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Abstract

Residual stress arisen in fabrication process of Double-Ceramic-Layer Thermal Barrier
Coating System (DCL-TBCs) has a significant effect on its quality and reliability. In this
work, based on the practical fabrication process of DCL-TBCs and the force and moment
equilibrium, a theoretical model was proposed at first to predict residual stress generation in
its fabrication process, in which the temperature dependent material properties of DCL-
TBCs were incorporated. Then, a Finite Element method (FEM) has been carried out to ver-
ify our theoretical model. Afterwards, some important geometric parameters for DCL-TBCs,
such as the thickness ratio of stabilized Zirconia (YSZ, ZrO,-8%Y,03) layer to Lanthanum
Zirconate (LZ, La,Zr,0-) layer, which is adjustable in a wide range in the fabrication pro-
cess, have a remarkable effect on its performance, therefore, the effect of this thickness
ratio on residual stress generation in the fabrication process of DCL-TBCs has been system-
atically studied. In addition, some thermal spray treatment, such as the pre-heating treat-
ment, its effect on residual stress generation has also been studied in this work. It is found
that, the final residual stress mainly comes from the cooling down process in the fabrication
of DCL-TBCs. Increasing the pre-heating temperature can obviously decrease the magni-
tude of residual stresses in LZ layer, YSZ layer and substrate. With the increase of the thick-
ness ratio of YSZ layer to LZ layer, magnitudes of residual stresses arisen in LZ layer and
YSZ layer will increase while residual stress in substrate will decrease.

Introduction

Due to the excellent thermal isolation properties, thermal barrier coating system (TBCs),
which is fabricated by Air Plasma Spray (APS) method, is being employed extensively in gas
turbines and aircraft engines, to protect engine blades and other components from high tem-
perature. Generally speaking, the structure of the as-sprayed TBCs consists of three different
parts: the YSZ layer, consisting of ZrO,-8%Y,03;, was used as the top layer to provide thermal
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isolation; a nickel- or cobalt-based structural super-alloy substrate; and a thin NiCrA1Y coat-
ing was employed as bonding coating (BC) to coordinate thermal-mechanical properties
between YSZ layer and substrate [1-4]. The demands for higher engine efficiency and perfor-
mance, require the gas turbine to be operated under higher temperature. However, higher
temperature usually leads to the occurrence of the phase transformations and sintering. This
may not only shorten the life of the TBCs due to the formation of micro cracks, but also affect
the fracture toughness of the YSZ layer. To overcome this contradiction, some new ceramic
materials were proposed to overcome this requirement, such as Lanthanum Zirconate (LZ),
Cerium Lanthanum Zirconate (LZ,C;) and LaMgAl, ;0,4 (LMA), are proposed by their good
thermal insulation properties and sintering resistance ability under high temperature, how-
ever, these new materials also have disadvantages, their low thermal expansion coefficients will
cause large thermal mismatch, and their low fracture toughness will cause crack generation
et al, these will have negative effect on durability of TBCs. Finally, it seems that the traditional
TBCs, which has a single ceramic layer cannot meet all the demands of development of TBCs
[5-8].

For the reasons given above, the Double-Ceramic-Layers Thermal Barrier Coating system
(DCL-TBCs) is proposed to overcome this problem. The DCL-TBCs includes, (i) a nickel-
or cobalt-based structural super-alloy substrate, (ii) a thin NiCrA1Y bonding coating (BC),
(iii) a top ceramic layer (TC1) made from new ceramic materials mentioned above (e.g., LZ,
La,Zr,05) to provide effective thermal insulation and good sintering resistance, and (iv) an
inside ceramic layer (T'C2) made from the traditional ceramic material (YSZ, ZrO,-8%Y,03)
to reduce high level thermal expansion mismatch between TC1 and the combination of “BC+
substrate” caused by low thermal expansion coefficient of TCI, as shown in Fig 1. Experiment
results show that the DCL-TBCs have better thermal cycling performance than the traditional
single YSZ layer TBCs [5-7, 9, 10].

It is well known that YSZ layer and LZ layer are usually fabricated by APS method, which
means ZrO,-8%Y,0; and La,Zr,0; particles should be heated to their melting points (e.g.

HV mag | det WD |[spot| 3/29/2016 | ——— 300 ym
20.00 kV|400 x| LFD |11.2 mm| 3.0 | 10:02:48 PM | Quanta

Fig 1. SEM photo of the cross section of a representative as-sprayed DCL-TBCs. Thicknesses of LZ
layer, YSZ layer, BC and substrate are 220+20um, 110+20um, 65+20um and 3+0.1mm, respectively. BC is
fabricated by High-Velocity Oxygen-Fuel (HVOF) method, YSZ and LZ layers are fabricated by APS method.

doi:10.1371/journal.pone.0169738.9001
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2680°C for YSZ and 2300°C for LZ) [5] before they are deposited. Inevitably, a high level resid-
ual stress will generate in fabrication process of DCL-TBCs, due to the large Coefficients of
Thermal Expansion (CTE) mismatches among the constituent layers [11-13]. It is considered
as one of most important factors to affect micro cracks formations, propagations and failure in
the as-sprayed DCL-TBCs, which has a significant value in evaluating the performance and
service life of coating system [14, 15].

Indeed, the residual stress generation in coating/substrate system has attracted wide
research interests in recent years, examples including the experiment observations [16, 17],
Finite Element Method (FEM) simulations [18, 19] and theoretical models [20-23]. Among
them, the theoretical model is especially suitable for predicting the trend of the residual stress
generation of TBCs with different geometrical parameters and fabrication processes, therefore,
in this work we focus on studying the residual stress generation in fabrication process of
DCL-TBCs by using theoretical model. There are a lot of theoretical models have been estab-
lished to estimate residual stress generation in coating/substrate system. One of the most
famous method should be the Stoney’s equation, it is usually used to relate stress to curvature
for thin coating/thick substrate system, where thickness of substrate is much bigger than that
of coating, and residual stress in substrate can be negligible [20]; with increase of thicknesses
ratio of coating to substrate, residual stress in substrate is no longer negligible, Timoshenko
suggested calculating residual stress using beam theory [21]; after that, based on force and
moment equilibrium, Freund, Suresh [22] and Zhang [23] proposed their theoretical models
respectively to calculate residual stress generated by CTE mismatch in multi-layer coating sys-
tem. However, DCL-TBC:s as an advanced TBCs proposed in recent years, the residual stress
generated in its whole fabrication process has rarely been studied by theoretical model. There-
fore, a theoretical model which can well describe the residual stress generation in the fabrica-
tion process and consider the variation of thermal-mechanical properties of each materials is
needed.

Meanwhile, as a double-layer ceramic coating system, the different layer thickness ratio of
YSZ to LZ layers, which has already been approved to have a significant effect on durability
and performance of DCL-TBCs, has been studied in previous works [5, 24-26]. Such as, Dai
et al found that cycling live of DCL-TBC:s is strongly dependent on the thickness ratio of LZ to
YSZ by doing thermal cycling test [5], Han et al found the effect of the thickness ratio of LZ to
YSZ greatly affects the heat insulation behavior of DCL-TBCs by using FEM [24], A. Moridi
et al [25] studied how the YSZ thickness affects residual stress distribution under thermo-
mechanical cyclic loading. However, studies on how this thickness ratio affects residual stress
generation in the fabrication process of DCL-TBCs are relatively less, especially for the theoret-
ical studies.

With thermal spray coatings being widely applied in industry, many new technologies have
been employed to meet the improving requirements of thermal spray coatings. The pre-heat-
ing treatment, this treatment pre-heats the substrate to a given temperature level by using the
radiation heating or the electron beam heating methods before the coating deposition process
[27]. Previous works show that this treatment has a significant effect on the coating/substrate
interface properties, residual stress distributions and thermal shock resistance ability [27-29].
As mentioned above, a high level residual stress will be generated in the fabrication of
DCL-TBCs, therefore, it is of great significance to investigate the effect of pre-heating treat-
ment on residual stress generation in the fabrication of DCL-TBCs.

In this work, based on the practical fabrication process of DCL-TBCs and the force and
moment equilibrium, a theoretical model is developed at first, to predict residual stress gener-
ated in the whole fabrication process of DCL-TBCs, in which the temperature effects on mate-
rial properties of DCL-TBCs were also incorporated. In addition, a FEM simulation has also
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been carried out to verify the developed theoretical model. Different thickness ratios of YSZ
layer to LZ layers are discussed to reveal how it affects residual stress generation in fabrication
process of DCL-TBC:s. In addition, the effect of pre-heating treatment on residual stress gener-
ation are discussed as well.

Statement of the Problem

One of the frequently-used fabrication process of DCL-TBCs is shown as follows: a nickel-
based structural super-alloy substrate (e.g., INCONEL 617) is fixed at an atmospheric environ-
ment; after that, NiCrA1Y powder particles are heated to a specified temperature (e.g. 500°C)
and deposited onto the surface of substrate to form a bond coating (BC) with a small thickness
(e.g., 100pm); then, the “BC+substrate” combination cools down to the room temperature
(e.g., 23°C); next, this “BC+substrate” combination will be pre-heated to a specified tempera-
ture (e.g., 500°C) and keeps this till the next action; YSZ powder particles are heated to melting
temperature (e.g., 2680°C) and deposited onto the surface of bond coating layer by layer till
the thickness of YSZ layer reachs a given thickness level (e.g., 150um); subsequently, the “sub-
strate + BC + YSZ” combination cools down to the room temperature; before LZ deposition
process, the “substrate+BC+YSZ” combination will be pre-heated to a given temperature (e.g.,
500°C) and keeps this till the next step; then, LZ powder particles deposited onto the top of
YSZ layer with its melting temperature till the thickness reaches 150um; at last, the whole
DCL-TBCs will nature cooling down to room temperature, the fabrication diagram of
DCL-TBCs is shown in Fig 2. The summation of residual stress generated in each step is the
total or final residual stress in this paper.

During the whole fabrication process of DCL-TBCs, the total residual stress mainly comes
from 5 sources:

1. In step-1: “bond coating deposition” process, residual stress arisen by CTE mismatch
between BC and substrate;

2. In step-2: “BC+ substrate” combination pre-heating process, residual stress generated by
CTE mismatch between BC and substrate;

3. In step-3: “YSZ+BC+substrate” combination cooling process, residual stress generated by
CTE mismatch between BC, substrate and YSZ layer;

DCL-TBCs Fabrication Process

CTE mismatch ’ — CTE mismatch
stress stress

Stepl: Bond coating deposited onto Step 2: “Sub+BC” combination is pre-heated to a given
the substrate by CGDS level and maintain this temperature till next step
PS-LZ
PS-YSZ CTE mismatch PS-YSZ CTE mismatch PS-YSZ CTE mismatch

stress stress PS-BC stress

Step 3: The whole CGDS-TBC system  Step 4: “YSZ+Sub+BC” combination is pre-heated to a  Step 5: The whole CGDS-TBC system
cools to ambient temperature given level and maintain this temperature till next step cools to ambient temperature

Fig 2. Schematic diagram of the whole fabrication process of DCL-TBCs.

doi:10.1371/journal.pone.0169738.g002
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4. In step-4: “YSZ+BC+substrate” combination pre-heating process, residual stress generated
by CTE mismatch between these 3 layers;

5. In step-5: “LZ+YSZ+BC+ substrate” combination natural cooling to room temperature
process, residual stress generated by CTE mismatch between these 4 layers.

As mentioned above, all layers in DCL-TBCs are considered to be linearly elastic and iso-
tropic, the current theoretical model is assumed under the equal-biaxial in-plane stress state
(0, = 0, and o, = 0). Effective Young’s modulus and Coefficients of Thermal Expansion of
each layer of DCL-TBCs are (E;, ,Qsub)> (Ejcs080)> (Eyg,s0vsz) and (E;,,0q7) respectively,
where the effective Young’s modulus can be obtained by E* = - Stress release and plastic
deformation mechanisms are not taken into amount in this work, therefore, these two hypoth-
esizes may overrate residual stress arisen.

Since residual stresses generated in LZ layer and YSZ layer are essential for its dependabil-
ity, one divides LZ layer and YSZ layer into a series of thin layers. The total thickness of
ceramic layers is usually about 300um [5, 24, 30]. To study the effect of thickness ratio of YSZ
to LZ layers, a series of thickness ratios, i.e., YSZ:LZ = 5:1 (YSZ: 250um, LZ: 50pm), YSZ:

LZ = 4:2 (YSZ: 200um, LZ: 100pm), YSZ:LZ = 3:3 (YSZ: 150um, LZ: 150um), YSZ:LZ = 2:4
(YSZ: 100pm, LZ: 200pm), and YSZ:LZ = 1:5 (YSZ: 50pum, LZ: 250pm) have been well dis-
cussed. The thickness of BC and substrate are 100um and 1500um [31, 32], respectively. In
addition, according to works of Clyne [33] and Song [34], quenching stress have been
approved to have a negligible effect on total residual stress in the fabrication of TBCs, there-
fore, residual stress generated by quenching stress in deposition processes of YSZ and LZ lay-
ers is not considered.

Residual stresses generated in the first 3 steps as shown in Fig 2 can be analyzed using the
method developed in our previous work [34]. This part of work will focus on studying residual
stress generated in step-4 and step-5.

The pre-heating process of “YSZ+BC+substrate” combination

Before the deposition of LZ layer, the “YSZ+BC+substrate” combination will be heated to a
given temperature level (such as 500°C). Based on force and moment equilibrium [22, 23, 35,
36], residual stresses arisen by CTE mismatches between substrate, BC and YSZ layer can be
calculated as shown in Fig 3.

Before the YSZ layer, BC and substrate are heated, their lengths are the same, i.e.

Step—4, Step—4, Step—4, R . L. .
Lyg 7 = L& ™" = Lo *, as shown in Fig 3. Then, this combination will be heated to a
. . . . Step—4,b,CTE ~_ Step—4,b,CTE
given temperature, a series of unconstrained thermal strains £ygy , &8 7 and
Step—4,b,CTE . . . . .
Eqt , which generated in this temperature increasing process, can be calculated as fol-
lows.
Step—4,b,CTE froz-cens
€p—4,b, —
e = [T agmar 1)
Tmom
Step—4,b,CTE foc-crmi
€p—3,0, —
€xc = o (T)dT (2)
Troom
Step—4,b,CTE foub-cert
ep—4,b,CTE __
SSub - / OCSub(’I‘)d’T (3)
T,

room

The constraint of thick nickel-based substrate may result in a series of forces B B
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State (a): Before pre-heat process:

Step-4.a __ yStep-4,a_ yStep-4,a
SZ - C ub

Step-4.b.CTE
—°ysz
< Step-4,b.CTE ) ) )
Epc State (b): After pre-heat process, without interaction
«— Step-4bCTE between layers.
Sub

St :
 Asy

— Step-d.c
Aspe State (c): After pre-heat process with interaction
between layers.

Step-4.c __ Step-4.c _ yStep-4.c
LYSZ - LBC LSub

: Step-4,c __ Step-4.c — Step-4.c
A(("YSZ - AgBC A(("Su’n

& Step-4.c
Atgy

Fig 3. Schematic of the “YSZ+BC+substrate” combination thermal deformation during the pre-
heating process. (A) This combination is preheated from room temperature to a given temperature (e.g.
500°C). (B) From state “a” to “c”: before the pre-heating process of the “YSZ+BC+substrate” combination,
constraint-free thermal deformation without interaction between different layers, and the end of the pre-
heating process of “YSZ+BC+substrate” combination.

doi:10.1371/journal.pone.0169738.9003

and Fo?~* among YSZ layer, BC and thick nickel-based substrate, respectively. Meanwhile,

these in-plane forces will lead to a moment M*'P"*“TE_ After the pre-heating process, the final

strains in YSZ layer, BC and thick nickel-based substrate (Aejer *°, Aehe? * and Aeg? ) can

be calculated as follows:

Sep 1 Tysz—cET4 F§?§_4
Aoy ™ = Oye, (T)AT + —2— 4
b /Troom e ( ) thSZ EYSZ ( )

Steod Tgc—cET4 FIS;SP*4
Aey ™" = oy (T)dT + —— 5
et = [ emar (5)

Steod Tsub-cET4 thebp—‘i
Ae P = o, (T)dT + —2— 6
Sub /T Sub ( ) b hsub Esub ( )

room

K,Step—4

The curvature increase of the “YSZ+BC+substrate” in this process is A , the in-plane

Step—4 ~Step—4 Step—4 .
forces Fyqy * Fo' " and Fyy ' can be obtained as follows:

Flep—t _ |:E;sz(1 + gf(tsezp%b’CTE)hYsz + E;c(l + elsat(ezpizhb’CTE)th + E;ub(l + 82515 74’b4’CTE)hSub 11— gStep4,h,CTE:| A E (7)
Ysz T N " " YSZ
EYSZhYSZ + EBChBC + ESuthub ysesz
% ep—4,b, % ep—4,b, % ep—4,b,
Pt |:EYSz(1 + gfztszp ! CTE)hYsz + Ejc(1+ Elsatcp ! CTE)th + Eg(1+ Sztﬂf ) CTE)hSub —1— 8SIQP4.b’CTE]A E;-(8)
BC - . - % BC
EYSZhYSZ + EBChBC + ESlehSub pemRe
- ep—4,b, % ep—4,b, % ep—4,b,
FStep74 _ |:EYSZ(1 + gi'tSZp ! CTE)hYSZ + EBC(]‘ + S]S;CP ! CTE)hBC + ESub(l + Sgtulf ! CTE)hSub —1— gstep4,b,CTE:| A E* (9)
Sub - N % * Sub Sub~~Sul
EYSZhYSZ + EBChBC + ESuthub seb
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Finally, residual stresses generated in YSZ and BC layers and substrate after this pre-heating
process can be calculated as follows:

Step—4 __ Ey, (1 + 8xsftsezpi4’h‘CTE)hysz + Ej(1+ elsatép%h’CTE)th + gy (1 + giﬁf 74’b’CTE)hsub _ ] _ gSep4bCTE| P
YSzly T Ex h + Ex h + E* h YSZ YSZ 10
vsz/tysz BC''BC Sub’sub (10)
+ AKs‘epi/lE\*{sz(y - 58@74)
Step—4 __ |:E:{SZ(1 + 835;;5_4’b’CTE)hysz + Ejc(1+ SSBléP_M’CTE)hBC + Egub(l + 8:515 _41b1CTE)hSub _1_ SSteP4,b1CTE:| E
- " N » BC
pew Eyghysy + Eichye + Esiphsy, o (11)
+ AKStep—zlE;C(y _ 5Step—4)
Step—4 _ [Eész(l + gasftsezp%b’CTE)hYsz + Ey (1 + gsstép%b'CTE)th + gy (1 + 82:2) 741h‘CTE)hSub 11— £Step4«b,CTE:| *
bl Ejshys, + Exchye + Eguhsa, s S (12)
+ AKStep*"lE;UbO/ _ 55‘519*4)
The neutral axis of “YSZ+BC+substrate” combination 6P, the moment M5 P*+<TE the
bending stiffness D***P™*, and the curvature increase Ax>*"* can be obtained as follows.
F3§§—4 (HBC + HYSZ 2_ HBC _ 5Step4) + thcep—:l (HSub + HBC ; Hsub _ 5Step4>
MStepfﬁl,CTE — (13)
+FStep—4 (HSub _ 5Step4>
Sub
2
gt — EE;SZ(HYszz — HBcz) + EEC(HBCQ — HSubZ) + Egub(HSubz — 02) (14)
2 E?{sz (HYSZ - HBC) + EEC(HBC - HSub) + Egub (HSub - 0)
ep— b* ep—4\3 ep—4\3 b* ep—4\3 ep—4\3
DYt = gEYSZ[(HYSZ - 55‘ " 4) - (HBC - 5Stp 4) ] +§EBC[(HBC - 5Stp 4) - (HSub - 5Stp 4) }
(15)
4 EE* b[(Hs b — 5Step—4)3 _ (0 _ 5Step—4)3]
3 Sul ul
-+ _ = (R (o + 0t 5% 3 Py 4t 5 4 B 5]
b N N b e N
gE\*(sz[(HYsz - 581?674)3 - (HBC - 5Stpe 4)5] + gE;C[(HBC - 5Stpe 4)5 - (HSub - 5Stpe 4)5]

OB [(Hyy — 07— (0= 5

The natural cooling process of DCL-TBCs

After LZ layer (La,Zr,0-) deposited onto the surface of YSZ layer, the whole DCL-TBCs natu-
rally cools down to 23°C. Based on force and moment equilibrium, in this natural cooling pro-
cess, residual stress arisen by CTE mismatches among the constituent layers of DCL-TBCs,
can be obtained as shown in Fig 4.

At state “a”, the beginning state of the natural cooling process, lengths of constituent layers
of DCL-TBCs are the same, i.e. Ljs" ** = Lysy * = Ly " = Ly "*. Considering the coeffi-
cient of thermal expansions are temperature independent, the free thermal mismatch strains
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Step—5,b,CTE _Step—5,b,CTE _Step—5,b,CTE Step—5.b,CTE .
e T ey T et and ggp can be obtained as follows:
Step—5,b,CTE froom
ep—5,b, _
ettt = [ o (nar (17
Tiz—cers
Step—5,b,CTE froom
ep—5,b,CTE __
Eysz = / oys, (T)dT (18)
Tysz—cEts
Step—5,b,CTE Troom
ep—5,b,CTE _
Epc = / ue(T)dT (19)
Tpc—cETs
Step—5,b,CTE room
ep—5,b,CTE __
et = [ (myar (20
Tsub-cETS

. Step—5 Step—5 Step—5 Step—5 . .
Due to the constraint of substrate, forces F;;" ', Fyey > Fpe' ~ and Fo, ~ are arisen in con-

stituent layers of DCL-TBCs. Meanwhile, those in-plane forces will lead to a moment M>*P™>
CTE The total strains in constituent layers of DCL-TBCs after the natural cooling process can
be obtained as follows,

AP = /Tmm o (T)dT+£ (21)
Trz—cers v bHLZELZ
Aeyg ™ = / . oy, (T)dT + B (22)
e Tysz—cers b bHYSZEYSZ
Aels 7 = / " (1T (23)
* Tpc—ceTs e bHBCEBC
AgSeP—5e _ /Tmom o (T)dT + & (24)
e Tsub—ceTs o bHSubESub

State(a):Before cooling down:

Step-5.a _ Lirt?gsz :LSB&ép-SAa :Lglcg;-ia
LLZ ul

! § 1

a Step-5,b,CTE
LZ \ e
YSZ : 3 Z SHCTE

Step-5.c
Z

i Step-5,b,CTE
. B <%c State (b): After cooling down without interaction
tep-3,b.CTE between layers
<&y -
[1 ]
LZ

—Agy,
Step-S,
YSZ Ay

(—Aé‘gthm'c

Step-5.c
—Agg i

State (c): After cooling down with interaction
between layers

Step-5.c _ JStep-5.c_ yStep-5,c— FStep-5.c
L7 Ly Lg¢ Lo

Step-5.CTE Step-5,CTE Step-5.c _ Step-5.c —A Step-5.c_A ~Step-5.c
MR | M Agz Aeysy " =Aepc Asgy

Fig 4. Schematic of “LZ+YSZ+BC+substrate” combination thermal deformation in the process of
DCL-TBCs cools to room temperature. From state “a” to “c” (from top to bottom): the beginning of the “LZ

+YSZ+BC+substrate” combination cooling down process, constraint-free thermal deformation, and the end of
“LZ+YSZ+BC+substrate” combination cooling down process.

doi:10.1371/journal.pone.0169738.g004
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The curvature increase of the DCL-TBCs Ax>*P™°, and the in-plane forces 5" ", Fyeb ,

Step—5 Step—5
Fo’ ™ and Fg  can be calculated as follows:

" Step—5,b,CTE s Step—5,b,CTE % Step—5,b,CTE " Step—5,b,CTE
s _ [ELz(l +e" F)hLz + Eye, (1 + Exer F)hysz +E;.(1+ e F)th +E;, (1+ ear F)hSub 1 85¢gp-5,b,cm]A E.,(25)
Lz - » N N # Lz
ELZhLZ + EYSZhYSZ + EBChBC + ESuthub e
* ep—5,b,CT’ s ep—5,b,CT! % ep—5,b,CT! " ep—5,b,CT!
FStepﬂ") _ |:ELZ(:l + 8ilZP ¢ E)hLZ + EYSZ(l + 8@(5; ¢ E)hYSZ + EBC(:l + 8?;(:}) ¢ E)hBC + ESub(]‘ + 82:15 ¢ E)hSub _1-= SStEP*S,b,CTE]A E (26)
sz = " " " N YSZ
ELZhLZ + EYSZhYSZ Jr EBChBC + ESuthUb ez
s ep—5,b, % ep—5,b,f " ep—5,b, s ep—5,b,
=5 _ |:ELZ(1 + 8iizp CTE)hLz + Evsz(l + gfftsg ’ CTE)hYsz + EBC(l + SSB‘CP CTE)th + ESub(l + g::ﬂf CTE)hsub 11— SSlep*E‘b‘CTE:| A E (27)
BC - " N * * BC
ELZhLZ + EYSZhYSZ + EBChBC + ESuthub peRe
* ep—5.b, 5 ep—5.b, % ep—5,b, " ep—5.b,
s _ [ELz(l ey " hy, + B, (1 + evsy ) hys, + Ep (1 + exc ) hye + Eg(1 + L _1_ 8516P*5~b~CTE]A E.(28)
ub - ¢ s % * ub ub~~Sul
* ELZhLZ + EYSZhYSZ + EBChBC + ESuthub * s sub
Therefore, in the cooling process, the residual stresses generated in constituent layers of
DCL-TBCs can be obtained as follows:
- [l £8P B (1 €3 g By b T g By (1 8y o]
2y T ” " . < z
L Ej h, + Eyghys, + Ejchye + Eqhgy, : t (29)
+ AKStepféEEZ(y _ 55“3}’*5)
Jss _ [E;Zu +ely My + B (1+ 58" ) hyg + By (1 + &8 " hye + By (1 + 260 " Mhgy | 8} .
Zly « N B N YSZ
2 El by, + Eyghys, + Exchye + Egphgy, e (30)
+ AKSPSEL (y — 8%70)
oy = [l B8y B 2 T+ (10 T s g aen)
s EizhLZ + E\*(sthsz + EEcth + Eguphisa 5 Be (31)
+ AxStep—5 EEC()’ _ 5$tepf5)
5 ep—5,b, % ep—5,b, - ep—h,b, " ep—5,b,
Sep5 _ {ELz(l e My + B (14 €5 g + Byt 5" T hye 1 By (1 ol Mhgy 8&@75.1,@“} .
bl Ei hy, + Eyghys, + Eychye + Esphsay s b (32)
A (y = 5
9/20
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The neutral axis of DCL-TBCs §°°P %, the bending stiffness D***P~°, the moment M>'P>CTE,

and the curvature increase in step-5 Ax>*P”> can be obtained as follows:

5 H,—H 5 5 H,, — H, 5
FEtZep—o (HYSZ 4 LZ 5 YSZ 5Stepg) + Fi;e;—o (HBC 4 YSZ 5 BC 5Stepa>

MStepff),CTE — _ H H H (33)
+F§tép—5 (HSub + Bc; Sub 5Step5) + Fss:ebp—s( 2Suh _ 5Step5)
531ep—5 _ }EEZ(HLZQ - HYSZQ) + E\*(sz(l_‘r\{sz2 — HBCQ) + E;;C(HBCZ — HSubQ) + Egub(HSubz — 02) (34)
2 Efz(HLz - HYSZ) + E?(sz(HYSZ - HBC) + EEC(HBC - HSub) + Egub(HSub - O)
ep—. b* ep—5H\3 ep—51\3 b* ep—51\3 ep—5H\3
DY = gELz[(HLz - 581 i ) - (HYSZ - 5St i ) ] Jrg YSZ[(HYSZ - 5Stp ) - (HBC - 5Stp ) }
(35)
b* ep—5\3 ep—5\3 b* ep—5\3 ep—5\3
+§EBC[(HBC - 5St i ) - (HSub - 5Stp ) ] + §E5ub[(HSub - 5St P ) - (O - 581]) ) }
5 H , — H . 5 H,., — H,
FEtZep—o (HYSZ + Lz 5 YSZ 5Stepo> + F&S,tse;ﬁ) (HBC + YSZ 5 BC _ 5Step5)
5 H,.— H 5 [ H,
+FI§1CEP7() (Hsub T BC 5 Sub 5Step5> T Fs‘llebpo( ;ub _ 5Step5> (36)
AKStep—B —
b * e—5\3 e—5\3 b * e—5\3 e—5\3
gELZ[(HLZ - 5SIP 5) - (Hysz - 58‘}) ) ] + gEYSZ[(HYSZ - 5Stp ) - (HBC - 5Stp ) ]

b tpe—>5 < tpe—5\ 3 b % tpe—5\ < tpe—5\ &
JrgE;c[(HBc - 5SP )3 - (HSub - 5SP 5)5] + §ESub[(HSub - 5Sp ()5 - (0 - 5Sp )d}

Total residual stress arisen in the fabrication process of DCL-TBCs

After the fabrication process, the total residual stress arisen in DCL-TBCs can be calculated
by adding residual stresses arisen in these 5 steps together. A Matlab algorithm is carried
out to estimate residual stresses generated in each step and the total residual stress at the
end of the fabrication process. To study the effect of the thickness ratio of YSZ to LZ layers
on residual stress generation, a series of different thickness ratio (i.e. LZ: 50um, YSZ:
250pm; LZ: 100pum, YSZ: 200pm; LZ: 150pm, YSZ: 150pum; LZ: 200um, YSZ: 100pm; LZ:
250um, YSZ: 50um) have been well discussed. In addition, to observe effect of some spray
factors, such as the pre-heating treatment, different pre-heating temperatures (i.e. 23°C,
250°C, 500°C, 1000°C) have also been studied. Thermal-mechanical properties of DCL-
TBCs are shown in Table 1 [37, 38].

Numerical analysis

Herein, finite element numerical analysis is carried out to verify the residual stress obtained by
using the current theoretical model, and the commercial ABAQUS code is employed. In order
to describe the in-plane stress state, two dimensional linear in-plane stress element CPS4R is
employed for the whole DCL-TBCs, effective Young’s modulus E* = £ is used to describe
equal-biaxial state. Elements in LZ layer, YSZ layer and BC are refined, the size of the elements
in thickness direction and length direction are 0.01lmm and 0.01mm, total elements are 70000,
as shown in Fig 5. The mesh sensitivity is checked before calculations. The constitutive law of
DCL-TBCs is assumed to be linear elasticity. In addition, thermal-mechanical properties of
DCL-TBCs are the same as used in theoretical model, which is temperature dependent. The
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Table 1. Physical properties of DCL-TBCs [39, 38].

T(°C) E(GPa) K(W/m C) C(J/kg C) p (kg/m3) ax107§cC™) v
LZ 3 175 0.81 219 4810 45 0.12
400 167 0.78 455 9.85
800 150 0.74 475
1200 135 0.77 515 10.17
YSz 25 17.5 1.05 483 5650 9.68 0.2
400 - -
800 - 9.88
1000 12.4 10.34
BC 25 183 4.3 501 7320 - 0.3
400 152 6.4 592 12.5
800 109 10.2 781 14.3
1000 - 16.1 764 16
Ni-based alloy 25 211 11.5 431 8220 12.6 0.3
400 188 17.3 524 14
800 157 23.8 627 15.4
1000 139 - - 16.3

doi:10.1371/journal.pone.0169738.t001

large deformation is employed to describe deformations generated in the whole fabrication
process of DCL-TBCs.

Results and Discussion

Residual stress arisen in each step of fabrication process of DCL-TBCs

The fabrication process of DCL-TBCs is constituted by 5 steps, residual stress distribution
throughout DCL-TBCs varies during the whole fabrication process, therefore, studying residual
stress generation in each step will help to forecast crack nucleation, generation and propagation
inside DCL-TBCs, which has a significant value in optimizing the fabrication process and
improving the quantities of DCL-TBCs. To study residual stresses arisen in each step in the fab-
rication process of DCL-TBCs, reference DCL-TBCs parameters have been chosen, i.e. the
thicknesses of LZ layer, YSZ layer, BC and substrate are 150pm, 150um, 100um and 1500um,
respectively. In step-1, BC cools down to room temperature from 550°C (Temperature of BC
particle during “BC deposition process”), in step-2, “BC+substrate” combination is pre-heated
to 500°C, in step-3, the combination of “substrate (500°C)+BC (500°C)+YSZ layer (2680°C)”
cools down to room temperature (23°C), in step-4, “YSZ+BC+substrate” combination is pre-
heated to 500°C, in step-5, the whole DCL-TBCs (substrate (500°C)+BC (500°C)+YSZ layer
(500°C)+LZ layer (2300°C)) cools down to room temperature. Meanwhile, a FEM simulation
has been carried out to verify our theoretical model, and the results are shown in Fig 6.

1Z 0.1Smm
YSZ 0.15mm
0,20mm

Sulbstrate

Fig 5. Mesh of FEM simulation.
doi:10.1371/journal.pone.0169738.9005
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st step-1 [ sicp-2 M step-3 QM sicp-4 QM Step-5 |
(Avg: 75%)
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- +2.078¢+03
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- +1,193e+03
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Fig 6. Residual stress generated in step 1~5 by FEM simulation.

doi:10.1371/journal.pone.0169738.9006

Residual stresses arisen in each step of the whole fabrication process of DCL-TBCs by theo-
retical model are shown in Fig 7. Meanwhile, a series of discrete FEM simulation results are
also displayed in Fig 7 to verify our theoretical model, both results show good agreement with
each other, as shown in Fig 7.

According to the results shown in Fig 7, one finds that: (i) In step-1, “bond coating deposi-
tion” process, BC cools down to room temperature (e.g., 23°C) from 550°C. Meanwhile, a
great shrinkage occurs in BC owing to the significant CTE mismatch between BC and sub-
strate. Residual stress arisen in this step in BC is therefore tensile with a notable magnitude.

(ii) Residual stress arisen in step-2 contributes little to the total residual stress and it could be
attributed to the similarity of thermal-mechanical properties of substrate and BC, as shown in
Table 1. On the other hand, BC and substrate are heated to the given temperature and the
CTE mismatch between BC and substrate is small. (iii) Residual stress generated in YSZ layer
mainly results from step-3. In this step, YSZ layer cools down to room temperature (e.g., 23°C)
from the deposition temperature of YSZ particles (e.g., 2680°C). The temperature variation in
YSZ layer is nearly 5.5 times bigger than that in BC and substrate, which leads to a large tensile
residual stress in YSZ layer. (iv). The combination of “YSZ+BC+ substrate” is preheated to a
same temperature. Besides, the CTE differences of each layer in “YSZ+BC+ substrate” are very
small. As found in step-2, residual stress generated in step-4 contributes little to the total resid-
ual stress. (v) Residual stress in LZ layer is only contributed by step-5. In step-5, the whole
DCL-TBCs, LZ layer, YSZ layer, BC and substrate cools down to room temperature from
2300°C (deposition temperature of LZ particles), 500°C, 500°C and 500°C respectively. The
temperature change in LZ layer is almost 5 times bigger than that in YSZ layer, BC and sub-
strate. Moreover, the magnitude of elasticity modulus of LZ layer is big (Table 1). Thus signifi-
cant tensile residual stress is generated in LZ layer in this step.

Residual stresses generated in step-2 (as shown in (ii)) and step-4 (as shown in (iv)) have lit-
tle contributions to total residual stress, but this doesn’t mean pre-heating treatment just has
small effect on total residual stress, on the contrary, pre-heating treatment has a significant
effect on residual stress generated in DCL-TBCs, especially in LZ layer, which will be shown in
following section (Effect of pre-heating treatment).

Final/Total residual stress

Considering that all layers in DCL-TBCs are assumed to be isotropic, have linear elasticity,
final/total residual stress arisen in the fabrication process of DCL-TBCs can be obtained by
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Fig 7. Comparison of residual stress generated during step 1~5 by theoretical model and FEM.

doi:10.1371/journal.pone.0169738.9007

adding residual stresses generated in all 5 steps mentioned above together, result can be found
in Fig 8.

By analyzing results in Fig 8, there are: (i) Residual stress in LZ layer is tensile stress, and
the tensile stress is becoming smaller from the bottom to the top of LZ layer. That’s because
the whole DCL-TBCs bends towards LZ layer after the fabrication process, the neutral axis is
in the substrate, thus, bending stress in LZ layer is compressive stress and with the increasing
of distance between the location inside LZ layer and the neutral axis, this compressive stress is
increasing, too. (ii) Final residual stress in YSZ layer is tensile stress, as shown in section 3.1,
residual stress in YSZ layer is contributed by 3 parts, tensile stress generated in step-3 and
step-4, compressive stress generated in step-5, respectively, since the magnitude of tensile
stress generated in step-3 is nearly 5 times bigger than that of compressive stress generated in
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Fig 8. Final/Total residual stress generated in the whole fabrication process of DCL-TBCs.

doi:10.1371/journal.pone.0169738.9008

step-5, so the final residual stress in YSZ layer is tensile stress, which also shows residual stress
in YSZ layer is mainly contributed in step-3. (iii) Final residual stress in BC is also tensile
stress, there are obvious stress difference in YSZ layer/BC interface and BC/substrate interface,
this adjust well to BC’s principle function that BC deposited between YSZ layer and BC is to
coordinate in YSZ layer and substrate [40]. (iv) There is an obvious stress drop in the BC/sub-
strate interface. (v) The residual stress in Substrate is compressive stress at the top of substrate,
and becoming to be tensile stress at the bottom of substrate, as mentioned above, the whole
DCL-TBCs bends toward LZ layer after the fabrication process, bending stress is compressive
stress at the top, the magnitude of compressive stress is increasing when approaching the top
surface of substrate, meanwhile, bending stress is tensile stress at the bottom, and the magni-
tude of tensile stress is increasing when approaching the bottom of substrate.
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Effect of pre-heating treatment

The pre-heating treatment is an effective way to improve residual stress arisen in the fabrica-
tion process of DCL-TBCs. In this work, in step-2 and step-4, the combinations of “BC+-
substrate” and “YSZ+BC+substrate” are pre-heated to 500°C before the deposition process of
YSZ layer and LZ layer. To investigate the effect of pre-heating treatment, a set of specified
temperatures (i.e. 23°C, 250°C, 500°C, 1000°C) has been studied in this part. Results are
shown in Fig 9.

Inspection of results shown in Fig 9 reveals that: (i) Increasing pre-heating temperature can
obviously decrease the magnitude of residual stresses in LZ layer, YSZ layer and substrate.
Meanwhile, it can increase the magnitude of residual stress in BC. (ii) Pre-heating treatment
can significantly decrease residual stress in LZ layer. The average residual stress in LZ layer
decreases from 3226MPa (without pre-heating treatment) to 1251MPa (1000°C pre-heating
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J S u b S tr at e —@— Pre-heating temperature 500°C

—&— Pre-heating temperature 1000°C

-
w
o
o

\\
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| ! | ; | |
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Fig 9. Comparison of final residual stress generated in the fabrication of DCL-TBCs with different pre-heating temperatures. Different pre-heating
temperatures are: i.e. 23°C, 250°C, 500°C, 1000°C.

doi:10.1371/journal.pone.0169738.9009
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temperature). (iii). Pre-heating treatment can reduce residual stress in YSZ layer. Although the
magnitude of residual stress in YSZ layer doesn’t decrease significantly, this treatment is still
helpful to improve the durability of YSZ layer. (iv) Increasing pre-heating temperature may
increase residual stress in BC. However, considering the fact that BC is constituted by metal
material, increase of residual stress in BC has no negative effect on reliability of BC. (v) In-
creasing pre-heating temperature will decrease residual stress arisen in substrate. Therefore,
pre-heating treatment is widely employed in engineering industry.

Effect of thickness ratio of YSZ to LZ layers

As shown in Cao and Dai’s work [5], the thickness ratio of YSZ layer to LZ layer has a signifi-
cant effect on the cycling lives of DCL-TBCs. In order to investigate the effect of thickness
ratio on the residual stress generation in the fabrication process of DCL-TBCs, in this work, a
series of different thickness ratios of YSZ to LZ layers, (i.e., YSZ: 250um, LZ: 50pum; YSZ:
200um, LZ: 100pm; YSZ: 150pm, LZ: 150pm; YSZ: 100um, LZ: 200um; and YSZ: 50pum, LZ:
250um) have been studied, residual stresses generated in each layer are shown in Fig 10 (A), 10
(B) and 10(C), respectively.

According to the results shown in Fig 10, one finds that: (i) With the increase of thickness
ratio of YSZ layer to LZ layer, magnitudes of residual stresses in LZ layer, YSZ layer and BC
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Fig 10. Comparison of final residual stress generated with different thickness ratios of YSZ to LZ layers. (A)
Different thickness ratios of YSZ to LZ layers are: i.e. YSZ: 250um, LZ: 50pm; YSZ: 200um, LZ: 100pum; YSZ:
150pm, LZ: 150pm; YSZ: 100pm, LZ: 200pm; and YSZ: 50um, LZ: 250um. (B) (a-c) respect residual stress
generated in LZ layer, YSZ layer and the combination of “substrate + BC”, respectively.

doi:10.1371/journal.pone.0169738.9010
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will be improved. With the increase of thickness ratio of YSZ to LZ layers, the stiffness of the com-
bination “LZ+YSZ+BC” will be decreased (The Young modulus of LZ layer is much bigger than
that of YSZ layer, see Table 1), thus, the constraint effect of substrate to confine the free shrinkage
of the combination “LZ+YSZ+BC” is decreasing, therefore, their relative tensile strain are decreas-
ing, so tensile stresses in LZ layer, YSZ layer and BC are decreasing. (ii) For each DCL-TBCs with
a specific thickness ratio of YSZ to LZ layers, the magnitudes of residual stresses in LZ layer, YSZ
layer and BC decrease from their top surface to the bottom, respectively, as shown in Fig 10(A)
and 10(B). Since the whole DCL-TBCs bends towards LZ layer and the neutral axis is in the sub-
strate, thus, bending stress in LZ layer, YSZ layer and BC are compressive stress, and this com-
pressive stress is increasing from the bottom to the top of each layer. (iii) With the decrease of
thickness ratio of YSZ to LZ, the magnitudes of residual stresses in substrate is increasing.

Although residual stresses in LZ and YSZ layers can be decreased by decreasing the thick-
ness ratio of YSZ to LZ layers as shown in Fig 10(A) and 10(B), fracture toughness of LZ layer
is smaller than that of YSZ layer. Therefore, increase of thickness of LZ layer may lead to more
cracks in DCL-TBCs. This may result in the fracture propagation and significantly reduce the
service life of DCL-TBCs. Optimum design of DCL-TBCs, shall synthetically consider the
magnitude of residual stress, fracture toughness, thermal insulation properties, etc.

Conclusions

In this work, a theoretical model was developed to estimate residual stress arisen in the fabrica-
tion process of DCL-TBCs. The effects of thickness ratio of YSZ layer to LZ layer and pre-heat-
ing treatment on residual stress were discussed. A FEM simulation was also performed to
validate the method presented in this study. The main conclusions can be drawn as:

1. The final residual stress mainly originates from the processes of bond coating deposition
(step-1), “YSZ+BC+substrate” and the whole DCL-TBCs cooling down to ambient temper-
ature processes (step-3 and step-5). Residual stresses generated in the processes of “BC+-
substrate” pre-heating (step-2) and “YSZ+BC+substrate” pre-heating (step-4) have a little
contribution to the final residual stress.

2. Final residual stresses in LZ and YSZ layers are tensile with remarkable magnitudes. BC
layer is also subjected to tensile residual stress. The residual stress in substrate is compres-
sive at the top of substrate, and it becomes tensile at the bottom of substrate. Meanwhile,
there are significant stress drops at the LZ/YSZ and BC layer/substrate interfaces.

3. Increasing the pre-heating temperature can obviously decrease the magnitude of residual
stresses in LZ layer, YSZ layer and substrate, but increase the magnitude of residual stress
in BC.

4. With the increase of the thickness ratio of YSZ to LZ layers, magnitudes of residual stresses
arisen in LZ layer and YSZ layer will increase while residual stress in substrate will decrease.

Supporting Information

S1 File. Data underlying findings.
(XLSX)

Acknowledgments

The authors acknowledge the support of National Nature Science Foundation of China
(Grant No.: 11502190), China Postdoctoral Science Foundation Funded Project (Grant No.:

PLOS ONE | DOI:10.1371/journal.pone.0169738 January 19, 2017 17/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169738.s001

o ®
@ : PLOS | SINE Residual Stress in Fabrication Process of DCL-TBCs

2016M592780) and National Program on Key Basic Research Project (973 Program) (Grant
Nos.: 2013CB035701 and 2015CB057602).

Author Contributions
Conceptualization: YS.

Data curation: WW.

Formal analysis: FX YL.
Funding acquisition: YS TW.
Investigation: FX.
Methodology: YS YL.

Project administration: TW.
Resources: YS.

Software: WW.

Supervision: TW.
Validation: YS.

Writing - review & editing: YS.

References

1. Padture NP, Gell M, Jordan EH. Thermal barrier coatings for gas-turbine engine applications. Science.
2002; 296(5566):280—4. doi: 10.1126/science.1068609 PMID: 11951028

2. Pomeroy MJ. Coatings for gas turbine materials and long term stability issues. Materials & Design.
2005; 26(3):223-31.

3. Wangl, FanQ,LiuY, LiG, Zhang H, Wang Q, et al. Simulation of damage and failure processes of
thermal barrier coatings subjected to a uniaxial tensile load. Materials & Design. 2015; 86:89-97.

4. Mrdak M, Rakin M, Medjo B, Baji¢ N. Experimental study of insulating properties and behaviour of ther-
mal barrier coating systems in thermo cyclic conditions. Materials & Design. 2015; 67:337—43.

5. DaiH, Zhong X, Li J, Zhang Y, Meng J, Cao X. Thermal stability of double-ceramic-layer thermal barrier
coatings with various coating thickness. Materials Science and Engineering: A. 2006; 433(1):1-7.

6. Cao X, Vassen R, Tietz F, Stoever D. New double-ceramic-layer thermal barrier coatings based on zir-
conia—rare earth composite oxides. Journal of the European ceramic society. 2006; 26(3):247-51.

7. LiuZ-G, Zhang W-H, Ouyang J-H, Zhou Y. Novel thermal barrier coatings based on rare-earth zirco-
nates/YSZ double-ceramic-layer system deposited by plasma spraying. Journal of Alloys and Com-
pounds. 2015; 647:438—44.

8. Naga SM, Awaad M, El-Maghraby HF, Hassan AM, Elhoriny M, Killinger A, et al. Effect of La,Zr,O-
coat on the hot corrosion of multi-layer thermal barrier coatings. Materials & Design. 2016; 102:1-7.

9. Zhong X, Zhao H, Zhou X, Liu C, Wang L, Shao F, et al. Thermal shock behavior of toughened gadolin-
ium zirconate/YSZ double-ceramic-layered thermal barrier coating. Journal of Alloys and Compounds.
2014; 593:50-5.

10. XuZ,Hel, MuR, Zhong X, Zhang Y, Zhang J, et al. Double-ceramic-layer thermal barrier coatings of
La,Zr,0,/YSZ deposited by electron beam-physical vapor deposition. Journal of Alloys and Com-
pounds. 2009; 473(1-2):509-15.

11.  Zhou YC, Hashida T. Coupled effects of temperature gradient and oxidation on thermal stress in ther-
mal barrier coating system. International Journal of Solids and Structures. 2001; 38(24—25):4235-64.

12. ShiZ, Ramalingam S. Thermal and mechanical stresses in transversely isotropic coatings. Surface and
Coatings Technology. 2001; 138(2-3):173-84.

PLOS ONE | DOI:10.1371/journal.pone.0169738 January 19, 2017 18/20


http://dx.doi.org/10.1126/science.1068609
http://www.ncbi.nlm.nih.gov/pubmed/11951028

@° PLOS | ONE

Residual Stress in Fabrication Process of DCL-TBCs

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Mao WG, Wan J, Dai CY, Ding J, Zhang Y, Zhou YC, et al. Evaluation of microhardness, fracture tough-
ness and residual stress in a thermal barrier coating system: A modified Vickers indentation technique.
Surface and Coatings Technology. 2012; 206(21):4455—-61.

Gunnars J, Alahelisten A. Thermal stresses in diamond coatings and their influence on coating wear
and failure. Surface and Coatings Technology. 1996; 80(3):303—12.

McGrann RTR, Greving DJ, Shadley JR, Rybicki EF, Kruecke TL, Bodger BE. The effect of coating
residual stress on the fatigue life of thermal spray-coated steel and aluminum. Surface and Coatings
Technology. 1998; 108—109(0):59-64.

Bengtsson P, Persson C. Modelled and measured residual stresses in plasma sprayed thermal barrier
coatings. Surface & Coatings Technology. 1997; 92(s 1-2):78-86.

Scardi P, Leoni M, Bertamini L. Residual stresses in plasma sprayed partially stabilised zirconia TBCs:
influence of the deposition temperature. Thin Solid Films. 1996; 278(1-2):96—103.

Hsueh CH, Fuller ER. Residual stresses in thermal barrier coatings: effects of interface asperity curva-
ture/height and oxide thickness. Materials Science & Engineering A. 2000; 283(1-2):46-55.

Sen F, Sayman O, Toparli M, Celik E. Stress analysis of high temperature ZrO, insulation coatings on
Ag using finite element method. Journal of Materials Processing Technology. 2006; 180(1-3):239—-45.

Clyne TW, Gill SC. Residual Stresses in Thermal Spray Coatings and Their Effect on Interfacial Adhe-
sion: A Review of Recent Work. Journal of Thermal Spray Technology. 1996; 5(4):401-18.

Timoshenko SP, Gere JM. Mechanics of Materials. Van Nostrand Reinhold; 1972.

Freund LB, Suresh S, editors. Thin film materials: stress, defect formation and surface evolution. Cam-
bridge University Press; 2004.

Zhang XC, Xu BS, Wang HD, Wu YX. An analytical model for predicting thermal residual stresses in
multilayer coating systems. Thin Solid Films. 2005; 488(1-2):274—-82.

Han M, Zhou G, Huang J, Chen S. A parametric study of the double-ceramic-layer thermal barrier coat-
ings part |I: Optimization design of the ceramic layer thickness ratio based on the finite element analysis
of thermal insulation (take LZ,C3/8YSZ/NiCoAlY DCL-TBC for an example). Surface and Coatings
Technology. 2013; 236:500-9.

Moridi A, Azadi M, Farrahi GH. Thermo-mechanical stress analysis of thermal barrier coating system
considering thickness and roughness effects. Surface & Coatings Technology. 2014; 243(4):91-9.

Xu R, Fan XL, Zhang WX, Song Y, Wang TJ. Effects of geometrical and material parameters of top and
bond coats on the interfacial fracture in thermal barrier coating system. Materials & Design. 2013;
47:566-74.

Reinhold E, Botzler P, Deus C. EB-PVD process management for highly productive zirconia thermal
barrier coating of turbine blades. Surface and Coatings Technology. 1999; 120:77-83.

Zhou YC, Tonomori T, Yoshida A, Liu L, Bignall G, Hashida T. Fracture characteristics of thermal barrier
coatings after tensile and bending tests. Surface & Coatings Technology. 2002; 157(2—-3):118-27.

Paredes R, Amico S, d’Oliveira A. The effect of roughness and pre-heating of the substrate on the mor-
phology of aluminium coatings deposited by thermal spraying. Surface and Coatings Technology. 2006;
200(9):3049-55.

Han M, Huang J, Chen S. A parametric study of the Double-Ceramic-Layer Thermal Barrier Coating
Part Il: Optimization selection of mechanical parameters of the inside ceramic layer based on the effect
on the stress distribution. Surface and Coatings Technology. 2014; 238:93-117.

Sfar K, Aktaa J, Munz D. Numerical investigation of residual stress fields and crack behavior in TBC
systems. Materials Science and Engineering: A. 2002; 333(1-2):351-60.

Aktaa J, Sfar K, Munz D. Assessment of TBC systems failure mechanisms using a fracture mechanics
approach. Acta Materialia. 2005; 53(16):4399—413.

Tsui YC, Clyne TW. An analytical model for predicting residual stresses in progressively deposited coat-
ings Prat 1: Planar geometry. Thin Solid Films. 1997; 306(1):23-33.

Yan Song XZ, Wang T. J., and Chen Xi. Thermal Stress in Fabrication of Thermal Barrier Coatings.
Journal of Thermal Stresses. 2014; 37(12):1390—415.

Hsueh CH, Evans AG. Residual Stresses in Meta/Ceramic Bonded Strips. Journal of the American
Ceramic Society. 1985; 68(5):241-8.

Song Y, Zhuan X, Wang TJ, Chen X. Evolution of thermal stress in a coating/substrate system during
the cooling process of fabrication. Mechanics of Materials. 2014; 74(0):26—40.

Hongfei C, Yun L, Yanfeng G, Shunyan T, Hongjie L. Design, Preparation, and Characterization of
Graded YSZ/La,Zr,0; Thermal Barrier Coatings. Journal of the American Ceramic Society. 2010; 93
(6):1732—40.

PLOS ONE | DOI:10.1371/journal.pone.0169738 January 19, 2017 19/20



o ®
@ : PLOS | SINE Residual Stress in Fabrication Process of DCL-TBCs

38. Ranjbar-Far M, Absi J, Shahidi S, Mariaux G. Impact of the non-homogenous temperature distribution
and the coatings process modeling on the thermal barrier coatings system. Materials & Design. 2011;
32(2):728-35.

39. ChenH,LiuY,GaoY, Tao S, Luo H. Design, preparation, and characterization of graded YSZ/
LasZr,O thermal barrier coatings. Journal of the American Ceramic Society. 2010; 93(6):1732—40.

40. Evans AG, Mumm D, Hutchinson J, Meier G, Pettit F. Mechanisms controlling the durability of thermal
barrier coatings. Progress in materials science. 2001; 46(5):505-53.

PLOS ONE | DOI:10.1371/journal.pone.0169738 January 19, 2017 20/20



