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Sintering and mixed oxide (MO) growth significantly affect the thermal and mechanical properties of
thermal barrier coating system (TBCs) in gas turbine at high temperature. In this work, we numerically
analyzed the effects of sintering and MO growth on the interface cracking of TBCs. A thermal-elasto-
viscoplastic constitutive model was introduced, in which the effect of sintering was studied using a
spherical shell model. Based on the same spherical shell model and our previous experimental observa-

tions, we theoretically derived the evolution of relative density and applied this constitutive model to
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during TBCs design.

the sintering of ceramic coating. The numerical results showed that viscosity, initial porosity of ceramic
and the growth rate of MO had significant effects on interface cracking. In contrast, the influence of ini-
tial pore size of ceramic coating was neglectable. Suggestions were also made for the choice of material

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The increase of inlet gas temperature is one way to improve the
performance of gas turbine. Thermal barrier coating system (TBCs)
provides thermal protection and oxidation insulation for the ele-
ments working at high temperature. The air plasma sprayed (APS)
technology is employed to manufacture the TBCs in the industrial
gas turbine for power generation [ 1]. APS-TBCs is composed of three
layers: the substrate, the bond-coat (BC), and the ceramic top coat
(TC). High temperature sintering significantly affects the thermal
and mechanical properties of TBCs, e.g., strain tolerance, durabil-
ity and thermal insulation performance [2,3]. On the other hand,
mixed oxide (MO) forms and grows at elevated temperature, which
may result in the interfacial damage and speed up the debonding
of coatings. Both sintering and MO growth affect the service life of
TBCs.

At elevated temperature, the sintering of TC is caused by
the interconnection of ceramic splats driven by surface energy,
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accompanying with macroscopic volumetric shrinkage. According
to Coble’s definition [4], sintering of solid can be divided into three
stages depending on the change of pore shape. In the initial stage
of sintering, neck growth leads to the increase of contact area of
interparticle. The intermediate stage is characterized by the for-
mation of equilibrium dihedral angles on the pore surface. In the
final stage, pores are ultimately closed. Particularly in APS-TBCs
[5,6], the first two stages are summed up to be a stage of inter-splat
bonding improvement, which is dominated by surface diffusion
and evaporation-condensation [7] and is relatively fast (<10h). In
the second quasi-stationary stage, macro-pore shrinks and tends to
be more spherical. The later stage is dominated by sintering stress
coming from surface energy [8,9] and is relatively long. Consider-
ing the long-term service of industrial gas turbine, sintering in the
later stage is more crucial to the performance and lifetime of APS-
TBCs, which attracts great interest in understanding the effect of
sintering on APS-TBCs.

Theoretical and experimental investigations have been car-
ried out to understand the effect of sintering. However, restricted
by experimental conditions, limited parameters are considered
in analysis, e.g. elastic modulus, thermal conductivity, diffusiv-
ity, porosity and impurity [6,10-12]. Besides, Ahrens et al. [13]
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Fig. 1. Cross-sectional microstructure of TBCs sintered at 1300°C for (a) 50 h and (b) 500 h.

observed the time-dependent deformation behavior in a series of
in situ three-point bending tests at different annealing tempera-
tures. Based on variational principle, Cipitria et al. [14,15] proposed
a sintering model and predicted the evolution of microstructure in
TBCs. Fleck and Cocks [16] developed a constitutive model for TBCs
incorporating the elastic response, local contact problem, sintering,
diffusion and creep behaviors. They used a brick model for TBCs to
study the sintering of splats [17]. However, the effect of sintering
on the interface cracking has not been reported to the best of our
knowledge.

MO growth is one of the major factors affecting interface crack-
ing of TBCs. In the early service stage of TBCs, the thermally grown
oxide (TGO) is mainly dense and uniform o-Al,03. Then, MO (i.e.
NiO, Cr,03 and spinel) forms. The main reason of MO formation
is the depletion of aluminum [18] or the depletion of Al,03 [19].
The growth rate of MO is fast, typically three orders higher than
that of a-Al;03, and is approximately linear in time. More impor-
tantly, due to its porous and nonuniform features, MO may result in
the concentration of local stress, interface damage and significant
reduction of interface strength.

In the last decades, investigations concern the effect of TGO on
the failure of TBCs, for example the effect of TGO on the stress dis-
tribution and interface morphology [20-26]. Also, attentions have
been devoted to the effect of MO on the failure of TBCs [18,27].
Relatively, numerical analysis is not so much, e.g. Xu et al. [28]
investigated the effects of MO spacing and its growth rate on inter-
face cracking via finite element method, in which the effect of
sintering is not considered.

The motivation of this work is to study the effects of sintering
and MO growth on the interface cracking of TBCs at high temper-
ature. In Section 2, the problem is stated, including constitutive
models for sintering and MO growth. In Section 3, a finite element
model is constructed based on typical TBCs structures, taking both
sintering and MO growth into consideration. In Section 4, the effects
of material and microstructural parameters are discussed in detail.
Conclusions are drawn in Section 5.

2. Statement of the problem
2.1. Experimental observations
A detailed examination of the microstructure evolution was

carried out for the comprehension of whole sintering process
[29]. Coating material is 20wt% yttria stabilized zirconia (YSZ)

powder (Xiandao, Yiyang, China) from 30 pm to 70 pm in size with
a mean value of 47 um. Stainless steel substrates were employed
for the deposition of YSZ coatings. We obtained the freestand-
ing coatings by dissolving the substrate in hydrochloric acid. The
20 wt% YSZ coating underwent heat treatment at 1300 °C for differ-
ent durations from 50 h to 500 h. Cross-sectional microstructures
were analyzed by using scanning electron microscope (SEM) before
and after high temperature exposure. Statistical data of apparent
porosity of the coatings were obtained through image analysis.
The apparent porosity decreased during sintering, especially in
the early 50 h. For the purpose of revealing microstructural evolu-
tion, we examined the fractured cross-sectional morphologies of
annealed coatings. The typical lamellar structure tended to dis-
appear during sintering. Healing of intersplat microcracks and
spheroidization of pores were observed during sintering, as shown
in Fig. 1(a) and (b).

The effect of MO growth on the interfacial delamination was
studied in our previous experiment [18]. TC was prepared by APS
method with 8YSZ powder (Metco 204B-NS, Sulzer Metco Inc., New
York, USA). BC was deposited by a cold spray system with NiCoCrAl-
TaY powder (Amdry 997, Sulzer Metco Inc., New York, USA). The
substrate was nickel-based superalloy (Mar-M247). As-sprayed
TBCs went through heat treatment to introduce TGOs including MO
to the interface between TC and BC. SEM (VEGA II-XMU, TESCAN,
Czech) was employed for the observation of MO. The MO composed
of spinel and NiO/Cr,03 presented at the interface exhibiting pro-
trusion morphology due to much faster growth than a-Al,03. The
protrusion expanded and induced interfacial delamination with the
growth of MO, as shown in Fig. 2.

2.2. Constitutive model for the sintering of TBCs

The TC of as-sprayed TBCs has a lamellar microstructure with
random distributed pores and cracks. After heat treatment, the
splats of TC sinter together accompanying with microcrack healing
and pore spheroidization, which is confirmed by our experiment
in Section 2.1 (see Fig. 1(a) and (b)). Therefore, the microstruc-
ture of sintered TBCs can be regarded as a homogeneous material
with random spherical pores shown in Fig. 3(a). With the process
of sintering, these pores tend to be homogenized (Fig. 3(b)). Keep-
ing the same volume fraction, these cells can be equivalent to a
representative volumetric element (RVE) of a spherical shell, as
shown in Fig. 3(c), which has been proved applicable [30]. Based
on the above simplification, we use a thermo-elasto-viscoplastic
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Fig. 2. Cross-sectional microstructure of MO (pointed out by black arrows) at the
interface inducing delamination.

constitutive model developed by Gasik and Zhang [31] and Shi-
nagawa [32]. Note that micro-cracks in the TBCs tend to be healed
during sintering and lamellar pores become nearly spherical as well
[6,10,33,34]. Therefore, it is reasonable to treat the whole TC as a
homogeneous material distributed with uniform spherical pores at
annealing temperature and apply Gasik-Zhang constitutive model
to study the sintering effect on TBCs. Note that the proposed
constitutive model can only be applied to the macroscopic sinter-
ing due to the simplification mentioned above. Prediction of the
microstructural evolution induced by sintering requires modifica-
tion in the derivation of sintering stress in the constitutive model.

The mechanical behavior of TBCs at high temperature is mainly
controlled by four factors: elastic deformation, sintering shrinkage,
viscoplastic creep, and thermal expansion, as schematically shown
in Fig. 4 [31]. This relationship can be described by the following
incremental equation [31]:

(de} = (deE} + {deVP} + {desiMt) + (d(aT)}, (1)

with de being the total strain increment, dsf being the elastic
strain increment, deVP being the viscous plastic strain increment,
desint being the free sintering volumetric strain increment, and
d(aT) being the thermal strain increment. These strain increments
follow Gasik-Zhang derivation [31]. The constitutive equation is
presented as follows:

{do} = [D*] ({de} — [n] ' {o}dt — {desM) — d{aT}) , )

where modified elastic matrix [D*] = ([I]+1/2[D][n]’1{a}dt)4[D]
with [I] being the identity matrix, [n] being the viscous matrix

Elastic Viscoplastic Sintering Thermal
Fig. 4. Four main factors controlling the sintering process of TBCs at high tempera-

ture.

according to Gasik and Zhang [31], and [D] being the elastic matrix.
In addition, [D] can be written as

ri-v v v 7
1-2v 1-2v 1-2v 000
v 1-v v
1-2v 1-2v 1-2v 000
v v 1-v
E 1-2v 1-2v 1-2v 000
[D] = , (3)
+v 1
0 0 0 = 0 O
2
0 0 0 0 1 0
2
0 0 0 0 0 1
L 2

where E is the Young’s modulus and v is the Poisson’s ratio.

As sintering proceeds, the volume reduction of pores leads to
global shrinkage of ceramics and the increase of density. It is
seen that relative density is related to most parameters in the
constitutive equations. Therefore, it is necessary to study the vari-
ation of density against sintering time. Using a CCD camera with
post-treatment on a computer, Gasik and Zhang [31] obtained
the time-history curve of relative density. Here, we theoretically
investigate its evolution by the spherical shell model (Fig. 3(c))
introduced by Shinagawa [32] to deduce shrinkage rate and sin-
tering stress.

We derived the relationship between relative density o and sin-
tering time t based on mass conservation, geometric relation and
mechanical relation (see Appendix A for detail). The relationship is
expressed as follows:

1/3 p
t:_%( - ) nkRO/ (1-p)?p~113dp, (4)
3\1-po Y S

Though sintering temperature influences the relative density, in
the present study, its influence is fixed since only constant temper-
ature is considered.

2.3. MO growth

Experiments [18,19] show that MO grows at approximately con-
stant rate at elevated temperature. For the plane strain problem,
MO growth can be described by two independent parameters in
orthogonal directions. Two growth rate factors are chosen: g, is for

Fig. 3. Simplification of microstructure from experimental observed real structure to (a) idealized homogenous structure with random distributed pores; (b) structure with

homogenous pores; (c) representative volumetric element of spherical shell structure.
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Fig. 5. Flow chart of FE analysis with user subroutine UMAT.

the growth rate perpendicular to the interface and g is the parallel
one. In consequence, the strain variation induced by the thermal
growth of MO can be expressed in the corresponding directions as
follows:

Aef =g dt (5)

Agf = gjdt (6)

3. Finite element analysis

To highlight the TC-BC interface with MO growth, TBCs can
be simplified as a two-layer system. A 2D plane strain problem
is extracted as shown in Fig. 6. MO is represented by the repeti-
tive periodic semi-circles for simplification. Other components of
TGO (mainly a-Al,03) are represented by a thin layer between MO

Table 1

Geometry parameters of FE model.
Geometry parameters Value (pm)
Thickness of TC 200

Thickness of TGO 1
Thickness of BC 29
Thickness of substrate 470
Radius of MO 5
Width of model 50

and BC. Geometry parameters are listed in Table 1. Properties of
the materials can be found in Table 2. The sintering behavior of TC
is described by the constitutive model stated in Section 2.2 with
viscosity of 10 GPah [13,35], initial porosity of 14% [36] and initial
pore size of 1 wm [37,38]. We implement the sintering constitutive
model into ABAQUS with a user subroutine UMAT. The flow chat of
the implementation is presented in Fig. 5. BC and substrate are con-
sidered to be linear elastic. In the initial stage of oxidation, a-Al,03
appears first as a preferred oxidation-insulating layer. The growth

MO : i | TC:200um
v
A
i(-Wy) i'Wy)
1 1
. ' TGO+BC+
Substrate: 500um
I-w,0) ¥ r(W,0)

Fig. 6. Schematic model of TBCs with MO at the interface between TC and BC; nodes
marked for the application of periodic boundary condition.
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Table 2
Material properties of TBCs.
TC MO TGO BC +substrate
Young’s modulus/GPa 219 x e~8x(1-0) [11,31,43] 100 [28] 350 (28] 210(28]
Poisson’s ratio 0.18 [44] 0.3 (28] 0.3[28] 0.3 [28]
Expansion coefficient 1075 [44] 0.8 x 1075 [28] 0.9 x 1075 [28] 1.5x 1075 [28]

rate of a-Al,03 is slow and parabolic. After a period of service, Al
depletes and then MO formes. Its growth rate is significantly higher
than that of a-Al,03 and approximately linear, set to be vertically
0.01h~! and horizontally 0.005h-1 [28]. Here, the growth of a-
Al,03 is ignored comparing with that of MO. The growth of MO is
written into ABAQUS via a user subroutine UEXPAN.

The meshes are shown in Fig. 7, in which those near the inter-
face are carefully refined. The 4-node bilinear plane strain elements
are employed in the quad-dominated shape. The periodic bound-
ary conditions are applied to the left and right edges of the model,
which is realized by a series of constraint equations [39,40] related
toreference points (node l and node r) and the corresponding nodes
on both boundaries (node i and node i’) shown in Fig. 6. With the
consideration of periodicity, their coordinates satisfy the following
relations,

Xi(W,y) = x(W, 0) = x;(-W,y) = x;(-W, 0) -
YilW, y) = yi(W, 0) =y (=W, y) = yr(=W, 0)

As a result, their displacement satisfies similar relations,
ui(-W,y) — uy(W, y) = uy(-W, 0) — ur(W, 0) )

vi(_Wa y) - Ui’(W7 y) = Vl(—W, O) - UY(W’ 0)

The upper boundary is free. On the lower boundary, the vertical
displacement is fixed and the horizontal one is free. A constant
temperature of 1473 K is applied throughout the model as thermal
boundary condition. No mechanical force is exerted to this model.

The “Debond” technique [41] is adopted here to simulate the ini-
tiation and propagation of interface crack between TC and BC. The
following critical stress criterion is chosen to predict the initiation
of interfacial delamination:

) 2 2
On T1 T2
= =+l 5| +|=]
(@) (5) -
1 2
where o, is the normal component of stress carried across the inter-
face at a specified distance (Fig. 8), 71 and 7, are the shear stress
components in the interface, of and ¢/ are the normal and shear fail-

ure stresses, which should be experimentally obtained and must be
specified in analysis. For the present plane strain problem, the shear

6n = max(oy, 0) 9)

TC

Cracl/path

7

TGO+BC+Substrate

Fig. 7. FE model of TBCs with refined meshes near the interface.

stress 7, =0 and 71 is negligible over the normal stress. The crack-
tip node debonds when the fracture parameter f reaches the value
1.0 with the critical normal stress of 150 MPa [28].

4. Results and discussion

Sintering of TBCs at high temperature is related to several mate-
rial parameters in the constitutive model stated in Section 2.2. In
order to investigate the effect of sintering, it is more transparent to
elucidate separately the effect of each material parameter. Taking
the effect of sintering into consideration, the interfacial cracking
induced by MO growth may be different from that in our previous
work [28]. Consequently, the interfacial delamination of TBCs needs
to be further discussed. In the following discussion, a referential cal-
culation was first carried out with fixed parameters (1o =10 GPah,
00=0.86,19=1pum and gy =0.01 h~1). Then a single parameter was
taken as a variable to reveal its effect.

4.1. The effect of sintering of TBCs

4.1.1. Viscosity

Viscosity is a key parameter controlling the sintering process.
To get a better understanding of the relationship between the vis-
cosity and interface crack propagation, a series of viscosity values
from 0.579 to 21 were given to TC (see Fig. 9). Note that lower vis-
cosity value denotes a more viscous material. The crack length was
normalized by the maximum value at final spallation and the time
was normalized by that in the case of elastic TC. In the case of n > 1o,
three typical stages of crack growth can be clearly recognized as an
initiation stage, a steady propagation stage in the middle and a fast
propagation stage until the final spallation. In contrast, for 1 <nj,
no spallation is observed in the range of calculation time.

Generally speaking, lower viscosity value of TC leads to stress
relaxation and is preferred for improving the durability of TBCs.
Viscosity has significant effect on the propagation of interface crack
while the initiation stage is slightly affected. On one hand, the prop-
agation tends to stop under a certain viscosity value. On the other
hand, the final spallation time tends to approach 1.0 with viscosity
value increasing. This tendency indicates that the debonding of a
high-viscosity TC can be degenerated to the situation of the elastic
one.

bonded zone

bonded node interface —/

debonded zone

——— debonded node kdistancc ahead

of the crack tip

Fig. 8. The “Debond” technique for the simulation of interface crack initiation and
propagation.
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Fig. 9. Interface crack propagation with different viscosities (1) of TC: the propaga-
tion slows down with more viscous TC (lower viscosity value).

The above tendency can be explained by the stress state in TBCs
(Fig. 10). Only the normal stress Sy, is shown in the cloud chart, as
the in-plane stress S;; and shear stress Si, are neglectable com-
pared to Sy;. Caused by the growth of MO, a tensile area (Zone A)
can be found below the MO. Just around this area, a compressive
area (Zone B) forms due to the constraint of TC. Along with crack
propagation, stress concentration can be observed at the crack tip
(Zone C).In these three representative zones of stress state, point D
situates on the interface of TC and MO, which makes it a character-
istic point for stress analysis. Since the stress distribution patterns
are almost the same for all the cases studied herein, only the nor-
mal stress (Sy») of point D will be extracted and examined in the
following discussion. In addition, only time history curves for > g
are shown.

It is seen from Fig. 11 that the more viscous the material is,
the lower the normal stress becomes, which slows interface crack
propagation as stated above. Furthermore, no obvious change in
the stress state is observed until the moment (t=0.2) close to crack
initiation (t=0.4), which indicates that the change of viscosity has
a relatively little effect on the stress state at early stage. In other
words, it has little effect on the crack initiation, as shown in Fig. 9.

4.1.2. Initial porosity
The effect of porosity on sintering can be revealed by study-
ing the effect of relative density. Along with the sintering process,

S, 822
(Avg: 75%)
:1.662.'}02

Fig. 10. Cloud chart of the normal stress distribution (S,,) around interface crack: a
tensile area (Zone A) caused by MO growth; a compressive area (Zone B) because of
the constraint by TC; stress concentration at the crack tip (Zone C); a characteristic
point (Point D) for stress evaluation on the interface of TC and MO.
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Fig. 11. Time history curve of normal stress (S, ) at Point D in the cases of different
viscosities (17): lower normal stress after crack initiation with more viscous TC (lower
viscosity value).

microcrack closure takes place and the volume of pores reduces
driven by sintering stress. Itis shown that the relative density of sin-
tered TBCs can increase from 0.86 to 0.95 or even higher [1,36,38].
In this work, five groups of initial relative density are taken into con-
sideration. Fig. 12 shows interface cracking for the cases of p > po.
In these cases, the more porous the TC material is, the better crack
resistance the interface has. Both the crack initiation and the final
debonding moments are significantly affected by the change of rel-
ative density. It appears that the effect becomes more significant
as the relative density decreases. For example, the crack initia-
tion and spallation are retarded by 22.3% and 26.2%, respectively,
when the initial relative density declines from 0.96 to 0.91; they
are retarded by 25.7% and 38.5% when the density changes from
0.91 to 0.86. These data also show that the final spallation of coat-
ing is more sensitive to porosity compared to the crack initiation. It
should be noted that cracking is not observed for p < pg. One reason
could be attributed to the relaxation. In numerical analysis, frac-
ture is governed by the stress state (see Section 3). Materials with
lower density release more energy. Consequently, crack initiation
can hardly be triggered in these cases.

1.0 i
0.8
=
=3 ;
o ;
) .
~ 06 ol
[$) v
3 o ’
[3] . 7
g N Sl [P =|
.g 0.4 7 pini!ial_o'ge
_g = = " Ppiga=0-91
'<Z3 0.2 — Pyia=0-86
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- . "0 = P =0-00
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Fig. 12. Interface crack propagation with different initial relative densities (ojnitiar)
of TC: the initiation retards and propagation slows down with more porous TC (lower
initial relative density).
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Fig. 13. Time history curve of normal stress (S, ) at Point D in the cases of different
initial relative densities (pjnitia): lower normal stress since crack initiation with more
porous TC (lower initial relative density).

The evolution of normal stress (Sy,) at the characteristic point
(Point D) is plotted in Fig. 13. It is clear that higher relative density
leads to a higher normal stress and a faster sintering. As relative
density increases toward 1.0, which means few pores exist in the
material the behavior of porous material approaches to that of a
dense elastic material. Thus, a limit (1.0) of normal stress level
exists. Furthermore, changes in relative density have a remarkable
effect on stress level from early stage (t<0.1), which can explain
the difference in crack initiation shown in Fig. 12.

In addition, the duty of TBCs is to provide thermal protection
for gas turbine, which requires higher porosity for better thermal
insulation ability. This requirement corresponds to the functional-
ity of sintering resistance. Therefore, a suitable porous material for
TC is recommended in the design and engineering application.

4.1.3. Initial pore size

It is known that TBCs with different pore sizes may have the
same porosity. As an independent variable in the constitutive
model, initial pore size may have some influence on sintering.
Fig. 14 shows that initial pore size has little effect on the interface
cracking. Even if the pore size becomes 10 times larger, the crack
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Fig. 14. Interface crack propagation with different initial pore sizes (R) of TC: the
propagation slightly slows down for TC with larger pores.
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Fig. 15. Time history curve of normal stress (S,,) at Point D in the cases of different
initial pore sizes (R): slightly lower normal stress for TC with larger pores.

initiation and spallation are retarded by 0.7% and 1.8%, respectively.
These results can be explained by the constitutive equations pre-
sented in Section 2.2. As we have discussed earlier, interface crack
is driven by the sintering stress and the thermal growth of MO. For
a constant growth rate, the interface crack will be governed only
by the following sintering stress [31],

Nzl{ Pinitial(1 = p) }_]/3
kR L p(1 — pinitial)

where N equals to 6 according to Shinagawa’s definition [32] of
sintering stress.

Eq. (10) shows clearly that the importance of relative density is
five orders greater than that of pore radius, which explains well the
insignificant differences among the curves in Fig. 14. Consequently,
the effect of pore size on interface cracking should be much smaller
than that of relative density. Even though the effect of pore size is
not remarkable, it still can be concluded, from Fig. 14 by comparing
the spallation moment, that the smaller the pore is, the worse sin-
tering resistance TC has. This result can be reflected by the history
curve of normal stress (Sy; ) in Fig. 15 that the change in initial pore
size has limited influence on it, which is also confirmed by Zhao’s
experiment [42].

os=p (10)

4.2. The effect of MO growth

As indicated in Section 2.3, MO growth is controlled mainly by
its growth rate. MO growth behavior for TBCs with elastic TC has
been discussed thoroughly in the previous work by Xu et al. [28].
Here, we focus on the effect of MO growth on the interface cracking
in TBCs with elasto-viscoplastic TC.

Fig. 16 shows that the initiation and propagation of interface
crack are largely accelerated by higher TGO growth rate. Crack ini-
tiates 54.3% earlier and propagates 120% faster when the growth
rate changes from gy to 2 gg. The changes in crack initiation and
propagation are 61.5% and 116%, respectively, when the growth
rate increases from 2gy to 5g¢. Thus, to avoid high growth rate and
to prevent interface cracking, it is of great importance to control
the proportion of MO and its components. In the case of the slow-
est growth rate, the interface keeps well bonded within the whole
range of calculation time. This result may be explained by stress
relaxation as in the discussion of relative porosity. The evolution of
normal stress shown in Fig. 17 explains well the significant accel-
eration in both crack initiation and propagation by the increase
of growth rate, which is similar to those cases of different relative
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Fig. 16. Interface crack propagation with different MO growth rates (g): the initia-
tion retards significantly and propagation slows down remarkably with slower MO
growth.
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Fig. 17. Time history curve of normal stress (S;2) at Point D in the cases of different
growth rates (g) of MO: significantly lower normal stress with slower MO growth.

densities. Inthe work of Xu et al. 28], limited by the elastic constitu-
tive model of TC, cracks with different MO growth rates initiated at
the same time. Thus, the effect of MO growth rate on crack initiation
cannot be predicted by their model.

5. Conclusion

In this work, based on theoretically deriving the evolution of
relative density during ceramic sintering at high temperature, we
developed the thermo-elasto-viscoplastic constitutive model pro-
posed by Gasik and Zhang [31]. By implementing the constitutive
model into the finite element code, the effects of sintering (viscos-
ity, initial porosity, pore radius) and mixed oxide (MO) growth on
the interfacial cracking were numerically investigated. Numerical
results show that viscoplasticity only slows down the propagation
of interface crack but has negligible effect on the initiation of inter-
face crack. Higher porosity and smaller MO growth rate retard both
the initiation and the propagation of interface crack. Nevertheless,
initial pore size has insignificant effect on the interface cracking.
For the design and engineering application of thermal barrier coat-
ing system, we recommend a viscous and porous ceramic material
with carefully controlled MO.
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Appendix A. Appendix A

The density evolution of TBCs (Eq. (4)) during sintering is derived
as follows. We assume that the mass of the material is invariant
during sintering process. According to the mass conservation, the
relationship between external radius R and internal radius r can be
expressed as follows:

R-r=R-13 (A1)
With the definition of relative density:
3
r
p=1- (E) (A2)

We can obtain the relationship between external radius R and
relative density p:

1/3
R PR3 /
)

where Ry and pg are initial external radius and initial relative den-
sity, respectively.

According to geometric relation, volumetric strain can be
derived from external radius:

(A3)

R—R
& =3 7 0 (A4)
With Eq. (A.3), the variational calculus of Eq. (A.4) gives:
1/3
_2dR [ po
dsv_3R0_—<p4> dp (A.5)

According to mechanical relation, the volumetric strain rate is
defined by Shinagawa [32] as a function of sintering stress:
. 3 _
o= 2A=P)
4npt
With the sintering stress and effective pore radius given by Shi-
nagawa [32]:

(A6)

o= "% (A7)
- po(1 - )13
F— kRy [m} (A8)

The variation of volumetric strain can be written as follows:
3(1-p) 62y [,00(1 - p)} B
4np* " kRo L p(1 - po)

Combination of Egs. (A.5) and (A.9) finally gives the relationship
between relative density p and sintering time t:

1/3 ¢
_g p(% nkRg /'0(1 _p)72/3p—11/3dp:/ dt =t
3 1*)00 Y 00 0

(A.10)

dey = (A9)
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