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Molten calcium-magnesium—-alumino-silicate (CMAS) infiltration into thermal barrier coatings (TBCs) of
gas turbines causes loss of strain tolerance and delamination of the ceramic topcoat. To develop efficient
mitigation strategies, it is crucial to understand CMAS infiltration dynamics into the porous topcoat. This study
introduces an integrated model, incorporating liquid flow in unsaturated porous structures, heat transfer, and
temperature-dependent viscosities, to study CMAS infiltration through TBCs grown by the electron beam physical
vapor deposition (EB-PVD) method. The effects of different CMAS compositions, temperature gradients across
the topcoat, and coating microstructures are investigated. Our simulation shows that CMAS infiltration exhibits
significantly nonlinear dynamics with a fast infiltration rate at the early stage due to high temperature, high pressure
gradients, and low viscosity. Neglecting heat transfer enhancement from CMAS by approximating the temperature
distribution as linear underestimates the infiltration rate. Fine porous microstructures slow infiltration, and bilayer
or multilayer structures, consisting of variable column and pore sizes, combine the advantages of an increased
hydraulic resistance to infiltration and lower capillary pressures. Such heterogeneous structures can delay early-stage
infiltration by manipulating the layer thickness and arrangement. It is anticipated that the quantitative information
and advanced understanding obtained would benefit the development of CMAS-resistant EB-PVD TBC topcoats.
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0 = outer dimension, length

P = porous medium

top = at the top surface, where z is equal to O
Superscripts

1. Introduction

HERMAL barrier coatings (TBCs) on hot sections of gas turbine

components, mainly turbine blades, provide thermal protection to
metallic components by insulating them from hot and corrosive gas
streams. The application of TBCs allows turbine inlet temperatures to
be elevated beyond the tolerance of the turbine superalloy material, and
substantially improves turbine efficiency, performance, and service life
[1-5]. A typical TBC coating has a multilayer structure consisting of a
thermally resistant ceramic topcoat, a metallic bond coat for reducing
thermal expansion mismatch and providing oxidation/corrosion
resistance, and a superalloy substrate. At the interface of the ceramic
topcoat and the bond coat, a thermally grown oxide layer also forms in
a high-temperature environment. The ceramic topcoat, commonly
YSZ (ZxO, stabilized with 7-8 wt % Y,03) with a thickness in the
range of 100400 um [6-10], has a porous structure that improves
thermal insulation as well as tolerance to thermal strain and stress
induced by exposure to thermal cycling. The YSZ topcoats are com-
monly deposited either by air plasma spray (APS) or electron beam
physical vapor deposition (EB-PVD), with differing microstructures
for each method [11,12]. The EB-PVD method, which is the focus of
the current study, grows columns using electron-beam-vaporized coat
materials [12]. The column structures of the YSZ coat provide a higher
thermal strain tolerance than the APS TBCs [10,12,13].

High turbine inlet temperatures raise a critical durability issue for
aeroengines operating in dusty environments [14—17]. Aeroengines
intake siliceous particles whose composition most commonly includes
oxides of calcium, magnesium, aluminum, and silicon (CMAS). These
particles can melt at temperatures above 1150°C [18-23]. The molten
CMAS can deposit on hot TBC surfaces of the gas turbine and infiltrate
into the porous YSZ topcoats. It may also react directly with the
TBC constituents and cause destabilization of the TBC, accelerated
oxidation, and hot corrosion of the underlying metallic bond coat and
superalloy substrate [24-28]. Upon cooling, the infiltrated CMAS
stiffens the YSZ layer, and the loss in strain and stress tolerance causes
delamination of the top layer. The CMAS-associated corrosion and
thermomechanical damage ultimately accelerate the failure of TBCs
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and underlying components. Quantitative information on the CMAS
infiltration in YSZ topcoats of various microstructures and thermal
conditions is crucial to the development of strategies to mitigate the
damage by CMAS attack.

CMAS infiltration into the pores of YSZ topcoats is mainly driven
by capillary forces [24,27,29]. The penetrating rate is governed
by multiple factors, including the structural characteristics of the
ceramic layer, the temperature distribution, as well as the properties
of the CMAS such as melting point, viscosity, and surface tension.
Several studies have focused on understanding the infiltration behav-
ior of CMAS in TBC topcoats by heating CMAS powder on top
of a piece of a stand-alone YSZ topcoat layer in ovens maintained
above the melting temperatures [6,17,22,23,30-32]. Naraparaju
et al. [6,22,30-32] studied CMAS infiltration through YSZ layers
of various columnar structures under isothermal conditions over
the span of minutes to hours. Zhao et al. [10] investigated the effect
of increasing the pore volume fraction upon silicate melt infiltration
in a YSZ layer at 1250°C. There have been comparatively fewer
attempts to consider the effect of temperature gradients in the
TBC on the CMAS infiltration process. Jackson et al. [33,34] exam-
ined the effect of temperature gradients on the interaction between
silicate deposits and TBCs. Using a CO, laser and cooling air in a
test facility, a controllable thermal gradient through the coating and
underlying substrate is established for studying the interaction
between two silicate compositions with state-of-the-art YSZ and
bilayer Gd,Zr, 0 (GZO)-YSZ coats grown by the EB-PVD method.
Due to the high temperature environment and the thinness of the YSZ
topcoat, the time needed for CMAS to penetrate the YSZ coatings
is typically used to assess their resistance to CMAS infiltration
[6,17,22,26,30-32]. Therefore, the understanding of the dynamic
infiltration behavior of CMAS in YSZ topcoats is limited.

In comparison with the experimental investigation, there are fewer
theoretical studies of CMAS infiltration in porous YSZ topcoats. Zhao
etal. [10] and Naraparaju et al. [6] developed analytical expressions for
penetration time of molten CMAS infiltration in isothermal YSZ top-
coats, but did not consider the presence of the large temperature gradient
and the temperature-dependent viscosity of the molten CMAS. Jackson
etal. [33] developed a theoretical solution for CMAS penetration in the
presence of a temperature gradient and temperature-dependent viscos-
ity, but assumed a simplified temperature—viscosity relationship, as well
as a stationary linear temperature distribution across the YSZ topcoat. In
fact, molten CMAS, which has a higher thermal conductivity than gas,
will raise the temperature of the infiltrated layer and subsequently favor
further penetration by decreasing molten CMAS viscosity. The effect of
the elevated temperature in the wetted region on the viscosity and
infiltration has not been considered in the theoretical studies.

Microstructure optimization and use of multilayer structures
are among various approaches attempted to reduce the deleterious
effect of molten CMAS deposition. Naraparaju et al. [6] demon-
strated in their study that a modified columnar morphology with more
“feathery” features has better CMAS resistance than its counterpart
at 1250°C and 1225°C. Yin et al. [23] designed an ideal theoretical
microstructure consisting of columnar crystals that have feathery
structures on their sides. Unfortunately, comprehensive understand-
ing of the dynamics of CMAS infiltration in heterogeneous structures
is limited due to the difficulty to measure infiltration rate at such high
temperatures, the challenge of creating an equivalent temperature
gradient across a thin layer, and the high cost associated with gen-
eration of YSZ topcoats of various microstructures. To the authors’
best knowledge, the effect of multilayer structures of YSZ topcoats
on CMAS infiltration has not been investigated theoretically. This
study introduces an integrated model for CMAS infiltration in porous
structures that incorporates heat transfer, liquid flow in unsaturated
porous structures, and temperature-dependent viscosity. This model
will be used to investigate the dependence of CMAS infiltration rate
and depth on thermal conditions, CMAS compositions, microstruc-
tures, and multilayer structures. It is anticipated that quantitative
information and advanced understanding of the infiltration dynamics
obtained through the numerical study would benefit the development
of an anti-CMAS infiltration solution through manipulation of tem-
perature and microstructures.

II. Mathematical Models

Infiltration of molten CMAS in unsaturated porous YSZ topcoats
involves two media separated by a moving wetting front: CMAS
melt and turbine gas in the pores. It is assumed that the second fluid,
the gas, is negligible with regard to its effect on the liquid flow, due
to the disparate thermal and physical properties such as density and
viscosity. Therefore, it is only necessary to model the liquid flow in
the porous layer. Molten CMAS can be considered as a Newtonian
liquid over the range of temperature considered in this study [35], and
its densities indicate a variation of less than 3% over the temperature
range of 1000°C-1400°C [36]. We also neglect the reactions of the
molten CMAS with the YSZ material. Therefore, the mass conserva-
tion equation and the Darcy’s equation for incompressible fluid flow
in porous media are employed to describe the CMAS flow through the
porous layer, which are as follows:

V.V,=0 1)

K
Yr=mum Y @
where u,, is the average velocity of the fluid in the porous medium;
K is the permeability of the porous medium; pu(7) is the CMAS
viscosity, which is highly dependent on the temperature; and P is
the pressure in the porous medium.
The level-set method is used to keep track of the wetting front
of the liquid [37-39]. A color function c is defined to indicate the
CMAS infiltrated region, where:

{ 1, forregion wetted by the molten CMAS 3)
Cc =

0, fordry porous structure

The evolution of ¢’s distribution over time during the infiltration
process is prescribed by the transient advection equation:

0
a(sc) +V-(V,e) =0 4)

where ¢ is the porosity.

The YSZ topcoat is subject to a large temperature gradient, in
which the temperature at the top surface is high, but drops quickly
across the thickness of the topcoat due to the low thermal conductivity
of the YSZ porous layer. The molten CMAS infiltration enhances heat
transfer from the top surface and elevates the temperature in the
CMAS-infiltrated region. Given the highly temperature-dependent
viscosity of CMAS, the effect of temperature elevation on the infil-
tration rate should be included in the model. In this study, heat transfer
during CMAS infiltration is treated as a problem with two domains:
one is the dry porous region; the other is the domain wetted by CMAS.
In both regions, a local thermal dynamic equilibrium is assumed
between the solid matrix and the CMAS/gas that fills the pores. In
the wetted domain, there exists convection due to the CMAS flow in
the pores. The thermal Péclet number compares the importance of the
conduction with the convection heat transfer:

VL
_a

Pe ©)

A typical maximum infiltration velocity of V = 10 um/s, a thick-
ness of L = 200 um, and a thermal diffusivity of the molten CMAS
of @ = le — 6 m?/s result in a Péclet number Pe = 0.002. Such a
low Péclet number illustrates that the convection of the molten CMAS
in the porous structure plays a negligible role, and thus heat transfer in
both regions is described by the volume-averaged heat conduction
equation in porous media, which is expressed as follows:

7]
5[(/)Cp)eff7‘p] =V (kestVT)) (6)

where kg and (pC ). are the effective thermal conductivity and
effective thermal capacity of the porous YSZ topcoat with molten
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CMAS/gas in the pores, respectively, and T, is the average temper-
ature of the porous medium.

The melting temperatures of CMAS variants fall in the range
between 1185°C and 1250°C [18,29,33,40], depending on their chemi-
cal compositions. Existing studies also indicate that phase transforma-
tion of CMAS occurs over a range of temperatures, and infiltration
continues in this process. Jackson et al. [33,34] observed CMAS
infiltration under temperatures below the melting point. To consider
the worst scenario of CMAS infiltration, this study does not consider
CMAS phase change during the infiltration process.

III. Problem Setup and Numerical Issues

‘We consider infiltration of a large amount of molten CMAS deposit
on the turbine surface. The molten CMAS penetration and heat trans-
fer across YSZ porous topcoats are assumed to be one-dimensional, as
shown in Fig. 1, due to their typical thickness L in the range from 100
to 400 pm and the large area of CMAS deposition. It is also assumed
that the molten CMAS temperature remains quasi-steady-state during
the infiltration process, and that the infiltration depth is not limited
by the CMAS volume on the surface. Before the CMAS infiltration,
the YSZ topcoat is dry with ¢ = 0, and at the top surface z = 0,
the temperature is Tiop- The bottom surface, z = L, is impermeable
and the temperature is assumed constant at T; . Both T, and T';, are
determined by the balance between the internal cooling in the turbine
blade and the heating over the top surface. In this study, 7', and 7', are
given values to assess the impact of turbine thermal conditions on
CMAS infiltration. The initial temperature distribution in the porous
layer is a linear distribution. At the top surface where z = 0, the color
function is given as ¢ = 1, representing full wetting. At the bottom
surface where z = L, dc/dz = 0.

The absorption of the molten CMAS into the porous layer is
mainly driven by the capillary pressure at the moving wetting front.
Atthe microscale, the wetting front is a meniscus formed as the liquid
penetrates the unsaturated pores. For a liquid with good wettability on
the solid, the meniscus exhibits a concave shape, and the liquid is
drawn into the porous structure due to surface tension. Otherwise, a
nonwetting liquid—solid interaction yields a convex-shaped meniscus
with a wetting force against the liquid advancement. The wetting
interaction inside the porous medium is typically approximated as the
capillary pressure at macroscale, which can be calculated using the
Young—Laplace equation [41]:

26 cos b,

P, = N

r(T

where P, is the capillary pressure, o is the surface tension of
the liquid, 6, is the static contact angle, and r.. is the effective radius
of the capillaries or pores. Existing experimental studies show that the
contact angle of CMAS on the YSZ topcoat is around 13 deg [25,42],
with noticeable variations due to temperature and surface roughness.
As it is most commonly treated as completely wetting [6,10,18,32],
0, = 0 deg is adopted in this study. The resulting capillary pressure
will be negative and will pull the liquid into the dry medium.
The resulting boundary condition at the moving wetting front
7z = h,(t) is P = P.. In the YSZ topcoat, the small pore sizes, high
surface tension, and good wettability result in a very high capillary

Top surface, z=0,T=T,,, c=1,P=0
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CMAS wetted region: ¢ = [ .
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A

Bottom surface, z=L, T = TL, dc/dz =0

Fig.1 Problem setup and boundary conditions.
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Fig.2 Columnar structure and parameters for permeability calculation.

pressure at the wetting front. The top surface z = 0 is then treated as
a constant pressure inlet, that is, P = 0. In addition, the continuities
in both temperature and heat flux are enforced at the wetting front
that separates the wetted and dry regions having different thermal
properties.

The hydraulic permeability of the YSZ topcoat is determined
by the porosity, pore size, and tortuosity of the pores of the micro-
structure. A YSZ porous layer formed via EB-PVD consists of
parallel columns with roughly quadrilateral cross sections that grow
perpendicular to the substrate surface [4,6]. Unfortunately, informa-
tion on permeability and effective capillary pressure on YSZ porous
layers is limited. As schematically illustrated in Fig. 2, Naraparaju
etal. [6] approximated the columns as solid cylinders, and employed
a correlation developed by Dvorkin [43] for a porous medium con-
sisting of the annular gaps around cylindrical solid columns:

D? D;\? D;\? 1
K=ol () + (1= (Z) )| ®
327 D, D, tn(D;/D,)
where D, is the outer diameter of the annular gap, and D; is
the column diameter. The TBC topcoats’ quadrilateral columns are

approximated to the round columns by setting their perimeters equal
to each other:

41, 41
D;,=—, and D,=-2 9)
z z

For liquid infiltration in a very narrow annular gap, the effective
capillary radius used in Eq. (7) can be approximated as half of the gap
width, which is

re =0 (10)

The permeability calculated from Eq. (8) was used in the theoretical
calculation of CMAS infiltration under isothermal conditions [32].
Despite the bold simplification of the porous structure, the predicted
infiltration rate was consistent with the experimental observation for
isothermal tests [32]. Therefore, these relations are adopted in this
study. We test topcoat microstructures with two column diameters but
the same porosity of 0.15. The structure with finer columns has a
higher columnar density per unit area and narrower pores.

Pore tortuosity is another important microstructural characteristic
that varies considerably, depending on the process parameters of the
growth process. A basic approximation of a set of parallel vertical
columns would result in a tortuosity 7 = 1. Due to the crystal growth
process used, columns may grow at an angle, grow larger or smaller in
across-sectional area, join other columns, and/or branch off to produce
smaller columns [6]. These microstructure variances contribute to the
variability of the tortuosity [23,32-34,42]. In this study, a tortuosity of
7 is used.

Effective thermal conductivity in YSZ topcoats is a topic of exten-
sive study, due to its central importance to TBC performance. Ray-
leigh’s model [44] that emphasizes conductivity in the axial direction
of cylindrical pores is adopted in this study for the wetted region,
as it is a suitable approximation for the column structure of EB-PVD
top layers. The effective thermal conductivities in both regions are
expressed as

k
ko (1 + e(—f - 1)) . infiltrated by CMAS
keff = km

keft} unsaturated »

1)
occupied by gas phase
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where kg is the effective thermal conductivity with the porosity &, k,,,
is the thermal conductivity of the matrix material, and k, is the
infiltrating fluid thermal conductivity. The YSZ and CMAS thermal
conductivities in this study are given in Table 1. The experimentally
measured thermal conductivity of dry porous YSZ topcoats formed
by EB-PVD ranges from 1.25 W/(m - K) to 1.6 W/(m - K), with the
lowest thermal conductivities corresponding to the finest microstruc-
tures [45]. For this study, we use an intermediate thermal conductivity
of 1.4 W/(m - K) for the unsaturated porous layer.

The effective density and specific heat of the porous layer is
determined as

(C ) = e(pCp)cmas + (1-€)(pC))soria, infiltrated by CMAS
pett = e(pC ) gas + (1=€)(pCp)soria»  Occupied by gas phase
(12)

where C,, is the specific heat.

Turbine inlet temperatures for current gas turbines can exceed
1400°C, whereas turbine blades, with a service temperature
~750°C, should be kept below 1000°C [46,47]. A typical CMAS’s
viscosity varies in multiple orders of magnitude over that temperature
range. Several models have been proposed for the molten silicate
viscosity—temperature relationship, including the Iida model [48],
the Vogel-Fulcher—Tamman equation, and the more recent model
developed by Giordano et al. [35]. This study utilizes the viscosity—
temperature relationship by Giordano et al. for its correlation with
recent experimental data and for its flexibility with regard to CMAS
compositions. It has been used to model CMAS viscosity for desert
sand [10,33,34], volcanic ash [22], and other CMAS variants [32,49].
It is expressed as [35]

B
1OgM_A+?C (13)

where A, B, and C are constants. The constants B and C relate to
silicate composition through contemporary experimental viscosity
data, whereas A sets the high-temperature viscosity limit, which is
found to be —4.55 = 0.21 [35]. This study considers a commonly used
CMAS formulation based on deposits of sand particles found on turbine
components that operated in desert environments [17]. It has a CMAS
composition of CaO: 33, MgO: 9, Al,05:15, and Si0O,:45 mol%, with
B = 4708 and C = 680.8. This viscosity—temperature relationship has
been used in the studies by Jackson et al. [33,34] and Zhao et al. [10].

The set of equations for CMAS infiltration and heat transfer in the
porous YSZ topcoat is solved numerically via an in-house developed
code based on the finite volume method. The combined Darcy’s law
and the mass conservation equation are solved over the wetted region,
whereas the heat transfer equation is solved over the entire domain
with heterogeneous thermal properties. The wetting front is tracked

with the level-set method. Second-order space discretization is used
for the pressure and the heat conduction equations. Advection of the
level set is calculated using a first-order upwind scheme. The set of
transient equations are highly coupled and highly nonlinear, so they
are solved using an implicit iterative scheme. At each time step, the
pressure and velocity are obtained first to allow the level-set equation
to be solved and to update the location of the wetting front. Based on
the updated wetting front location, the heat transfer equation is then
solved to determine the temperature in both wetted and unsaturated
regions. The viscosity is then updated with the new temperature, and
the pressure and velocity fields are recalculated. The iteration process
is repeated until convergence is achieved, indicated by the residual of
the color function:

reSeoror = |l = /|| < tol 14)

where an absolute tolerance tol = 1E — 8 is used. The mesh size
and time step are 1 ym and 1 ms, respectively. Mesh and time
step dependency studies were carried out with 50% reductions in
both, leading to the total infiltration time varying by less than 0.1%.
The numerical model has been verified using the theoretical solutions
of CMAS infiltration in porous structures under various thermal
conditions, shown in the Appendix. Material properties and geomet-
rical parameters for all cases are given in Table 1.

IV. Results and Discussion

Numerical simulation has been performed to understand the
dynamic behavior of CMAS infiltration in the YSZ topcoat in the
presence of a large temperature gradient. Of special interest are
the effects of the enhanced heat transfer by CMAS infiltration and
the CMAS penetration through YSZ topcoats of various microstruc-
tures. We also simulated infiltration under various thermal conditions
and CMAS compositions. As the infiltration rate close to the bottom
surface is quite low, we only present infiltration up to the top 200 ym.

A. Infiltration Through Homogeneous YSZ Porous Topcoats

We simulated a baseline case using the CMAS and YSZ properties
and parameters given in Tables 1 and 2. Figures 3a—3c show the
pressure, the temperature, and the CMAS viscosity variations over
depth z, respectively, at various infiltration times. The overall pressure
gradient decreases with time, and the pressure distribution becomes
more nonlinear toward the end of the infiltration process. Figure 3b
shows a decreasing temperature from the top-to-bottom surfaces of
the topcoat, with the temperature gradient in the CMAS-wetted
region smaller than in the dry region, due to the higher thermal
conductivity. Also, the temperature in the wetted region is above that
value before the CMAS infiltration. As the wetting front advances, the
molten CMAS viscosity increases from 18 Pa - s at 100 ym to nearly

Table 1 Material properties and simulation parameters?®

Variable Symbol Value

CMAS density oL 2690 kg/m? [20]

CMAS dynamic viscosity " 5.31-178 Pa - s over a temperature range of 1100°C-1300°C
CMAS thermal conductivity ky 3 W/(m-K) [34]

Molten CMAS heat capacity Cpr 900 J/(kg - K) (at 70°C) [50]

Molten CMAS surface tension c 0.4 Pa-m[10,18,51]

Viscosity parameters for sand-derived CMAS [A, B, C] —4.55, 4708, 680.8

YSZ bulk thermal conductivity ki 2.64 W/(m - K)

YSZ heat capacity Cyom 475 J/(kg - K) (at 70°C) [50]

Porous topcoat ket 1.4 W/(m - K) (Unsaturated) [45]

Thermal conductivity 2.7 W/(m - K) (Saturated) (Rayleigh equation)
YSZ layer porosity € 0.15

Tortuosity of YSZ topcoats T 7

YSZ layer thickness 300 ym

“CMAS in this study, unless specified, refers to the most studied turbine deposit of sand particles from aeroengines operating in a desert environment.
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Table 2  Structural and operational parameters of YSZ porous topcoats

Square column  Characteristic length ~ Outer diameter of ~ Effective capillary =~ Permeability, Capillary ~ Bottom and top surface temperature
side length, [; of the column, D;  the annular gap, D, radius, 7, K pressure, P,. of the YSZ topcoat, T, and Ty,
10 pm 12.73 ym 14.43 ym 0.85 ym 1.83E—16 m?>  —945 kPa 1100°C and 1250°C
O =30
NS =30s
[\iv . 1250
L\ N - --- t=lmin Wetting Front /,(f)
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i \ ‘\\ e =4 min I
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| v 1200
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a | \\ \\\ ~ 3
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Fig.3 CMAS infiltration through a homogeneous YSZ topcoat: a) pressure vs depth in wetted region at different times, b) temperature distributions at
different times, c) viscosity vs depth in wetted region at different times, and d) wetting front position.

40 Pa - s at 200 ym depth, as shown in Fig. 3c. Figure 3d shows the
CMAS infiltration depth and the viscosity at the wetting front over
time, respectively. The wetting front location exhibits a logarithmic
slowdown over the course of the infiltration process. The infiltration
velocity reduces from an average of 3.94 um/s over the first 50 ym to
0.34 um/s just over 150-200 pm. As a result, although infiltration to
200 ym completes in about 4 min 45 s, half of the sorption occurs in
the first 55 s of the process.

The nonlinear dynamics of the CMAS infiltration, demonstrated
by the nonconstant pressure gradient, stems from the large temper-
ature drop across the topcoat and the temperature-dependent viscos-
ity. During the early stage of the infiltration, the CMAS viscosity is
low, due to the high local temperature near the top surface, whereas
the pressure gradient, which is on the order of P/, (%), is high, due
to a short penetration depth /,(¢). The immense pressure gradient
and low viscosity result in expedient infiltration near the top surface.
This behavior must be considered in the development of a strategy to
mitigate CMAS infiltration.

Practically, YSZ topcoats have a low thermal conductivity
to protect the base material. In the wetted region, the observed
temperature elevation from the initial temperature is the result of
the enhanced heat transfer by the more thermally conductive CMAS.
To understand how the temperature elevation by the CMAS infiltra-
tion affects the infiltration rate, we simulated the CMAS infiltration
based on the initial linear temperature distribution, as displayed in
Fig. 3b. The infiltration of CMAS over time with or without consid-
eration of heat transfer enhancement is compared in Fig. 4. Although
the local temperature elevations from without CMAS enhancement to
with CMAS enhancement are only 1.6% and 2%, respectively, for the
wetting fronts at 100 and 200 pm, the CMAS infiltration shortens the
time taken to reach these locations by 11.3% and 15%, respectively.
Overall, neglecting enhanced heat transfer by CMAS infiltration
using an approximated linear distribution over the topcoat under-
estimates the infiltration rate and time. Neglecting CMAS heat trans-
fer enhancement will cause an additional underestimation of the heat
transfer rate to the substrate. When a wetted region is 100 ym in
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Fig. 4 Infiltration depth vs time with/without consideration of CMAS-
enhanced thermal conductivity.

depth, the heat flux through the porous medium is 833 kW /m?, in
comparison with a flux of 700 kW /m? without considering the
reduced heat transfer resistance. It is also observed in Fig. 3b that
although CMAS infiltration alters the initial temperature distribution
across the topcoat, the temperature profile in each region, wetted
or dry, retains linearity, indicating a quasi-steady-state heat transfer
in the topcoat. With this information, a one-dimensional thermal
resistance analysis method can be used to find out the temperature
distribution, thus greatly reducing the computational cost.

B. Effect of Thermal Conditions on CMAS Infiltration

An important path to a better gas turbine efficiency is higher
turbine inlet temperatures. However, it is limited by the turbine
materials’ thermal limits and cooling capabilities. Different systems
will have differing temperature gradients, due to the particular inlet
temperatures and cooling conditions set by the turbine operator. It
has been found that a 25°C increase in turbine blade temperature
can reduce the lifetime of the turbine blade by a factor of 2 [52,53].
We conducted an investigation into the effects of thermal boundary
conditions on CMAS infiltration using the properties of the molten
CMAS and YSZ topcoats given in Tables 1 and 2. The top and bottom
temperatures of the topcoats are given in Table 3.

We first examined the effect of the bottom surface temperature
while the top surface temperature is maintained at 1250°C. As shown
in Fig. 5a, lowering the bottom temperature by 50°C does not signifi-
cantly affect the infiltration rate in the top layer up to 80 um. Over the
section 100-200 um, the average infiltration rate for the colder bottom
temperature case is 21.6% slower. On the other hand, both the total
and initial infiltration rates are very sensitive to the top surface tem-
peratures, as a higher top surface temperature significantly lowers
the viscosity for initial infiltration when the pressure gradient is higher.
The average infiltration velocity for the case with a top surface temper-
ature of 1300°C over the top 50 ym is 8 um/s, reflecting a roughly
103% increase compared with the case with 1250°C. The viscosity
of the CMAS at the wetting front during infiltration is displayed in
Fig. 5b.

Table3 Temperature boundary

conditions
Ttop (OC) TL (OC)
1300 1100
1250 1100
1250 1050

C. Effect of CMAS Compositions on Infiltration

The CMAS composition has arguably the strongest influence
on viscosity, apart from temperature. The varying compositions of
volcano ash and sand present different levels of threat to high-
temperature aerospace gas turbines operating in different environ-
ments. The molten CMAS properties presented in Table 1 correspond
to CMAS formulations taken from deposits in real turbines. These
turbines operated in sandy environments, so we term this formulation
“sand-derived CMAS.” In this study, we further investigated infiltra-
tion of CMAS from Eyjafjallajokull volcano ash (VA) and Sakur-
ajima VA in the topcoat. Their CMAS compositions are compared in
Table 4 with the corresponding temperature-dependent viscosity
parameters of Eq. (13) given in Table 5. The temperatures at the top
and bottom surfaces of the YSZ topcoat are 1250°C and 1100°C,
respectively. The YSZ properties can be found in Tables 1 and 2.

Although the three CMAS compositions exhibit similar infiltration
dynamics, the infiltration rate differs largely, due to the viscosity—
temperature relationship. Transient infiltration behavior for the three
cases is compared in Fig. 6, with associated infiltration times to
50 ym and 100 pym depth, shown in Table 5. The sand-derived
CMAS has the lowest viscosity and shortest infiltration time at nearly
4 min, and the Eyjafjallajokull VA has the highest viscosity at any
temperature and the longest infiltration time. The time taken by the
molten sand-derived CMAS to wet the top 200 um of the TBC is the
same as that taken by the Eyjafjallajokull VA to wet the top 100 ym of
the topcoat. The Sakurajima VA is only slightly faster. Information on
CMAS infiltration behavior between volcano ash and sand is crucial
to assess the risk encountered by the aero gas turbines that may
operate in unexpected environments and locations. Also, quantitative
understanding also helps to avoid increased cost due to having a too
stringent infiltration mitigation strategy.

D. Effect of YSZ Microstructures on CMAS Infiltration

YSZ topcoats grown through EB-PVD possess columnar micro-
structures with various porosities (0.1-0.4) [33,34,45], pore sizes
(0.1-2.3 pm) [6,53], and crystal column sizes (1-20 pm) [6,53].
Practically, the process parameters used in the EB-PVD process can
vary the EB-PVD microstructure from fine to coarse columnar struc-
tures [54]. However, to what extent the column size affects infiltration
remains unclear. In this study, we compared infiltration through
microstructures with two different column characteristic lengths, 10
and 5 pm, assuming the same overall porosity of 0.15. The interco-
lumnar gaps scale down with the column diameter to maintain the
same porosity. For parallel columnar structures, thermophysical prop-
erties are functions of porosity only, and thus remained unchanged.
The properties of these two microstructures are given in Table 6. The
top and bottom surface temperatures are 1250°C and 1100°C, respec-
tively, and the CMAS composition is based on sand, with properties
given in Table 1.

Figure 7 shows that reduction in column diameter has a noticeably
slower infiltration rate. The average infiltration rate over the top 50 ym
is 1.96 um/s for the topcoat with finer columns, which is 50% slower
than the other over the same depth. When porosity remains unchanged,
the decreased pore size has two opposing effects on infiltration:
it reduces permeability and creates more resistance to flow while
it enhances capillary pressure, drawing the molten CMAS into the
porous medium via the wetting interaction. The resistance to infiltra-
tion overpowers the enhanced capillary pressure. Therefore, creating
microstructures with fine columns and fine pores offers a solution to
reduce the CMAS infiltration rate.

E. CMAS Infiltration into YSZ Topcoats of Heterogeneous Column
Structures

Multilayer topcoat structures give the material designer/engineer
a greater ability to add functionality such as corrosion protection
and CMAS infiltration mitigation through decreased wettability and/
or permeability [7,55]. The microstructure properties, thickness,
and arrangement of the multilayer can be tailored to mitigate CMAS
infiltration without significantly compromising the overall thermo-
mechanical properties. It is critical to understand the infiltration
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Fig. 5 a) Infiltration time vs wetting front location for various top and bottom temperatures, and b) wetting front viscosity vs wetting front location.

Table4 CMAS Compositions for viscosity investigation (mol %)*

Case CaO MgO FeO Al,04 SiO, TiO, Na,O K,0 MnO Ta, 05
Sand-derived CMAS 33 9 0 13 45 0 0 0 0 0
Eyjafjallajokull’ VA 12.5 6.1 17.6 7.4 49.7 43 2.0 0.4 0 0
Sakurajima® VA 10.34 3.04 13.11 12.48 54.9 0.08 4.25 1.72 0.05 0.03
*VA compositions vary in literature. Superscripts denote sources for each formulation:
°[22],
[23].
Table 5 Parameters for different CMAS compositions and viscosity treatments
Infiltration time, Infiltration time,
Case B C wuat 1250°C (Pa-s)  uat 1173°C (Pa-s) 50 pm (s) 100 pm (s)
Sand-derived CMAS 4708  680.8 11 40 13 56
Eyjafjallajokull VA 5478  647.2 51 202 59 260
Sakurajima VA 5816  585.2 45 160 52 228
25 behavior in such kinds of hybrid structure systems to achieve an
- efficient CMAS-resistant outcome.
i Sand-derived CMAS We first studied infiltration through bilayers, as shown in Fig. 8a,
- ~ — - = Eyjafjallajskull VA // which consist of the two differegt columnar structures studied. in
20 B L Sakuraiima VA , Sec. IV.C. The top layer of the hybrid structure has a finer column size
| ura ;7 (6.37 um in diameter) and narrower pores that have demonstrated a
- s higher resistance to CMAS infiltration; the remaining thickness of the
15 B | / / topcoat has the larger column diameter of 12.73 ym with a larger pore
= s ;o size. Bilayer structures with two top-layer thicknesses, L, = 30 and
g i e 60 um, were used. The transient wetting front locations over time for
b i , 4 // the bilayer structures are compared with a single layer having the
10 e homogeneous fine columns of 6.37 ym in diameter. To illustrate the
i Y ’ structural effect only, the three structures have the same total thick-
i 7 e ness, porosity, and thermal properties. Thermal boundary conditions
B e
Sk e
i Table 6 Properties of columnar microstructures with different
B column sizes
0 . = Case I; (um) D, (um) D;(um) r.(um) K (m?) P, (kPa)
0 50 100 150 200
h Coarse column 10 14.43 12.73 0.85 1.83E-16 -945.0
p (Lm) Fine column 5 721 637 042 457E-17 —1890.1

Fig. 6 Infiltration time vs depth for various CMAS compositions.
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are 1250°C at the top surface and 1100°C at the bottom surface, and
the CMAS properties are based on sand, as given in Table 1.

The CMAS penetration depths vs time for the three structures are
presented in Fig. 9a, and the pressure profiles for the bilayer and
homogeneous structures are compared at an infiltration depth of
100 ym in Fig. 9b. The behavior of the bilayer structures is more
interesting when compared with the single layer of fine columns. As
compared in Fig. 10, the three structures share the same infiltration
behavior over the first 30 yum due to identical microstructures.
Between 30 and 60 pm, interestingly, the thin-top bilayer structure
(Ly = 30 pum) demonstrates a slower penetration than the other two.
However, beyond 60 um, the thick-top layer structure (Lo = 60 ym)
exhibits the best CMAS infiltration resistance up to 200 ym, even
better than the fine column single layer.

Although the homogeneous layer having the fine column structure
is more resistant to infiltration than the coarse one, the bilayer struc-
tures combining both fine and coarse column sizes demonstrate a
more effective resistance to infiltration. Such a bilayer microstructure
mitigates infiltration in two ways: the fine column top layer adds extra
resistance to infiltration, and the large pore size of the bottom layer
constrains the capillary pressure at the wetting front. The thicker the
fine-column top layer is, the greater the pressure head loss across it is,
as shown in Fig. 9b. When the wetting front enters the coarse layer
from the fine column layer, the flow slows down considerably, due to
the lower capillary pressure and the top layer’s lower permeability.

Time (min)
[\ )

Single-Layer

Lo=30pm Lo=60pm . "o

B0-30um B30-60 um M60-120 um

Fig. 10 Infiltration times to reach 30, 60, and 120 ym depth by fine-
column single-layer and bilayer topcoats.

-500
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- - - - Ly=30pm

- - Ly=60um

| - Single-Layer Fine Column -
~2000 FTN I S N TR SN N NS N N [ R N

0 20 40 60 80 100

z (um)
b)

Fig. 9 a) Comparison of infiltration time vs depth for bilayer and single-layer structures, and b) pressure distribution in wetted depth of 100 gm.
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For infiltration between 30 and 60 pm, the thin-top bilayer (Ly =
30 um) structure has the combined infiltration resistance and low
capillary pressure, which explains the longer penetration time than
other structures. Beyond 60 pm, the thick-top bilayer (L, = 60 um)
offers a higher hydraulic resistance than the thin-top layer, and a lower
capillary pressure than the single layer, resulting in the slowest
infiltration over this range. Given that infiltration is fastest near the
hot surface of YSZ topcoats, using heterogeneous microstructures that
take advantage of both infiltration resistance and reduced capillary
pressure presents a possible path for CMAS infiltration mitigation.

We also compared the thick-top bilayer structure with two
multilayer structures with alternating fine and coarse columns. As
displayed in Figs. 8b and 8c, respectively, one has six layers of fine-
column microstructure with a thickness of 10 um, each embedded
10 um apart in the regular structures, and the other has three layers
of 20 pm layers, embedded 20 um apart. In addition, all structures in
Fig. 8 have the same porosity and the same topcoat thickness of
300 ym. Molten CMAS properties and thermal conditions remain
unchanged from the bilayer simulation. The infiltration dynamics for
the bilayer and alternating layer structures are compared in Fig. 11. It
shows that infiltration in the thin multilayer structure (6 X 10 ym) is
the slowest to reach the 20 ym infiltration depth, whereas the medium
multilayer structure (3 X 20 ym) yields the slowest penetration up to
the top 55 um thickness. Most interestingly, infiltration in the thin
multilayer topcoat is slower to reach 55 pum than the bilayer structure.
Again, the slower penetration in the alternating multilayer structures
during the early stage can be explained by the combined reduced
capillary pressure and elevated resistance to infiltration. By reducing
the thickness of each layer and increasing the number of layers,
delayed infiltration starts sooner and lasts over a longer period of
time compared to the corresponding bilayer structure.

This understanding of the infiltration behavior through an alternat-
ing multilayer structure is important for the development of alternat-
ing YSZ and GZO in multilayer structures [55]. GZO is a promising
antiinfiltration material because of its low thermal conductivity and
reactivity with CMAS to block further penetration. However, as GZO
is also permeable, it is critical that the infiltration time across the GZO
layer is sufficiently long for chemical reactions to complete and block
further infiltration. The alternating multilayer structures offer a sol-
ution that could extend the penetration time within a limited depth
from the top surface and allow more time for thermochemical reac-
tions to occur.

One limitation of this study is the simplified column structures
for evaluation of the hydraulic permeability and capillary pressure,

80,
i Ly =60 um
i - === Ly=6x10 pum
6o ~ T L0|:3x20pm
u | ‘/
i i 7
i /
~ - B =
£ ! g
g 40F [ 7
e | !
|
- I
f i
I
20F i
- i
I
| i
ol— \/\/\iwwwwlwww\|\\\\|\\\\|\|\\

0 10 20 30 40 50 60 70

Fig. 11 Comparison of infiltration time vs depth for bilayer and multi-
layer structures with same fine-column total thickness (60 zm).

due to the scarcity of the transport properties of YSZ topcoats grown
by the EB-PVD method. Sophisticated structures such as smaller
columns protruding from the main columns at an angle are considered
by an estimated constant tortuosity. Additionally, the assumption
of constant porosity for the heterogeneous structures is a simplifica-
tion. However, the mechanistic understanding of CMAS infiltration
behavior through a heterogeneous topcoat is still valuable for the
development of gradient materials and multilayer structures to inhibit
infiltration. In addition to properties, only infiltration is concerned in
this study. Other factors such as thermomechanical properties and
interface strength should also be considered when designing gradient
structures for the YSZ topcoat of thermal engines. The numerical
study of CMAS infiltration will continue with more realistic proper-
ties and structures of the topcoat. Phase change and chemical reac-
tions in the YSZ material should be included in the future study to
have a better understanding of the infiltration dynamics.

V. Conclusions

This study introduces an integrated model, incorporating heat trans-
fer, liquid flow in unsaturated porous structures, and temperature-
dependent viscosities to study CMAS infiltration through thermal
barrier coatings with different CMAS compositions, temperature
gradients across the topcoat, and various coating microstructures.
CMAS infiltration exhibits nonlinear dynamics with fast infiltration
at the earlier stage. Infiltration analysis may be simplified by neglect-
ing the CMAS’s influence on the porous medium’s conductivity.
However, the resulting approximated linear distribution over the
topcoat underestimates the infiltration rate. It is also observed that
although CMAS infiltration causes a lower temperature gradient in
the wetted region than that in the dry region, the temperature profile in
each of the regions retains linearity, indicating a quasi-steady-state
heat transfer in the topcoat throughout the infiltration. Additionally,
both the total and initial infiltration rates are very sensitive to the top
surface temperatures, but the effect of the bottom surface temperature
is only important in the later infiltration stage. For columnar porous
structures of an identical porosity, the one with fine columns and
narrow pores exhibits more resistance to CMAS infiltration. Bilayer
or multilayer structures consisting of different column and pore
sizes used in this study have the combined advantage of an increased
hydraulic resistance to infiltration and a low capillary pressure. As a
result, they have slower infiltration rates over intermediate lengths.
Such heterogeneous structures can be used to delay infiltration at
the early stage by manipulating the layer thickness and arrangement.
It is anticipated that the quantitative information and the advanced
understanding obtained through the theoretical study would benefit
the development of anti-CMAS infiltration solutions through
manipulation of temperature and microstructure.

Appendix

For one-dimensional infiltration of a liquid with a constant viscos-
ity into a homogeneous porous medium, the analytical can be derived
by solving Egs. (A1) and (A2). For the boundary conditions of z = 0,
P =0, and z = h(t), P = P,, the penetration depth is expressed as
[6,10]

h(t) = —Zf—;ct (A1)

Using the properties given in Table 6, the numerical and analytical
solutions are compared in Fig. Ala. Total infiltration times differ by
less than 0.1%.

We also tested the infiltration of CMAS, whose viscosity varies
with the position z in the porous medium exponentially, which is

p(z) = Ce' (A2)
where z = 0 coincides with the top surface of the porous layer.

The constant C and A values used in the test were based on a
viscosity—temperature relationship of CMAS infiltrating a 200 ym
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Fig. A1 Comparison of theoretical and numerical solutions with a) constant viscosity, and b) exponentially varying viscosity.

Table A1  One-dimensional infiltration
parameters for constant viscosity case
K (m?) P, (kPa) uPa-s)
1.829E-16 -945 10.94

porous layer whose top and bottom temperatures are 1250°C and
1150°C, respectively. The exponential variation of the viscosity
with position corresponds to a linear temperature distribution in the
porous layer.

The theoretical relationship between the infiltration time ¢ and the
penetration depth A(¢) is [38]

Ce (e'"—1
t=——\—-—h
KAP, A

The analytical and numerical solutions for C = 8.561 and A =
10020 are compared in Fig. A1b. The time needed to penetration top
200 pum obtained by the analytical and numerical solutions also differ
by 0.1%.

(A3)
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