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Abstract: Double-layered thermal barrier coatings (DL-TBCs) have been developed to meet multiple service requirements,
such  as  low  thermal  conductivity,  high  thermal  stability,  and  high  fracture  toughness.  Conventional  DL-TBCs  are  often
designed on the basis of equal total thickness to have long lifespans, which may weaken the thermal insulation. The reason
is that the single-scale designed structure often has opposite effects on the thermal and mechanical properties. To enhance
both the thermal insulation and lifespan, this work designed durable DL-TBCs at multiple scales under equivalent thermal
insulation. The macroscopic thickness ratio of the top layer to the bottom layer was tailored to optimize the total and single
thicknesses,  and  the  microscopic  pore  size  in  the  top  layer  was  tailored  to  resist  sintering.  Six  groups  of  samples  with
different thickness ratios were prepared. The thermal cycling test revealed that the lifespan of DL-TBCs first increases but
then decreases with  increasing thickness ratio.  The optimized thickness ratio  is  2:3  for  DL-TBCs,  which have the largest
lifespan  among  the  six  groups.  The  cross-sectional  morphologies  revealed  that  the  failure  mode  changed  from  the
spallation of the top layer to the delamination of the total double layers. The long lifespan of the optimized DL-TBCs stems
from the cotailored thickness ratio and porous structure in the top layer to lower the total cracking driving force.
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1    Introduction
Thermal barrier coatings (TBCs) have been widely applied in the
high-temperature  parts  of  heavy-duty  gas  turbines  to  obtain
elevated working temperatures and to improve thermal efficiency
[1−9]. TBCs usually consist of a top ceramic (TC) layer, a middle
bond (BC) layer (including a thermally grown oxide (TGO) layer),
and  a  bottom  superalloy  substrate  (SUB)  [10−14].  The  ceramic
top  layer  is  typically  made  of  6–8   wt%  yttria-stabilized  zirconia
(YSZ)  [3,4,15−18].  However,  as  the  turbine  inlet  temperature
increases (> 1200  °C), the current YSZ TBCs are prone to volume
changes  [19−21]  resulting  from  phase  changes  [22,23]  and
sintering  [24−26].  Volume  changes  in  excess  often  lead  to  early
delamination [27−30], dramatically reducing the lifespan of TBCs.
Therefore,  advanced  TBC  materials  with  better  phase  stability,
higher  sintering  resistance,  lower  thermal  conductivity,  and
greater fracture toughness are urgently needed.

To  meet  the  service  requirements  of  TBCs,  a  variety  of  new
ceramic  coating  materials  have  been  developed  [3,15,31−39].  In
terms of these TBC materials, RE-stabilized cubic zirconia (where
RE indicates  one  or  more  rare-earth  elements)  is  regarded  as  an
alternative  ceramic  material  to  YSZ,  which  has  better  phase
stability  and lower thermal  conductivity  [31−33,40,41].  However,
it  remains a challenge for new ceramic materials to satisfy all  the

requirements  for  TBCs.  The  advantages  of  conventional  YSZ
materials  lie  in  their  superior  fracture  toughness  [42−44]  and
similar coefficient of thermal expansion (CTE) to those of metallic
substrates  [45].  However,  the  thermal  stability  of  YSZ  is  poor
[46,47],  and its  thermal  conductivity  is  relatively  high  [43,48].  In
contrast,  new  ceramic  coating  materials  have  excellent  high-
temperature  phase  stability  [47,49−52],  lower  thermal
conductivity  [31,53−56],  better  sintering  resistance  [40],  and
higher  resistance  to  calcium–magnesium–alumino–silicate
(CMAS)  corrosion  [18,57−68].  Nevertheless,  the  principle
drawback of new ceramic coating materials is their lower fracture
toughness  (KIC)  [40,69,70].  For  example,  the KIC of  rare-earth-
stabilized zirconia (RSZ) (RE = Gd, Yb) coating is approximately
1.5 MPa·m1/2, which is lower than that of YSZ coatings, with a KIC
of ~2.5 MPa·m1/2.  A lower KIC indicates worse cracking resistance
[41].  In  addition,  CTEs  [71,72]  for  new  ceramic  materials  are
often lower than YSZ. The thermal mismatch stress, an important
component  of  the  cracking  driving  force,  significantly  increases
the stress concentration at the interface between the top coat and
the  bond  coat,  which  promotes  cracking  and  leads  to
delamination of the coating [73−76].  In addition, compared with
YSZ  coating,  the  new  ceramic  coating  is  less  compatible  with
TGO,  resulting  in  premature  failure  in  service  environments
[77−81]. One effective solution to combine the advantages of YSZ
and new ceramic coating materials is to use double-layered TBCs
(DL-TBCs) [82−89]. The top layer works to prevent heat flux with
low thermal  conductivity  and excellent  thermal  stability,  whereas
the  bottom  layer  serves  as  a  stress  buffer  layer  to  effectively
increase  the  fracture  toughness  of  the  bottom  ceramic  layer.
Therefore,  the  double-layered  structure  makes  the  cracking
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resistance  of  TBCs  competitive  with  the  cracking  driving  force,
mitigating the premature failure of the coating.

To  simultaneously  meet  the  service  requirements  of  high-
temperature  stability,  superior  thermal  insulation,  and  long
lifespan,  further  design  is  needed  for  DL-TBCs  [90−92].
Conventional  investigations  have  optimized  the  macroscopic
thickness ratios on the basis of equal total thickness. Dai et al. [93]
fabricated  six  groups  of  DL-TBCs  with  different  thickness  ratios
based on the same total thickness of 300 µm. The thermal cycling
tests revealed that the optimized thickness ratio was 1:1, and their
thermal cycling lifespans were ~138.2 and ~1.1 times greater than
those of  the single-layer top and bottom coatings,  respectively.  A
similar optimized thickness ratio can also be obtained from Liu et
al.  [94].  Mahade et al.  [95]  prepared  three  groups  of  DL-TBCs
with different  thickness  ratios  on the basis  of  a  total  thickness  of
500 μm. The thermal shock test  results  revealed that the samples
with a thickness ratio of 1:1 presented the highest lifespan, which
was approximately 1.2 times greater than that of the samples with
a  thickness  ratio  of  1:4.  Zhu et al.  [96]  employed  fracture
mechanics to analyze the extension of cracks at the interface of DL-
TBCs  under  different  geometrical  parameters  and  porosity
conditions.  The  results  of  this  analysis  indicated  that  the  sample
with  a  thickness  ratio  of  approximately  1:1  exhibited  the  lowest
strain  energy  release  rate  (SERR).  In  particular,  DL-TBCs  are
prone  to  failure  at  weak  interfaces  [97−100],  which  are  usually
located at the interface of two adjacent ceramic layers. Therefore,
improving  the  thermophysical  properties  of  the  interlayer
interface,  for  example,  by  incorporating  a  transition  layer  (TL)
[101,102],  can  significantly  improve  the  performance  of  the
coating.  Liu et al.  [101]  prepared  TLs  in  DL-TBCs,  which
effectively  reduced  the  stress  concentration  between  the  ceramic
layers. This resulted in an extended thermal cycling lifespan of DL-
TBCs with TLs of ~9.2% compared with that of DL-TBCs without
TLs. Shen et al. [102] fabricated a gradient transition layer (GTL)
with elemental gradient variations at the interface of two adjacent
ceramic  layers.  The  introduction  of  GTL  in  the  double-layered
structure can avoid the drawbacks associated with the instability of
the  interface  between  ceramic  layers  [97].  The  thermal  cycling
lifespan of DL-TBCs with GTL was found to be 35.6% longer than
that of DL-TBCs without GTL.

A  question  for  the  aforementioned  DL-TBCs  [93−96]  is  that
they  were  mostly  designed and prepared  on the  basis  of  a  single
scale  and  equal  total  thickness,  which  leads  to  difficulties  in
ensuring  high  thermal  insulation  for  the  optimized  DL-TBCs
throughout their lifespans at the same time. The causes are at least
twofold.  On the  one  hand,  the  two  layers  have  different  thermal
and mechanical properties [103−105], suggesting that a change in
thickness  may  have  opposite  effects  on  thermal  insulation  and
lifespan. For example, a decrease in the thickness of the top layer
may  enhance  the  fracture  resistance  of  the  total  DL-TBC,  but
weaken  the  thermal  insulation  [106,107].  As  a  result,  the
optimized  lifespan  of  DL-TBCs  may  involve  different  types  of
thermal  insulation.  On  the  other  hand,  microstructural  changes
during thermal exposure have a substantial impact on the thermal
and mechanical  properties  of  a  material  [108−111].  The  primary
microstructural  change  is  the  sintering  of  the  ceramic  layer
[24,25].  The  ceramic  coatings  prepared  by  plasma  spraying  (PS)
contain substantial interlamellar two-dimensional (2D) pores with
opening  widths  usually  smaller  than  100  nm  [112].  This  typical
lamellar structure significantly affects the thermal and mechanical
properties of such coatings. For example, the thermal conductivity
and elastic modulus of a PS-YSZ coating are usually 1/3 less than
those  of  the  corresponding  bulk  materials  [112−115].  After

thermal  exposure,  this  lamellar  structure  gradually  heals  and
disappears,  resulting  in  a  dramatic  increase  in  its  thermal
conductivity and elastic modulus [116−119]. The former decreases
the  thermal  insulation,  whereas  the  latter  increases  the  thermal
mismatch  stress  [98−100].  Consequently,  the  coating  sintering
behavior  may  cause  degradation  in  both  thermal  insulation  and
strain  tolerance  [24,120].  Therefore,  further  optimization  of  DL-
TBCs  is  required  to  balance  and  enhance  the  thermal  and
mechanical properties.

In  this  study,  unlike  conventional  single-scale  and  total-
thickness bases,  we designed DL-TBCs with multiscale structures
based  on  equivalent  thermal  insulation  to  enhance  both  the
thermal  insulation  and  lifespan.  The  macroscopic  thickness  ratio
and  microscopic  porous  structure  in  the  top  layer  were  tailored
and  optimized  via  an  isothermal  thermal  cycling  test.  The
microstructures  and  mechanical  properties  were  characterized  to
comprehensively  investigate  the  thermal  cycling  behavior  of  DL-
TBCs.  Finally,  the  performance  enhancement  mechanism  of  the
optimized DL-TBCs was elucidated on the basis of the theoretical
and experimental results. This work is expected to provide a better
understanding  of  achieving  durable  DL-TBCs  by  tailoring
multiscale  structures  to  accelerate  the  engineering  application  of
thermal protection coatings used in heavy-duty gas turbines.

2    Experimental

2.1    Design  of  a  coating  architecture  with  a  multiscale
strategy
To  further  explore  the  performance  potential  of  the  coating,  a
multiscale  structural  design  was  proposed  for  DL-TBCs.  The
thickness  ratio  between the  two layers  varied  at  the  macroscopic
scale,  whereas  the  pore  structure  in  the  top  layer  was  tailored  at
the microscopic scale.

In our previous study, unit thermal resistance (UTR) was used
to evaluate the thermal insulation performance of TBCs, as shown
in Eq. (1) [98]:

UTR =
δ
λ (1)

where δ is  the  thickness  of  the  ceramic  coating  and λ is  the
thermal conductivity.

In  this  work,  RSZ  (5Gd2O3–5Yb2O3–10Y2O3–80ZrO2,  wt%)
was  used  to  prepare  the  top  layer,  and YSZ was  used  to  prepare
the bottom layer. Codoping with the rare earth element Gd–Yb–Y
significantly  reduces  the  thermal  conductivity  and  improves  the
thermal phase stability of ZrO2 [121−124]. For DL-TBCs, UTR of
the  double  layers  is  the  sum  of  each  layer.  Hence,  UTR  of
YSZ/RSZ DL-TBCs can be expressed as Eq. (2):

UTR =
δYSZ
λYSZ

+
δRSZ
λRSZ

(2)

where δYSZ and δRSZ are the thicknesses of YSZ and RSZ coatings,
respectively. λYSZ and λRSZ are  the  thermal  conductivities  of  YSZ
and RSZ coatings, respectively.

The  thermal  conductivity  of  atmospheric  plasma  spraying
(APS)-YSZ  coating  at  1000  °C  is  1.21–1.35  W·m−1·K−1 [15,125],
whereas  the  thermal  conductivity  of  the  RSZ  coating  is  only
0.85 W·m−1·K−1 [15].  The thermal  conductivities  of  APS-RSZ and
YSZ coatings  are  1.0  and 1.2  W·m−1·K−1,  respectively,  which were
measured  in  this  work  at  1000  °C.  Therefore,  if  the  thermal
insulation  effect  of  the  100  μm  thick  YSZ  coating  is  defined  as
1 unit, the 83 μm thick RSZ coating has exactly the same thermal
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insulation effect as the 1 unit. According to the analysis above, six
groups  of  TBCs  with  similar  thermal  insulation  performances
from both macroscopic thickness and microstructural perspectives
were designed in this study. Figure 1 shows a schematic diagram
of the top coating architecture, namely, 250 μm YSZ (5Y), 200 μm
YSZ+42  μm  RSZ  (4Y/1R),  150  μm  YSZ+83  μm  RSZ  (3Y/2R),
100  μm  YSZ+125  μm  RSZ  (2Y/3R),  50  μm  YSZ+167  μm  RSZ
(1Y/4R), and 208 μm RSZ (5R). DL-TBCs design is beneficial for
reducing the top ceramic coating thickness. Moreover, to tailor the
microscopic pore structure in RSZ coating,  massive incompletely
melted  agglomerated  nanoparticle  stacks  were  introduced  into
RSZ  coating  by  modulating  the  spraying  process  parameters,  as
shown in Fig. 1.

2.2    Preparation of DL-TBCs and RSZ splats
To  fabricate  TBCs  with  different  porous  structures,  hollow
spherical  8YSZ  (Metco  204B-NS,  45–75  μm)  and  solid
subspherical RSZ (45–75 μm) are used to deposit the ceramic top
coat  via  an  APS  system,  as  shown  in Fig.  2.  The  structure
deposited  from  RSZ  often  has  a  higher  porosity  and  is  more
resistant  to  sintering  than  that  deposited  from  YSZ.  A  laser
diffraction  particle  size  analyzer  (Mastersizer  2000,  Malvern
Instruments Ltd., UK) was used to evaluate the size distribution of
the  powders.  The  morphology  and  particle  size  distribution  of
YSZ  powder  and  RSZ  powder  are  shown  in Fig.  2.  APS
parameters  for  the  top  coat  are  shown  in Table  1.  Prior  to  the
deposition of the top coat, a commercially available NiCoCrAlTaY
powder  (Amdry  997,  Oerlikon  Metco,  Switzerland)  was  used  as
the bond coat and deposited on a nickel-based superalloy (Inconel
718, ϕ25.4 mm × 3 mm) substrate. The bond coat was deposited
to approximately 150 μm by a high-velocity oxygen fuel (HVOF)
system.  Before  the  deposition  of  the  top  coat,  the  as-prepared
samples  with  the  bond  coat  were  subjected  to  a  preheating
treatment  to  form  a  dense  and  connected  Al2O3 TGO,  which
could  lower  the  thickening  rate  of  TGO  and  reduce  the  stress
from  TGO  growth  to  increase  the  high-temperature  oxidation
resistance  and  extend  their  service  lifespans  [126−128].  The
preheating-treatment process consists of two steps, conducted in a
furnace  (PCO-1200A,  Xi'an  Jiaotong  University,  China)  with
finely  controlled  oxygen  partial  pressure.  In  the  first  step,  the
samples  were  pre-diffused  at  1000  °C  for  4  h  with  a  controlled
oxygen partial  pressure  below 0.01  ppm,  and in  the  second step,

the  pre-diffused  samples  were  pre-oxidation  at  1080  °C  for  4  h
with  a  controlled  oxygen  partial  pressure  below  10  ppm.
Additionally,  on  the  basis  of  our  previous  research  on  the
mechanism  of  process  factors  on  the  thermophysical  and
mechanical  properties  of  RSZ  coatings,  a  mapping  law  between
the  preparation  process  and  the  microstructure  (e.g.,  unmelted
region/unmelted  or  partly  melted  agglomerated  nanoparticle
stacks) was obtained.

To  observe  and  characterize  the  structure  and  sintering
behavior of the samples, the same parameters were used to deposit
the  double-layered  ceramic  coatings  on  the  stainless  steel
substrates  without  a  bond  coat.  Free-standing  samples  were
obtained  by  dissolving  the  substrate  in  a  hydrochloric  acid
solution  followed  by  further  immersion  in  deionized  water  for
24 h, with the aim of removing residual acid from the coating.

A  plasma-sprayed  coating  was  formed  by  stacking  individual
splats.  Therefore, the interlamellar pore surface refers to the splat
surface.  To  investigate  the  roughening  behavior  of  the  pore
surface,  RSZ powder  was  used  to  deposit  individual  splats  [129].
The  individual  RSZ  splats  were  deposited  on  polished  ceramic
pellets  made  up  of  ZrO2 (Bai-Le  Inc.,  China)  to  avoid  the
oxidation  effect  of  the  metal  substrate  during  thermal  exposure.
Before the splats  were deposited,  the surface of  the substrate  was
preheated  to  approximately  300  °C  to  obtain  a  disk-shaped  RSZ
splat [130].

2.3    Characterization of microstructure and properties
The  service  temperature  of  TBCs  for  gas  turbines  (e.g.,  F-class
land-based  gas  turbines)  is  ~1000  °C,  with  a  lifetime  of
approximately  8000–24,000 h [131].  To speed up the testing,  the
samples  and  the  as-deposited  ceramic  splats  were  heated  in  a
furnace  (SX-Q08163,  Tianjin  Zhonghuan  Electric  Furnace  Co.
Ltd.,  China) to temperatures  ranging from 1300 to 1500 °C.  The
samples  were  held  at  the  heating  temperature  for  progressively
increasing  durations,  after  which  they  were  cooled  to  room
temperature  (RT).  The  heating  and  cooling  rates  were  fixed  at  a
relatively low rate of 10 °C·min−1.

A  scanning  electron  microscope  (SEM;  MIRA  3,  TESCAN,
Czech  Republic)  was  used  to  characterize  the  surface  and  cross-
sectional morphology of the samples.  The phase compositions of
RSZ  coatings  and  YSZ  coatings  before  and  after  the  thermal
cycling test were characterized via an X-ray diffractometer (XRD;

 

Fig. 1    Schematic diagram of top coating architecture with the same thermal insulation effect.
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D8  Advance,  Bruker,  Germany).  The  porosity  and  unmelted
region  proportion  of  the  coatings  were  estimated  via  SEM
backscattered  electron  (BSE)  images.  For  each  state  during
thermal exposure, 10 images were used. Porosity was obtained by
binarizing BSE images with ImageJ 1.45 software [24]. The key to
obtaining  the  unmelted  region  proportion  is  to  specify  its  outer
contour boundary with the software. 2D pores were examined via
two  methods.  One  is  quasi-in situ observation  via  SEM,  and  the
other  is  quantitative  characterization  via  statistical  2D  pore
density. The details of these two methods can be found elsewhere
[120,132]. According to a previous study on the coating bonding
ratio [112],  the unbonded ratio of the coating contributed by 2D
pores can be calculated according to Eqs. (3) and (4):

L2 =
H · L2

δ (3)

ε = ξ ·H · L1

L2
= ξ · δ (4)

where ξ is the 2D pore density, H is the coating thickness, L1 is the
coating length, L2 is the total length of the interface between splats

in the coating, δ is the splat thickness, and ε is the unbonded ratio
contributed by 2D pores.

The  morphology  of  the  splat  surface  during  thermal  exposure
was  characterized  via  an  atomic  force  microscope  (AFM;  SPM-
9700HT,  Shimadzu,  Japan).  The  topography  and  cross-sectional
profile of the splat surfaces were analyzed via NanoScope Analysis
software (SPM-9700HT, Shimadzu, Japan).

The  cross-sectional  Vickers  hardness  was  determined  with  a
micro-Vickers  indenter  (Buehler  Micromet  5104,  Akashi  Co.,
Japan).  The  hardness  test  was  performed at  a  test  load  of  300  gf
and a holding time of 30 s. The in-plane Young’s modulus of the
top coating was measured via the Knoop indentation method. The
parameters and test system used were the same as those used for
the measurement of microhardness. The formula for determining
the elastic modulus is shown in Eq. (5):

E =
αHV

b
α − b′

a′

(5)

where α is a constant (0.45), HV is the micro-Vickers hardness, a'
and b' are  the  lengths  of  the  major  and  minor  diagonals  of  the
indentation impression,  respectively,  and a and b are  the  lengths
of the major and minor diagonals of the indenter, respectively.

The  thermal  conductivity  was  determined  via  a  laser  flash
method.  The  sample  size  was ϕ12.7  mm  ×  1.2  mm,  which  was
measured  via  a  micrometer  (DL9325,  Deli,  China).  A  laser  flash
analysis  equipment  (FL  5000,  Amtek,  USA)  was  used  to
determine the thermal diffusivity of the coating in the temperature
range  from  200  to  1500  °C  in  an  air  atmosphere.  A  differential
scanning  calorimeter  (DSC 404,  Netzsch,  Germany)  was  used  to

 

Fig. 2    Morphology and particle size distribution of (a, c) spherical 8YSZ and (b, d) RSZ powder used for top coating.

 

Table 1    APS parameters

Parameter YSZ RSZ
Arc current (A) 650 640
Arc voltage (V) 65 63

Plasma gas (Ar) flow (L·min−1) 50 45
Plasma gas (H2) flow (L·min−1) 7 7

Spray distance (mm) 100 100
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determine  the  heat  capacity  of  the  coating.  The  density  was
calculated  by  dividing  the  mass  of  the  samples  by  their  volume.
The  sample  volume  was  determined  through  the  Archimedes
drainage  method  with  a  densitometer  (ET-320-2291,  Etnaln,
China).  The  tests  were  performed  3  times  on  each  sample  at
different positions to reduce errors. The thermal conductivity can
subsequently be calculated via Eq. (6) [133]:

λ = α · cp · ρ (6)

cp
where λ is  the  thermal  conductivity  of  the  material, α is  the
thermal  diffusivity,  is  the  specific  heat  capacity,  and ρ is  the
density.

2.4    Thermal cycling test for DL-TBCs
The  turbine  blade  in  service  can  be  equated  to  a  thermal  shock
test.  TBCs  surface  is  subjected  to  flame  thermal  shock,  and  the
backside  substrate  is  cooled  by  cooling  airflow.  As  a  result,  the
blade surface temperature can reach or even exceed 1300 °C, but
the  temperature  of  the  substrate  side  is  ~1000  °C  [98,99].  An
isothermal  thermal  cycling  test  (SGM9813DE,  Luoyang  Sigma
High-Temperature Electric Furnace Co., Ltd., China) was used to
evaluate the lifespan of TBCs. In this test, both the coating and the
substrate were heated to the same temperature. A temperature of
1050 °C was chosen as the test temperature because the substrate
cannot withstand temperatures that are too high [134−136].

For each cycle, TBCs samples were heated to 1050 °C in 5 min,
held for  50 min,  and then cooled to 80 °C or  lower in 5  min by
forced  cooling.  The  lifespan of  TBCs  was  defined  as  the  thermal
cycling lifecycles when 20% area delamination or spallation of the
top coating was observed.

3    Finite element simulation

3.1    Model geometry
Finite  element  method  (FEM)  is  a  very  effective  method  for
exploring  the  stress  distribution  and  crack  propagation  behavior
in  coatings  and  has  been  implemented  by  many  researchers
[30,137,138].  In  this  study,  a  thermal  cycling  model  is  developed
to  assess  the  effects  of  continuous  stiffening  on  the  stress
distribution  and  crack  driving  force,  as  shown  in Fig.  3.  TBCs
models  consist  of  a  ceramic  top  coating  with  two  layers,  a  TGO
layer, a BC, and a SUB. The crack length is finally chosen as 5 μm
through  evaluation  of  the  cracking  driving  force  under  different
interfacial  delamination lengths.  The crack distance from the top
coating  surface  is h.  Since  different  groups  of  TBCs  possess
different  thicknesses  of  RSZ and YSZ layers,  the  thickness  of  the
top coating is not constant for all groups of TBCs. The thicknesses
of  SUB (hSUB),  BC (hBC),  and TGO (hTGO)  layers  are  3,  0.15,  and
0.001 mm, respectively. TGO interface roughness is simplified by
an ideal  cosine interface model,  and its  vertical  position y can be
expressed as y(x) = A·cos(2πx/L), where x is defined as the coating’
s  longitudinal  direction,  the  amplitude A is  25  μm  and  the
wavelength L is 100 μm. Importantly, some cases were simplified
in  these  models  to  focus  on  the  effects  of  the  macroscopic
thickness  ratio  and  stiffening.  The  primary  simplification  is  that
the TGO layer thickens throughout the dwelling [30,139,140].

3.2    Boundary conditions
On the basis of the above description, the model has a feature of
periodic  symmetry.  Therefore,  any  periodic  part  can  be  used  to
describe  the  whole  structure  with  proper  periodic  boundary
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Fig. 3    Finite element models used for calculations: (a) thermal cycling model with preexisting cracks, (b) half-period thermal cycling model of preexisting bottom cracks,
(c) half-period thermal cycling model meshing of preexisting bottom cracks, and (d) thermal cycling history for TBCs model.
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conditions.  In  this  work,  a  periodic  pattern  was  cut  from  the
whole structure, as shown in Fig. 3(b). One half-crack was inserted
at the right boundaries of the half-period pattern.

Finite element simulations were performed via the commercial
software  ABAQUS  6.14.  For  the  thermal  cycling  model  with
periodic  properties,  only  half  of  its  periodic  model  needs  to  be
calculated in ABAQUS. The regions near the TGO layer and the
crack interface were refined to ensure that the crack extension was
not  influenced  by  the  mesh  size.  The  left  side  of  the  thermal
cycling model uses a symmetric boundary condition that restricts
its  movement  along  the x-axis.  This  symmetric  boundary
condition  simulates  the  behavior  of  the  real  structure  under
symmetric  loading  by  restricting  the  degrees  of  freedom  of  the
model  translation  along  the x-axis,  thus  reducing  the  amount  of
computation  and  improving  the  efficiency  of  the  analysis.  The
right  side  uses  a  periodic  boundary  condition  (equation
constraints)  [30,141],  whereas  previous  studies  have  mostly  used
multipoint  constraint  (MPC)  constraints  [142,143].  MPC  allows
the  imposition  of  constraints  among  different  degrees  of
computational  model  freedom,  while  the  equation  constraints
define  the  relationships  among nodes  by  means  of  mathematical
equations, which is a more flexible way to express more complex
constraint  relationships.  To  avoid  rigid  body  displacement,  the
bottom  side  is  restricted  to  move  along  the y-axis. Figure  3(c)
shows  the  full  model  mesh  divided  by  a  four-node  plane  strain
cell.

3.3    Material parameters
All  parts  of  the  model  are  set  to  be  isotropic  and  homogeneous.
Upon  loading,  SUB  and  TC  layers  exhibit  elastic  behavior,
whereas  BC layer  behaves  as  an elastic‒plastic  material.  At  room
temperature,  the  yield  strength  of  BC  is  868  MPa  [141].  The
change in yield strength is subsequently nearly linear as a function
of  temperature.  The  creep  behavior  of  all  the  layers  is  not
considered in this study. The reason is that it has no obvious effect
on the general trends in this study. Moreover, TC creep behavior
is not as obvious for thermal cycling with a short dwell time (e.g.,
50 min in this study) at high temperature (HT). The temperature-
dependent  parameters  of  TC,  BC,  and  SUB  can  be  found  in
previous studies [80,144].

3.4    Dynamic  stiffening  control  in  thermal  cycling
loading
TBCs were subjected to thermal cycles, including heating, holding,
and cooling stages. As a result, TBCs are repeatedly loaded due to
the  substrate  constraint. Figure  3(d)  shows  the  total  thermal
cycling process.  The initial  stress-free state of  the system starts  at
an HT, as reported in previous investigations [30,145]. The reason
is  that  most  stresses  are  relaxed  through  plastic  deformation.
When  the  system  is  cooled  to  room  temperature,  the  stress
increases to a certain value that is comparable to the residual stress
during  deposition.  Subsequently,  thermal  cycles  were  applied  to
the system [146]. To clarify the effect of continuous stiffening on
the  stress  distribution  in  the  coating,  a  continuous  stiffening
subroutine [141] was embedded in the thermal cycling model. To
simulate  the  dynamic  stiffening  of  TBCs  during  actual  thermal
cycling  more  realistically,  the  experimental  thermal  cycling  data
were set as the thermal cycling loading parameters of the model in
this study.

3.5    Description of crack propagation
Since  SERR  is  based  on  the  conservation  of  energy,  it  is  less

dependent  on the  stress  singularity  at  the  crack  tip.  Accordingly,
SERR is  very suitable for evaluating the cracking driving force in
this  TBCs  system,  which  was  calculated  via  the  virtual  crack
closure technique (VCCT) [99].

4    Results

4.1    As-sprayed structure of DL-TBCs
Following  the  equivalent  thermal  insulation  design  strategy,  we
fabricated  six  groups  of  YSZ/RSZ  DL-TBCs  with  different
thickness  ratios.  The  free-standing  TBCs  thicknesses  met  the
design  criteria,  and  all  the  layers  contained  abundant  2D
unbonded interlamellar interfaces,  interlamellar microcracks,  and
three-dimensional  spherical  pores  (Figs.  4(a)–4(f)).  The  cross-
sectional  morphology  of  the  RSZ  coating  shows  typical  splat
stacking  and  nanoparticle  stack  features  (Fig.  4(g)).  RSZ  coating
results in a greater porosity and unmelted region proportion than
does YSZ coating under thermal exposure (Fig.  4(h)),  specifically
in  the  initial  state,  in  which  the  porosity  and  unmelted  region
proportions  of  RSZ  coating  are  9.5%±0.2%  and  25.6%±1.8%,
respectively,  and  those  of  YSZ  coating  are  8.0%±0.1%  and
8.6%±1.3%,  respectively.  This  difference  can be  attributed to  two
factors: the intrinsically high melting point of RSZ coating and the
differential  sintering  effect  introduced  by  the  agglomerated
nanoparticle  stacks,  which  reduces  the  degree  of  pore  healing
during  sintering  and  enhances  the  sintering  resistance  of  the
coating.

4.2    Failure  modes  and  thermal  cycling  lifespan  of  DL-
TBCs
We  then  observed  the  cross-sectional  morphology  of  the  six
groups  of  DL-TBCs  after  thermal  cycling  failure  to  clarify  the
failure  modes  on  the  basis  of  the  spalling  behavior  of  the  top
ceramic coating. Although the microscopic pore structures in the
coatings  prepared  via  the  same  process  are  relatively  similar,  the
failure  mode  changes  from  spallation  of  the  top  layer  to
delamination of the total double-layered structure with increasing
thickness  ratio  (Figs.  5(a)–5(f)),  indicating  that  the  size  effect
results  from  the  thickness  ratio.  This  leads  to  an  approximately
normal  distribution  feature  of  TBC  thermal  cycling  lifespan
(Fig.  5(g)).  YSZ/RSZ  DL-TBCs  with  a  thickness  ratio  of  150/82
(3Y/2R) have the highest thermal cycling lifespan of 690±9 cycles,
which  is  approximately  double  and  nineteen  times  greater  than
those  of  pure  YSZ  and  RSZ  coatings,  respectively.  This  can  be
attributed to the macroscopic thickness ratio design, which delays
RSZ  coating  spalling  and  maximally  reduces  the  elastic  modulus
of  the  entire  ceramic  coating  owing  to  the  microscopic  pore
design  in  RSZ  layer.  Under  the  prerequisite  that  RSZ  layer  does
not  spall,  decreasing  the  double-layer  thickness  ratio  while
minimizing  the  TBC  thickness  within  a  certain  range  allows
maintaining  the  elastic  modulus  and  the  thickness  of  the  total
ceramic  coating  at  an  extremely  low  level,  which  is  attributed  to
reducing the cracking driving force with the same crack resistance,
thus  greatly  improving  the  thermal  cycling  lifespans  of  YSZ/RSZ
DL-TBCs.

5    Discussion

5.1    TGO  thickening  induced  by  exposure  to  high
temperatures
Since TGO thickening is considered one of the significant causes
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leading  to  the  failure  of  TBCs  [79,81],  we  observed  TGO  cross-
sections of the failure samples.

After failure, TGO layer consisted of an upper gray phase and a
lower black phase, as shown in Fig. 6(a). According to EDS results
in Table 2, the black oxides were mainly Al2O3,  whereas the gray
oxides  were  mainly  mixed  oxides  of  Ni,  Co,  Cr,  Al,  and  O.  In
addition,  the  formation  of  mixed  oxides  is  attributed  to  the  fact
that  the  consumption  of  Al  promotes  the  outward  diffusion  of
other metal elements [147−149]. Liu et al. [150] reported that the
evolution  of  TGO  layer  follows  this  sequence  from  the  original
phase  to  α-Al2O3+Cr2O3 and  then  to  mixed  oxides  of  α-
Al2O3+Cr2O3+Ni(Al,Cr)2O4 and  NiO.  In  this  work,  the
composition  of  TGO  layer  developed  from  the  original  phase  to
mixed oxides during oxidation.

Although  the  mixed  oxides  appeared  at  TGO  edge  due  to
aluminum  depletion  (Fig.  6(a)),  SEM-BSE  images  still  distinctly
revealed  TGO  morphology.  The  average  thickness  of  TGO  was
evaluated  in  five  different  regions  for  each  sample  after  failure
(Fig.  6(b)).  TGO  thicknesses  of  3Y/2R,  4Y/1R,  and  5Y  groups
range  from  5.03–6.71  μm,  which  are  significantly  close  to  the
reported critical thickness of 5–6 μm [79], whereas the remaining
three groups exhibit TGO thicknesses less than 5 μm. This result
proves that significant thickening of TGO is one of the dominant
factors responsible for the failure of TBCs in this study.

5.2    Phase  transformation  induced  by  high-temperature
thermal exposure
To  verify  whether  the  phase  transformation  also  contributes  to
failure,  we  performed  XRD  analysis  to  characterize  the  phase
composition  of  the  top  coating  after  thermal  cycling  failure
(Fig. 7). In the as-sprayed state, XRD pattern of YSZ coating has a
monoclinic phase (M phase) at 27° and 32° according to PDF card
(No.  37-1484).  Moreover,  there  was  no  monoclinic  phase  but
rather a tetragonal phase/metastable tetragonal phase (T/T′ phase,

PDF card No. 50-1089) and a cubic phase (C phase, PDF card No.
49-1642)  in  RSZ coating.  The  addition  of  Gd2O3 (PDF card  No.
24-0430) and Yb2O3 (PDF card No. 74-1981) could replace some
of Y2O3 (PDF card No. 20-1412) and improve the stability of ZrO2
[41].  No  obvious  phase  transition  was  observed  in  RSZ  coating
after 690 cycles at 1050 °C (Fig. 7(b)), and the main phase was the
cubic phase [40,122,124]. The phase compositions of YSZ coating
were  a  monoclinic  phase,  a  cubic  phase,  and  a  small  metastable
tetragonal  phase  with  phase  transformation  after  the  thermal
cycling test [22] (Fig. 7(a)). In the as-sprayed state, the peaks of the
monoclinic  and  cubic  crystal  systems  were  small,  and  neither  of
them increased significantly compared with those of the coatings
after the thermal cycling test. Therefore, the phase transformation
is not responsible for the failure of DL-TBCs.

5.3    Sintering-induced  stiffening  during  thermal
exposure
On the basis of the findings of Lima and Marple [151], Zhang et
al. [111], and Li et al. [24,29,152], the RSZ coating prepared in this
study  has  a  nanobimodal  structure  consisting  of  alternately
distributed  dense  splats  and  porous  agglomerated  nanoparticle
stacks,  with  the  former  formed  by  the  deposition  of  completely
melted  splats  and  the  latter  stemming  from  the  formation  of
unmelted  or  partly  melted  agglomerated  nanoparticles,  which
have  different  sintering  behaviors.  Compared  with  splats,  stacks
have  a  greater  sintering  driving  force  and  a  higher  sintering
contraction  rate,  accounting  for  the  smaller  grain  size  and  larger
specific  surface  area  of  the  agglomerated  nanoparticles.  The
sintering contraction rate  of  the stacks  is  greater  than that  of  the
splats after thermal exposure. This leads to a differential sintering
phenomenon, which creates new large-scale pores at the interface
between the two, increasing the porosity and exerting a substantial
effect  on  the  cracking  driving  force  of  the  double-layered
structure.

 

Fig. 4    Cross-sectional morphology of (a–f) six groups of RSZ/YSZ DL-TBCs and (g) pure RSZ coating (5R). (h) Apparent porosity of RSZ and YSZ coating.
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5.3.1    Pore morphology evolution during thermal exposure

The differential  sintering behavior after thermal exposure of RSZ
coating  with  a  nanobimodal  structure  requires  careful
examination  of  the  microscopic  pore  morphology  and  the
associated underlying mechanisms. We first performed SEM-BSE

 

Fig. 5    (a–f) Failure cross-sectional images of six groups of YSZ/RSZ DL-TBCs under isothermal thermal cycling test and (g) thermal cycling lifespan of different TBCs.

 

Fig. 6    (a) Typical morphology of TGO after failure and (b) oxidation kinetic of TGO.

 

Table 2    EDS results for different regions in Fig. 6(a) (Unit: wt%)

Region Ni Co Cr Al O Y
1 15.92 13.62 17.06 18.49 24.77 0.00
2 8.16 4.65 0.00 49.09 36.55 0.00
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on the polished cross-section of the as-sprayed coating to evaluate
the structural characteristics. Overall, the as-sprayed coating has a
bimodal  structure  consisting  of  a  dense  matrix  and  massive
incompletely  melted  agglomerated  nanoparticle  stacks  (Figs.  8(a)
and 8(d)). Moreover, the apparent porosity, interlamellar 2D pore
density,  and  unbonded  ratio  contributed  by  the  2D  pores
(δ =  1.5  μm)  of  the  as-sprayed  coating  are  9.5%±0.2%,
0.25±0.03  μm·μm−2,  and  0.37,  respectively  (Figs.  8(g)–8(l)).  In
particular, Fig.  8(g) shows the change in apparent porosity.  After

the  first  5  h  of  exposure,  the  apparent  porosity  decreases  from
approximately  12.2%±0.5%  for  the  as-sprayed  coating  to  nearly
8.8%±0.2%.  During  further  exposure,  the  rate  of  decrease  slows,
and  when  the  exposure  duration  reaches  200  h,  the  apparent
porosity  decreases  to  6.6%±0.3%.  These  results  indicate  that
sintering  of  RSZ  coating  occurred  during  exposure,  leading  to
densification of the RSZ coating.

To  reveal  the  effect  of  thermal  exposure  on  the  pore
morphology,  we  characterized  the  cross-sections  of  the  RSZ

 

Fig. 7    XRD patterns of top coating before and after thermal cycling test: (a) YSZ and (b) RSZ.

 

Fig. 8    Changes in cross-sectional microstructure and quantitative characterization of pores of RSZ coating under thermal exposure: (a, d) as-sprayed, (b, e) 5 h, and
(c, f) 200 h. Effect of thermal duration on (g) apparent porosity, (h) residual 2D pore density, and (l) unbonded interface ratio contributed by 2D pores.
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coating  after  different  durations  (Figs.  8(b), 8(c), 8(e),  and 8(f)).
The  logarithmic  plots  reveal  that  the  changes  in  the  apparent
porosity  and  the  residual  2D  pore  density  are  stage  sensitive
(Figs. 8(g) and 8(h)). At stage I (< 5 h), the healing kinetics of the
intrinsic pores in the matrix and the new pores introduced by the
particle  stacks  (Figs.  8(b)  and 8(e))  are  considerably  faster.  The
intrinsic  interlamellar  2D  pores  in  the  matrix  with  narrow  gap
widths  were  segmented  into  several  smaller  regions,  accounting
for the grain bridging, and a few pores with large opening widths
remained  (Fig.  8(e)).  Numerous  newly  generated  lamellar  pores
formed  along  the  particle-stack/matrix  interface  (Fig.  8(b)),
whereas  the  number  of  spherical  pores  in  the  stacks  rapidly
decreased (Fig.  8(e)).  In contrast,  at  Stage II,  most pore structure
changes  tended  to  stabilize,  and  only  the  pore  morphology
evolved  since  the  unhealed  parts  were  relatively  wider  (Figs.  8(c)
and 8(f)).

During sintering,  the surface energy can restrict  the growth of
the  grains  in  a  coating  by  altering  the  activation  energy  of  the
grain  growth  (Q),  which  plays  a  key  role  in  increasing  the  grain
size [153]. The grain growth kinetics were calculated via Eq. (7):

Dt = D0 · exp
(

−Q
R · T

)
(7)

where D0 and Dt are  the initial  and final  crystallite  sizes, R is  the
molar gas constant, and T is the thermal exposure temperature.

The  obtained  activation  energy  of  the  grain  growth  was
approximately  10 kJ·mol−1 [29];  the corresponding energy for  the
bulk material was approximately 580 kJ·mol−1 [153]. Therefore, the
considerably  low  grain  growth  activation  energy  is  most  likely
responsible  for  the  differential  sintering  between  the  matrix  and
the  nanoparticle  stacks.  These  coarse  voids  can  counteract  the
negative effect of the healing of microscopic pores.

5.3.2    Evolution  of  interlamellar  pores  on  fracture  cross-section
during thermal treatment

To gain deeper insight into the role of gap width in pore healing,
we  focused  on  the  healing  behavior  of  the  intrinsic  and  newly
generated  interlamellar  2D  pores.  Unlike  stage  I  pores,  most
interlamellar 2D pores only underwent morphological changes in
stage  II  owing  to  the  reduction  in  multipoint  contact  healing,
whereas  the  residual  2D  pores  exhibited  larger  opening  widths
[130].  In  principle,  the  interlamellar  pores  in  conventional
coatings  continue  to  heal  with  decreasing  gap  width  during
sintering [130]. However, the nanobimodal-structured coating has
a different interlamellar pore evolution due to the introduction of
new 2D pores by the stacks [111].  Thus,  the critical  pore healing
width  can  provide  a  window  for  understanding  the  role  of  gap
width  in  the  sintering  of  nanobimodal  structure  coatings.
Figure  9 shows  the  quasi-in  situ  interlamellar  pore  morphology
after  different  durations  (Figs.  9(a)–9(c)),  a  schematic  of  the
evolution  of  the  intrinsic  interlamellar  2D  pores  (Fig.  9(d)),  and
the  evolution  of  the  newly  generated  interlamellar  2D  pores
(Fig.  9(e)).  Further  characterization  of  the  coating  cross-sections
after  different  durations  by  SEM-SE  reveals  that  the  flat  splat
surface  gradually  becomes  rough  after  thermal  exposure,  leading
to  multipoint  contacts  at  the  narrow pore  edges,  which  provides
multiway  diffusion  for  matter  transfer  (Fig.  9(b)).  The
nanoparticle  stacks  experience  differential  sintering  at  this  stage,
generating  massive  new  interlamellar  2D  pores  (Fig.  9(b)).
Consequently,  significantly  faster  sintering kinetics  occur  in  both
intrinsic interlamellar 2D pores and newly generated interlamellar
2D  pores  at  stage  I,  as  the  sintering  process  of  the  ceramic  is
driven by  a  reduction in  the  free  energy  of  the  whole  system.  In

Stage II,  the interlamellar  2D pores  with gap widths greater  than
the  critical  pore  healing  width  are  difficult  to  heal  through
multipoint  contact  (Fig.  9(c)).  Therefore,  matter  transfer  can
proceed  in  only  a  single  way,  leading  to  significantly  slower
sintering kinetics.

The APS-RSZ coating consists of many splats and interlamellar
2D pores with two opposite surfaces formed by two splats across
the  pore.  The  changes  in  pore  morphology,  especially  the
roughness  of  the  splat  surface,  significantly  affect  the  sintering
process  of  the  interlamellar  2D  pores.To  further  explore  the
critical width of the 2D pores in RSZ coating, we performed SEM
(Figs. 10(a)–10(d)) and AFM (Figs. 10(e)–10(h)) surface scanning
on  an  individual  splat  after  different  durations.  The  surface
profiles  (Figs.  10(i)–10(l))  obtained via AFM reveal  that  the splat
surface  transformed from flat  to  rough,  which  was  accompanied
by the rapid growth of the grains (Figs. 10(e)–10(h)), as confirmed
by SEM surface scanning (Figs.  10(a)–10(d)).  The cross-sectional
profile  (Fig.  10(i)–10(l))  shows  that  the  surface  roughness  of  a
single  splat  tended  to  stabilize  after  thermal  exposure  for  10  h,
with  an  increase  in  the  surface  height  of  less  than  120  nm.
Additionally, considering the variation in the critical pore healing
width and multiplying the results by a coefficient of 1.2, the critical
pore  healing  width  in  RSZ  coating  was  estimated  to  be
approximately 300–450 nm.

5.3.3    Evidence of critical pore healing width

To verify the existence of a critical pore healing width in APS-RSZ
coating,  we utilized 2D pore analysis  method [112] to obtain the
characteristic parameters of the intrinsic 2D pores and the newly
generated 2D pores (Fig. 11). Although the formation mechanism
of the newly generated 2D pores differs from that of the intrinsic
2D pores (Figs.  9(d) and 9(e)),  the critical pore healing widths of
these 2D pores can be expected to be similar because pore healing
occurs via multipoint contact.  The critical  pore healing widths of
the intrinsic 2D pores and the newly generated 2D pores are in the
ranges of 300–400 and 400–500 nm, respectively (Figs. 11(b) and
11(e)).  The  critical  pore  healing  width  of  the  intrinsic  2D  pores
agrees with the value obtained on the basis of splat roughness. In
addition, the residual 2D pore density of these 2D pores decreases
with increasing thermal duration (Figs. 11(a) and 11(d)), and the
pore  aspect  ratios  gradually  shift  from  >  90  to  <  10  (Figs.  11(c)
and 11(f)).  These  results  are  consistent  with  the  conventional
coating  densification  process  [130]  and  are  coupled  with  the
thermal  cycling  results,  suggesting  that  the  proposed  sintering-
resistant  coating  design  strategy  is  suitable  for  the  fabrication  of
RSZ coatings with nanobimodal structures.

5.4    Investigation  of  the  mechanism  for  lifespan
enhancement

5.4.1    Effects of stiffening changes on the stress and cracking driving
force (SERR)

We subjected RSZ coating to thermal exposure in a muffle furnace
(SX-Q08163,  Tianjin  Zhonghuan  Electric  Furnace  Co.,  Ltd.,
China)  and  used  SEM-BSE  to  characterize  the  cross-sectional
morphology  under  different  heat  treatment  conditions.  The
thermal exposure temperature can affect the thermal history and,
consequently, the mechanical properties of the coating. Two heat
treatment  temperatures,  i.e.,  1500  and  1050  °C,  were  used  to
evaluate  the  effects  of  temperature  on the  mechanical  properties.
As shown in Fig. 12(a), the elastic modulus of RSZ coating shows
a typical two-stage increasing trend at both temperatures, reaching
higher  values  at  1500  °C.  Moreover,  the  elastic  modulus  of  RSZ
coating is lower than that of YSZ coating, regardless of the change
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in  thermal  duration  (Fig.  12(b)).  Generally,  an  increase  in  the
elastic modulus is indicative of the degree of pore healing during
sintering. Compared with YSZ coating, RSZ coating clearly has a
lower  degree  of  stiffening  and  higher  sintering  resistance  during
thermal exposure.

Our  SEM  observations  (Fig.  8)  and  mechanical  property
characterization  (Fig.  12)  suggest  that  the  sintering  resistance  of
RSZ coating plays an important role in the thermal cycling failure
of  DL-TBCs.  Because  these  characterizations  were  performed on
samples  subjected  to  thermal  cycling  tests,  the  stress  distribution
and  evolution  in  the  coating  during  thermal  cycling  remain
unclear.  Unfortunately,  this  process  cannot  be  readily
characterized via current experimental techniques. To understand
the  effect  of  sintering  stiffening  on  the  stress  distribution  and
cracking driving force, we performed a thermal cycling simulation
via ABAQUS 6.14 software (Fig. 13). During thermal cycling (from
N = 0 cycle to N = 200 cycles), stress concentration occurs at the
preexisting crack tip. The simulation data obtained for the tensile

stress  (σ22)  and  shear  stress  (σ12)  (Figs.  14(a), 14(b), 14(d),  and
14(e)) reveal that both σ22 and σ12 show a two-stage increase with
increasing  number  of  cycles,  similar  to  the  elastic  modulus.  This
simulation result can be explained by the fact that, under thermal
cycling, the sintering densification within the coating enhances the
mechanical  properties,  especially  the  elastic  modulus,  which
increases the stress concentration at the crack tip and the cracking
driving  force  (Fig.  14(c)),  thereby  leading  to  an  increased  risk  of
coating  spalling.  It  can  be  concluded  that  the  microscopic  pore
structure  regulation  in  RSZ  coating  enhances  the  sintering
resistance  by  ensuring  that  RSZ  coating  and  the  bottom  coating
are tightly bonded,  suggesting that  lowering the stiffness induced
during thermal cycling can reduce the cracking driving force and
improve the thermal cycling lifespan.

5.4.2    Effect  of  thickness  ratio  on  stress  and cracking  driving  force
(SERR)

In addition to sintering stiffening, the thickness ratio also alters the

 

Fig. 9    Morphology  changes  of  interlamellar  pores  on  fracture  cross-section  of  RSZ  coating  after  thermal  exposure  for  10  h  in  comparison  with  as-sprayed  RSZ:
(a) as-sprayed coating; after thermal exposure for (b) 5 h and (c) 10 h. Schematic of evolution of (d) intrinsic 2D pores and (e) newly generated 2D pores with different
widths.
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Fig. 10    Surface morphology and cross-sectional profiles of an individual RSZ splat at different states: (a) as-sprayed and after thermal exposure for (b) 1 h, (c) 5 h, and
(d) 10 h. AFM surface morphology of an individual RSZ splat at typical different states: (e) as-sprayed and after thermal exposure for (f) 1 h, (g) 5 h, and (h) 10 h. Cross-
sectional surface profiles of an individual RSZ splat over approximately the same region: (i) as-sprayed and after thermal exposure for (j) 1 h, (k) 5 h, and (l) 10 h.
 

Fig. 11    Evolution during thermal  exposure of  intrinsic  interlamellar  2D pores  in terms of  (a)  residual  2D pore density,  (b)  width distribution,  and (c)  aspect  ratio
distribution. Evolution during thermal exposure of newly generated interlamellar 2D pores in terms of (d) residual 2D pore density, (e) width distribution, and (f) aspect
ratio distribution.
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stress  state  in  the  coating.  We  performed  a  tension  simulation
with  different  thickness  ratios  using  equivalent  tensile  strains
(Fig. 15). σ22 and σ12 in the top cracking model relax rapidly when
the  crack  interface  moves  upward  continuously  (the  thickness
ratio increases),  whereas the stress in the bottom cracking model

increases  with  the  thickness  ratio.  The  same  trend  was  obtained
for  the  SERR  data  via  ABAQUS  6.14  (Fig.  16).  This  simulation
result  can  be  explained  by  the  fact  that  the  proportion  of  YSZ
toughened  layer  increases  with  increasing  thickness  ratio,  which
effectively  relieves  the  greater  thermal  mismatch  stress  between

 

Fig. 12    Elastic modulus of (a) RSZ coating versus thermal duration at 1500 and 1050 °C, and (b) RSZ coating and YSZ coating versus thermal duration at 1050 °C.

 

(a) (b)

(c) (d)

Fig. 13    Stress  distributions  in  3Y/2R  coating:  (a) σ22 and  (b) σ12 at  1050  °C  and  (c) σ22 and  (d) σ12 at  1500  °C  during  thermal  exposure  for  different
durations.                                               
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the  RSZ  layer  and  the  bond  layer,  leading  to  a  decrease  in  the
SERR  at  the  top  cracking  interface.  The  overall  ceramic  layer
thickness  increases  with  increasing  thickness  ratio,  as  does  the

SERR in the bottom cracking model, owing to the dominant role
of the thickness.

The  experimental  and  simulation  results  suggest  that  the

 

Fig. 14    Temperature-dependent  residual  stress  at  crack  tip  in  3Y/2R  coating:  (a,  b)  residual  stress  versus  thermal  cycles,  (c)  SERR  versus  thermal  cycles,
and (d, e) residual stress versus elastic modulus.
 

(a) (b)

(c) (d)

Fig. 15    Stress distributions in TBCs with different thickness ratios: σ22 and σ12 of (a, b) top cracking model and (c, d) bottom cracking model.
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decreasing  effect  of  RSZ  layer  fraction  on  SERR  works  in  two
ways: (i) The low-stiffness RSZ layer directly decreases SERR. (ii)
The ceramic coating thickness decreases with increasing RSZ layer
fraction,  which  also  decreases  the  SERR.  Therefore,  under  the
prerequisite of ensuring that the RSZ layer and the bottom coating
are tightly bonded, increasing the RSZ layer fraction maximally to
reduce the cracking driving force is an effective way for improving
the lifespan of the coating.

On the basis of the isothermal thermal cycling results of the six
groups of YSZ/RSZ DL-TBCs, 3Y/2R TBCs with a thickness ratio
of  150/83  have  the  longest  lifespan  of  690±10  cycles.  Therefore,
this thickness ratio was selected as the optimum thickness ratio for
the  equivalent  thermal  insulation  design  of  250  μm  YSZ  TBCs.
3Y/2R  TBCs  can  withstand  high  temperatures  up  to  1500  °C.
Moreover, these TBCs exhibit a lower cracking driving force and
longer thermal cycling lifespan than the other three groups of DL-
TBCs.  3Y/2R  TBCs  have  strong  thermal  insulation  capabilities,
enabling  the  operation  of  the  substrate  at  temperatures  above
1300  °C.  Moreover,  tailoring  the  proportion  and  size  of
incompletely  melted  agglomerated  nanoparticle  stacks  in  the  top
ceramic  layer  is  a  way  to  achieve  sintering  resistance.  Therefore,
reducing the elastic modulus of the ceramic coating and inhibiting
the  growth  of  TGO  at  3Y/2R  can  improve  the  thermal  cycling
lifespan of YSZ/RSZ DL-TBCs.

6    Conclusions
In  this  study,  the  lifespan  of  TBCs  was  increased  by  designing  a
thermal  insulation  structure  based  on  agglomerated  nanoparticle
stacks.  The  underlying  mechanisms  responsible  for  the  long
lifespan  were  investigated.  The  detailed  conclusions  are  as
follows:

1)  Durable  DL-TBCs  with  multiscale  structures  under
equivalent  thermal  insulation  were  prepared.  TBCs  with  the
optimized  thickness  ratio  (2:3)  presented  approximately  two and
nineteen  times  longer  lifespans  than  the  conventional  YSZ  and
RSZ samples, respectively.

2)  The  lamellar  cracking  within  the  ceramic  coating  was  the
main  reason  for  the  failure  of  all  TBCs.  With  decreasing  RSZ
proportion,  the  failure  mode  changed  from  spallation  of  the  top
layer to delamination of the double-layered structure.

3)  An  analysis  of  the  pore  structure  evolution  in  different
regions  was  conducted  via  AFM  technique  to  demonstrate  the
failure  behavior.  Healing  of  the  intrinsic  2D  pores  and  the

formation of newly generated lamellar pores play a dominant role
in the changes in the thermal and mechanical properties.

4)  The  load-bearing  conditions  during  thermal  exposure  were
investigated  via  simulation.  The  multiscale  design  reduced  SERR
due  to  higher  sintering  resistance  and  optimized  thinner
thickness, which can be responsible for the long lifespan.
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