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Abstract

As an important surface protection method, environmental barrier coatings (EBCs) have been applied in the
aerospace industry. In order to prepare advanced EBCs with low residual stress, high bonding strength, excellent an-
ti-oxidation resistance and long service lifetime by means of APS (Atmospheric Plasma Spraying), the finite element
method (FEM) has been used to design and optimize the structure of the EBCs, thereby saving on experimental costs
and improving investigation efficiency. The current work focuses on the influence of the top-coat layer (RE,SiO5)
and the thickness of the corresponding layer on the residual stress of the EBCs. The simulation results revealed that
an over-thick top-coat resulted in high residual stress and the thickness of the top-coat should not exceed 170 pm.
The simulation results showed that the residual stresses in Er,SiO5 and Y,SiO5 were significantly lower than those
in Yb,SiO5 and Gd,SiOs5, the maximum axial stress of Er,SiOs, Gd,SiOs, Y,Si05, Yb,SiO5 is 167 MPa, 191 MPa,
165 MPa, 294 MPa, respectively. It could be concluded that the most suitable top-coat consisted of Y,SiO 5 with a thick-
ness of 140 pm, as this produces high-quality coatings based on the current simulation results. The experiment results
showed that Y,SiO5 and Er,SiO5 had fewer cracks, indicating a low stress level (142.6 MPa +4 MPa), which was con-
sistent with the simulation results.
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mechanism

I. Introduction

The development of the aviation industry has accelerated
the development of aircraft engines 1 Hence, the improve-
ment of the thrust-to-weight ratio for engines should be a
primary consideration 2. The realization of a high thrust-
to-weight ratio requires light structural materials with a
high service temperature 3. The limit for the melting point
of Ni-based super-alloys (1 150 °C) was difficult to break
through 4. So, Ni-based super-alloys have been replaced
by SiC¢/SiC composites with lower density, high service
temperature and many other excellent properties 5. But
SiC¢/SiC composites are susceptible to environmental cor-
rosion at high temperatures ¢. EBCs are therefore used to
extend the working life of SiC{/SiC. The function of EBCs
is to protect the SiC¢/SiC composites in severe environ-
ments, and directly prevent or reduce high-temperature
damage to the surface of SiC{/SiC composites 7.

The development of EBCs has gone through three
stages 8. The first generation of EBCs is composed of
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yttria-stabilized zirconia (YSZ) and mullite. However,
owing to the large difference in the CTE, cracks are ini-
tiated and propagated during thermal cycling, causing
layers to peel off and shortening the lifetime of EBCs.
The second-generation EBCs are composed of mullite +
BSAS (1-xBaO-xSrO-Al,03-2S510,,0<x<1). The disad-
vantage of the second-generation EBCs is that the maxi-
mum service temperature is too low (<1300 °C) 9-12. The
volatilization rate of the coating is significantly increased
at a high service temperature, which leads to rapid failure
of the coating. At present, silicate is used for third-genera-
tion EBCs, but this needs to be explored and investigated.
The advantages of third-generation EBCs are that they
have excellent phase stability, better chemical compatibil-
ity and water resistance, but there is large difference in the
CTE between two adjacent layers. The lifetime of EBCs
is directly related to residual stress, which results in crack
initiation and propagation at the inner boundary of the
ceramic layer or along the interface between the adjacent
layers.

Multilayer EBCs are now attracting a great deal of at-
tention. Bradley T. Richards et al. 13 have investigated
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an Yb,SiO5 coating fabricated by means of APS and found
it has good anti-steam recession and anti-oxygen corro-
sion at 1400 °C. Edge delamination of the coating system
has been observed. This is caused by bending of the de-
laminated region to relax the stress in the surface layer de-
veloped by TGO and Yb,SiO5 during the cooling step of
each thermal cycle. B.J. Harder ez al. 14 have investigated
doped aluminosilicate coatings to assess their stability on a
SiC/SiC-melt-infiltrated substrate. They used a numerical
model to compare the stress results and analyzed the strain
and phase evolution as a function of multi-layer depth and
temperature. They found that the phase transformation in
the top-coat promoted the healing of cracks in the EBCs
and reduced stress levels in the underlying layers, while
the addition of SAS(SrAl,Si,Og) to the interlayer reduced
stresses, but did not stop cracks from forming. Bradley T.
Richards et al. 15 used optimized air plasma spraying pa-
rameters to deposit a tri-layer Yb,S105/Al¢Si,015/Si on
substrates to improve interface adherence and reduce the
concentration of defects. During the cooling process, ten-
sile stresses developed in the ytterbium monociliate layer
since its CTE exceeded that of the substrate. These stress-
es drove vertical mud cracks that underwent crack branch-
ing either within the Al¢Si,O3(mullite) layer or at one of
its interfaces. Xin Zhong er al. 16 have evaluated and com-
pared the microstructure evolution, thermal expansion,
thermal conductivity and thermal shock resistance prop-
erties of the plasma-sprayed X1-Gd,SiO5, X2-Y,Si05
and X2-Er,SiO5 coatings based on experimental measure-
ment and theoretical exploration, and found that the X2-
Y,S105 and X2-Er,Si05 coatings with lower thermal mis-
match stresses presented much better thermal shock resis-
tance than that of the X1-Gd,SiO5 coating.

High residual stress was generated during the prepa-
ration of the APS-coating14-18. When the stress on a
component exceeds its yield strength, the component will
produce plastic deformation. Generally, the formation of
residual stresses includes thermal mismatch stress, impact
stress, quenching stress and phase transition stress 19-21:

(1) The quenching stress and impact stress: the high-tem-
perature molten particles are quenched to the temperature
of the substrate when they contact with the substrate in the
spraying process. When the coating is sprayed onto a cold-
er substrate, quenching stress is generated in the ceramic
coating. Quenching stress is caused by the rapid shrinkage
of the sprayed splash sheet from the processing tempera-
ture to the substrate temperature as it rapidly cools. At the
same time, the un-melted particles contact the substrate in
the process of coating fabrication, some high-temperature
particles will rebound. Therefore, impact stress is generat-
ed.

(2) Stress-induced phase transformation: phase transfor-
mation stress is caused by the phase transformation that
may occur in the air thermal spraying process. And the
phase transition stress is generated during the solidifica-
tion of liquid particles and solid-phase transition.
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(3) Thermal mismatch stress: the CTE of adjacent layers
are different. Thermal stress is induced owing to the ther-
mal mismatch of the CTE between the ceramic layer and
the substrate. Thermal stress results from difference in the
CTE between the coating and substrate as the substrate
and coating cool together from the spraying state to room
temperature.

But the main residual stress is from the thermal mis-
match stress for EBCs 22, So, the discussion will focus on
the damage to the top-coat caused by thermal mismatch
stress. The current research is urgently needed to improve
EBCs, to avoid lengthy experiments, high cost and be-
cause of the absence of systematic research. In addition,
the delamination of coatings is mainly caused by residu-
al stress, the residual stress malnly originating at the in-
terface of the EBCs 18-20, So, it is necessary to optimize
the preparation process for EBCs to accelerate assessment
of the magnitude of residual stress values. This is an im-
portant approach to reduce residual stress in the prepa-
ration of high-quality EBCs. Numerical simulation is a
method which uses a computer as the investigation tool.
Actual physical experiments usually require long experi-
mental periods, incur high costs, and, in some cases, ex-
periments are difficult to observe or realize, so numerical
simulation is a good alternative 23-26, Numerical simula-
tions have certain advantages, such as low cost, short ex-
perimental periods and safe operation. Hence, numerical
simulations have played an irreplaceable role in the field
of scientific investigations 27. Although some experimen-
tal parameters cannot be measured by direct experiments,
they can be verified based on indirect data and inferences
by means of numerical simulation, which can also speed
up experimental progress and improve experimental effi-
ciency. FEM is a kind of numerical simulation which uses
mathematics to solve partial differential equations in order
to obtain approximate solutions. FEM can help us save on
experimental costs and time, and accelerate the process of
EBC design and new material development, as shown in
Fig. 1. Therefore, FEM can be used to analyze the residu-
al stress in EBCs prepared by means of APS. The focus is
ontheeffect of adifferent composition and different thick-
ness of the top-coat, which would provide useful guidance
for the preparation of EBCs with excellent performance. A
suitable material for use as the top-coat for EBCs is select-
ed and the corresponding thickness optimized.

II. Methods and Procedures

(1) Material parameters

Since the thermo-physical properties of materials are de-
pendent on temperature, the data of the thermo-physi-
cal properties of materials at different temperatures can
be considered comprehensively. This facilitates the acqui-
sition of more accurate calculation results. The materi-
al properties of Er,Si05, Gd,SiOs5, Y,S105, Yb,SiOs,
Yb,S1,07 and mullite are shown in Table 1, Table 2, Ta-
ble 3, Table 4, Table 5 and Table 6 16,18,28 respectively.
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Fig. 1: The flowchart showing finite element simulation of residual stress in EBCs.
Table 1: Material properties of Yb,SiO5 used in the finite element simulation.
T (°C) k(W/m-K) c(J/g:K) o (K1) E(GPa) v p (103kg/m3)
25 0.67901 0.29435 6.83¢-6 97.3 0.23 7.07
100 0.68767 0.35339 6.92¢-6 97.3 0.23 7.07
200 0.68057 0.3958 7.01e-6 97.3 0.23 7.07
300 0.66716 0.42091 7.09¢-6 97.3 0.23 7.07
400 0.66661 0.43817 7.15e-6 97.3 0.23 7.07
500 0.68348 0.45136 7.19¢-6 97.3 0.23 7.07
600 0.70652 0.46225 7.22e-6 97.3 0.23 7.07
700 0.73434 0.47172 7.25e-6 97.3 0.23 7.07
800 0.76126 0.48028 7.28e-6 97.3 0.23 7.07
900 0.79459 0.48823 7.31e-6 97.3 0.23 7.07
1000 0.8454 0.49574 7.34e-6 97.3 0.23 7.07
1100 0.93955 0.50295 7.39¢-6 97.3 0.23 7.07
1200 1.12579 0.50993 7 44e-6 97.3 0.23 7.07
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Table 2: Material properties of Y,SiO5 used in the finite element simulation.
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T (°C) k(W/m-K) c(J/g'K) a (K-1) E(GPa) v p (103kg/m?3)
25 0.53594 0.390402475 5.25¢-6 72.94 0.2 4.16
100 0.6101 0.465585306 4.99¢-6 72.94 0.2 4.16
200 0.64893 0.523467898 5.36¢-6 72.94 0.2 4.16
300 0.63962 0.56114733 5.63¢-6 72.94 0.2 4.16
400 0.61081 0.589675494 5.86¢-6 72.94 0.2 4.16
500 0.5742 0.613463539 6.03¢-6 72.94 0.2 4.16
600 0.54115 0.634552743 6.17¢-6 72.94 0.2 4.16
700 0.51964 0.653993112 6.29¢-6 72.94 0.2 4.16
800 0.50906 0.672369569 6.40e-6 72.94 0.2 4.16
900 0.51669 0.690028919 6.49¢-6 72.94 0.2 4.16

1000 0.53248 0.707187363 6.58¢-6 72.94 0.2 4.16

1100 0.56019 0.723985366 6.69¢-6 72.94 0.2 4.16

1200 0.5853 0.740517398 6.79e-6 72.94 0.2 4.16
Table 3: Material properties of Gd,SiO5 used in the finite element simulation.

T (°C) k(W/m-K) c(J/g'K) a (K-1) E(GPa) v p (103kg/m?3)
25 0.58078 0.292235062 6.98¢-6 75.15 0.24 6.23
100 0.6197 0.340654239 7.58e-6 75.15 0.24 6.23
200 0.62743 0.377193013 8.07e-6 75.15 0.24 6.23
300 0.60112 0.400368252 8.40e-6 75.15 0.24 6.23
400 0.5462 0.417490314 8.65¢-6 75.15 0.24 6.23
500 0.49192 0.431476988 8.82¢-6 75.15 0.24 6.23
600 0.44226 0.443678493 8.96¢-6 75.15 0.24 6.23
700 0.408 0.454789364 9.06e-6 75.15 0.24 6.23
800 0.39705 0.465196502 9.17e-6 75.15 0.24 6.23
900 0.41145 0.475129304 9.28e-6 75.15 0.24 6.23

1000 0.44694 0.484730777 9.39¢-6 75.15 0.24 6.23
1100 0.50175 0.494093835 9.50e-6 75.15 0.24 6.23
1200 0.56438 0.503280964 9.5%¢-6 75.15 0.24 6.23
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Table 4: Material properties of Er,SiO5 used in the finite element simulation.

49

T (°C) k (W/m-K) c(J/g'K) a (K-1) E(GPa) v p (103kg/m?3)
25 0.61112 0.298941516 5.20e-6 74.5 0.22 6.59
100 0.6086 0.341219377 5.20e-6 74.5 0.22 6.59
200 0.60237 0.375254603 5.50e-6 74.5 0.22 6.59
300 0.56607 0.39863756 5.79e-6 74.5 0.22 6.59
400 0.52374 0.417195441 6.02¢-6 74.5 0.22 6.59
500 0.48446 0.433254059 6.22¢-6 74.5 0.22 6.59
600 0.45166 0.447889692 6.38¢-6 74.5 0.22 6.59
700 0.43387 0.461655964 6.51e-6 74.5 0.22 6.59
800 0.43325 0.474861281 6.63¢-6 74.5 0.22 6.59
900 0.44496 0.487688497 6.73e-6 74.5 0.22 6.59

1000 0.47015 0.500251607 6.84¢-6 74.5 0.22 6.59

1100 0.50287 0.512624672 6.96¢-6 74.5 0.22 6.59

1200 0.54008 0.524857501 7.06¢e-6 74.5 0.22 6.59
Table 5: Material properties of Yb,SiO5 used in the finite element simulation.

T (°C) k (W/m-K) c(J/g'K) a (K-1) E(GPa) v p (103kg/m?3)
25 0.8646 0.33131 3.12e-6 67.49 0.27 5.67
100 0.8235 0.4106 3.24e-6 67.49 0.27 5.67
200 0.77638 0.46592 3.39e-6 67.49 0.27 5.67
300 0.74114 0.49719 3.55¢e-6 67.49 0.27 5.67
400 0.70406 0.51758 3.70e-6 67.49 0.27 5.67
500 0.68188 0.53233 3.84e-6 67.49 0.27 5.67
600 0.67816 0.54387 3.98e-6 67.49 0.27 5.67
700 0.69951 0.55344 4.12e-6 67.49 0.27 5.67
800 0.75459 0.56175 4.26e-6 67.49 0.27 5.67
900 0.84526 0.5692 4.40e-6 67.49 0.27 5.67

1000 0.97298 0.57606 4.53e-6 67.49 0.27 5.67
1100 1.14562 0.58249 4.66¢-6 67.49 0.27 5.67
1200 1.36782 0.5886 4.78e-6 67.49 0.27 5.67
Table 6: Material properties of mullite used in the finite element simulation.
T (°C) k(W/m-K) c(J/g'K) a (K-1) E(GPa) v p (103kg/m?3)
2.5 0.76 5.30e-6 110 0.28 2.65
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(2) FEM model and boundary conditions

According to the schematic shown in Fig. 2, as for cylin-
drical specimens, simplification to a 2D model is possi-
ble 29, the temperature of the system can be described as
follows:

T _, {aZT IT 1 BT]

P =8 52 e Tr e )

where p is the density (kg/m?), ¢, is the spec1f1c heat
(kJ/(kg-K)), T is the system temperature (K), t is the time

(s), OT/dt is the normal temperature gradient (K/m), and
k is the thermal conductivity (W/(m-K)).
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Fig. 2: Schematic illustration of the calculation model for the mul-
tilayer coating.

The temperature field of the specimen is obtained de-
pending on the thermodynamic conditions. The thermal
strain and stress can then be determined based on the nu-
merical analysis of temperature fields according to the
thermal elasticity theory. The third boundary condition
applied to this model is expressed as:

9L oher,o Ty @
T
where 7. is the time constant (s), 4 is the heat transfer
coefficient (W/(m2-K)), T¢is the ambient temperature (K),
and T, is the temperature of the specimen (K).
The stress and strain must satisfy the following equa-
tions: Balance equation

99, 9% ,9.7% ¢ _g
or Oy r
8&4_%4_&4_]( =0 (3)
o oy r 77
Physical equation:
o, 14 A0 —(1+p)aAT
oo E(1-u) |A 1A 0| eg~(1+u)arT
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where @ is the normal stress (Pa), T is the shearing stress
(Pa), fis the component of the body force (N/m3), ¢ is the

Vol. 13, No. 1

linear strain (m), y is the shear strain (m), E is the Young’s
modulus (MPa), u is Poisson’s ratio, o is the thermal ex-
pansion coefficient (1/K), AT is the variation of tempera-
ture (K), A; = u) and A, = (1 24)

In the current Work ANSYS AlngL is used for simula-
tions by means of FEM with the following assumptions:

(1) This model is regarded as a transient-state problem.
Alllayers are uniformly isotropic and each layer is free of
defects. The interface between two adjacent layers is flat
with no cracks or pores.

(2) The upper surface of the coating transfers heat only
with air by convection and other edges are adiabatic, the
thermal radiation is not considered.

(3) The adjacent layer is assumed to be linearly elastic.
The axisymmetric model is chosen to reduce the data pro-
cessing time and improve the calculation accuracy. In this
mode, the overall coating structure is designed as four sec-
tions, SiC{/SiC substrate (9 mm), Si bond-coat (100 pm),
Yb,Si,07 interlayer (100 pm) and top-coat (50 —200 um)
including ErZSiO5, Gd25i05, stIOS and szSlOs as
shown in Fig. 3. In this work, PLANE13 is used for mesh-
ing and procedures. The interfaces of adjacent layers are
refined to improve the accuracy of the simulation results.

The constraint conditions are applied to the axial and
bottom of the model, with #, = 0 in the horizontal direc-
tion on the left side and %, = 0 in the vertical direction
of the bottom. And the symmetrical boundary conditions
were applied. The multi-point coupling (MPC) constraint
was imposed on the right side of the model, which is re-
garded as the geometric boundary condition. The initial
temperature of the SiC layer is set to 1 175 °C 15 (tempera-
tureatthe end of spraying, when the coating has been com-
pletely formed on the substrate) and that of the interlay-
er, bond-coat and top-coat is set to 1940 °C, 2300 °C and
2000 °C, respectlvely (this is the melting point or phase
transformation point for coatings.) and the cooling time
is 1800 s from initial temperature to room temperature
(25 °C) 16, The convection coefficient between the outer
surface of the sample and air is set to 100 W/(m2-K) 17. The
equipment for the preparation of EBCs was an A-2000 au-
tomatic atmospheric plasma spraying system (Sulzer Met-
co, Switzerland), which consists of the F4-MB spray gun
and the S3 robot made by ABB, USA, and the Twin10-2
double cartridge powder feeding system. The plasma-gen-
erating gasisargon and hydrogen, and the powder-feeding
carrier gas is argon. The spraying power is 43 kW, the flow
rate of the argon, hydrogen and carrier gas are 38 L-min-1,
12 L-min-tand 3 L-min-1. The principle and measurement
of surface residual stress using XRD is shown in Fig. 3(c)
and Fig. 3 (d), respectively.

III. Results and Discussion

The stress of four EBC systems are compared in this sec-
tion, the stress plot of the ditferent EBC systems is dis-
cussed, as shown in Fig.4. The maximum radial tensile
stress (Sx), the maximum axial tensile stress (Sy), the maxi-
mum shear stress (Sxy) and the maximum equivalent stress
(Seqv) 1s 98.3 MPa, 63.9 MPa, 10.0 MPa and 99.7 MPa, re-
spectively. It can be found that the residual stresses of
the samples are principally concentrated on the top-coat.
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However, compared with the whole sample, the residu-
al stresses in the substrate are relatively low. The residu-
al stress is transferred to the top-coat once the preparation
process is finished and the entire samples have cooled to
room temperature. The various stresses indicator was in-
tersected at the edge of the coating, which indicated that
the chaotic stress zone could be restricted.

Generally, the influence of the composition and thick-
ness of the top-coat of EBCs on its residual stress is cru-
cial 30. In previous EBCs, mullite was used as the inter-
layer and monatomic Si was used as the bond-coat. The
mullite interlayer prevents oxygen atoms penetrating in-
to the substrate and protect the substrate against oxidiza-
tion in the harsh service environment. However, the ex-
istence of a mullite interlayer caused new problems, ow-
ing to the thermo-physical properties of mullite being dif-
ferent from those of the SiC substrate, which leads to
the coatings peeling off easily. Therefore, it is necessary
to verify whether this viewpoint is correct. As shown in
Fig. 5(a), the axial stress and radial stress of Yb,SiO5 and
Gd,SiOj5 are significantly higher than that of Er,SiO5 and
Y,Si0 5 but their shear stress is close to each other. And
the maximum axial stress of Er,Si05, Gd,S105, Y,S105,
Yb,SiO51s 167 MPa, 191 MPa, 165 MPa, 294 MPa, respec-
tively. When the Yb,S1,0; interlayer was replaced with
mullite, it was found that the residual stress of the coat-
ing had significantly increased when the increase in axial
stress was the most evident, as shown in Fig. 5(b). Thus,
the disadvantage of mullite is that it increases the possi-
bility of the coating peeling, which is consistent with the
reason for the failure of YSZ. So, an Yb,Si,07 interlayer
is the better choice than a mullite interlayer. The top layer
affects the performance of the coating more than the mid-
dle layer. And this work also focuses on the composition
and structure of the top-coat. The more specific analysis
and discussion is detailed in the subsequent section.
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Fig. 5: Residual stress of Yb,S1,0; and mullite: (a) Yb,Si,07, (b) mullite.
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The residual stress as a function of thickness is shown for
each silicate in Fig. 6. Fig. 6(a), Fig. 6(c) and Fig. 6(d) show
the radial stress, axial stress, shear stress and equivalent
stress, respectively. As can be seen from Fig. 6, the varia-
tion of residual stress of EBCs is consistent with the in-
crease in the coating thickness. The radial stress and equi-
valent stress have limited variation, which could be regard-
edasbeingunchanged. The shear stress has exhibited an in-
creasing tendency and only reduced by 80 ~ 110 um. The
axial stress showed a linear increasing tendency with in-
creasing thickness. With the increase in the thickness of
the top-coat, the axial stress increased by about 88 %, so
there was large increase in the axial stress, and the increase
in the axial stress probably caused the adhesion strength
between the coating and the substrate to deteriorate. It
can be seen from Fig. 6, the residual stress of Er,SiO5 and
Y,SiOj5 is almost equal, which can be attributed to their
similar coefficients of thermal expansion. Although the av-
erage coefficient of thermal expansion of Yb,SiO5 islower
than that of Gd,SiOs, the stress of Gd,SiO5 is higher than
that of Yb,SiO5. This is mainly because that the average
thermal conductivity and average specific heat capacity of
Yb,SiO5 were lower than those of Gd,SiO5. The same de-
crease in temperature would resultin lower strain, thus the
stress is lower. Lower residual stress significantly length-
ened the service lifetime of the coatings.

The stress concentration in the coating is mainly con-
centrated at the interface between the adjacent layers. So,
building paths at the interface and analyzing the stress dis-
tribution along the paths can help us understand the fail-
ure mechanism of coatings better, as shown in Fig. 7. The
residual stress in the adjacent layers is shown in Fig. 8 —
Fig. 13. Two factors for the failure mechanism of the coat-
ing are discussed in detail, the composition and thickness
of the top-coat.
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(1) Effect of the thickness on residual stress of the EBCs

In order to consider the effect of the thickness of the
RE,SiOj5 top-coat on the residual stress, the coating sys-
tem for Yb,Si1,0,/Yb,SiO5 is selected for discussion, as
shown in Fig.8, Fig.9 and Fig. 10. The interfacial stress
of Si/SiC is considered, Fig. 8(a), Fig. 8(b), Fig. 8(c) and
Fig. 8(d) show the radial stress, axial stress, shear stress
and equivalent stress, respectively. It was found that the
residual stress increased with increasing thickness of the
top-coat in the range of 50 pm to 200 um. There was a
mutation of stress at 14 ~ 16 mm along the specific path
where the stress increases and decreases rapidly. As shown
in Fig. 9 for the Yb,Si,0,/Si interface, Fig. 9(a), Fig. 9(b),
Fig. 9(c) and Fig. 9(d) show the radial stress, axial stress,
shear stress and equivalent stress, respectively. It could be
found that the trend of stress variation was the same as that
of the Si/SiC interface, except that the magnitude of stress
was reduced by about 10 % on average. This was because
that the larger strain is generated at the inner boundary of
the top-coat, which resulted in the stress level slightly de-
creasing. As shown in Fig. 10 for the Yb,Si05/Yb,S1,0
interface, Fig.10(a), Fig.10(b), Fig.10(c) and Fig.10(d)
show the radial stress, axial stress, shear stress and equi-
valent stress, respectively. The trend of the variation of
axial stress and shear stress for Yb,SiO5/Yb,S1,0, was
the same as that of the Yb,S1,0,/Si interface, but the ra-
dial stress and equivalent stress show a large difference
to that of the Yb,Si,0,/Si interface. The radial stress at
this interface was much larger at 0 ~ 14 mm and decreased
at 14 ~ 16 mm. And the residual stress of the top-coat
for the thickness with 170 and 200 um were much high-
er than that for 50— 140 um. This indicated that a huge
accumulation of radial stress was on the surface of coat-
ings. Also, the increase in the thickness of the top-coat sig-
nificantly increased the residual stresses at all interfaces.
The presence of excessive tensile stress led to the devel-
opment and growth of cracks, which would be extremely
detrimental to the coating lifetime. The radial stress at the
Yb,Si05/Yb,S1,0; interface increased with the thickness
of the top-coat, but at the thickness of 170 um and 200 um
of the top-coat, there was a sharp jump in stress, as shown
in Fig. 10. The fact is that the greater thickness results in
stress concentration at the surface of the top-coat.

Based on the stress distribution of the key interfaces, it
can be found that the stress concentrations at all inter-
faces occurred at the edge of the top-coat. There are chaot-
ic residual stresses at 14 ~ 16 mm of the coating, and the
stresses are intertwined with each other, which is very like-
ly to lead to the growth of defects. In addition, the dam-
age of the coating was also induced here, which led to the
cracking 31. An appropriate thickness is helpful for this sit-
uation, from the findings of this experiment, the thickness
of the coating on the surface should not exceed 170 pm.
The thickness of coatings had a significant impact on the
interfacial stress of coatings, which affected the quality and
protective effect of the coating. Therefore, in the actual
preparation process, the factors such as fabrication tech-
nology, the actual performance specifications and produc-
tion cost should be taken into account in order to select an
appropriate thickness for engineering applications 32.
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(2) Optimization of the composition of EBCs

The selection of different materials has played an im-
portant role in designing and optimizing the structure
of EBCs for the purposes of aviation33-34, The resid-
ual stress of Er,SiOs, Gd,SiOs5, Y,Si05 and Yb,SiO5
should be compared and analysed in detail. The thick-
ness of the top-coat is set to 110 um, as shown in Fig. 11,
Fig. 12 and Fig. 13. Asfor theinterface of Si/SiC, Fig. 11(a),
Fig. 11(b), Fig. 11(c) and Fig. 11(d) shows the radial stress,
axial stress, shear stress and equivalent stress, respectively.
A large difference in the stress was found with a different
top-coat, the stress of Gd,SiO5 and Yb,SiO5 being sig-
nificantly higher than that of Er,SiO5 and Y,SiOs. The
stress is concentrated at 14 ~ 16 mm for each layer, where
the stress is heterogeneous at the Yb,Si,0,/Si interface,
as shown in Fig. 12. Fig. 12(a), Fig. 12(b), Fig.12(c) and
Fig. 12(d) show the radial stress, axial stress, shear stress
and equivalent stress, respectively. The Yb,Si,0-/Si in-
terface was basically the same as the Si/SiC interface,
but with a slight decrease. This is essentially the same
as that of Fig. 9 with the same reason. As shown in Fig. 12
for Yb,Si05/Yb,S1,05 interface, Fig.13(a), Fig.13(b),
Fig. 13(c) and Fig. 13(d) show the radial stress, axial stress,
shear stress and equivalent stress, respectively. It can be
found that the relationship between stress and path is con-
sistent with Fig. 10. The larger radial stress was located
at the Yb,S105/Yb,Si,07 interface. There is a large mu-
tation in stress at 14 ~ 16 mm where the residual stress
increases and decreases rapidly. The residual stress in
Er,SiO5 and Y,SiO5 was significantly lower than that
in Yb,SiO5 and Gd,SiOs, and the detailed rule for resid-
ual stress is Yb,S105>Gd,SiO5>Er,Si05>Y,S105. This
was mainly due to the inextricable relationship with the
thermophysical properties of the materials. The substrate
and the bond-coat are stress relaxed, while the interlay-
er and the top-coat are the stress-concentration zone as
shown in Fig. 11, Fig. 12 and Fig. 13, which is due to the
growth of stress as the thickness of top-coat increases
and the residual stress concentrates in the top-coat. This
was because that the CTE of the substrate matches well
with the layers at high temperature, and the coating with
the larger CTE would produce higher strain during the
cooling process. Then the stress between layers would
increase so that cracks can easily be formed in the coat-
ing, leading to a decrease in the bonding strength. The
material parameters in the adjacent layers should be as
similar as possible so that the coating with this structure
has higher bonding strength 35-36. If the thermophysical
parameters of the above materials are compared, it can
be seen that the thermal-physical parameters of Er,SiOs5
and Y,SiO5 were more similar to SiC even at elevated
temperature, this was the main reason for the lower resid-
ual stress of the coatings when the top-coat is prepared
with Er,SiO5 and Y,SiO5. From this experiment, it was
concluded that the combination of Er,SiO5 or Y,SiO5
with the SiC substrate led to a lower residual stress for
EBCs, which dramatically reduced the possibility of coat-
ing failure.
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Some experimental results have been used to verify the
simulation results. Bradley T. Richards 15 has found that
during cooling, residual stresses caused by the mismatch
of CTE triggered cracking in the coating. During ther-
mal cycling, delamination is initiated at the edge of the
coating. This was consistent with the defined path in this
mode, thereis high residual stress in the top-coatand at the
edge of the coating. Fig. 14, Fig. 14(a), Fig. 14(b), Fig. 14(c)
and Fig. 14(d) show an SEM image of Er,Si05, Gd,SiOs,
Y,Si05 and Yb,SiOs, respectively. It is well known that
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a large amount of residual stress and strain is accumu-
lated in the coating after preparation has been complet-
ed. A large number of cracks are generated with the high
stress level and these stresses can lead to growth of the
cracks. It could be found that Er,SiO5 had fewer cracks,
indicating a low stress level, which was consistent with
the simulation results. Gd,Si05, Yb,SiO5 and Y,SiO5
have more cracks, indicating a high stress level. Fig.14(e)
shows the experiment results for residual stress, Y,Si05
and Er,SiO5 are at a low stress level (142.6 MPa £ 4 MPa),

Er;SiO5

[ Residual stress in horizontal direction
I Residual stressin vertical direction

Gd;Si05

Y7805  Yb3SiOs

Fig. 14: Cross section image of APS-RE,SiO5:(a) Er,SiO5 (b) Gd,S105 (c) Y,S105(d) Yb,SiOs, (e) the results of residual stress and (f) cross-

section image of the EBC system.
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which is the same as the simulation. Based on combination
with the above simulation results, it can be ascertained that
the experimental test results are basically consistent with
the CTE of the four materials, the material with the larg-
er CTE having the higher stress. However, there are some
inconsistent results in which the CTE of Gd,SiO5 is high-
er than that of Yb,SiO5 while the stress in Yb,SiO5 high-
er than that in Gd,SiOs. The same phenomenon occurs in
Er,Si05and Y,Si0O5, which indicates that the stress of the
coating would be increased by the thermal conductivity,
specific heat capacity and other thermophysical properties
inthe case of asimilar CTE. Therefore, itis incomplete and
incorrect to assess the magnitude of the stress only from
the CTE, as the factors that affect the stress are numerous
and complex. The importance of each factor is also differ-
ent, and the primary factor is the CTE. But when the CTE
1s low, the role of other factors should be considered. The
thermophysical properties of the materials should be con-
sidered comprehensively.

(3) Summary

Excessive residual stress can trigger cracks, several modes
potentially damaging EBCs could be listed as: groove
crack, inner arch and edge warping, as shown in Fig. 15:
(1) The groove crack is mainly caused by radial tensile
stress, which usually occurs in the top-coat. (2) When axi-
al tensile stress is combined with radial compressive stress,
the inner arch appears in the middle of coating. This cre-
ates a gap between the coating and the substrate, which
makes the coating susceptible to breakage. (3) If axial ten-
sile stress and radial compressive stress intersect at the
edge of the coating, then edge warpage occurs. The warp-

()

Radial tensile stress

(©)

Radial compressive stress

Radial tensile stress
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ing of the edges facilitates the peeling off of the coating and
the lifetime of the coating being significantly reduced. The
crack induced by residual stress grows when the service
temperature rapidly changes, this is because that the cracks
are stretched by the CTE mismatch of the substrate and
coatings during the temperature change. In actual service,
all modes of damage occur and interact with each layer
simultaneously, which results in the service lifetime of the
coating being significantly reduced.

In general, increasing thickness of the top-coat promotes
thermal protection of the top-coat. However, excessive
thickness leads to an increase in strain. Comparative anal-
ysis of the composition of the top-coat revealed that the
reason for the different residual stress of EBCs was their
thermophysical parameters. The residual stress of coat-
ings was related to their different thermophysical parame-
ters as well as the temperature variation, which can induce
high strain in the coating. Finally, based on current results,
the main failure mechanisms of the coating are edge warp-
ing, as the failure process of the EBCs was described, as
shown in Fig. 16. At the end of the spraying process, the
sample had begun to cool and shrink, which produced the
strain and residual stress. Owing to the large shrinkage of
the material near the top layer, a large amount of residu-
al stress was accumulated at the top layer and at the inter-
faces between the layers. Because of the edge effect, stress
concentration zones were created at the coating boundary.
The interaction of these two stress disruption zones led to
groove cracking and edge warping of the coating. The con-
sequence of the accumulation of radial stresses in the top-
coat caused inner arching of the coating. These models will
occur simultaneously after the spraying process.

) Axial tensile stress

Radial compressive stress Radial compressive stress

Axial compressive stress
Radial compressive stress

Fig. 15: Failure modes of the coating caused by residual stress:(a) Groove crack, (b) Inner arch, (c) Edge warping.
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Fig. 16: Failure process of the coating caused by residual stress.

IV. Conclusions

The effect of thickness and the composition of the top-
coat on the residual stress has been investigated by means
of FEM. The structure of EBCs has been designed and
optimized on the basis of FEM simulation, the materials
that are the most suitable for the top-coat of EBCs have
been selected, and the corresponding thickness has been
optimized:

(1) In terms of the effect of the thickness of the coatings,
the increase in thickness led to an increase in strain. Based
on the stress distribution of the key interfaces in EBCs, it
was found that the stress concentrations at all interfaces
occurred at the edges of the coatings, and large radial stress
was accumulated at the surface. The thickness of coatings
had a significantimpact on the interfacial stress of the coat-
ings, which affected the quality of the coating. So, appro-
priate thickness helped to reduce the residual stress. Based
on the current simulation results, the thickness of the top-
coat for rare-earth silicate EBCs should be about 170 pm.

(2) From a comparison of the parameters of these ma-
terials, it could be seen that the thermal-physical pa-
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rameters of Er,SiO5 and Y,S105 were more similar to
those of SiC even at elevated temperatures, this was the
main reason for the lower residual stress of coatings com-
posed of Er,SiO5 and Y,Si05. The residual stresses in
Er,Si05 and Y,SiO5 were significantly lower than those
in Yb,SiO5 and Gd,SiOs, and the detailed range was
Yb,S105>Gd,Si05>Er,Si05>Y,S105.

(3) An optimized design was proposed based on the
aboveresults, soatrilayer for APS-EBCs was Si monolith-
ic as the bond coat, Yb,Si,0 as the interlayer and Y,SiO5
as the top-coat. The failure modes induced by residual
stress for EBCs were groove crack, inner arch and edge
warping.

(4) In this paper, the finite element method (FEM) has
been used to design and optimize the structure of EBCs,
while reducing the costand improving the efficiency of in-
vestigations. The experimental results are consistent with
most of the simulation results. The remaining inconsistent
parts necessitate further research and exploration.
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