
and the penetration depth is 75%, which increased to full coating penetration after 48 h.

Lu-silicate has the same phases and morphology as Yb-silicate (Figure 5.11¢). A line scan
across the coat depth of 141 um at 48 h (Figure 5.12) show the same results for Ca, Mg and Si
infiltration as those previously observed in Yb-silicate, where the concentration of Ca, Mg and
Si gradually decrease across the coating depth. At the LuzSiOs bottom coat, the Ca and Mg
concentration drops, while Si amount increases. The penetration of the bottom coat formed the
same morphology and composition as that of Yb-silicate, but only at approximately 30% melt
penetration (Figure 5.13) and ~1 um apatite reaction layer (Figure 5.13d). As with Yb-silicate,
the coat shows vertical and horizontal cracks along with randomly-distributed isolated pores
(Figure 5.11f), and lateral cracks at the substrate interface. The mechanisms of crack formation

are discussed in section 5.4.4.
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Figure 5.11 CMAS-Lu-silicate at 1300 °C after (a) 1 h (b) 6 h (c) 12 h (d) 24 h (e) 48 h (f) 48
h showing the morphology of the coat after CMAS reaction.
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Figure 5.13 (a) CMAS attack Lu:SiOs—Lu2Si.O7 bottom coat after 48 h (b) magnified image
with enhanced contrast (c) formaton of apatite at the surface of the Yb2SiOs—Yb2Si>0O7
bottom coat (d) formaton of apatite at the surface of the Lu2SiOs—Lu>Si.O7 bottom coat.
The figure shows the formation of vertical and laterial mud cracks.
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5.3.4 Er-silicate and CMAS reaction

The CMAS—Er-silicate reaction at 1300 °C between 1 and 48 h is shown in Figure 5.14a—e. As
with Yb and Lu-silicates, the RL and the penetration depth increase with corrosion duration.
The RL thickness (Figure 5.14a—g) increases from 7 to 12 um between 1 h and 6 h, while the
penetration depth increases from 57 to 66%. The RL increases from 18 to 23 pm between 24

and 48 h, while the CMAS penetration depth is 77% at 12 h and full penetration after 24 h.

Er O3 topcoat reaction with CMAS results in the same phases 1, 2 and 3 (Figure 5.14a—e) but
with slightly higher Ca content. At 6 h, the RL consists of thick dark grey Ca—Mg—Si—YDb garnet
in addition to lighter-contrast equiaxed apatite grains. The penetration of CMAS into the coat
also causes the formation of needle-like apatite grains in the Er,O;3 topcoat and at the Er;SiOs
bottom coat (phase II in Figure 5.14d and Figure 5.15a). The volume percent of needle-like
phase Il increases in the middle of the coat, between 12 and 24 h, with higher amount of CMAS
melt penetrating the topcoat (Figure 5.15a). After 48 h, the amount of apatite formed at the
CMAS-EnO;s interface increases, associated with growth in apatite grain size, resulting in the
detachment of some areas of the RL to form islands within the CMAS melt (phase I in Figure
5.15a). This is correlated with higher melt infiltration (phase IV in Figure 5.15a) till it reaches
the bottom of the coat and form equiaxed Ca (~0.25 wt%)—Er2Si207 grains (phase III in Figure
5.15a). The line scan across the coat depth of 165 pm at 48 h (Figure 5.15) shows that Ca and
Si amounts are higher at phases 1 and 2 compared to needle-shaped phase II, while phase III at
the bottom of the coat shows a drastic drop in Ca and Mg contents compared to Si. In contrast
to Yb and Lu-silicates, a continuous apatite layer was not observed on the bottom coat. Instead,
apatite forms sporadically in the bottom coat (Figure 5.15¢ and d). It is noted that the amount
of phase 2 dispersed in phase 3 for Er-silicates are higher than Yb and Lu-silicates as shown in

Figure 5.14h.
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Figure 5.14 CMAS—Er-silicate at 1300 °C after (a,b)1h (c,d)6h(e)12h (f)24 h(g) 48 h
(h) 48 h showing the morphology of the coat after CMAS reaction.
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Figure 5.15 (a) CMAS—Er-silicate at 1300 °C after 48 h (b) line scan for Ca, Mg, and Si (c)

corrosion of the Er2SiOs—Er2Si-O7 bottom coat (d) magnified image.

102



Table 5.2 EDS analysis (at%) for reaction phases of CMAS—RE silicates at 1300 °C.

EBC Phase Ca Mg Al Si 9) RE Phase
Yb- 1 103 91 - 24+3 4310 14 +3 Ca-Mg-Yb garnet
silicate 2 9+2 1105 - 202 32+8 38+4 Ca-Mg-Yb garnet
3 5+1 - - 12+6 33+x17 50x10 Ca-Yb20Os3
V 7+1 - - 31+4 287 36+2 silicate oxyapatite
Lu- 1 10+3 92 - 27+3 41+10 1312 Ca-Mg-Lu garnet
silicate 2 9+2 11 - 22+2 32+8 363 Ca-Mg-Yb garnet
3 6+1 - - 16+3 3012 48+ 8 Ca-Lu203
Vv 7+1 - - 314 287 36+2 silicate oxyapatite
1 12 + 1 9+1 - 26 £1 3716 16+ 3 Ca-Mg-Er garnet
2 8+3 2+1 - 19+6 31+20 4010 Ca-Mg-Er garnet
Er- | 911 - - 27+4 26%8 3813 silicate oxyapatite
silicate Il 611 - - 314 247 3912 silicate oxyapatite
Il 0.5 - - 35+ 1 26+2 39+2 Ca-Er.Si>0O7
v 9+2 5+2 10+6 44+3 2910 3+1 Er-CMAS melt

5.3.5 RE-silicate and CMAS microstructure

The TEM images of the CMAS—-Yb-silicate reaction phases at 1300 °C for 48 h are shown in
Figure 5.17, where the location of the TEM lamella (Figure 5.17a) covers phases 2 and 3. The
reaction layer in Figure 5.17b shows phase 2 and 3 (denoted as 2 and 3 respectively), where
their placement points indicates the location of diffraction patterns (DP). Phase 2 is analysed
because it is the main reaction phase, and the most abundant in the corroded samples. The dark-
field mode (where denser region appear brighter) is used to enhance image contrast, which
resulted in a lighter contrast for phase 2 compared to phase 3 as opposed to the SEM images.
The DP for phase 3 (Figure 5.17c) shows an amorphous structure with minor crystallinity,
whilst that of phase 2 is highly crystalline forming hexagonally-shaped grains (Figure 5.17d).
The hexagonal shapes of the grains (Figure 5.17b and e) are almost identical to apatite
structures that are formed from Yb2S1207-CMAS reaction [76]. EDS analysis of phase 2
(Figure 5.17e) is taken at the middle and periphery of a single grain (spectrum 6 and 5
respectively). Figure 5.17f shows spectrum 5 at the grain boundary, where the composition in
wt% is: 5.9 Si, 5.9 Ca, 1.0 Mg and 87.2 Yb. The composition of spectrum 6 at the middle of
the grain is: 6.4 Si, 6.9 Ca, 1.0 Mg and 85.8 Yb.

The TEM images (dark-field mode) for CMAS—Lu-silicate reaction phases 2 and 3 (Figure
5.18a and b) show pentagon-shaped grains, resembling those of Yb-silicate, where the
pentagon-shape can be a distortion of the hexagonal grains. Figure 5.18e (bright-field mode)

shows that some of the grains have a darker grey core (spectrum 1; surrounded by red dashed
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lines) and a light grey rim (spectrum 2; surrounded by dark blue dashed lined), where the EDS
analyses (Figure 5.18f) of the core shows higher Ca content compared to the rim. The EDS
analysis of phase 3 (Figure 5.18f) shows the highest Lu,Os content. The DP patterns of phases
3 and 2 (Figure 5.18c and d respectively) show the same conclusion as Yb-silicate. Figure 5.16a
(dark-field mode) and b (bright-field mode) show TEM line scans for Yb-silicate and Lu-

silicate respectively.

The TEM images of the CMAS—Er-silicate apatite reaction product (Figure 5.19) was extracted
from the CMAS-RL interface. The morphology shows the existence of three grain shapes:
equiaxed pentagonal grains as those formed by Yb and Lu-silicates (Figure 5.19b), vertically-
stacked hexagonal finger-like grains (Figure 5.19¢), and randomly-oriented wide polygonal
elongated grains (Figure 5.19d) that are most-likely hexagonally-elongate. The interface
between the finger-like grains are shown at the inset image of Figure 5.19c, where the molten
CMAS between the finger grains appear as black lines, and no CMAS-containing grain
boundaries for the grains. They are neatly crystallised. The hexagonal wide grains are also
surrounded by molten CMAS pool that separates the grains, yet each grain edge does not
contain high-Ca melt. Moreover, there aren’t any signs of grain boundary interaction with the
CMAS melt. Small apatite spherical grains also crystallises within the CMAS melt pool

between the above explained grains as shown in Figure 5.19b, ¢ and d.
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Figure 5.16 TEM line scan at 1300 °C after 48 h for (a) Yb-silicate in Figure 5.17 (b) Lu-

silicate in Figure 5.18.
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Figure 5.17 TEM image for Yb-silicate at 1300 °C after 48 h (a) FIB lamella location (b) DP
locations of (c) phase 3 (d) phase 2 (e) EDS on phase 2 grain (f) EDS analysis.
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Figure 5.18 TEM image for Lu-silicate at 1300 °C after 48 h (a) phase 2 hexagonal grains
(b) DP locations of (c) phase 3 (d) phase 2 (e) EDS on phases 2 and 3 grains (f) EDS

analysis.
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Figure 5.19 TEM image for Er-silicate at 1300 °C after 48 h (a) TEM sample top view (b)
hexagonal equiaxed grains (c) hexagonal finger grains (d) hexagonal wide grains (e)

phase 2 finger grains (f) molten CMAS.
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5.3.6 RE-silicate and CMAS reaction kinetics

The reaction layer thickness versus exposure time (Figure 5.20a) shows that Yb-silicate has the
lowest RL thickness followed by Lu-silicate then Er-silicate. The value of the RL thickness of
Er-silicate is slightly less than double that of Yb and Lu-silicates. The weight gain AW versus
exposure time (Figure 5.20b) has the same trend where Yb-silicate has the lowest weight gain
and Er-silicate has the highest. The weight gain trend for Yb and Lu-silicates show similar
reaction kinetics, which corresponds with the RL thickness and normalised penetration depth
plots. The weight gain and RL thickness plots have parabolic behaviour showing a decrease in
value with corrosion duration, and the trend for the Yb and Lu-silicates proceed at a slower rate

compared to that of Er-silicate.

The normalised penetration depth versus corrosion time (Figure 5.21) is lowest for Lu and
highest for Er-silicate. The penetration depth of each measured sample is normalised by
dividing it with the measured coating thickness because there is a ~50 pm range variation in
thickness between the processed coatings. Both Yb and Lu-silicates have an almost similar
values for the penetration depth, that converge after 24 h and both are fully penetrated after 48
h. On the other hand, Er-silicate has a higher rate between 1-24 h, and full penetration by
CMAS is achieved after 24 h. The kinetics of the normalised penetration depth plots are linear
for Yb, Lu and Er-silicates. Figure 5.21b and Figure 5.22a and b show the weight gain plots for
Yb, Lu and Er-silicates respectively at 1250, 1300 and 1350 °C. They show an increased weight
gain and higher corrosion with increasing temperature. The corrosion increases by an average
of ~85% from 1250 to 1300 °C and ~90% from 1300 to 1350 °C implying a ~100% increase

in corrosion for every 50 °C increase in temperature
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Figure 5.20 (a) Reaction layer thickness (b) AW plot of CMAS-EBC reaction at 1300 °C.
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Figure 5.21 (a) Penetration depth of CMAS interaction with Yb, Lu and Er-silicates at 1300
°C (b) AW plot of CMAS-Yb-silicate reaction at 1250, 1300, and 1350 °C.
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Figure 5.22 AW plot of CMAS reaction between 1250, 1300, and 1350 °C for (a) Lu-silicate
(b) Er-silicate.

5.3.7 RE-silicate and CMAS diffusion

The diffusion coefficient (based on Fick’s second law) D¢, plots for Ca and Si in the penetrated
region of the coat are shown in Figure 5.23, while the values are introduced in Table 5.3. Ca
concentrations are 10.5 wt% Cg, 7.5 wt% C, and 9 wt% C(, 1), while Si concentrations are 21.5
wt% Cs, 18 wt% C, and 19.8 wt% C(, ). The concentration values at each of the above
mentioned C parameters are considered as the average of 20 EDS points. The values of Ci,
are obtained from phase 2 because they are the most-abundant reaction phase. The Dy, values
for Yb and Lu-silicates are almost the same, while Er-silicate is higher than both by ~32%. The
plot shows an exponential behaviour where Dgg; decreases with increasing corrosion duration.
The diffusion coefficient drops suddenly between 1-6 h, then decreases linearly until 48 h.
Alternatively, Dp 4y 1s calculated based on the CMAS penetration depth and corrosion duration
only without taking into consideration the concentration profiles of Ca or Si along the
penetrated depth. Hence, it is considered as the mean square displacement in the diffusion
process, which estimates the distance moved by the melt from its initial position over a time
interval. It reflects the diffusive behavior of the species in the melt including Ca and Si but is
also influenced by the coating processes. The results show that for Ca at penetration depth X
and corrosion time t, Dp 4y 1S lower than Dgg; by 6.55% for Yb-silicate and ~10% for Lu and
Er-silicates. The diffusion of Si is higher than Ca by 10.27% for Yb-silicate and 7% for Lu and

Er-silicates.
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Figure 5.23 Dgg; of Ca in Yb, Lu and Er-silicates after CMAS corrosion between 1-48 h at

1300 °C. Inset: Drg; of Ca and Si (shown as dashed lines).
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Table 5.3 Dgg; and Dp,y of Ca and Si in Yb, Lu and Er-silicates.

EBC coat Time X DFsL, ca DFsL, si Dpan
(h) (um) (m? sec™) (m? sec™) (m? sec™)
1 57 9.61 x 1013 1.06 x 10712 9.02 x 1013
6 60 1.77 x 10713 1.95 x 10713 1.66 x 10713
Yb-silicate 12 71 1.24 x 10713 1.37 x 10713 1.16 x 10713
24 79 8.70 x 1013 8.48 x 10~ 7.22 x 1014
48 100 6.16 x 1014 6.79 x 1014 5.78 x 1014
1 51 7.93 x 1013 8.41 x 1013 7.93 x 1013
6 57 1.65 x 1013 1.76 x 10713 1.65 x 1013
Lu-silicate 12 69 1.20 x 10718 1.29 x 10713 1.20 x 10713
24 75 7.93 x 104 7.64 x 1014 7.14 x 1014
48 100 6.35 x 1014 6.79 x 1014 6.35 x 1014
1 57 9.90 x 10-"3 9.90 x 10-"3 9.02 x 1013
6 66 2.21 x 1013 2.21 x 10713 2.01x10"1
Er-silicate 12 77 1.62 x 10713 1.62 x 10713 1.37 x 1013
24 100 1.27 x 10713 1.27 x 10713 1.15 x 1013
48 100 6.35 x 1014 6.35 x 1014 5.78 x 1014
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5.3.8 RE-silicate and CMAS structure

The XPS analysis were obtained close to the CMAS—RE>Os interface, as shown in Figure
5.24a, Figure 5.26a and Figure 5.28a. The purpose of the XPS is to obtain the binding energies
(BE), oxidation states, and atomic weight for Si2p, Ols, Ca2p, Yb4d, Lu4d, and Er4d as
detailed in Table 5.4.

The wide spectra shown in Figure 5.24b is assigned to Si2p, Ols, Ca2p and Yb4d. The fitting
of the Si2p peak resulted in 4 main peaks, 2 doublets each, as shown in Figure 5.25a. The first
doublet is at 102.1 and 102.6 eV, which is related to SiO; [314-316]. The second doublet peak
at 103.4 and 104.0 eV concerns Si—O4 units, which is attributed to silicate SiO4* units [314,
317-319]. It is noted that the BEs of SiO4* and SiO; are the same, where Si has the same
oxidation state [314, 320]. The peak at 102.6 eV can also be linked to Si—O3 [321] because the
lower BE indicates lower oxidation state compared to the SiO» at 103.4 and 104 eV [314].
Regarding Lu-silicate (Figure 5.26 and Figure 5.27a), the BE at 102.8 and 103.5 eV is linked
either to SiO4* and SiO; [314, 320], whilst the 101.3 and 101.9 eV peaks are related to SiO>
[314, 322]. They are almost similar to the BEs of 102.6 and 103.4 eV for Yb-silicate. As to Er-
silicate (Figure 5.28 and Figure 5.29a), the peak at 99.50 eV represents either Si [314], SiO:
[314, 323, 324], or SiOx [314, 325], while the 100 eV peak reflects the presence of Si [314,
326]. The peak at 102.3 eV is assigned to silicates in calcium apatite structures as

Cas(Si6017)(OH)2 and Cai10(PO4)4.4(S104)1.24 [314, 327].

The Ols binding energy is commonly linked to oxides as shown in Figure 5.25b. There is
discrepancy in literature when assigning O1s peaks for oxygen vacancies. Some authors [328,
329] assign oxygen vacancies between 531-532 eV, while others [330, 331] assign it at the
lower binding energy of 529-530 eV. Assigning a peak for oxygen vacancy is not reliable and
will be disregarded from the current XPS analysis. Regarding 02~ in CaO, it is assigned at
530.6 eV [332-335], while 532 eV is assigned to bridging oxygens in silicates [332, 334, 336].
The O1s BE for an oxygen atom in CaO is 2 eV lower than that for SiO2 because of the stronger
Si—O covalent bond compared to the Ca—O ionic bond [337-339]. The peak at 530.6 is also
close to the 531 eV peak assigned for Yb2O3 [314]. Regarding Lu-silicate (Figure 5.27b), the
BE at 530.5 eV is related to 02~ in CaO [332-335], which is synonymous with the Yb-silicate
peak at 530.6 eV. The BE of 531.8 eV is also synonymous with that obtained for Yb-silicate at
532 eV, and it can also relate to bridging oxygens in SiO> [340-342]. Concerning Er-silicate
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(Figure 5.29b), the peak at 531.3 eV is related to 0%~ in the CaO [314, 343], while the peak at
533 eV is related to 0%~ in SiOz [344] or oxygen in Er-silicate structures Era(SO4)3 [345].

The BEs for Ca—O bond are between 347-350.9 eV [314, 333, 346, 347]. The doublet peaks at
347.3 and 350.9 eV (Figure 5.25c) are assigned to chlorapatite Cas(PO4);Cl [348] and
hydroxyapatite Caio(PO4)s(OH)2 [314, 349] respectively, where both belong to the apatite
family minerals. This indicates that these peaks are for CaO reaction linked to the tetrahedral
PO4 group; which is synonymous with the SiO4 interaction in case of silicate oxyapatites. The
doublet peaks at 344.3 and 347.6 eV relate to Ca—O bond [318]. However, the peak at 347.6
eV can also be assigned to Caio(PO4)sF2 [314]. Regarding Lu-silicate (Figure 5.27c), the BE
peaks of 347.5 and 351.2 eV are synonymous with the Yb-silicate peaks at 347.3 and 350.9 eV.
The peak at 348.3 concern the presence of Ca®* [314], while that of 352 eV concern Ca—O bond
[314, 350]. Regarding Er-silicate (Figure 5.29¢), the peak at 348 eV is related to Ca*" as
indicated before in Lu-silicates or to Ca—SiOs4 bond [351], which is related to calcium
polyhedron linked to silicates in apatites structures. The peaks at 351.4 and 351.6 eV are also
related to Ca—SiO4 bond, which is synonymous with the 351.2 eV peak of Lu-silicates.

The Yb4ds,, peak at 185.4 eV (Figure 5.25d) is assigned to Yb—O in apatite structures [314].
Regarding Lu-silicate (Figure 5.27d), the Lu4ds» peak is at 196.7 eV [314, 352]. The peak at
198.5 eV relates to Lux(SO4)3; Lu-silicates (Lu—SiOx) in apatite structure [314, 345]. The peak
at 107 eV on the other hand, concerns Lu—O [314]. The BE of 169 eV is for the presence of Er
or EryO3 as shown in Figure 5.29d [314, 317].
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Table 5.4 Fitting parameters from the XPS spectra for Si2p, O1s, Ca2p and RE4d.

Element BE (eV) Structure (oxidation state) At (%) References
Yb-silicate—CMAS corrosion
102.1 Si—0- (Si*) 36.5 [314, 315]
sizp 18?2 Si—02 (Zi-‘”())or(gi“—()% (Si%) ?g: [314, 316]
. i—O4 (Si* .
104.0 Si—04 (Si**) 13.5 (314, 317-319]
O1s 530.6 O-Ca (0%) 36.1 [314, 332-336]
532.0 04=Si (0?%) 64.0 [332, 334, 336]
347.3 Ca-SiO4 in apatite (Ca?*) 43.2
Ca2p 350.9 Ca-Si0s in apatite (Ca?*) 43.0 [314, 333, 346-349]
3443 Ca-0 (Ca?) 6.90 (314, 317, 318]
347.6 Ca-0 (Ca?) 6.86 ’ ’
Yb4d 185.4 Yb-0s3 (Yb3*) 100 [314]
Lu-silicate—-CMAS corrosion
101.3 Si-02 (Si**) 11.0
Si2p 101.9 Si-Oz2 (Si*) 11.0 [314, 322]
102.8 Si—04 (Si**) or Si—03 (Si*) 39.1 [314, 320, 321]
103.5 Si—04 (Si**) 39.1 [314, 317-319]
530.5 0O-Ca (0%) 3.75 [332-335]
O1s 531.8 04-Si (0%) 81.2 [332, 334, 336]
532.4 04-Si (0?) 15.0 [314, 340-342]
347.5 Ca-SiO4 in apatite (Ca?*) 39.7
Cazp 351.2 Ca-Si0; in apatite (Ca?*) 39.7 [314, 333, 346-349]
348.3 Ca (Ca?") 10.2 [314]
352.0 Ca-0 (Ca?) 10.2 [314, 350]
194.2 Lu—03 (Lu®) 8.40 [314]
Ludd 196.7 L‘_J_O3 (L.u3+) 42.0 [314, 352]
198.5 Lu-0 in apatite (Lu®*) 10.1 [314, 345]
207.0 Lu—O3 (Lu®*) 39.6 [314]
Er-silicate—CMAS corrosion
99.50 Si or Si—O; (Si**) or Si—Ox 10.7 [314, 323-325]
Si2p 100.0 Si 10.7 [314, 326]
102.3 Si—04 (Si**) in apatite 39.2 [314, 327]
102.8 Si—04 (Si**) or Si—0s3 (Si**) 39.2 [314, 320, 321]
531.3 0O-Ca (0%) 52.0 [314, 343]
O1s 532.2 04-Si (0%) 35.1 [314, 340-342]
533.0 0>—Si (0%) or O? in Er-silicates 18.0 [344, 345]
348.0 Ca(Ca?")or Ca-SiO4 in apatite (Ca?*) 45.0 [314, 351]
351.6 Ca-Si0y4 in apatite (Ca®* 5.01
Cazp 351.4 Ca-SiO4 in agatite ECaZ"; 450 (314,333, 346-349]
355.3 Ca-SiO4 in apatite (Ca?*) 5.01 [314]
Er4d 169.0 Er or Er—O3 (Er®*) 100 [314, 317]
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Figure 5.25 XPS scans on phase 2 Ca-Yb apatite for (a) Silicon Si2p (b) oxygen O1s (c)
Calcium Ca2p (d) Ytterbium Yb4d.
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Figure 5.27 XPS scans on phase 2 Ca—Lu apatite for (a) Silicon Si2p (b) oxygen O1s (c)
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54 DISCUSSION
5.4.1 Corrosion composition

The corrosion of coating passes through five main stages as shown in Figure 5.30. First, CMAS
particles from the environment deposit on the coating. Second, the particles melt at
approximately 1250 °C and starts reaction with the coating surface. Third, the melt gradually
infiltrates the coating, where corrosion occurs in the middle of the coating at the fourth step.
Infiltration and reaction occurs simultaneously until full penetration occurs. Fifth and finally,
during cooling, cracking occurs. This section will examine the composition of corrosion

products followed by the corrosion mechanism and the corrosion process.

The corrosion behaviour and microstructure morphology of Yb2O3 and Lu203; under CMAS
attack are similar. The composition of the reaction layers formed by Yb20O3 and Lu2Os, at the
CMAS-RE;O:s interface, falls between that of grossular garnet Cai sMgi.5Yb1.6(Si04)3 and Ca—
RE cyclosilicate CazYb2SisO1s. Regarding RL phase 1, the CMAS reaction with RE»Os differs
from that of RE2Si105 and RE>Si207 due to the presence of Mg and high amounts of alkaline
earth oxides (AEO) at the expense of RE>O3 as shown by the solid lines in Figure 5.31. The
formation of Ca—Mg—Si—RE garnet phase 2 in Yb20O3 and LuzO; topcoats instead of silicate
oxyapatite agrees with previous authors [123, 276-279]. Phase 2 for Yb and Lu-silicates has
Mg content ~0.5-3 wt% and a Ca:RE ratio that ranges between 0.24 (for stoichiometric apatite)
and 0.65; the Ca-Mg—Si—RE composition is dominated by AEO and SiO; and slightly deviates
from silicate oxyapatite (dashed lines in Figure 5.31). The compositional range of phase 2
(Figure 5.31) is Ca1ox Ybx(S104)sOy (y = Y2x-2; 6 < x < 8), which agrees with previous authors
[120, 274, 281] who recorded that the corrosion of Yb2SiOs and Yb2SiO7 with high Yb,O3
content in CMAS environment results in the formation of non-stoichiometric apatite
CaRE4Si3013 [120], grossular garnet Ca;sMgisAloaYbi.6(SiO4)3 [274, 281] or cyclosilicate
CazYb2Si6O1s [120, 274]. The reaction for phases 1 and 2 deviates from stoichiometric apatite
because they did not start with RE2SiOs or RE2Si120O7 but with REO3, which may not have

formed stoichiometric silicates as a mid-way reaction to apatite.
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Concerning ErOs, the reaction product consists of Ca—Mg—Si—Er garnet in addition to
stoichiometric apatite (Ca2Ers(Si04)602) that has a Ca:RE ratio of ~0.24 [123, 147, 152]. As
with Yb and Lu-silicates, the Ca:RE ratio does not change with corrosion duration; for example,
phase 2 at 6 h has the same composition as that of 24 h. The Ca:RE ratio decreases away from
the RL, where phase II needle-like grains in the middle of the coat has slightly higher Er content
(and Ca:Er ratio of ~0.2) compared to the coarse apatite grains. The silica released from the
apatite formation reacts further with the available Er;O; to form new apatite grains; the ongoing
reaction continues until Er>O3 is consumed. Thus, Er,O3 reaction with CMAS is more vigorous
compared to Yb,0O3 and LuxOs. This explains why CMAS melt has penetrated to the Er>SiOs
bottom coat after short duration of 6 to 12 h. The high rate of product-formation for Er-silicate
compared to Yb and Lu-silicates conforms with its high weight gain plot, where weight gain
reflects the quantity of products formed. The weight gain over time can also be translated to
the rate of reaction formation (mg h~"). In addition, the stoichiometric apatite RL forms more
rapidly than the garnet formed by Yb and Lu-silicates, making it less stable in comparison. The
stoichiometric appetite formed is proceeded by the formation of Er>SiOs and Er2Si,0O7 or by
metastable Erg33(Si04)602 apatite, which requires Ca®" cations to stabilise it [147], explaining

the formation of Er-silicate oxyapatite as the dominant reaction layer.

The equations for the phases 1 (RL) and 2 (main corrosion product) are described by Egs. (5.7)
and (5.8) respectively. The compliment of the CMAS formula unit for Eq. (5.7) is Ali3 and for
Eq. (5.8) 1s MgoAli3, which are excluded because they are not significantly incorporated in the
reaction product. The reaction of the melt with RE>O3 to produce the RL [Eq. (5.7)] results in
a Ca—RE residue that further reacts with RE>O3 increasing its consumption rate. The reaction
equation of phase 2 garnet [Eq.(5.8)] assumes that half the melt amount reacts with RE>Os
because by the time the melt reaches the reaction front (RE2O3), it becomes partially consumed
from the infiltration process [353, 354]. This results in lower Ca and Si amounts at the middle
of the coat compared to the top areas close to the melt, and also lower Ca and Si amounts for
phase 2 garnet compared to phase 1. The reaction of the diluted melt with RE2O3 to form phase
2 [Eq. (5.8)] results in a Cai1.sREq2 byproduct (phase 3).

CazsMgeSiys + 2REsy = CazsMgoRE (Siys (phase 1 RL) + CazREy, (5.7)

0.5Ca,45Siyp s + 2REsy = CasREgSi,, s (phase 2) + Cay, sRE,, (phase 3) (5.8)
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The stoichiometry of the product and the stability of apatite precipitates are functions of RE**
cation size. The ionic radius (IR) of RE** affects the reaction kinetics and RE2Oj resistance to
CMAS. The formation of Ca—RE-silicate oxyapatite increases with increasing RE** because of
the increase in cation to oxygen bond length, which will result in higher affinity for CaO [143,
149, 355]. In addition, Stokes et al. [ 148] found that during RE2O3—SiO> reaction, the formation
of REo9.33(S104)602 is more stable than RE>SiOs and RE>Si1,07 at larger IR. The current finding
confirms with Poerschke et al. [282] who observed that larger RE cations tend to stabilise
apatite, while smaller ones stabilise garnet phase. This relates to the higher degree of distortion
in the polydehra of larger radius RE elements and longer RE-O bond length [120]. Apatite is
also promoted when the RE** IR is closer to that of Ca*" as it would favour the substitution of
RE*" by Ca?" into the RE,03 and RESiOs phases. The Er’* IR (0.88 A) is larger than that of
Yb** (0.86 A) and Lu** (0.85 A), and the closest to Ca** (~1 A) [121, 301], which is the reason

Er-silicate forms apatite while Yb and Lu-silicates do not.
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Figure 5.30 Coating failure sequence due to EBC-CMAS interaction at 1300 °C.
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Figure 5.31 Redrawn ternary phase diagram [136] for the CMAS—-RE;O; reaction phases.

Figure 5.32a shows the range of ionic radii for the elements involved in the corrosion reaction
(Ca, Mg, Si and RE cations) and the ionic potential (IP) of their oxides. where the IR is
inversely proportional to IP. The increase in RL thickness and penetration depth (Figure 5.32b)
with IR shows that the lower IP of Er,O3 compared to Yb and Lu-oxides makes it more readily
reactive with the melt, which confirms with the low parabolic rate constant k,, of Yb and Lu-
silicates compared to Er-silicate reflecting a faster reaction kinetics for Er-silicate as shown in

Figure 5.33a.

The lower activation energy E for Er-silicate (450 + 4 kJ mol™!) compared to Yb and Lu-
silicates (474 £ 6 and 500 + 3 kJ mol! respectively), in Figure 5.33b, confirms that Er-silicate
reacts with the melt more readily because its larger radius results in lower lattice energy
compared to Yb*>* and Lu*", and thus a lower IP. In addition, the RE**~O bond length decreases
with decreasing ionic radius and therefore, apatites form with lower RE** IR may require higher
energy to accommodate distortions in their lattice that are associated with apatite formation.
This confirms with the lowest BE of RE4d that decreases with increasing IR (BE of Erdd <
Yb4d < Lu4d), and also agrees with the findings of Martinez-Gonzalez et al. [300] and
Ardanova et al. [301] regarding an inverse connection between RE** IR and activation energy

for apatite formation. The formation of both stoichiometric apatite and garnet for Er-silicate
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can be the reason behind the low activation energy. Apatite can be more thermodynamically
favourable in Er-silicate compared to garnet, which explains its formation at the reaction front
in contact with the melt. This also confirms with the presence of higher amount of apatites in
the XPS scans of Er-silicate compared to Yb and Lu-silicates. The activation energy E for the
formation of phase 2 is close to the activation energy values obtained for the formation of Sr
apatite Sr1LaoSisO265 (470 kJ mol™) [293] and Nd apatite Ca2NdsSisOa6 at 1400 °C (~423 kJ
mol ™) [356]. Moreover, stoichiometric apatites form with lower Ca content compared to Ca-

rich phase 2 apatites and thus, they form at a faster rate and with lower E.

Optical basicity also links the coat’s reactivity with the melt and its recession. A smaller
difference in OB between the coat and the melt is preferable for a milder reaction because RE
base compounds with larger ionic radius tend to react more readily with the AEO cations in the
melt. Thus, the OB difference between CMAS and RE2O; increases with increasing ionic
radius: OB(cmas-gr,05) 18 0.299 compared to 0.263 for OBcmas-yb,0,) and 0.256 for
OB (cMas-Lu,05)- This is consistent with the enthalpy of formation AH; of RE-monosilicates
and oxyapatites, which decreases (becomes more exothermic) with increasing RE IR and
increasing OB [2, 142, 296, 297]. However, the enthalpic stability of a compound also depends
on other parameters in addition to IR and IP, such as bonding character, crystal structural

parameters (e.g., coordination with oxygen) and the size of the dopant compared to RE*".

The CaO amount in the RL of Yb and Lu-silicates is close to that of apatite, but the AEO (CaO
+ MgO) amount is close to that of Si02, which reflects higher Si amount in the reaction layer
compared to Ca. This can indicate higher silicon diffusion through the coat compared to
calcium. In phase 2, the SiO> content decreases while RE2O3 increases, demonstrating lower
silicon diffusion across the reaction depth. In the corrosion phases, the AEO amount is
inversely proportional to the RE amount; RE2O3 concentration increases from phase 1-3, while
Ca and Si concentrations drop. The RE:Ca ratio in phase 2 is ~4 compared to ~1.3 for phase 1
showing higher RE2O; content. The high AEO in phase 1, compared to phase 2, makes it at
equilibrium with CMAS. Thus, it acts as first line of defence. The protective nature of Yb and
Lu-silicates RL compared to Er-silicate is manifested in the amount of Ca in the Ca—RE2S1207
bottom coat for Yb and Lu-silicates (~0.1 wt%), which is almost half that of Er-silicate (~0.25
wt%) as shown in the EDS line scans (Figure 5.9b, Figure 5.12b and Figure 5.15b).
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The absence of Al in the EDS spectrum indicates that anorthite does not react with the coat at
1300°C, but rather CaSiO3;, MgSi03, CaO or MgO that were formed during the melting of
CMAS [155], which confirms that Ca and Si are the main corrosive elements and Mg to lesser

extent. This agrees with the line scans that shows lower Mg counts compared to Ca and Si.
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Figure 5.32 (a) IR and IP of ions and oxides involved in CMAS—-EBC reaction (b) lonic

radius vs. RL thickness and normalised penetration depth at 48 h.
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Figure 5.33 (a) Arrhenius plot for the CMAS-EBC reaction at 1250, 1300, and 1350 °C (b)

E values with respect RE-element ionic radius and IP.
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5.4.2 Corrosion mechanism

The incorporation of AEO and Si into RE>O3 structure to form Ca—Mg—Si—RE garnet, and the
amorphous and uniformly continuous morphology for phases 1 and 2 are synonymous with
those of reaction products formed by dissolution/precipitation. Previous studies mentioned
dissolution/precipitation model as the mechanism of CMAS reaction with RE>SiOs and
RE>Si1,07 to produce apatite and/or garnet [120, 143, 151, 353]. The dissolution process is
governed by the diffusion of Ca, Mg, and Si with RE>O3 to form Ca—RE garnet in the case of
Yb and Lu-silicates, and apatite and garnet in the case of Er-silicate (Figure 5.34). This is
accompanied by the diffusion of RE*" into the CMAS outer layer to form islands of reaction
products incorporating fractions of components from both the coatings and the melt. The same
cation coordination of CaO and RE2Os, being linked to 6 O atoms forming octahedra, renders

the substitution of Ca?* in place of RE*" in its lattice positions convenient.

Phase 2 garnet forms in the middle of the coat over the following steps. First, CMAS melt
infiltrates the open pores and cracks in the coat (Figure 5.35b) where they settle in them to
form clusters of phase 1 that act as local reaction spots. This step is function of the coating
defects such as pore size and distribution, and vertical channel cracks. Afterwards, the melt
dissolves in the surrounding RE>O3 (blue hue surrounding phase 1 local reaction spots in Figure
5.25c¢), in which dissolution occurs owing to the lack of chemical equilibrium at the interface
between infiltrated melt and local RE2Os reaction spots. The reaction occurs around the rims
of phase 1 regions, where it precipitates phase 2 garnet around these rims, and generates a
morphology that comprise phase 2 precipitates at the periphery of phase 1 nucleus (Figure
5.34a and Figure 5.35c). The reaction then proceeds inwards until most phase 1 nucleus is
consumed. The formed phase 2 links together forming a network as shown in Figure 5.35d and
Figure 5.8f, Figure 5.11f and Figure 5.14h. The consumption of phase 1 local spots inside the
coat indicates that the dissolution/precipitation rate at the reaction front is higher than the melt
infiltration rate to these spots. However, in cracked and porous areas, the melt infiltration rate
becomes higher than the dissolution/precipitation at the reaction front resulting in trapped

regions of phase 1 within the phase 2 network.

Er-silicate oxyapatite forms by the gradual dissolution of Er20O3 in the CMAS melt to precipitate
silicate oxyapatite grains. The continuous dissolution of Er2O3 in CMAS melt at the RL is

evident from the increase in apatite grain size with corrosion time, creating gapes between the
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apatite grains at the melt interface, which widens over time, and their detachment from the
reaction layer to form islands in the CMAS melt (Figure 5.34b). These effects result in an
unprotective RL, that facilitates the infiltration of the melt through the coat in considerable
amount, which eventually form a pool of infiltrated CMAS melt at the middle of the coat that
precipitates of needle-like apatite grains (Figure 5.34b). The abundance of melt between the
formed apatite grains forces the grains to crystallise annisotropically forming elongated grains
that are constrained by melt. Additionally, the substitution of Ca>" at the expense of Er** occurs
parallel to the c-axis, which results in a directionally oriented precipitation. The needle-like
grains are particular to the middle of the coat, where melt pool forms, nevertheless, towards
the bottom of the coat, lower amount of melt is observed, associated with the formation of Ca—
ErSi,07 equiaxed grains, which reflects total dissolution of the coat after 6 and 12 h. It is noted
that the infiltrated melt surrounding the apatite grains have a similar composition to the CMAS
glass pellet, which means that most of the infiltrated melt did not undergo reaction with the
surrounding Er>Si20s bottom coat, otherwise they will be diluted resulting in lower Ca and Si
amounts; only the melt at the periphery of the apatite grains have lower Ca and Si amounts.
The seeping of melt in excessive quantities is not related to vertical cracks and pores but to the

unprotective nature of the RL and the apatite grains.

The reaction of the melt with the RE>SiOs-based bottom coat formed a continuous apatite
reaction layer, inhibiting further reaction of the bottom coat. During the 48-hour corrosion, the
melt penetrated only half of the Yb-silicate bottom coat and a third of the Lu-silicate. The
formation of apatite islands within the bottom coat is attributed to CMAS reaction the
RE>Si05—RE>Si1,07 mixed-phase bottom coat. Webster and Opila [357] observed a similar
dispersed apatite attack in CMAS corrosion of Yb2S1207-30 vol% Yb2Si0s EBC at 1300 °C.

CMAS penetration depth into the coat indicates the amount of RE2O3 consumed; the volume
percentage of phase 1 is 10 £2% between 1-12 h and increases to 18 £4% after 48 h. Increasing
corrosion time induces cracks, which increases the volume percentage of phase 1 by creating
new pathways for melt infiltration. The fraction of phase 1 in the middle of the coat is similar
for Yb and Lu-silicates because the volume fraction of pores are the same. Alternatively, the
volume percentage of phase 2 spots is higher for Er-silicate and cover larger areas, which
indicates stronger reaction with CMAS compared to Yb and Lu-silicates. This corresponds with

the higher Ca®" and Si*" diffusion coefficient for Er-silicate compared to Yb and Lu-silicates.
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5.4.3 CMAS diffusion into RE-silicate

The parabolic time dependence of weight gain plot, accompanied by the exponential decrease
in the diffusion rate, with corrosion duration, reflect a diffusion-controlled mechanism. The
diffusion coefficient values of Ca?* and Si*" in RE,Os-rich EBCs under CMAS increase with
increasing the ionic radius of RE*" (Figure 5.36). This relates to higher ErOs corrosion because
of the lower polarisation power of Er** compared to Yb** and Lu>", as explained earlier, which
renders it more feasible for Ca?" to replace Er** and form CaO-Er,0s-based garnet (phase 2).
Diffusion coefficient also increases with OB showing that Er,Oj3 is more susceptible to react
with CaO in the melt [353], where the diffusion coefficient values of Er-silicate are higher than
those of Yb and Lu-silicates (Figure 5.37) because of the larger amount of coating dissolved in
the reaction layer. The dissolution process of RE2Os3 in the melt is derived by the diffusion of
Ca®" cations and silicate spicies into the RE,Os crystal structure, which depends on the

concentration of the diffusing species.

The Ca and Si concentration values Cs, C,, C(,r) are constant for Yb, Lu and Er-silicates phase
2. The value of C(, ) is constant because it is the maximum concentration of Ca and Si
incorporation in the Yb, Lu and Er-oxide structure. This results in small variation between Dy,
and Dp 4y because the deciding factor becomes the penetration depth. Thus, for the diffusion
calculations, it would be more convenient to use Dp,y because of its simple approach.
Diffusion coefficient decreases with increasing penetration depth and oxidation time because
the melt and phase 2 garnet clogs the pores and cracks thus hindering further melt infiltration
and increasing the tortuosity factor of the coat. Additionally, the formation of phase 2 network
lowers the concentration difference to drive the dissolution process. Hence, it acts as a
protective barrier against further corrosion of the coat. Alternatively, the diffusion of divalent
cations is two orders of magnitude higher than the diffusion of RE trivalent cations in apatite
structures [126, 358], which explains the fast growth of the reaction layer and phase 2 by the

inwards diffusion of cations compared to the outward diffusion of RE** into the CMAS glass.

The diffusion coefficient of Si is higher than that of Ca because Si concentration in the CMAS
glass is higher, and so the flux of Si*" diffusing through the EBC is higher. Additionally, Si*"
has a smaller ionic radii (0.40 A) compared to Ca** (~1 A) [359], and thus the bond energy, in
solid state, for Si—O formation (421 kJ mol™) is lower than that for Ca—O (487 kJ mol™") [360],
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rendering it more attractive for reacting with O*~. This is in agreement with Zhao et al. [76]
who concluded that CMAS reaction with ~15 vol.% Yb203; EBC consumed Si at a relatively
faster rate than Ca. This contradicts previous work [145, 301] that mentioned the diffusion
coefficient of ‘binding’ cations as Ca?" and Mg?" are greater than that of Si*" in orthosilicates.
This was explained by the proposition that the number of vacancies of binding cations is higher
than the vacancies at the Si** sites. In addition, Ardanova et al. [301] concluded that a diffusing
atom with closer radii to its substituent results in faster and diffusion with higher concentration.
Ptacek [144, 145] mentioned that Si diffusion is slower and rate limiting compared to Ca>" by
one order of magnitude because SiO» diffuse as SiO4* units (the process does not involve
dissociation of SiO; into Si*" and O, and the recombining of Si*" with oxygens to reform
SiO4* units within the apatite lattice because Si*' presence in RE,Os lattice is unstable) which
is larger in size compared to CaO and thus, slower to diffuse. The similar diffusion coefficient
values of Ca and Si, and the discrepancy in literature regarding which is rate-limiting, reflects

that this area requires further study.

The D, values for dip-coating are between 10> and 107'%, which are similar to those obtained
by Watson, Harrison, and Ryerson (107* and 10'%) for Sm, Sr, and Pb in fluorapatite between
900-1250 °C [361]. These values are in close proximity with the diffusion coefficients Dp 4y
for Yb, Lu and Er-silicates that were calculated from the penetration depths obtained from
literature (Figure 5.36 and Table 5.5). Diffusion is mainly controlled by the Ca—O bond because
if it is controlled by both Ca—O and Si—O bonds, then there would be a difference in the
diffusion coefficient values between RE2SiOs and RE2O; because of the extra SiO: present in
RE2Si0s, which is expected to further lower the diffusion coefficient values; which is not
observed in Table 5.5. The same can be said for Yb2SiOs and Yb2Si1207. Therefore, since the
reaction kinetics of CaO during the formation of garnet or apatite is slower than SiO4*, it is
most-likely the rate controlling step, as the slowest reaction controls the kinetics of the process
in corrosion. As a result, the diffusion coefficient for Ca is the indicator for coating
performance. Dp 4y values indicate slower formation rates for Yb>O3-rich—Yb,SiOs compared
to single-phase Yb2SiOs, and even slower for Yb2Si207. This is attributed to increased Ca and
Si diffusion through Yb20s3, leading to a more protective garnet formation. Yb20O3 enhances
sacrificial properties, boosting CMAS resistance in Yb2SiOs, and similarly, Yb2SiOs enhances

CMAS resistance in Yb2Si,07 because of its higher Yb>Os3 activity.

128



-m- Diffusion coéfficient

1.6E-134 (a) +1.05

-1.00
1.4E-13 1

-0.95

1.2E-13 1 -—0.90

1.0E-13- -0.85

-0.80

8.0E-14 I
-0.75

ormalised penetration depth

. Er
0.85 0.86 0.87 0.88

Diffusion coefficient (m2 s_1)

6.0E-14 070 €

lonic radius (A)

Figure 5.36 Calculated D,y of Ca in RE-silicates under CMAS environment at 24 h.

1E-12

- L | —e— Yb303-Yb2SiO5

uE ; : [Zhong et al]

o 8E-131 oo . ook ¥b2Si05 [Jang et-al]-
E 1 g : —v— ErgSiO5 [Zhong et al ]
= : ' Yb3SiOs5 [Tian et al.
EeE134. o 21D eO5 Tiemetal]
'S LuzSiOg [Tian et al ]
£ : i » ErgSiOs [Tian etal]
Q4E-13{ - e - —=— YbyO3 [this study]
5 : 4 Lup0Og [this study]
BOE A3 1@ oo L@ EraO3 [this study] ..
= ; : ;

E - 2 . :
OE+0+——
0 40 80 120 160 200

Time (h)

Figure 5.37 Calculated Drg; of Ca and Si in RE-silicates under CMAS environment.

129



Table 5.5 D,y for CMAS—RE2SiOs corrosion in air; obtained from previous authors.

Coating  Applicatio CMAS T t X Doan References
type n method (mol%) (°C) (h) (um) (m2sec™)
Vb0 26 55 336x1070 _
rich APS C3sMoAl13Sss 1400 50 85  4.01x 10-1 "[rz‘%f] al.
Yb,SiOs 100 95 250 x 10"
1 15 6.25x 10"
_ 12 40 3.70x10™  Jangetal.
Yb2SiOs SPS C3sMoAl13Sss 1400 o4 70 567 x 10-" 58]
48 120 8.33 x 10~
4 50 178x10°
Yb,SiOs SPS CisMoAlisSss 1300 24 55  3.50x 104 ‘oSl &
96 125 452x 10 OPIal3d7]
150 eo4x10T
Yb,SisO7 SPS CaaMoAlsSis 1300 4 370 9.50x 10712 Voostel &
o4 710 583xq0z  OPlaSTl
Yb2SisO7— 4 160 1.77 x 10712
20 vol% SPS CasMoAlisSass 1300 24 325  1.22 x 10-2 Vgeki’f’at‘?gg;‘]d
YbsSiOs 96 355 364x10-13 P
Yb,SisO7— 4 210 3.06 x 10-72
30 vol% SPS CasMoAl13Sss 1300 24 305  1.07 x 1072 Véebilsat%Sa;]d
YbsSiO5 96 305 269x10-138 P
Er,SiOs APS CosMoAlisSss 1400 25 115 1.46 x 10~ Zho[g%;f al.
. Hot press 50 100 5.55x10"  Tian et al.
VPS50 pellets  CoMeAlsSas 130050 405 434x104 [156]
. Hot press 50 65 234x107"  Tianetal.
LaSi0s  pellets  CoMeAlsSes 1300450 g5 q77x10  [156]
ErSiOs pellets C33sMoAl13Sss 1300 100 390 4.22 x 10-13 [156]

The Ca—Mg—Si—RE phase 2 garnet is comprised of hexagonal precipitates. As the crystal

morphology is often related to its crystal structure [150], this phase most-likely possesses a

hexagonal crystal structure consistent with silicate oxyapatite. The reaction garnet grains have

no amorphous layer between them which indicates no melt infiltration occurs through the grain

boundaries. The grain boundaries are sharp and preferentially oriented, implying that phase 2

did not evolve through grain boundary diffusion. This is confirmed by the low Ca content at

the grain boundaries compared to the middle of grains. Yb,Os3 has low degree of crystallinity

and low packing of atoms, which allows for the diffusion of Ca*" and Si*" through the lattice

to form highly-ordered crystalline apatite-like garnet that further crystallises upon cooling
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(Figure 5.38). Thus, lattice diffusion is the dominant mechanism by which cations from the
melt are transferred to the reaction front. This does not imply that grain boundary diffusion
does not occur, but to much less effect. The crystalline nature of the garnet indicates that grain
boundaries play a role in transporting cationic species to the lattice. The lattice diffusion
mechanism and grain boundary-to-lattice diffusion affects the way crystals grow forming
crystals with longer width than height and aspect ratio of 1.3. This aspect ratio does not affect
the packing efficiency because there are no voids between grains, but their coarsening results
in an increase in volume fraction (Figure 5.38). Thus, garnet grain size increases with corrosion
time at a rate controlled by Ca** diffusion into the grains. The RL phase 1 also Ca*" and SiO4*

lattice diffusion into the RE;Os structure.

The diffusion coefficient is directly proportional to the total porosity [D = wD, |, where D, is
the diffusion coefficient at zero porosity [363]. This is because porosities facilitate the diffusion
of elements through the coating. The calculated D is at w ~0.08, which indicates that decreasing

the volume of porosity will result in lower diffusion coefficient across the coat.

CMAS and
infiltrated melt

grain boundary-
to-lattice diffusion

garnet (phase 2)
reaction product

Figure 5.38 Diffusion of Ca?* and Si** from the melt to the RE;O; grains.
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5.4.4 Infiltration time and corrosion rate

To compare the current coating with previous studies, the infiltration time ¢t was considered for
a coating thickness 0f 200 um at 1300 °C, where higher t indicates improved performance. The
equation is function of the geometry of coating (the average pore diameter D, tortuosity factor
7, fraction of pores w, and coating thickness L) and the CMAS melt properties (viscosity of n
and surface tension o). It does not consider the type of diffusing species or the material of the

coating. As a result, it cannot be used to compare RE-based EBCs based on their element type.

The following parameters were used for calculating infiltration time; D, is ~2 pum, T is
calculated to be 3, w is ~0.08, n is ~23.7 N s m 2 and ¢ is 0.40 ] m2. For a 200 um thickness,
CMAS infiltrates the coating in less than 1 min, which is consistent with the infiltration time
recorded for hot-pressed EBC pellets of the same thickness (Table 5.6). The value of infiltration
time implies instantaneous CMAS reaction with the coating, facilitated by the constant
presence of melt at the reaction front. The value obtained for ¢ is not in line with that obtained
from the SEM images that showed full melt penetration of Yb and Lu-silicates after 48 h and
Er-silicate after 24 h. This is because the equation considers the coat as one big pore; without
considering microstructural variation due to the formation of phase 2, which serves a protective

function by decreasing melt infiltration and inhibiting Ca diffusion across the coat.

Table 5.6 Infiltration time and CR of different EBCs and TBCs in CMAS environment.

Application = CMAS comp. t CR/100

Coating type method (mol%) (T T References
RE2Os3 topcoat /
RE2SiOs5 bottom Dip coating C33MoA13S4s 0.60 2.04 This study
coat
Zr02—-7.6%Y015 Kramer et al.
(7YSZ) TBC EB-PVD C33MgA13S4s5 0.90 2.20 [289]
ZrO2—8%YO1 5 Kang et al.
(YPSZ) TBC APS C33MoA13S45 1.20 1.67 [364]
Apatite coat Hot pressed  C23.3Ms.4A3.1Se2. 0.24 835 Sleeper et al.
CaxYs(Si04)s02 pellets 5N4.1Ko.5F 0.04 ’ ’ [288]
No coating used. Hot pressed  C233Me.4A3.1Se2. 1.01 197 Wiesner and
OnIy CMAS peIIets peIIets 5N4,1K0_5F0_04 ’ ) Bansal [287]
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The channel cracks formed in the coating are attributed to the released stresses during cooling,
which arise from the thermal expansion mismatch between CMAS and RE>Os3 [365], because
these channel cracks were observed to run vertically through the CMAS—RE>O3 topcoat, so
probably they originated at the interface. The high CTE of RE>O3 compared to RE-silicates
plays a role in the heavy presence of cracks. Additionally, the incorporation of Ca, Mg and Si
into the RE>O3 crystal results in lattice expansion; the volume cell of phase 2 Yb garnet is
expected to be close to that of Yb-silicate oxyapatite, which is 129.72 cm® mol™! compared to
100.50 for Yb,SiOs and 39.50 cm® mol ™! for Yb,Os. Lattice expansion in the CMAS penetrated
regions with respect to unpenetrated regions result in the buildup of tensile stresses in the
affected region, and the formation of blister cracks. In addition, the presence of a glassy and
brittle oxyapatite phase also results in loss of strain tolerance because Ca—silicate rare earth
oxyapatite is more brittle compared to RE oxide due to the presence of weak bonds such as
Ca—O. The lateral cracks near the substrate suggest that they result from the difference in CTE
between monosilicate and RBSBC. Other than microcracks, randomly distributed macropores
were formed in the RE2O3 topcoat during the coating process due to entrapped gasses or lack

of fusion between particles.

The pores are likely formed as a result of thermal diffusion process during the coating sintering
process. They are linked through channelled network, where the melt seeps through them. This
is evidenced from the even distribution of phase 2 garnet in the corroded samples. Some pores
are isolated with no open channels through them, where CMAS melt did not reach them as seen
in Figure 5.11f and Figure 5.14h. Porosities lead to higher strain tolerance but lower corrosion
resistance. Thus, highly dense coatings are advantageous for corrosion-resistance, but can
compromise stress compliance under thermal cyclic conditions and thermal conductivity [96].
Therefore, careful balance between the coat’s resistance to corrosion and thermal stresses

should be considered.

Corrosion rate CR quantifies the speed at which the coating corrodes based on infiltration time,
in order to predict the performance of coatings in real conditions; where lower CR suggests a
longer coating lifetime. The corrosion rate of dip-coating is 2.04 um min"! which is higher than
APS coatings and hot-pressed pellets. The reason for the lower CR of APS compared to dip
coating relates to its microstructure, which affects the infiltration kinetics. Even though defects

comprise randomly distributed void, as in dip coating, they are entrapped between flattened
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splats that are randomly layered on top of each other, which render it difficult for CMAS melt
to reach the pores and increases its tortuosity path. Additionally, APS results in a denser coat
with lower porosity percentage and finer pores compared to the current dip coating method.
Alternatively, EB-PVD CR is higher than that of dip coating by 7%. It comprises columnar
microstructure with free-space inter-columnar gaps that act as cannels for CMAS melt
infiltration. The vertical orientation of the gaps allows for faster melt flow through gravitational
and capillary actions, leading to a low tortuous path for the melt as opposed to the randomly
formed channel paths, and pores of dip coating and APS. Naraparaju et al. [366] calculated a
tortuosity factor of 1.25-2.31 for EB-PVD, which is lower than that estimated by Kang et al.
[364] for APS, which is 3. Accordingly, melt infiltration and tortuosity is more arduous in APS
and dip coating compared to EB-PVD. The effect of these microdefects are observed in the
irregular profile of the penetration depth observed earlier by SEM images [367].

To sum up, corrosion rate is concerned with predicting coating performance based on its
geometry and application technique. On the other hand, diffusion coefficient can be used to
rank coating performance based on RE element. The dip-coating technique is promising from
a corrosion perspective, and it offers an economical and convenient coating technique,
particularly for complex structures. Nevertheless, further studies are required to increase the
efficiency of the slurry and the dip-coating process to generate a coating with lower porosity
and finer pores with diameters less than 1 um. The investigated coating is sacrificial; they
rapidly dissolve into the molten CMAS and precipitate as a reaction phase that prevent further
melt infiltration while consuming CMAS. A coating that inhibits reaction with CMAS, then
generate a protective product afterwards upon corroding, would be more durable in sand-

corrosion environment.

5.4.5 Real-life conditions versus CMAS pellets

Using CMAS pellets to study EBC corrosion is a common approach in literature because it is
simple and cost-effective, though it doesn't fully reflect real-life conditions. In practice, molten
CMAS droplets impact the coating at high speeds and temperatures, forming splats in which
their shape and formation are dependent on the in-flight particle properties along with the
surface conditions of the EBC [128]. The splat distribution affect the CMAS infiltration
properties (i.e. if the CMAS splats are distributed randomly on the coat, then CMAS infiltration

amount will decrease, and the coat will not undergo uniform corrosion). In addition, high-
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velocity particles impact the coat and leads to erosion or erosion-corrosion, where an
accelerated corrosion occurs due to the tear-away of the coat from the erosion effect. CMAS
droplets would also arrive to the coating surface at high temperature and will not sit on the coat
till it becomes hot. This will affect the deposition rate and the adhesion properties of the CMAS
[128, 176]. Additionally, the real-life scenario involves CMAS arriving with fuel residue,
creating a complex corrosion process. To accurately simulate these conditions, a burner-rig or
microturbine experiment would be needed. However, this research could not include such

experiments due to financial constraints and safety issues related to turbine exhaust gases.

5.4.6 Role of defects in CMAS diffusion

The formation of RL garnet and apatite-structures proceeds by the reaction of Yb2O3 with SiO»,
to form Yb-silicate or metastable Yb-apatite [ Ybo.33(Si04)6O2] [Eq. (5.9)], which react with Ca
to generate Ca—Yb-silicate oxyapatites [Eq. (5.9)]. Further substitution of Yb3* by Ca?* [Eq.
(5.10)] leads to Ca-rich apatite structures [144, 368]. Metastable apatite requires Ca to stabilise
[147], which explains the rapid corrosion of the coatings and the widespread distribution of the

reaction product phase 2.

6Si0; ) a®t ) Ca** ) 59
5Yb203 — Yb10(5l04)603 — ngCa1(5l04)602.5 — ngca2(5104)602 ( ° )
Yb — apatite ;s + Ca®** — Ca — apatitess) + Yb>* (5.10)

Ion exchange through lattice defects, which occur upon EBC—melt contact at the reaction front,
is expressed using the Wagner-Hauffe rule and the Kroger-Vink notation [369, 370]. Figure
5.39 presents three main images: kinetics, mechanics, and equations. The kinetics image shows
that the reaction layer grows parabolically as mentioned previously. The mechanics show
schematically the diffusion process when CMAS melt is in contact with the Yb,Os topcoat. The
orange squares at the bottom show the effect of temperature on the Yb,Os lattice, where the
Yb20Os3 dissociates to divalent and trivalent ytterbium oxides in addition to oxygen, which in
turn forms oxygen vacancies. The dissociation process also results in the formation of cationic
vacancies. On the other hand, and at the CMAS—Yb2Os interface, the high concentration of
vacancies, shown in blue squares, are the result of high temperature dissociation in addition to
Yb,03 lattice reaction with Ca and Si from the CMAS melt (shown in white). The blue arrows

indicate the migration of vacancies and defects from the interface to the inside of the Yb20O3
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lattice, while the yellow arrow shows the opposite (migration of Yb,Os3 lattice defects from
lattice interior towards the interface); in which vacancies and defects destroy each other. They
are divided by an imaginary dashed line for illustration. The parabolic rate of formation for the
corrosion product reflects a parabolic trend in vacancy formation, where it increases rapidly at
the start of the reaction until they destroy each other, and the lattice at the Yb,O3—CMAS
interface (above the dashed line) becomes saturated such that that vacancy formation decreases
to negligible amounts. That is when the reaction reaches a plateau. Equation section is
explained in conjunction with Figure 5.40, which visually represents the Kroger-Vink

equations, and the movement of defects within the Yb»O3 lattice during substitutional diffusion.

Each lattice is represented as a square cell, where each cell represents the lattice position of an
ion (shown as a letter and a number in Figure 5.40d); for example, L}JZ_ is 0%~ ion in lattice
position 1, and LZCaz+ is Ca?* in lattice position 2. The stoichiometry of molecules in Figure
5.40 were taken into consideration, where three 02~ ions are available for each two Yb3* ions,
and one 02~ for each Ca®*. The bottom left corner of the cell shows the type of point defect
taking place within the cell (blue colour), while the top right corner of the cell shows the
valence of the lattice position after the formation of the point defect (green colour). Figure
5.40a shows the Yb,Os3 lattice during heating, where the cream cells are the Yb,Os lattice and
the grey cells are the melt lattice containing CaO. Figure 5.40b and ¢ show Yb>O3;—CMAS
interaction, where the cream cells represent phase 2 apatite consisting of Yb—Ca—O. Each
equation or section of the equation in Figure 5.40 is coloured with the same colour as that of
the arrows in the lattice above that equation. This is to explain the physical behaviour of each

equation and link the equation with the diffusion process in the lattice.

At high temperatures, vacancies are formed due to the excitation of atoms from their lattice
position. As shown in Figure 5.40a black arrows, oxygen atom from air O, - adsorbs to the
surface as 09,,. This prompts some oxygen from the inner lattice (shown as dashed square

L6

02— in Figure 5.40a) to donate its electrons 2e' for the adsorbed oxygen to ionise it to 0%,

and sits in a lattice position OF at the surface of the lattice (shown in cell L%z_). This is to
maintain charge neutrality. In the process, the oxygen atom that lost its electrons moves to the
surface as 1/2 0,,,, and leaves behind a positively charged vacancy (V" shown in cell ng_).

This process is expressed by Eq. (5.11) in Figure 5.39, where the right hand side shows the
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reactants (1, 2e' and 1/2 0,,,) while the left hand side shows the final product which is

oxygen sitting in a new lattice position 0. Oxygen vacancy can be thought of as a positively
charged void in the lattice, and it has a larger volume than that of the negatively charged oxygen

ion [371]. Thus, a surface layer grows at the expense of vacancies in the lattice.

It is noted that determining defects/vacancies in the apatite structure by defining oxygen
vacancies based on the Ols peaks in XPS is not reliable or consistent in literature, though it
has been used by previous authors. The assignment of shifts in the Ols BE to oxygen vacancies
is based on the assumption that the presence of vacancies changes the electrostatic potential for
the oxygen anions in the system [329]. However, to obtain an Ols BE, and oxygen atom in the
lattice is needed. If this oxygen atom has been removed, then there are no electrons to be
analysed. Tian et al. [372] in his study of CMAS-RE>SiOs (RE = La, Nd, Sm, Eu, and Gd)
corrosion in dry air at 1300 °C recorded oxygen vacancy in the calcium silicate oxyapatite
Ca;RE3(S104)602 reaction layer using XPS. However, if oxygen vacancies are present then the
oxyapatite reaction layer formed is not stoichiometric (defect-free). In addition, their results
were not evidentially supportive of oxygen vacancy. Other authors as Morgan [373] states that
the Ols shift between 531-532 eV is linked to hydroxyl formation instead. This conclusion is
not accurate because many corrosion experiments [331, 353,354,371, 374, 375] were prepared

in a controlled environment to prevent water ingress or reaction.

Cationic vacancies also form in high temperature as shown in Figure 5.40a blue arrows. When

oxygen ions from the melt (i.e. resulting from the dissolution of Ca?*0?7) sit at a surface

position in lattice, it prompts Ybh3* to hop to a lattice position close to 02~ and leave its position
vacant Vy';,' with extra three negative charges as shown in L?,b3+. To achieve charge neutrality,
an oxygen site close to the recently-formed Yb vacancy must be vacant. This happens by 02~
(shown in cell Lf) »-) donating an electron 2e' to Yb3* to reduce it to Yb2* (Yb}',b) which results
in an extra negative charge (cell L;L,b3+). Another electron can go to a chemisorbed oxygen
O(chem)» and transfer it to 02~ in a lattice position at the surface 0F as shown in L802_. The

Ca?* substitution of Yb3* is equated as: Ca’*t & RE3* + 0~. Creating a vacancy in the
lattice requires breaking more bonds than joining the Yb3* to the surface, which is linked to

the activation energy E required for forming an apatite-structure at the YboO3—CMAS melt
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front. The above process is expressed by Eq. (5.12) in Figure 5.39, where the right hand side
shows the products of Yb2Os3 dissociation (Yb,',b, oy, VY';,', V;'* and 2h° which is equivalent to

2e' at the left hand side). The XPS doublet peaks 347.3 and 350.9 eV (Figure 5.25¢) that

represent Ca—SiO4*~ apatite-structure, are where Ca?* substitutes Yb37.

Silica reacts with Yb2Os in the form of SiO4* tetrahedra that bonds with the Yb,Oj3 octahedra
and fit between the Yb,Os spaces, which balances the charge of SiO4*" as each oxygen is shared
between two sites. The introduction of silica strengthens the structure because the Si—O bonds
are covalent, and thus, the structure of SiO» tetrahedron is more stable and harder to break than
the Yb,Os octahedra. Additionally, the Si—O bond length in the SiO4* tetrahedra (1.62 A) [376,
377] is shorter than the Yb—O bonds (~2.30 A) [378-380] in monosilicates and disilicates [125,
381]; the Yb—O bonds are the weakest links in the structure. The prospect of SiO3 presence
highlights the presence of oxygen vacancies in the Si—O structure because the reduction of
metal ion leads to the expulsion of oxygen out of the lattice sites to neutralise the extra negative
charge gained from the reduction process. Additionally, the reduction of Yb** to Yb** also leads

to the creation of oxygen vacancies in order to compensate for the loss of positive charge.

Introducing Ca*" to Yb3* atomic positions (brown lines in Figure 5.40b) decreases the number
of cationic vacancies in the Yb2Os lattice [144, 368], but it creates new oxygen vacancies at

their expense, as shown in Egs. (5.13) and (5.14) in Figure 5.39, and in Figure 5.40. Two Ca*"

ions substitute two Yb3* ions in their lattice positions (2C a'Yb at L:éa2+ and L‘éaz+ cells) creating
two negative charges; —1 for each substitution. The extra negative charges are balanced by 2
electron holes (h°® resulting from an electron abandoning its natural position leaving behind a

positive charge), which are created from an oxygen ion abandoning its lattice position leaving

5

behind a positively charged vacancy V;* as shown in cell L/-

. The rest of the equation
describes the existing Yb3* in their respective lattice positions 2Ybj, and oxygen in their
respective lattice positions 30, where they form Yb2Os. The stoichiometry of the reaction is
3Ca0 for each 2Yb,03 because oxygen vacancies form in pairs. It is expected that when Ca?®*
replaces Yb3", oxygen vacancies will form along the Yby) sites, where Ca and Yb share 9
oxygen anions, to maintain charge balance and compensate for the extra negative charge as

shown in Figure 5.41. Thus, garnet stability depends on the cations linked to the Yb(y) sites.
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Unlike silicon, calcium is a network modifier, which means that Ca?* does not bond directly
to the network. When Ca?* substitute Yb3*, the structure becomes less rigid because of the
formation of weaker bonds with oxygen. The substitution of a modifier oxide with another
relates to the ionization potential (IP) because it explains the preference of a network-
modifying cation in bonding with oxygen, which is factor of the cross-linking density and the
strength of the crosslinks between cations and oxygen ions. CaO has lower IP (0.97) compared
to Yb20s (1.30) because of the smaller Ca—O bond length of 2.06 A [377] compared to that
2.30 A for Yb—O [378-380]. In addition, ions with greater charge have higher lattice energy
than ions with smaller charge. Thus, the substitution of Yb3* with Ca?*, and the reduction of
Yb3* to Yb?* lowers the stability of the apatite products. This is reflected in the enthalpy of
formation AH; for Ca-Yb silicate oxyapatite which is approximately —403.2 kJ mol ! [294]
compared to —1809 kJ mol ! for Yb,Os [2] and —2774 kJ mol! for Yb,SiOs [297]. The less
exothermic value of apatite indicates a less stable product compared to Yb2O3 and Yb2SiOs.
The effect of Mg?* is the same as Ca®* where it falls in the same sites and acts as network
modifier but the small amount of MgO compared to CaO in the original CMAS makes its effect
not noticeable, and they are almost not present in phase 2. The variation in phase composition
is significant because modifiers such as CaO are extremely relevant in the crystallization of
phases from the melt, which is a pathway for CMAS mitigation [131]. The Ca—O and Yb—-O
interactions are associated with Ca—apatite structures, as indicated by the BEs observed in Ca2s

and Yb4d (Figure 5.25c and d).

Ca?* ionic radius (1 A) is close to the ionic radius of Yb3* (0.86 A) compared to Si** (0.4 A)
[121, 359], which makes Ca?* more thermodynamically favoured to substitute Yb3™ in its 4f
position compared to Si**. Thus, Si** does not compete with Ca®* on its position but involved
as SiO4* units linking the CaO9 and the YbO6 polyhedrons. However, the increased
concentration of oxygen from the SiO4* structures plays an important role in cationic diffusion
because the SiO4* tetrahedra acts as a link connecting Ca09 and YbO6 polyhedrons forming
open channels between them, which can be attractive sites for diffusion. Additionally, SiOs*
tetrahedra acts as a catalyst for substitutional diffusion by increasing oxygen content in the
system which allows for the formation of anionic vacancies that facilitate inward diffusion of

Ca?* into the Yb,Os lattice to achieve electroneutrality.
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The high Ca-rich composition of Ca:Yb at ~0.6 means that there are more Ca per Yb sites
compared to stoichiometric silicate oxyapatites, which results in higher number of 02~
vacancies that leads to higher amount of Ca?* diffusion. Substitutional diffusion occurs
through the movement of point defects, particularly the formation and destruction of vacancies
and electron holes. Thus, to control and decrease the diffusion of Ca?* (deleterious element in
RE silicate oxyapatite formation [353, 354]) through the coating structure, it is beneficial to
saturate the EBC structure with CaO and SiO; to the point where the formation of vacancies is
unfavourable. As vacancies occurs, ions keep hopping and exchanging locations relentlessly,
which is a function of the number of vacancies available. Accordingly, Ca?* cannot create new
vacancies, and the reaction would cease because the diffusion coefficient is directly
proportional to the number of vacancies. The incorporation of Ca in the Yb-apatite establishes
an equilibrium condition with the melt concerning Ca concentration, which prevents further
inward diffusion of Ca through the coat. Moreover, the substituted Ca atoms are tied to the
Ca09 polyhedra at the 4f Wyckoff position (%4, %4, 2), which will require higher E to release

them from their position and form anionic vacancies required for the diffusion process.

Higher apatite content in Er-silicate, compared to Yb and Lu-silicates, relates to the higher
amount of stoichiometric apatite formed. As the ionic radius of RE*" decreases, the RE**(6/)—
O(2a) bond length shortens, which leads to the decrease in the coordination number of cation
positions 6h and 4f [300]. This results in more lattice defects and the formation of defected
apatite. The formation of a lattice structure with immobile defect clusters will effectively
reduce the mobility and concentration of defects, which in turn will suppress atomic mobility
and mass transport. Therefore, diffusion decreases with increasing the formation of phase 2. It
is also noted that the incorporation of modifier oxides, such as CaO and MgO, into the melt

increases the melt viscosity, which leads to lower infiltration depth and lower corrosion rates.

This can be a premise to the formation of a Ca—Yb silicate oxyapatite CMAS-resistant coating,
with higher activation energy of formation, that decreases the prospect of ionic conduction
within the apatite lattice. The purpose of the coat would be to slow the infiltration kinetics of
the salicaceous melt, and afterwards upon eventual reaction with the melt, the reaction phases
formed within the coat would be protective to prevent further consumption of the coat.
However, it is worth noting that Ca reacts readily with water, and so an apatite coating with Ca

content may not be stable in water vapour environment.
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= At high temperatures: oxygen is adsorbed to surface and ionised forming oxygen vacancyj
V;* as shown in Eq. (7). Yb% is reduced to Yb?* (Ybh0) forming oxygen and Yb3* vacancies
and electron holes h* as shown in Eq. (8).

o 0F oVt +1/,0,  +2e (5.11)

T
o Yb,05 +2e' (or replace it with 2h° at right hand side) — Yb;,b + 0} + Vy'g + 1 (56.12)

= Substitutional diffusion: introducing Ca?* to Yb3* positions forms (and can eliminate) oxygen
vacancy. Thus, defects combine and eliminate each other.

o 2Ca0 + 30 + 2Ybg, <> 2Cay, + V,* + Yb,05 (5.13)

o (2Cay, +Vy;* < Caf, + V) (5.14)

= Vacancies migrate because the number of atoms is conserved. Vacancy created at one
location moves to a different available location in the lattice (diffusion locations).

The Kroger-Vink notation indicates the point defects in the lattice system and their respective

charge relative to lattice position: M7 is ionic species M (or vacancy V) that occupies lattice site
y and have a charge z, where the symbols ¢, | and x are used for the effective charge +1, -1

and neutral. For example, Cal,h is the Ca?* ion replacing Yb3* at lattice site. resulting in a loss

- _

Figure 5.39 The CMAS-Yb-silicate corrosion sequence from a point defect perspective
showing the kinetics of corrosion-layer formation, the mechanics of defects (courtesy of

Petr Ptacek), and the equations governing the mechanics of corrosion.
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Figure 5.40 Pictorial translation of the Kréger-Vink equations in Figure 5.39. (a) during

heating (b) substitutional diffusion (c) combined processes (d) lattice legend.
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Formation of Ca-Yb silicate oxyapatite reaction layer
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Figure 5.41 The chemical reaction resulting in Ca-rich apatite phase.
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5.5 CONCLUSION

The CMAS-EBC corrosion tests can be thought of as analogous to the crucible tests of
refractory materials, where molten CMAS corrosion of ceramic-based coatings can be
compared to molten slag corrosion of ceramic-based refractories. CMAS corrosion occurs
through dissolution/precipitation. It starts with CMAS melt infiltrating the open pores and
cracks in the coat and fill them. This transports calcium and silicon to the reaction front, where
the melt dissolves with the neighbouring coat, and Ca*" and Si** diffuses into the RE,O; lattice
to precipitate a Ca-rich Ca—Mg—Si—RE garnet. Er,O3 forms stoichiometric apatite phase in
addition to garnet. This is because ionic radius affects the composition of the reaction layer,
where lower RE ionic radius (such as those of Yb and Lu) have the tendency to form garnets,
while larger ionic radius (Er*") stabilises the formation of apatite. The reaction process is thus
function of coating properties and the properties of the diffusing species. The continuous
dissolution with corrosion time increases the reaction layer thickness and the penetration depth.
This is aided by deleterious element diffusion through coat porosities and melt infiltration
through cracks. Diffusion occurs by substitutional replacement of RE** with Ca*" in addition
to the involvement of SiO4* tetrahedral units. The mechanism proceeds through anionic and

cationic defects in the crystal lattice.

The diffusion coefficient of Ca?* and Silicates in RE,Os3 are calculated based on Fick’s second
law, where Er-silicates has the highest D and Yb and Lu-silicate are the lowest respectively.
The diffusion coefficient is directly proportional to the ionic radius of RE material. The
corrosion rate of the coating is calculated based on the infiltration time, which takes into
consideration coating application defects. Dip coated RE-silicate coating shows corrosion rate
lower than APS coatings. As a result, D can be used to assess EBC resistance to CMAS from
corrosion perspective, while CR can be used to assess EBC resistance to CMAS from coating
application perspective. The benefit of using RE>O3 topcoat is to offer a better resistance for
the main RE>Si10s bottom coat and act as a more effective sacrificial layer compared to RE-
monosilicates and RE-disilicates. Yb and Lu-silicates display better CMAS corrosion
resistance compared to Er-silicate. The fact that Yb-silicate is cheaper to produce compared to
Lus-silicate, makes it a strong candidate for a coating structure consisting of Yb2SiOs5—Yb203
dip coated on silicon based substrates. Dip coating method is also a promising application

technique that can offer an economically affordable corrosion resistant EBC.
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CHAPTER 6

6 FRACTURE BEHAVIOUR OF REACTION-BONDED SILICON CARBIDE-
BORON-CARBIDE USING DIGITAL IMAGE CORRELATION

K. El Shafei, Reem Kassem, Philip Holloway, Ashraf Nayel, John P. Dear, and David
Nowell "Fracture Behaviour of Reaction-Bonded Silicon Carbide—Boron Carbide

Using Digital Image Correlation," Engineering Fracture Mechanics, Submitted, 2024.

6.1 INTRODUCTION

The fracture behaviour of silicon carbide ceramics have been extensively reported in literature,
while much less so for the R-curve analysis. However, there are a scarcity of research on the
fracture and crack resistance of reaction-bonded silicon carbide-boron carbide (RBSBC). This
study involves the use of DIC aided with high speed camera to understand the kinetics of crack
propagation and evaluate the R-curve behavior of RBSBC, which has not been studied before.
The purpose of the study is to evaluate the mechanical behaviour of RBSBC with low B4C

content (~7 wt%) in order to examine its suitability in load-bearing applications.

6.1.1 Fractography of brittle materials

SiC-based ceramics are becoming attractive to use in the hot section part of gas turbines
because of their high specific tensile strength and ability to operate 200 °C higher than
conventional superalloy metallics [382]. When SiC ceramics are used, their structural integrity
is compromised because cracking is the dominant failure mechanism. Due to the highly
crystalline nature of SiC-B4C material, the fracture behavior is strongly related to its
microstructure. Thus, understanding the fracture behaviour and crack resistance of reaction
bonded silicon carbide-boron carbide (RBSBC) ceramics are essential for the successful
development of its use in mechanical applications. For these tasks, a high speed camera in
combination with Digital Image Correlation (DIC) was employed. High speed camera images
reveal the crack development, whilst DIC measures the displacement and strain in materials
under external load. These techniques have been used extensively in the aerospace sector [383,
384]. The specimen is coated with a fine distribution of random speckle dots and the DIC
analysis software divides the viewing area into facets. The coordinates of each facet are

characterised by random speckle dots and are tracked as load is applied. This allows the
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dynamic displacement to be correlated with crack development during the fracture process.
Hsu et al. [385] studied the SiC/Si interfacial tensile strength in reaction-bonded silicon carbide
ceramic (RBSC) using micro-sized dog-bone tensile samples (20 um X 2 pum) and in-situ
tensile testing within field emission scanning electron microscope, where the specimens were
prepared by focused ion beam milling. They found that the tensile fracture of SiC/Si interface
occurred on the Si side because it is the weakest link. The crack starts elastically at the Si side
until brittle fracture occurs. Zhang and Zhang [386] modelled the development of primary and
secondary cracks of a single-flaw brittle specimen based on the bonded-particle model, which
consists of particles that are bonded together to create a material with a bulk behaviour, where
crack occurs by the failure or breakage of bonds between the particles [387]. They found that
primary cracks consists solely of micro-tensile cracks, while secondary cracks majorly consists
of micro-tensile cracks in addition to the presence of few micro-shear cracks. Wong and
Einstein [388] studied the cracking behaviour of Carrara marble. They concluded that only high
speed camera can capture the cracking processes of single-flawed brittle material. Eberhardt et
al. [389] studied the relation between crack process and grain size in rocks and ceramics. They
found that grain size plays no role in transgranular crack initiation and propagation. However,
grain size does affect intergranular cracks, where larger grains can offer paths of weakness for

cracks to propagate along.

6.1.2 Crack velocity

Whitlow et al. [390] observed the cracking behavior of SiC/SiC ceramic matrix composite
using DIC. They noticed that the final failure location coincided at ~1-2 mm deviation with
the damage initiation point, and that porosities do not play a role in the tensile failure. Crack
velocity reflects the dynamics of fracture as a function of load. Ngo et al. [391] found that the
crack velocity of ultra-high performance concrete matrix ranges from 8.01 m s™' under static
loading conditions to 738.82 m s under high strain rate. They related an increase in cracking
velocity with increasing strain rates. Zhang et al. [392] also found that the crack velocity
increased with increasing the static loading rate. They noticed that low loading rates between
10%-10" mm s resulted in significant differences in cracking velocity. Regarding the
resistance of SIC—B4C to crack propagation, Pittari I1I et al. [393] studied the fracture behaviour
of reaction bonded SiC—B4C under static four-point bend tensile load. They found that SiC—
B4C composites exhibited strain hardening behaviour [393, 394]. They also recorded an
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increase in fracture toughness with increasing silicon content. At Si-content higher than 30%,
the fracture toughness values approached that of pure polycrystalline Si. Multiple authors [395-
397] have used DIC to measure crack propagation speeds in concrete testing. They used high
speed camera shots to obtain the temporal position of the crack tip during brittle fracture, in

combination with displacement field analysis using DIC software.

6.1.3 Crack-resistance plots

The single-value linear-elastic parameter K;. has traditionally been used to quantify fracture
toughness. However, they represent resistance to fracture at the crack initiation point and
cannot capture the multiple length-scale toughening that acts on the materials [398, 399]. This
results in an underestimation of the actual toughness of the material during fracture [398]. In
addition, the value of K;; may not be a direct indication of the materials toughness because the
microstructural features that improves crack resistance may result in non-uniform
microstructural flaws. For example, Quinn [400] mentioned that yttrium-stabilized tetragonal
zirconia Y-TZP with a K;c of 5-6 MPa m'? is stronger than magnesium partially stabilised
zirconia Mg-PSZ, which has a K, of 10-20 MPa m"? because Y-TZP has a uniform submicron
grain size, while Mg-PSZ microstructure is coarse-grained with grain-boundary defects and
micropores. Evaluating the actual toughness of a material requires an R-curve analysis to
characterize the toughness K; associated with crack growth including sub critical cracks. That
is because the stress field at the moving crack tip in linear elastic brittle solids can be expressed
by the stress intensity factor K; where the crack-tip region is subjected to near-plane strain
conditions [401-406]. Thus, the conditions for crack propagation are created by stress intensity
at the crack tip region [406]. The R-curve measures the material’s resistance to stable crack
extension, and prior to catastrophic fracture at K;.. For a complete R-curve characterization,
the values of K; or J are calculated ahead of the crack tip across a number of crack-length values
between the initial and final crack lengths [402]. The shape and slope of the R-curve reflects

the crack-resistance of the ceramic.

DIC has also been used to either calculate or measure the crack tip opening displacement
(CTOD), 6, along the crack length based on successive frame shots [191, 395]. This is usually
done by measuring § between the two surfaces of the opening crack just before the crack tip.

It is one of the three fracture toughness parameters, along with stress intensity factor K; and
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the strain energy release rate J, where they are commonly used in defect assessment procedures
particularly Fitness-For-Service FFS in the oil and gas industry. This allows for evaluating the
fitness of a structure or equipment for operational purposes [407]. Measurement of the
displacement near the crack tip can provide a direct characterization of the crack-tip stress
intensity and deformation fields [402]. Bu et al. [395] verified the reliability of DIC
measurements with the results recorded from the clip-on-extensometer during tensile bending
test, and found the DIC to be an accurate method for measuring §. Khor [408] calculated 6 for
different elastic materials and found that a § with a value less than 0.2 mm is highly affected
by the elastic behaviour of the material and usually a function of high tensile ratio (yield stress

oy/ultimate tensile stress oyrg) materials.

6.2 METHODOLOGY

The Reaction-Bonded Silicon Carbide-Boron Carbide (SiC-B4C) ceramic (RBSBC) were
supplied by M-Cubed Technologies (USA). They were cut to dimensions (mm) of 45 (length)
[ x 4 (width) B x 10 (height) W, as shown in Figure 6.1, where the proportions (1 <W /B <4)
follow ASME E1820-20 [409]. The sample was prepared according to the single-edge-V-notch
beam method [232], where an 0.8 mm notch was introduced at the sample centre along the 3
mm face by an 0.3 mm diamond blade [230]. This is to ensure that a sharp crack initiates from
the notch tip without the need for a precrack. A sharpening machine was used in which a razor
blade slides back and forth over a pre-notch while being lubricated with a 1 um diamond
suspension (Buehler MetaDi). The notch radius is ~20-30 um. The notch crack length after
sharpening is ~2 = 0.5 mm. Vickers hardness HV indentation was performed with a 2 N load
using a Wilson VH1102 microhardness tester (Buehler, Germany) according to ASTM C1327-
15 [410]. The hardness value obtained was the average of five measurements. The
microstructures of the fractured sample was investigated using SEM (TESCAN MIRA, Czech
Republic) equipped with Energy-Dispersive Spectrometry (EDS).

For the DIC analysis, the specimen was speckled with a white and black paint respectively to
generate a binary speckle pattern which enhances DIC resolution as seen in Figure 6.2 inset.
The specimen was then loaded under tension in a 3-point bending test (Instron 3366, USA) at
ambient temperature with 16 mm supporting span and displacement-controlled (quasistatic) at
0.01 mm min™' displacement rate. The DIC system measured 2D displacement using a 12-bit

monochrome camera (Photron FASTCAM NOVA S16, Japan), which captures images at a
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frame rate of 137,500 fps using a shutter speed of 1/500,000 s and a resolution of 256 x 272
pixels. The camera is coupled with a 100 mm lens (Nikkon F, Japan) that is placed at 1.5 m
from the tensile rig configuration to achieve the desired magnification at a zoom ratio of
273.7%. Two LED lighting sets (LTMAX+, Photron), each is 24,000 Im, provided contrast
between light and dark speckles. The actual camera and test rig setup is shown in Figure 6.2.
Image acquisition was triggered manually once the sample broke, and the camera captured the
last ~2—3 ms before the crack occurred. The image series was record successively with an
interval of ~0.007 ms between each image. The DIC analysis and data were performed using
both LaVision DaVis (Germany), MATLAB, and Ncorr (Georgia Institute of Technology,
USA) [411, 412].

The load-displacement was obtained from the testing machine, while the fracture strength o
and fracture strain € were obtained according to Egs. (6.1) and (6.2) respectively [413], where
P is the maximum load at fracture, S, is the clamp span (16 mm), B is sample width, W is

sample height, Dy, is the flexural displacement, and Doy 1s the machine compliance

displacement.
3PS,
=—2 6.1
7= 2BW? .1
e = 6(Dflex - Dcomp)W
52 (6.2)

The residual stresses inside the substrate was calculated according to Eq. (6.3) taking into
consideration that the ceramic material consists of particles p surrounded by a semi-infinite
matrix pool m. The factors of the equation are: Ac is the thermal expansion mismatch between
particle and matrix (Ac, — Acy,), AT is the temperature difference between processing and
room temperature, v, and v, and the Poisson’s ratios of the matrix and the particles
respectively, E is the Young’s modulus, and f,, is the volume fraction of the particle phase. The

Young’s modulus was calculated from the rule of mixtures using the composition of RBSBC

(82% SiC, 7% B4SixAlyC, 10% Si, and 1% Al) [414].
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B Ac. AT
TP = TT05(L + ) + £, (1 — 20p) Lo,
En(1-1,) Ep

(6.3)

The crack velocity, V, (m s ') was calculated from Eq. (6.4) [391, 415], where a, and a, are

the crack lengths (mm) at times t; and t,, respectively.

V_da_az—al
dt t,—t, (6.4)

The stress intensity at the crack tip K, is a displacement-related parameter, where the
experimental value of K; (MPa m'?) was calculated based on Egs. (6.7) to (6.8) [191]. The
value of displacement points at the crack tip is related to the fracture toughness at that crack
tip using the plane stress solution for an elastic crack as shown below, where r and 6 are the
polar coordinates at the crack tip signifying the distance away from crack tip and the angle
between the axis extending from the crack tip and the stress plane, and v is Poisson’s ratio. By
monitoring only points at the crack flanks, where 6 = m, Eq. (6.5) can be written as shown in
Eq. (6.6), where the plus-minus sign refer to the positive and negative displacements at the
opposite sides of the crack face. Therefore, the relative displacement AU between the two
opposite points at both sides of the crack flanks can be expressed as in Eq. (6.7). The relative
displacement AU was measured using virtual extensometers on the DIC images with respect to

its position from the crack tip r. The value of K; was calculated from the slope m of the AU

versus V1 plot based on Egs. (6.7) and (6.8).

U=2 g\/;sing(l + sin? % — vcos? g) (6.5)
U= i% % (6.6)

AU = % % (6.7)

K, =T (6.8)
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The quasistatic value for K; was calculated from Egs. (6.9) and (6.10) using linear elastic
fracture mechanics (LEFM) single-edge notch bend (SENB) according to ASTM E1820-20
[409], where P and B are explained above, « is the ratio of crack length to specimen height
a/W , which represents geometrical deviation from the actual solution [402]. The crack tip was
identified visually from the DIC images, while the crack length Aa was measured from the DIC
images using Photron FASTCAM Viewer 4 image processing software. A manual calibration
was used to convert pixel measurements to real world distance in mm. This was done by
measuring the distance between two known points on the DIC image (the two points with
known distance are taken at the top and bottom of the specimen since the sample height Whas
a known length of 10 mm), and dividing it by the pixel counts across that distance, which
resulted in a scale factor that corelates the pixels count to a known dimension (0.07427 mm/px).
Afterwards, the crack length was measured in mm from the DIC image. The camera frame rate
records the time at which crack propagates between each frame. The equation assumes that the
test material is linear-elastic, isotropic and homogeneous. Measuring the crack length using
DIC images results in uncertainty in pinpointing the exact crack tip location due to the low

image resolution caused by the camera’s high frame rate.

1 P 3(a)/?
Ki= [BW3/2] [2(1 — a)3/2

]f (a/W) (6.9)

1.99 — [a][1 — a][2.15 — 3.93[a] + 2.7[a]?]
1+ 2[a] (6.10)

fla/W) =

The J-integral (k] m2) was calculated using the quasistatic K, as in Eq. (6.11), and according
to ASTM E1820-20 [409]. The crack tip opening displacement § (mm) was calculated using
the calculated quasistatic K;, as shown in Eq. (6.12), and according to BS 7448 [416, 417] and
WES 1108 [417, 418], where v is Poisson’s ratio, and gy is the yield tensile stress.

Klz(l - VZ)
=5 (6.11)

5= K7 (1—v?)
~ 20yE (6.12)
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Figure 6.1 The dimension of the three-point bend sample with notch size.
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Figure 6.2 Experimental setup of the bending test with DIC configuration using Photron

Nova camera. The inset images show the three-point bend test, and the speckled sample.

152



6.3 RESULTS AND DISCUSSION
6.3.1 Fracture behaviour

The three-point bending test until fracture was captured by the DIC camera as shown in Figure
6.3a—d. The load-displacement plot in Figure 6.4a shows a linear behavior until fracture and
fracture instability resulting in an unstable crack growth, where the material popped-in at
fracture [409]. The bending strength is 110.53 MPa, which is on the low end of the reaction-
bonded silicon carbide value because of the presence of high Si amount [419-422]. The fracture
strain (calculated at the surface of the sample) is 0.00169, which is much lower than the 0.07
value obtained by Hsu et al. [385] for reaction-bonded SiC—Si. The reason Hsu et al. fracture
strain value is lower than that measured for RBSBC by an order of magnitude relates to two
main reasons. First, Hsu et al. measured the strain for RBSC which has higher ductility
compared to RBSBC that owes its brittleness to the presence of B4C, and thus RBSC fractures
at higher strain levels. In addition, the amount of Si in Hsu et al. samples is almost 20 wt%
compared to 7 wt% for the RBSBC. Second, the difference in testing method and
environmental conditions result in different fracture strain values. Tensile test results in higher
fracture strain compared to bending because the material is only subjected to uniaxial tensile

stress.

After unloading, the fractured section of the specimen was imaged by SEM to observe the
effect of microstructure on the cracking behavior. Figure 6.4b shows the crack propagation
shape, which consists of a primary crack and secondary cracks that branch from it. Figure 6.5a
shows the widefield view of the fractured surface, while Figure 6.5b is magnified and shows
the location of SiC, Si and B4SixAlyC grains. The primary crack has a width of ~7 £ 2 um,
while secondary cracks that stem from the main median crack have a width of ~1.3 = 0.3 um.
The median or secondary cracks do not increase in width along the propagation depth. The
random orientation and distribution of SiC grains in a pool of Si (Figure 6.5b) induces a
tortuous path for crack propagation. The main crack is formed under tension, while secondary
crack morphology is close to that of the main crack indicating that it is mainly formed under
tensile effects as well. The cracking density of ~10 cracks/mm indicates an abundance of
secondary cracks, which i1s in good agreement with Morscher [423] who studied SHSW
SiC/BN/SiC CMC. The secondary microcracks probably resulted from the low loading rate,

where the fracture path tends to be more tortuous, and it allows time for the fracture tip to
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develop secondary microcracks. This phenomenon has been previously noted in concrete and

rock-like materials [424-428].

The RBSBC fracture morphology can be explained by the bonded-particle model, where two
solid grains are bonded by lower stiffness material that acts as a spring effect between these
two grains under tension. The Si pool acts as a bond substance to the individual SiC grains
resisting their shear or rotational movement as shown in Figure 6.6. The crack propagation
from the notch tip occurs when the tensile force exerted exceeds the normal strength of the Si
bond pool. The presence of Si induces desired stresses in the material that can increase its
resistance to cracking. That is because when cooling the sample after oxidation, the B—C—Si
grains contract because of their higher CTE compared to Si, which results in residual
compressive micro-stresses in the grains. The Si—B4C residual compressive stresses, calculated
according to Table 6.1 [393, 429-432], is ~540 MPa, which is close to the value obtained by
Jannotti et al. [429]. On the other hand, silicon has lower fracture toughness compared to SiC
and B—C—Si [433], which means it will fail prematurely and at lower stresses. In addition, since
brittle crack tips are atomically sharp and propagate by breaking the interatomic bonds at each
point of the moving crack front [434, 435], the crack is expected to occur at the Si—Si bonds
first. That is because the Si-Si bond dissociation energy (327 kJ mol™!) is lower than that of
Si—O (798 kJ mol ™) or B-O (806 kJ mol!) bonds [436].

Table 6.1 Si, SiC and B4C selected properties for residual stress calculation [429, 437].

Si SiC B4C

CTE (106 °C") 3.6 4.6 6.0
Elastic modulus (GPa) 149 423 426
Poisson’s ratio 0.22 0.15 0.17

Regarding the SiC grains, the tensile force is exerted on the B-SiC rims, which have higher
hardness and tensile strength compared to a-SiC because of their cubic structure [438]. In
addition, the smaller thickness of B-SiC rims acts as a thin film with higher tensile strength
compared to the core a-SiC grains. Thus, once they break, the crack moves transgranularly (see
Figure 6.5¢c) and cleaves through the grains by following the preferred cleavage planes (see

Figure 6.5a and d). Under tension, the SiC grains that are in contact can rotate around each
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contributing shear effect to the tensile forces. This can be noted from the spalled areas
embedded within the fractured path as noticed on secondary cracks in Figure 6.5d. The SiC
grains are not faceted but are oriented randomly where the edges of some grains are pressed
against their neighboring grains resulting in point loads and internal stresses at the -SiC rims
as shown by red circles in Figure 6.6. The transgranular nature of crack propagation indicates
that crack initiation/propagation is not a function of grain size but of SiC strength. The crack
behaviour is almost like Hexoloy-SA SiC, which showed a transgranular crack path with no

indication of crack deflection or bridging [439].

Figure 6.5d shows crack deflection around the B4SixAlyC grains. The microhardness of the
B4SixAlyC grains is 39 + 3 GPa compared to that of SiC grains which is 23 + 2 GPa. The
inclusion of B4C contributes to the toughening mechanism of RBSBC as the cracks navigate
around the ceramic grain rather than through them. The transition from transgranular fracture
in the SiC grains to intergranular fracture is seen when the crack opens trenches around the
B4SixAlyC grains as shown in Figure 6.5d. This phenomenon contributes to increased
toughness. In addition, the presence of secondary phase B4C-based grains has the positive

effect of raising the residual compressive stresses in the material as explained above.

Figure 6.3 Three-point bend behaviour of RBSBC until final fracture. The image was

recorded by the Photron Nova HS camera at a framing rate of 137,500 fps.
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Figure 6.4 Loading response: (a) load-displacement plot for RBSBC (b) schematic of the
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Figure 6.5 Fracture surface morphology: (a) widefield image of the fractured specimen
(b) magnified image of the fractured surface (c) SiC transgranular crack (d) crack
deflection through the B4SixAl,C grains.
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Figure 6.6 Schematic of the RBSBC morphology under tension, where Si acts as bonds

between individual SiC grains according to the bond-particle model [386].

6.3.2 DIC analysis

High-speed camera DIC pictures the crack extension process in slow motion, which provide
full-field displacement at the crack surface of the specimen, and along successive crack
extensions. The Photron camera captures the last 2.66 ms before the crack propagates, which
is beyond the Instron testing machine recording range of 10 ms between each reading. The
captured images are an expanded result of the fracture point over 366 frames between an inter-
frame time of 0-2.66 ms. This covers the range of loading including crack initiation from 0
frame f and 0 ms to near fracture at 366 f and 2.66 ms. During loading, the crack is vertical
along the axis of the loading head, which indicates that it is driven by the lateral component of

displacement at the notch tip [405]. Therefore, the lateral strain is recorded at the crack flanks.

The strain mapping is shown in Figure 6.7. The strain values are in the order of 103, which is
the same value reported by Hayun for infiltrated B4C—Si composites under static loading. There
is a scarcity of sources on the fracture strain behaviour of RBSBC under static loading.
However, previous authors [440-443] who studied the dynamic behavior of hot-pressed boron
carbide-based materials, recorded strain-rates between 10~ and 107°. The minimum strain in
the x-direction &, is 0.001, which can be considered the crack initiation strain that occurs at
Aa~0.2 mm. This corresponds to 173 f at 1.26 ms (Figure 6.7a). As the load increases, the

crack opens up and propagates further, resulting in higher strain with increasing f. At fracture
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(Figure 6.7d), the strain reaches its maximum value at 0.004 = 0.0005. The calculated &, is
~56% higher than the value calculated from the load-displacement plot (0.00169), which

relates to the inaccuracy of calculating strain from bending tests.
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Figure 6.7 Strain mapping &,, for (a) 173 f and 1.26 ms (b) 181 f and 1.32 ms (c) 231 f
and 1.68 ms (d) 320 f and 2.33 ms (there are 366 frames covering the time period 0-2.66

ms - top right gives frame number and time in ms).

The displacement in the x-direction U at the onset of crack extension (Aa~0.2 mm) is shown
in Figure 6.8, where the crack path is along the orange-coloured arrow. Figure 6.9a—f shows
the displacement mapping around the crack from its onset till fracture, while Figure 6.10 shows
the plot of U versus 7, where 7 is the distance away from the crack tip till the notch tip (shown
as white arrow on Figure 6.9b). The value of r is zero at the crack tip, and maximum at the
notch tip. The minimum and maximum displacements at 173 f (1.26 ms) are 0.0125 and 0.0155

respectively. As the crack length Aa (shown in mm in Figure 6.9a—f) and r increases slightly
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t0 0.92 mm at 181 f (1.32 ms), the value of U at the crack tip and crack mouth becomes 0.0378
and 0.0490 mm respectively. When Aa and r jumps to 4.60 mm (Figure 6.9¢), the value of U
at crack tip (0.072 mm) increased by 476%, which then drops after 196 f, where Aa reaches
almost half the sample height at 4.60 mm. When Aa reaches 6.06 mm, the value of U at the
crack tip (0.120 mm) increases by only 66%. The plot in Figure 6.10 shows the U versus r plot
of the frames represented in Figure 6.9a—f. The slope of the displacement increases with
increasing f or crack extension Aa, which means that the percent increase in displacement in
the material becomes higher with crack extension. In other words, the displacement value
becomes more sensitive to the change in crack extension. This is because the substrate is
subjected to higher bending with increasing load and frame rate, which results in an increase

in Aa and subsequently displacement in the x-direction as well.
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Figure 6.8 Displacement in x-direction U at the onset of crack (Aa~0.2 mm) at 173 f and
1.26 ms: (a) displacement map by DIC software DaVis (b) contour map plot. (there are 366

frames covering the time period 0-2.66 ms - top right gives frame number and time in ms).
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Figure 6.9 (a—f) show the U displacement maps between 173-278 f (1.26-2.02 ms), where

the white circle shows the extent of the crack tip. (there are 366 frames covering the time

period 0-2.66 ms - top right gives frame number and time in ms).

160



...

| e 181f/132ms: | |

0.7 a 196 ff1:43ms s
| v 206f/150ms : | |

Figure 6.10 Plot of the compiled U versus r for the frames shown in Figure 6.9.

6.3.3 Crack velocity

The crack velocity V refers to the speed at which the crack tip will propagate, and it signifies
the bond-breaking velocity [444]. The crack velocity was calculated from the images, between
1.20-1.80 ms, by measuring the crack extension Aa against recorded time ¢t (ms) until the point
of failure. The crack length-time plot has two main stages as shown by the blue arrows in Figure
6.11a. In the first stage, the crack velocity increases very rapidly. The crack length Aa increased
linearly from 0.36 to 2.87 mm between 1.28—1.35 ms (~700% increase). It then increased
approximately from 2.87 to 4.6 mm between 1.35 and 1.42 ms at a ~60%. This region accounts
for an average of 10 frames. Afterwards, the slope of the crack extension shown in Figure 6.11a
became flatter, where the percentage increase in Aa from 4.6—5 mm between 1.42 and 1.49 ms,
was only 6%. The cracks measured are considered long cracks because their lengths exceed 0.4

mm and falls between ~3—10 mm [439].

Figure 6.11b shows the plot of V versus Aa, where it takes the form of a normal curve. The
velocity increases steeply from 5 to 20 m s between 1.28 and 1.31 ms, and then re-increases
instantaneously from ~20 to 54 m s in a single step (~63% increase) between 1.31 and 1.35
ms, where Aa reaches midway of the sample width. This behavior is related to the acceleration
region in the Aa versus t plot. The increase in crack velocity signifies an increased frequency

in the bond-breaking events [435]. The low density of the material and strong elastic bonding
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(high E) participate in transmitting elastic waves faster, which results in cracks running faster.
This can explain the sudden increase in velocity. The velocity then decreases in the deceleration
region until it reaches ~6 m s~! at the end of the experiment. The presence of B-C—Si grains
act as a microstructural irregularity that result in deviation at the crack-front, which decreases
the velocity of fast-moving cracks. However, the sudden drop of velocity after almost half the

crack length Aa is related to machine-sample contact and not to strain hardening of the sample.

Regarding machine-sample contact, the loss of contact occurs when the sample bends before
fracture, and so the loading head, which moves slowly at 0.01 mm min~', loses contact with
the sample resulting in a sudden drop of load. The decrease in load results in a decrease in V
and Aa. This phenomenon started at almost half the sample height, which is equivalent to the
last 1.33 ms. This is below the machine data-reading-interval, which is the reason this drop is
not reflected in the load-displacement plot. Strain hardening is not the case because the high
tensile ratio (gy/oyrs) of ~1 indicates the absence of yield and plasticity. Regarding strain
hardening, the lower load allows time for stress relaxation to occur, which increases the internal
stiftness of the material. In addition, the B4C grains can aid in the hardening process by
presenting interlocks to the movement of atoms, which would raise their potential energy and
would result in a higher crack-tip energy required to continue the propagation of crack.
However, even though the substrate may exhibit all of the above-mentioned hardening effects,
it is not sufficient to be a strain hardening behavior because of the faster bond breaking effect

compared to the increasing internal stresses in the remaining ligament.
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Figure 6.11 (a) crack length versus cracking time (b) cracking velocity versus crack

length. Inset pictures show the crack propagation in relative scale until fracture.

6.3.4 Crack resistance behaviour
Experimental K; and J-integral

The stress intensity at the crack tip was calculated experimentally using a series of DIC images
that track the progress of crack extension. Virtual extensometers were drawn (using LaVision
DaVis software) across the crack opening as shown in Figure 6.12 and Figure 6.13, where the
difference in displacement across the crack flanks AU (Uyignt — Ujerr) Was determined with
respect to its position from the crack tip r. The experimental K; ., was calculated along each
frame rate, which corresponds to a single crack extension, resulting in a single value of Kj o
for each crack extension. This results in a plot of K ., versus Aa, which is compared with the

quasistatic K; , that is obtained based on specimen load and crack geometry.

The purpose of the K; versus Aa plot is to determine the materials resistance to crack
propagation. Figure 6.12 shows a schematic illustrating the process of calculating Kj .,
experimentally as explained in Egs. (6.7) and (6.8). Figure 6.13 shows the placement of a total
of 67 equidistant extensometers (distance between each extensometer is 0.1 mm) between the
crack tip at fracture till the notch tip. The value of the slope m that is used to calculate K; oy
according to Eq. (6.8), was obtained from the first few millimeters (~0.1-0.3) of the crack tip

(equivalent to first three extensometers from the crack tip), as shown in Figure 6.14a, because
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this is the crack extension area that is most affected by stress intensity. As r increases away
from the crack path, the values of U and r will not be directly linked to K;. This is represented
in Figure 6.14a, where the AU versus v plot deviates from linearity when vr > ~0.9. Figure
6.14b shows the variation of AU with respect to f across six equidistant locations that span
across the crack length, where r = 0 at sample top and r = 6 at notch tip. This shows that the
displacement increases with f as the crack opening width increases due to the increased

bending process.

Figure 6.15 shows the plot of experimentally-obtained K; o, versus Aa. The values at the first
three frames 173 f (1.26 ms), 177 f (1.26 ms) and 181 f (1.32 ms) at Aa of 0.15, 0.36, and
0.92 mm were 1.42, 2.09 and 3.66 MPa m'? respectively. However, once the crack jumps to
2.87 mm at 186 f; the stress intensity increases to 14.33 MPa m"? and the values of K . keeps
increasing rapidly with increasing Aa because the remaining ligament and the crack-tip comes
into close proximity to the sample back surface. Thus, the first three frames forms the linear

12 Fracture

region that represents the subcritical crack growth, where Kj¢ o is at 3.66 MPa m
occurs when K reaches K., and the rate of fracture toughness increase becomes higher than
the rate of toughness at the onset of crack tip. Thus, the values outside the K;, range do not
accurate describe the relation between AU and K; at the crack tip. Hence, the limit Aa,,,, for
obtaining K; .. for the current case is only for the first three points till Aa,,4,= 1 mm, where
they have a slope of ~2.8 £ 0.08 (Figure 6.15). The experimentally-obtained K o, from the
displacement data around the crack tip produces a reasonable elastic model for SiC-based
materials, but only at a limited range before the crack extension becomes evident, and this is
due to the unstable crack growth. It is worth noting that the experimental determination of
stress intensity for brittle SiC-materials can be subject to inaccuracy. This relates to the
challenge of determining the crack tip location for brittle materials, which in-turn makes it
difficult to associate the crack tip r with its corresponding displacement readings. In addition,
a small change in the AU value at the crack tip can result in a considerable change in K ..
Thus, to experimentally calculate K; ., accurately, an in-situ bend test with a DIC setup can
be used to monitor crack propagation on a micron scale. However, this may prove to be

challenging for the highly-brittle RBSBC ceramic.
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The J-integral is an alternative method to quantify fracture toughness. The J-Aa plot was used
to calculate the energy required to drive the crack tip by a certain displacement Aa. In solids
that behave elastically, whether linear or non-linear, the J-integral is equal to the crack
extension force G [409]. According to ASTM E1820-20 [409], the maximum J-integral
capacity is the smaller of the following: [0 = b 0y /10 or J;0x = B 0y/10. The J-Aa curve
is therefore defined as the data bounded by the J,,,,, and Ad,,q, limits. Thus, the maximum
measurement capacity is at J,,4,= 44 kJ m2. To ensure that the J-integral represents valid
fracture toughness values and that the plane-strain conditions are met, the thickness and
remaining ligament should be large enough according to ASTM E1820-20 condition;
band B = 25 (Jc/oy), where ] measures the maximum fracture toughness of a material at
the onset of fracture instability before significant crack extension that causes the measurement
to become geometry-dependent [398, 409, 445]. The value of gy was used in calculation since
the strain-rate sensitivity of fracture depends mainly on oy [446, 447]. The value of - (0.035
kJ m2), which is equivalent to K;c of 3.2 MPa m'?, is considered at Aa,,4, of 1 mm in
accordance with the crack extension limit of the K; .,—Aa plot, which would be prior to the
unstable crack extension at 186 f (1.35 ms) and Aa =2.87 mm. This is also the end of the linear
region as shown in Figure 6.15b inset. The experimental J,,,—Aa plot is linear and flat for the
first three points at 173 f (1.26 ms), 177 f (1.26 ms) and 181 f (1.32 ms) as with the K} o,+—
Aa curve. The value of ] is 0.0052 kJ m™ at the start of crack growth Aa = 0.15 mm, which
then increased to 0.011 then 0.035 kJ m2 at Aa of 0.36 and 0.92 mm respectively.

K, experimental at crack tip

Original
Extensometer r =0 at crack tip sample
------------------- 10T position
.J y1r, before
—_—N -] 3 bendin
a AU 9

Figure 6.12 Schematic of obtaining experimental K; from the change of U across r.
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Figure 6.13 Image of the crack at 278 f (2.01 ms) showing the grid of 67 extensometers

placed at 0.1 mm equidistance along the crack flanks, where AU was measured.
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Figure 6.14 Plots: (a) AU versus /1 for various frame rates (b) AU versus f for six

equidistant extensometers, where 1 is 0 at the top of the sample, and 6 at the notch tip.
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Figure 6.15 Plots of experimentally-obtained (measured using virtual extensometers form

the DIC images): (a) K; versus Aa (b) J versus Aa.

Quasistatic K; and J-integral

The quasistatic K; , is function of the sample’s geometry and load according to the LEFM
SENB theory, where a single value of K] , is obtained for each crack extension Aa as shown in
Figure 6.16 to produce a plot of K; ; versus Aa. The computed K; , values also disregards the

potential effects of residual stress or crack closure.

At Aa equals to 0.15, the value of K| ; is 1.05 MPa m"2, which increases to 1.59 and 2.41 MPa
m'? at Aa of 0.36 and 0.92 mm respectively. These values are below the critical stress intensity
factor K;c of 3.2 MPa m!2, where the sudden crack occurs when the value of K is exceeded.
Afterwards, the value of K , increased linearly with Aa at a rate of 80 + 20% till it reached ~9
MPa m'? at 110 MPa when a/W = 0.56 as shown in Figure 6.17a. This value is close to the
values obtained for SIC50/PMMA and SiC40/PMMA [SiC with Al,O3 and Y03 sintering aids
and infiltrated with polymethyl methacrylate (PMMA)] which showed ~9 MPa m'? at 108
125 MPa tensile strength respectively [448]. The value of K; , was calculated before the start
of crack initiation to determine the point at which K , exceeded K, and the rate of K; change.
However, ASTM E1820-20 [409] defines the maximum crack extension capacity for a
specimen under bending as Aa,,,,,, = 0.25b, where b is the original remaining ligament (W —

a, = 7 mm). This sets the limit for K¢ 4 at Ad,q, of 1.75 mm, which is equal to ~3.40 MPa
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m'?2. This value deviates from the K 1c.ext by ~8%, and both values are almost similar to the K;¢

(3.2 MPa m'?) obtained from the 3-point bend test.

The Aa,,q, limit is set at 1.75 mm instead of 1 mm because the linear region extends till crack
length is 2.87. Beyond this value, the crack propagation may be affected by the ligament
geometry at a much higher degree than by the stress intensity at the crack tip, which is reflected
in the deviation from linearity in the Kj os versus Aa in Figure 6.17a. This is because when the
crack becomes large compared to the component size, like Aa reaching half-way through the
substrate thickness W, K; becomes no longer proportional to Aa [400]. The relation between
K; q and Aa till Aa,qy is a straight line with a slope of ~1.7 + 0.24, which has the same trend
as Kj ox¢. The linear relations of K ., and K , are synonymous with the linear behaviour of V
at Aa between 0.15 and 2.87 mm. The slopes exhibited by the plots reflect no plasticity
constraint at the crack tip, and therefore no strain hardening effect would be expected to occur.

This reflects a low resistance to crack propagation as expected for monolithic ceramics.

The quasistatic /,—Aa R-curve has the same behavior as that of the experimental J,,, with an
almost flat slope as shown in Figure 6.17b. The value of J is 0.0029 kJ m 2 at Aa = 0.15 mm,
which then increased to 0.0065 and 0.015 kJ m 2 at Aa of 0.36 and 0.92 mm respectively. As
with /¢, the deviation from linearity occurs at Aa,, 4, of ~1.75 mm as shown in Figure 6.17b,
where the value of ] is ~0.032 kJ m 2. The percentage increase from J to /. is ~130%, which
is close to the percentage increase value of J,,;. The value of /. is at the low end of the range
for ceramics, and the onset of significant crack extension occurs at a small Aa, which indicates
that RBSBC is at the high end of brittle materials. The low values of J and the low rate of
energy increase proves that the material does not exhibit strain hardening, where in that case
more energy would be required for crack extension Aa compared to the energy required for

crack opening, and the plot will be exponential and not a straight line.
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Figure 6.16 Crack extension measurement and the formation of the R-curve [399].
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Figure 6.17 Plots of quasistatic calculation (according to LEFM SENB) for: (a) K; versus

Aa (b) J versus Aa.

CMOD and CTOD

The crack width was calculated from the Crack Mouth Opening Displacement (CMOD) instead
of being calculated at the crack tip (CTOD) & because the small and subsurface nature of &
makes direct measurement from DIC images difficult. Figure 6.18 shows the schematic of

crack dimensions that is used for measuring CMOD and calculating &.

Figure 6.19a shows the plot of CMOD versus Aa, where it starts at Aa of 4.60 mm because

below that value, the CMOD is constant and cannot be measured visually. However, at Aa of
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4.60 mm, the a/W ratio is 0.46, which indicates a deeply cracked specimen [417]. This shows
that at the linear region of subcritical crack growth, the increase in CMOD with crack length is
negligibly small, which confirms with the low values of strain and U displacement that are in
the order of 107> mm. In ceramics, where the material fails in brittle/cleavage fracture without
plastic deformation at the crack tip or stable ductile tearing, the elastic component of & is the
main contributor to the total § since the value of the § elastic component can be 1340% times
that of the plastic component [417]. In addition, if plastic deformation at the crack tip is
confined to a very small area, it will not disturb linear elasticity and will lead to negligible
deviation from the linearity of the test record. The sharp crack tip indicates that elastic
deformation took place, and that is because inelastic deformation results in a wide (mm-scale)
distribution of damage around the crack tip due plasticity [398]. The calculated values of §
were smaller than what may appear at the crack tip visually by the naked eye because locating
the crack tip is imprecise owing to the related low resolution of the captured image. In addition,

the crack tip position in reality is ahead of what is visually identified in the DIC images [191].

The values of 8, (Figure 6.20a) were calculated from Kj ., using Eqgs. (6.8) and (6.12), while
84 (Figure 6.20b) was calculated from K; ,. The values of §,,, are greater than those of 6, by

~95%, however, both plots have the same trend. The change of § with respect to Aa is
influenced by the crack shape, length and crack conditions. The small change in § across crack
length indicates that the crack progresses in an unstable behavior. The relation between the
measured CMOD and the calculated § is almost linear (Figure 6.19b). It can be assumed that
with brittle ceramics where the plastic component of § is negligible, the incremental increase
of § at the leading edge is linearly related to the widening of the CMOD and the increase in 6
due to out-of-plane bending (see Figure 6.18). This however, does not agree with the
experimental results of Khor [417], who found that § does not increase proportionally with
CMOD when the value of § is less than 0.2 mm. The difference in behavior can be related to
the difference in the tested material and geometry, and testing conditions. Even though direct
relation between CMOD and § indicates that CMOD can be used to represent the crack tip in
ceramics, the limitations concerning CMOD measurements at subcritical cracks and small Aa
makes it unreliable compared to §, which is directly calculated from the stress intensity and

thus it can properly reflect the conditions during the subcritical crack growth.
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Table 6.2 The values of V, §, K; and J at the measured Aa and CMOD within the captured recorded time and frame rate.

P Time Aa a, 14 a  CMOD m Kiexp K os Sexp 8os Jexp Jos

ms mm mm ms™’ w mm x102 MPam'? MPam'? x10°*mm x10°*mm kJm2 kJm32

169  1.229 000 3.00 000 000 1.00 000 0.0 0.00 0.000 0.000  0.000  0.000

173 1258 015 315 517 002 100 038  1.42 1.05 0.058 0.032 0005 0.003

S 177 1287 036 336 719 004 100 057  2.09 1.59 0.126 0072 0011 0.006
count 181 1316 092 392 1925 009 100 100  3.66 2.41 0.385 0.166  0.035 0.015
366 f 186 1.353 287 587 5362 029 100 391  14.33 4.33 5.902 0.540 0537  0.049
(fracture | 196 1425 460 7.60 2379 046 112 745  27.30 6.93 21.42 1.380 1949  0.125
between | 200 1455 476 7.76 550 048 118 852  31.22 7.27 28.01 1520 2549  0.138
169-365f) | 206 1498 501 801 573 055 127 100  36.65 9.09 38.60 2375 3512 0216
220 1600 560 860 579 056 157 144 5277 9.58 80.03 2636  7.282  0.239

231 1680 606 906 575 061 179 146  53.51 11.36 81.68 3710  7.432 0337

Re_°°rd 251 1.825 620 920 096 062 187 177  64.87 12.01 120.9 4.146 11.01  0.377
fime 278 2020 665 965 229 067 223 243  89.06 14.56 227.9 6.093 2074 0554
(:2726m9) | 210 2260 672 972 095 069 232 310 1136 16.14 370.9 7.491 3375  0.681
320 2330 687 987 206 067 234 - - 15.04 - 6.497 ~ 05091

365 2661 7.00 990 086 070 240 - - 17.22 - 8.520 - 0775
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6.3.5 Testing conditions of K; and J-integral

The experimentally-obtained K; and J values (Table 6.2) were higher than the quasistatic values
by ~30 and 50% respectively during the linear region as in Figure 6.21a and Figure 6.22a.
Regarding &, the experimental values are higher than the quasistatic ones by ~50% as shown
in Figure 6.23a. The higher experimental values of K;, /] and § compared to the quasistatic ones
indicates that there is no crack closure present because crack closure will result in lower stress
intensity values than those dependent on load and crack geometry alone (quasistatic). The slope
of the linear region of Kj ., and J,; are higher than that of K;, and J, by ~65 and 150%
respectively as shown in Figure 6.21b and Figure 6.22b. Following the same trend, the slope
of &,y 1s higher than that of 6, by 60% as shown in Figure 6.23b. The lower values for the
quasistatic plot relate to the difference in the estimation of stress intensity at the crack tip
between the experimental DIC measurements using virtual extensometers and the
displacement-controlled (quasistatic) conditions using LEFM SENB. The virtual extensometer
can be considered as a local measurement of K; at the crack tip as obtained directly from the
lateral displacement measurements around the crack tip. Thus, experimental measurement
accurately represents the actual condition of K; at the crack tip. On the other hand, the
displacement-controlled bend test can be thought of as a global measurement, where the K;

value depends on the fracture force P obtained from the bend test in addition to specimen size.

The K; 4 is quasistatic, where the load is applied very slowly with respect to the response of the
material, which means that the load acts in a manner that results in no substantial variation of
the substrate response with time. This results in the neglection of time-dependent forces as
inertial force mX(t), where m is the mass of the sample and X is the acceleration. Thus, the
load P of the quasistatic analysis will be function of the elastic component kU (t) only, where
k is the material stiffness (Figure 6.24). This will result in a lower estimation for P, and lower
value of K| ;. However, the development of crack with time in the DIC images indicate that the
analysis conditions of K| 4, /4, and §, are not purely quasistatic but somewhere between the
quasistatic and fully dynamic (load-controlled). On the other hand, the K; ¢xt, Joxt, and Syt
were directly measured from the DIC images, where they reflect the actual conditions at the
crack tip and the true material behavior. Thus, DIC offers a tool to accurately determine the
stress intensity and J-integral at the crack tip without underestimation of the R-curve. Kolednik

[449] found that for a given crack extension, the value of | in the R-curve for a load-controlled
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test is always higher than that of the displacement-controlled test. In addition, the slope of load-
displacement J for the linear part (Aa,,q, = 1 mm) is higher than displacement-controlled J
by 19%. Additionally, the presence of secondary non-through-thickness microcracks around
the crack tip also plays a role in the increased K; and J with crack length [450, 451]. The
difference in the slope between K; and ] relates to Eq. (6.11), where K; a \/7 (K =VEG). It
should be noted that the aforementioned results and following discussions only pertain to
cracking that occurs on the surface of the composite. Cracking behavior and patterns may

change in the composite interior due to different and more complex three-dimensional stress

states.
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Figure 6.22 Plots of experimental (virtual extensometer) and quasistatic (LEFM SENB)

analyses for: (a) J versus Aa (b) the linear region for the two J curves.
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Figure 6.24 Difference in values and slopes between the experimental (virtual

extensometer) and the quasistatic (LEFM SENB) K, and J for the linear region.

Most SiC-based materials have an R-curve slope within the range of 1 x 107 or 1 x 107 like
commercial Hexoloy-SA, as shown in Table 6.3 and Figure 6.25, which is much flatter than
the SiC—B4C composite in this study or SiC50/PMMA. The flatter R-curve slope indicates that
the plain strain regions of these materials are more highly constraint resulting in lower
toughness and lower resistance to crack. In these cases, the stress intensity K; is constant and
equal to plain-strain fracture toughness K;., where the fracture toughness is independent of

crack extension Aa. The higher slope of RBSBC shows that resistance to crack propagation is
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dependent to subcritical crack extension Aa (Aa < Ada,g,). This can be related to the
microstructure of RBSBC and the presence of coarse B4C grains that are dispersed randomly
within the structure in addition to the a and B-SiC grains randomly distributed in a Si pool.
There is a scarcity in data regarding the crack-resistance behaviour of SiC—B4C composites and
reaction bonded SiC-based ceramics. In addition, comparing R-curves in the current research
is for referencing purpose because there are many factors that affect the resistance profile
including but not limited to: material composition and microstructure, manufacturing method,
porosity and internal defects, initial crack size and shape, mode of loading, and the methods of

calculating the stress intensity.

Table 6.3 Comparing R-curve for various SiC-based materials.

Material Processing K,;c (MPa m'?2) RS References
slope
SiC-B4C Reaction-bonded 3.2 1.5 This study
Coarse a-SiC Hot pressing ~3 0.0011 Al Nasiri [198]
ABC-SIiC (SiC—- . :
0.6B—3AI-3C) Hot pressing - 0.0064 Gilbert et al. [452]
ABC-SiC (SiC- . Gilbert and Ritchie
0.6B—3Al) Hot pressing - 0.0027 [453]
Fine SiC— .
6A1,05-4Y,05 Hot pressing - 0.0048 Leeetal. [198, 454]
Hexoloy-SA SiC  Pressureless-sintered ~2.5 0.05 Gilbert et al. [439]
SiC50/PMMA Freeze casting - 0.9 Naglieri et al. [448]
SiC40/PMMA Freeze casting - 2.3 Naglieri et al. [448]
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Figure 6.25 Bar chart showing the slope of R-curves for various SiC-based materials.

6.4 CONCLUSION

The fracture behaviour and resistance to crack propagation of reaction-bonded SiC—-B4C
ceramic was studied under flexural three-point bending at ambient temperature using a DIC
setup. The high-speed camera allowed the capture of crack propagation at the fracture point,
where 366 frames were produced across a time interval of 2.66 ms. This resulted in successive
images showing the crack extension from the initiation point till fracture. The fracture
toughness and strain energy calculated at the crack tip showed a steep curve with low crack
resistance as would be typical for brittle ceramics. However, the slope of the resistance curve
is higher than for commercially available conventional SiC-based ceramics, which showed that
the presence of B4C in SiC—B4C ceramics results in higher crack resistance than monolithic
SiC-only ceramics, and lower fracture strain. Two methods were used to determine the crack-
resistance plots from the stress intensity at crack tip: experimentally determined K ¢, which
is based on displacement measurements around the crack tip, and the quasistatic K; s, which
is based on the geometry of the crack. DIC is very useful in determining the R-curve because
it based on the measurement of crack-tip displacement so it reflects the actual conditions of the

crack propagation, and because the quasistatic or dynamic testing may not accurately represent
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the actual cracking conditions, which can result in lower estimation of K; and J by as much as

30 to 50%.

For future work, the values of § can be measured using an extensometer clip gauge, which can
be compared with the calculated § to determine the accuracy of DIC in determining & for
ceramic materials. Additionally, the camera lens cannot capture short crack-growth, where
crack length is below the SiC grain size of 15-20 um. The shortest crack captured at the current
study is ~150 um. Studying short cracks is important to understand the effect of RBSBC
morphology on crack resistance since R-curve behaves differently between short and long
cracks. For that purpose, an in-situ bending test bed equipped with DIC setup will facilitate
such a study. The current setup cannot acquire images for the coating because the coating
thickness is ~200 um opposed to a 10 mm substrate thickness, and therefore the mechanical

behaviour of the coating would be significantly affected by that of the substrate.

Recommendations to improve the substrate include adjusting the chemical composition and

controlling the reaction bonded process to achieve the following:

e Decrease the grain size of B—C—Si grains and disperse them more evenly among the

matrix to increase the tortuosity of crack propagation path.

e Increase the B4C percentage in the RBSBC, which will lead to an increase in bending

strength.

e Increase the thickness of the B-SiC rim around the main a-SiC grains, which will offer

higher resistance to crack initiation on the main a-SiC grains.

e Decrease the amount of Si between the a-SiC grains to nm level so that the Si can act
as springs/glue to the SiC grains without being thick enough to compromise the

integrity of the structure.

e Changing the structure of the material can also increases its fracture toughness.
Previous authors [398, 448] proposed a brick-and-mortar structure that offered higher

fracture toughness and strength.
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CHAPTER 7

7 CONCLUSIONS

The chapter summarises the key findings presented in the current research. The conclusion of
the thesis sums up the understanding and durability of ceramic-based coatings in high-
temperature sand environment. Two main aspects were studied: the oxidation resistance of
reaction-bonded silicon carbide-boron carbide (RBSBC) ceramics, and the corrosion resistance
of dip coated rare-earth silicate environmental barrier coatings in calcium—magnesium—

alumino-silicate (CMAS) environment; which is a salicaceous sand.

The findings of the oxidation study (Chapter 4) shows the high oxidation resistance of RBSBC,
which owes its behaviour to the formation of a SiO:-rich borosilicate layer during high
temperature (higher than 1300 °C) exposure. The protective layer is characterised by its
thickness and composition. The B4C addition of less than 8 wt.% does not change the oxide
layer properties or growth mechanism. The formed oxide has a high SiC/B4C ratio, where the
rate-limiting step of oxide growth is ionic oxygen diffusion through SiO; layer. Thus, the
RBSBC substrate offers a lightweight alternative to conventional monolithic SiC ceramics,
where the presence of B4C in low percentage contributes to a lower density yet oxidation-
resistant substrate. Understanding the oxide layer is essential because the dip coated rare-earth
(Yb, Lu, or Er) EBCs were processed on the RBSBC samples after being oxidised so that he

oxidation layer reacts with the dip coating and form a double layered coat.

The corrosion mechanism of RE coatings in the CMAS environment was studied. The
investigation highlighted the role of coating microstructure, composition, and application
technique in resisting CMAS infiltration and subsequent damage. The corrosion resulted in the
formation of a protective uniform garnet layer at the EBS—-CMAS interface, and an apatite-like
phases within the coating matrix. The CMAS melt infiltrates the pores and cracks of the
coatings, where it reached to the reaction front and reacted with the RE>O; through
dissolution/precipitation mechanism. The gradual dissolution of the melt in the coating
structure resulted in the formation of three phases that forms successively; where the distinct
between them is in the Ca and Si content which is represented in grey contrasts - higher Ca and

Si results in a darker grey contrast.
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The RE element ionic radius plays a part in the corrosion product, where Er-silicate tends to
form unprotective apatite at the interface because the ionic radius of Er** is close to Ca*". The
reaction kinetics showed that Yb and Lu-silicates have higher melt-resistance compared to Er-
silicates. Two quantification methods were proposed to assess EBC performance in CMAS
melt: (1) diffusion coefficient as a method to rank the coating performance based on its RE
element type, and (2) corrosion rate to assess the coating performance based on its defects and
application method. The diffusion coefficient of Ca and Si from the melt into the coat is
function of the ionic radius and RE material polarising power, where Yb and Lu-silicates had
the lowest values compared to Er-silicates. On the other hand, the corrosion rate is function of
coating defects as total porosity, pore diameter and melt viscosity. In that area, the performance
of dip coating is lower than other established methods as APS, which results in dense coatings.
The formation of Ca—RE-Si phase occurred by Ca** substituting RE*" on their lattice sites. The
process is governed by the vacancy formation and defect movement until no newer defects can
be formed. Thus, it is concluded that increasing the amount of CaO and SiO: into the RE2O3
lattice may decrease vacancy formation and thus the diffusion of Ca** and Si*" into the coat.
Thus in turn, can inhibit melt infiltration and increase the durability of the coat in sand
environments. As a result, Ca—Yb apatite coat is potentially proposed as a CMAS-resistant

coating that can inhibit melt infiltration through its structure.

The final chapter examined how RBSBC ceramic responded to bending stresses under normal
temperature using a DIC setup equipped with a high-speed camera to record the crack growth
till the fracture point; capturing 366 frames over 2.66 ms. The fractography showed that the
presence of B4C grains offered a tortuous path for crack propagation, which aids in increased
toughness, while the Si pool between the main a-SiC grains has the double effect of weakening
the overall fracture toughness of the material, while inducing compressive residual stresses in
the structure. However, the overall effect of high-silicon content is negative. The crack-
resistance analysis at the crack-tip was determined using experimental K., and Joy:, and
quasistatic K; ; and J,. The experimental determination of the stress intensity at the crack tip
relies on measuring the crack-tip displacement from the DIC images, which allows the
construction of a crack-resistance plot based on actual conditions. The analysis showed a steep
curve for the stress intensity and the strain energy, indicating low crack resistance typical of
brittle ceramics. However, the slope of the resistance curve was higher than that of standard

SiC ceramics, suggesting greater crack resistance in SiC—-B4C ceramic.
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CHAPTER 8

8 FUTURE WORK

8.1 INTRODUCTION

Some topics could not be investigated either due to time constraint or being outside the scope
of the current research focus. This section highlights the areas that would be of significant value
in the evaluation of EBCs that are processed using dip coating. These include examining the

dip coating processes and mechanical response of the coating architecture.

8.2 DIP COATING

In this study, the dip coating of RE-silicates was performed manually. This resulted in
variations in the coating thickness. Although dip coating is a promising application method,
studies on dip coating as an application technique for RE-silicate EBCs have not been
conducted before. For this reason, our group bought a Nadetech ND-DC 150 precision dip
coater (Nadetech Innovations, Spain) (Figure 8.1a and b). The sample is placed the sample in
the moving arm of the dip coater and dipped in a beaker filled with the RE-silicate slurry. The
dip coater facilitates the analysis of the effects of coating properties, such as compositions,
viscosity, and wettability, on the thickness and microstructure of the coat, which will allow the
formulation of an optimum Yb-silicate slurry for dip coating. It will also enable the
investigation of the influence of dip-coating parameters as immersion speed, immersion time,
withdrawal speed, stirring speed, and number of dip-coating cycles, on the thickness and
properties of the finalised coat. Additionally, a cost study can be performed to determine the
cost of dip coating a batch of RE-silicate samples. Based on this study, the outcomes of dip-
coating can be compared with those of thermal spraying and vapour deposition, particularly
APS and EB-PVD. The objectives of dip-coating include but not limited to coatability with
SiC substrate and no spallation, high density, low defects such as pores and vertical cracks,
high thickness coat up to 1000 pm, ability to uniformly coat intricate parts, low cost, and short
processing time. Furthermore, dip coating can be performed to form a thick two-layered
Yb2Si0s5—Yb2S1,07/Yb2O3 architecture, where the corrosion rates of dip-coated Yb2SiOs and
Yb2Si1207 topcoats can be compared with that obtained for the Yb2Os3 topcoat in the current

research to determine the best CMAS-resistant topcoat.
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Figure 8.1 (a) Nadetech precision dip coater (b) dashes between specification numbers
above show the ND-DC 150 / ND-DC 300 / ND-DC 600 dip coaters [455].
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Figure 8.2 Main objectives of dip coating method to produce corrosion-resistant EBCs.
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8.3  DIC ON Yb,SiOs-Yb,03/SiC WAFERS

The coating thickness (~190 um) is very small compared to substrate thickness (10 mm), which
presents a challenge to experimentally test the mechanical behaviour of the coating because it
would be significantly affected by that of the substrate. Fracture behaviour of the coating can
be examined using an ultra-high-speed camera (i.e. Photron or Phantom) equipped with a high-
magnification telescopic lens that can focus on the coating and coat/substrate interface to
monitor the fracture behaviour of coating/substrate system. This solution is expensive, and the
equipment is difficult to acquire. Another option would be to combine DIC with in-situ
mechanical bending in a cheaper setup. The group bought Si wafers with 5 um SiO; layers on
the top (Siegert Wafer GmbH, Germany) to have the exact thickness of the oxide layer formed
by the RBSBC (refer to Chapter 4) (Figure 8.3a). The Si wafers were cut, using a dicing saw
(Inseto, UK) to the same dimensions as those of three-point bending DIC samples (45 mm
length X 4 mm width) but with different thicknesses of 675 + 20 pum. The Si wafers were coated
with Yb-silicate (Figure 8.3b). Coated wafers are shown in Figure 8.3b. Coating composition
and thickness (~190 um) were the same as those explained earlier in Chapter 5. The coating-
to-substrate thickness ratio was 1:3.5, compared to 1:52.6 for the EBC-RBSBC system. Thus,
the contribution of the substrate to the mechanical testing results decreased, allowing the testing
procedure to focus on the EBC layer rather than the substrate. Si was chosen as the wafer
material instead of SiC owing to its higher ductility because if the substrate fracture toughness
is lower than that of the coating, the entire substrate-EBC material will break under bending,
which will be reflective of the mechanical properties of the coating. Testing is required to
determine the K, of Yb-silicate coating and compare it with RBSBC (3.2 MPa m'’?) and Si
(~1-1.5 MPa m'? [456, 457]). Afterwards, the coated wafers were placed in an in-situ micro-
tensile bending stage for SEM (Deben MT300, UK) (Figure 8.3b). The coated Si wafer appear
shorter than the uncoated one on its left due to breakage during coating, though their intended
length is 40 mm long. Coated Si wafer was placed at the Deben tensile stage with a maximum
load of 300 N, where four-point bending test was conducted at a loading rate of 0.1 mm min!
in order to test the set-up. A DIC setup equipped with an ultra-high-speed camera is to be
focused on the scanning electron microscope (SEM) monitor. The use of a tensile stage inside
the SEM also allows high-resolution images for accurate COD. If possible, the crack and its
propagation path throughout the loading profile can be imaged at the same location to ensure

consistent COD measurements. Therefore, the mechanical failure and crack resistance of the
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coating can be appropriately investigated. Additionally, the CMAS effect on the mechanical
response of the coating can be examined by placing the CMAS powder on the coated wafer
and corroding it in a furnace at 1350 °C for 148 h. Afterwards, the DIC in-situ setup can
compare the results with the failure of the coating-substrate alone. Thermomechanical analysis
of the coating layers, such as delamination and energy release rate, can be calculated via

LayerSlayer based on the mechanics of thin films [458-460].

SiC wafer

3 mm width

40 mm length Yb-silicate EBC

i
SRR T T A T

I e
675 £ 20 pm thi

four-point bend head

Figure 8.3 (a) Uncoated SiC wafer on the left, and SiC wafer coated with Yb-silicate on

the right (part of the wafer broke; therefore, it is shorter) (b) Deben four-point bend stage.

Another option worth studying is spraying SiO on the RBSBC substrate at a thickness of 1000
um, and then preparing the Yb-monosilicate on the thick oxide layer according to the method
mentioned in this study. This will produce a single-layer-thick dip-coated Yb,SiOs, which may
demonstrate the advantage of decreasing the possibility of thermally induced stresses and
stresses arising from various corrosion phases formed due to the reaction of CMAS melt with
different layers of the coat. The aim is to produce a corrosion-resistant single-layer dense coat
that lead to a more corrosion-resistant reaction phase upon reacting with the CMAS melt. Thus,
the coating can initially act as a preventive coat, hindering melt infiltration, and then become
reactive by hindering further reactions with the CMAS melt. However, further mechanical

studies are required to ensure that the coating retains its mechanical integrity.
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