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ABSTRACT: To  meet  the  demands  for  high  thrust-to-weight  ratios  and
reusability,  rocket engines require thermal barrier coatings (TBCs) capable
of withstand 1800 °C for prolonged durations. This study presents a novel
quaternary  rare  earth-stabilized  cubic  zirconia  (RSZ)  material  and
systematically  optimizes  double-ceramic-layer  (DCL)  RSZ/yttria-stabilized
zirconia (YSZ) coating architectures. The optimized structure—with a total
thickness  of  350  μm  and  a  YSZ-to-RSZ  thickness  ratio  of  1  :  1—exhibits
outstanding thermal shock resistance at 1800 °C, achieving a lifespan of 15
cycles  and  thereby  satisfying  the  performance  benchmark  for  rocket
engines  under  such  extreme  conditions.  In  this  optimized  configuration,
failure  proceeds  through  sintering-induced  localized  spallation,  a

comparatively  gradual  process  that  contributes  to  prolonged  coating  durability.  These  findings  highlight  the  strong  potential  of
RSZ/YSZ coatings for application in next-generation rocket engines operating at 1800 °C.
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1    Introduction
To  meet  the  growing  demands  for  high  thrust-to-weight  ratios
and  reusability,  modern  rocket  engines  extensively  utilize
lightweight,  thin-walled  structural  designs.  These  components,
such as rocket thrust chambers and first-stage boosters (sea level),
are  constructed  from nickel  superalloys  and  are  characterized  by
their  minimal  thickness (less  than 1.0 mm),  complex geometries,
and stringent  weight  constraints  [1].  However,  during  operation,
they  are  subjected  to  gradient  thermal  shock  from  gases  at
temperatures reaching 3000 K and pressures exceeding 5 MPa [2].
Although  regenerative  cooling  technology  is  employed  for  these
components  [3,4],  the  surface  temperature  remains  close  to  the
melting  point  of  nickel  superalloys  (1250–1400  °C),  significantly
shortening their operational lifespan.

The application of thermal barrier coatings (TBCs) has become
crucial  for  protecting  metallic  substrates  from  high-temperature
oxidation  and  corrosion  while  lowering  substrate  temperatures.
Compared  with  the  TBCs  used  in  aerospace  or  gas  turbine
engines  [5],  coatings  in  rocket  engines  face  significantly  higher
operating  temperatures,  often  exceeding  1600  °C.  Moreover,  to
achieve  a  sufficiently  high  thrust-to-weight  ratio,  a  surface
temperature of 1600 °C is considered a baseline, with an ultimate
target of 1900 °C.

Owing  to  its  balanced  properties—low  thermal  conductivity,
high  fracture  toughness,  and  high  thermal  expansion
coefficient—8  wt%  yttria-stabilized  zirconia  (YSZ)  remains  the
benchmark  TBC  material  used  in  aeroengines  and  gas  turbines
[6].  However,  our  preliminary  studies  revealed  that  a  pure  YSZ
coating  lasts  less  than  90  s  under  thermal  shock  at  1600  °C  and
fewer  than  2  cycles  at  1550  °C  [2].  Therefore,  there  is  an  urgent
need  to  develop  new  ultrahigh-temperature  TBCs  suitable  for
rocket engine applications.

Significant  research  efforts  have  been  directed  toward
identifying  alternatives  to  YSZ.  Double-ceramic-layer  (DCL)
TBCs, which are commonly used in aeroengines and gas turbines,
have  shown  promise  [5,7,8].  In  such  systems,  a  new  material
serves as the topcoat,  whereas a YSZ intermediate layer mitigates
the thermal stress between the topcoat and the substrate. Among
the  candidate  materials,  lanthanum  zirconate  (La2Zr2O7 (LZO))
[9,10],  gadolinium  zirconate  (Gd2Zr2O7 (GZO))  [11,12],  and
gadolinium  tantalate  (GdTaO4 (GTO))  [13,14]  have  exhibited
potential.  While  these  materials  achieve  lower  thermal
conductivity  than  YSZ  does,  they  often  suffer  from  low  fracture
toughness  and  thermal  expansion  coefficients,  which  promote
crack  propagation.  Furthermore,  their  performance  is  typically
evaluated below 1400 °C [5], which corresponds to the operational
range  of  aeroengines  and  gas  turbines.  Importantly,  coatings 
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demonstrating  excellent  durability  at  1400  °C  may  undergo
fundamental  changes  in  failure  behavior  at  1600  °C  or  above,  as
encountered in rocket engines. This is supported by the significant
decrease in the thermal shock lifespan of YSZ coatings at 1600 °C
[2] compared with those at 1300 °C [15] and 1400 °C [16].

Thermal  shock  resistance  is  one  of  the  most  critical
performance  metrics  for  rocket  engine  TBCs.  However,
conventional gradient thermal shock tests for aeroengines and gas
turbines are typically conducted with a small temperature gradient
within the coatings (less than 300 K) and a low cooling rate (less
than  50  K·s−1).  These  conditions  are  not  representative  of  rocket
engine environments, which require a large temperature gradient
(greater  than  500  K)  and  a  high  cooling  rate  (greater  than
100 K·s−1). For example, YSZ TBCs exhibited a lifespan reduction
by  a  factor  of  2–3  when  the  cooling  rate  increased  from  10  to
100  K·s−1 in  a  burner  rig  test  [6].  Therefore,  systematic
investigations  into  the  ultrahigh-temperature  thermal  shock
behavior  of  TBCs  under  rocket  engine–relevant  conditions  are
essential  for  identifying  suitable  coatings  for  use  at  1600  °C  and
above.

In  this  study,  a  novel  quaternary  rare  earth-stabilized  cubic
zirconia  (RSZ)  material—composed  of  10.6  mol% (Y2O3,  Yb2O3,
Gd2O3,  and  Nd2O3)-stabilized  cubic  ZrO2—and  corresponding
RSZ/YSZ DCL TBCs were specifically developed for rocket engine
applications. For comparison, several coatings commonly applied
in  aeroengines  and  gas  turbines  (LZO/YSZ,  GZO/YSZ,  and
GTO/YSZ) were selected, along with a pure YSZ baseline coating.
To  simulate  real  service  environments,  gradient  thermal  shock
tests were conducted at temperatures up to 1900 °C. The coating
architecture  was  systematically  optimized  to  extend  the
operational  limits,  and  the  underlying  failure  mechanisms  were
identified.  The  results  demonstrate  that  the  RSZ/YSZ  DCL
coatings, with a total ceramic thickness of 350 μm and a YSZ-to-
RSZ  thickness  ratio  of  1  :  1,  exhibit  superior  thermal  shock
resistance at 1800 °C, achieving a lifespan of 15 cycles. This meets
the  typical  performance  requirements  for  rocket  engines  under
such  extreme  conditions,  demonstrating  the  strong  potential  of
RSZ/YSZ DCL TBCs  for  application  in  rocket  engines  operating
at temperatures up to 1800 °C.

2    Experimental

2.1    Coating preparation
Five  types  of  coatings—pure  YSZ,  LZO/YSZ,  GZO/YSZ,
GTO/YSZ,  and  RSZ/YSZ—were  prepared  to  assess  their
suitability  for  rocket  engine  applications.  The  TBCs  were
deposited on nickel superalloys (Inconel 738, ϕ25.4 mm × 3 mm)
via a commercial atmospheric plasma spray (APS) system (ZB-80,
Hebei  Zhenbang  Aerospace  Precision  Machinery  Co.,  Ltd.,
China).  The  system was  equipped  with  a  gun  (9MBM,  Oerlikon
Metco,  Switzerland)  and  a  powder  feeder  (ZB80F,  Hebei
Zhenbang  Aerospace  Precision  Machinery  Co.,  Ltd.,  China).  All
the  ceramic  layers  were  sprayed  under  identical  parameters,  as
detailed  in Table  1.  The  particle  sizes  of  the  bond  coat  (BC;
MCrAlY,  Amdry  365-2,  Oerlikon  Metco,  Switzerland),  YSZ
(YSZ1001AS,  Xi’an  Aerospace  Composites  Research  Institute,
China),  LZO  (Jiorie  Thermal  Spray  Materials  Co.,  Ltd.,  China),
and  GZO  (Beijing  United  Coating  Technology  Co.,  Ltd.,  China)
powders  were  38–75,  45–75,  45–75,  and 11–53 μm,  respectively.
RSZ  powders  were  synthesized  via  hydrothermal  methods,
followed by agglomeration, granulation, and sintering, achieving a
final  particle  size  of  11–53  μm.  Similarly,  GTO  powders  were
prepared  via  a  two-step  sintering  process  and  subsequent

mechanical crushing [2], resulting in a particle size distribution of
45–75  μm.  Prior  to  coating  deposition,  the  nickel  superalloy
substrates  were  grit-blasted  with  40–60  mesh  Al2O3 grits  to
achieve  an  average  roughness  (Ra)  of  5–10  μm.  The  thickness  of
the BC was controlled at  70±20 μm. The YSZ intermediate  layer
and topcoat thicknesses ranged from 90 to 255 μm and from 60 to
215  μm,  respectively,  resulting  in  a  total  ceramic  layer  thickness
ranging from 150 to 425 μm.

2.2    Gradient thermal shock at 1600–1800 °C
Regenerative  cooling  in  rocket  engine  thrust  chambers  and
nozzles induces a large temperature gradient across the TBC [1,3],
making  thermal  shock  resistance  a  key  performance  metric.
Thermal  shock  tests  were  performed  according  to  the  Chinese
national standard GB/T 42261. A supersonic gun generated a high-
temperature  flame  perpendicular  to  the  sample  surface  at  a
boundary velocity  of  approximately  2000 m·s−1.  The TBC surface
was heated to 1600–1800 °C via a kerosene-oxygen flame, whereas
the substrate backside was cooled to below 600 °C via water at  a
flow rate of 430–600 mL·min−1. Further test details are provided in
our  earlier  work  [2].  The  sample  surface  temperature  was
monitored via a noncontact two-color pyrometer (E1RH-F2-L-0-0,
Fluke,  Germany),  with  a  calibration slope  of  1.05  for  the  current
coating. Prior to testing, the thermal history during a single cycle
was  recorded,  revealing  temperature  fluctuations  within  30  °C.
During testing, the samples underwent rapid heating and cooling
at  100  K·s−1,  with  a  through-thickness  temperature  gradient
exceeding 500 K. At least two samples were tested per group.

2.3    Isothermal thermal cycling test at 1130 °C
For  radiatively  cooled  nozzles  such  as  the  Merlin  vacuum
expansion nozzle [4], coatings experience near-isothermal cycling
at  approximately  1200  °C.  Thermal  cycling  tests  were  conducted
following the national standard GB/T 42259 via a muffle furnace
(SX-Q08163,  Tianjin  Zhonghuan  Electric  Furnace  Co.,  Ltd.,
China).  The  samples  were  placed  directly  into  the  furnace  at
1130  °C,  held  for  10  min,  then  removed  and  quenched  in  cold
water.  The  coating  lifespan  was  defined  as  the  number  of  cycles
until  5%  of  the  coating  area  spalled.  The  spalled  area  was
quantified  via  ImageJ  1.45  software.  At  least  two  samples  were
tested per group.

2.4    Characterization of microstructures and properties
The  coating  surface  and  cross-sections  were  examined  by  a
scanning  electron  microscope  (SEM;  VEGA  II-XMU,  TESCAN,
Czech Republic).  The elemental  distribution was  analyzed via  an
energy  dispersive  spectroscope  (EDS;  AZTEC,  Oxford
Instruments, UK) at 15 kV and a 15 mm working distance. Phase
identification  was  carried  out  via  an  X-ray  diffractometer  (XRD;
D8  Advance  3.0,  Bruker,  Germany)  over  a  2θ range  of  10°–90°,
with a step size of 0.1° and a scan speed of 2°·min−1. The thermally
grown  oxide  (TGO)  thickness  was  measured  via  Demo  VegaTC
software integrated with SEM. Statistical values were derived from
200  measurements  per  group.  The  coating  porosity  was
 

Table 1    APS parameters used in this study

Parameter BC Ceramic layer
Plasma arc power (kW) 36 42
Plasma gas (Ar, L·min−1) 45 45

Auxiliary gas (N2, L·min−1) 7.0 7.0
Spray distance (mm) 110 90

Powder feed rate (g·min−1) 25 15
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determined  by  binarizing  SEM  backscattered  electron  (BSE)
images  via  ImageJ  1.45,  with  at  least  10  images  analyzed  per
condition.

The  bond  strength  was  tested  according  to  the  ASTM  C-633
standard via a universal testing machine (Instron 1195, INSTRON
Co.,  Ltd.,  USA) at  a  constant speed of  1.0 mm·min−1.  The coated
samples were bonded to their counterparts via AB glue (1 : 1 mass
ratio) and cured at 100 °C for 3 h. Three samples were tested per
group. The cross-sectional hardness was measured with a micro-
Vickers  indenter  (BUEHLER  MICROMET  5104,  Akashi  Co.,
Japan)  under  a  300  g  load  and  30  s  dwell  time,  following
ASTM E384.

Infrared  reflectance  spectra  of  the  free-standing  coatings
were  acquired  via  an  ultraviolet–visible‒near  infrared
(UV‒Vis‒NIR)  spectrophotometer  (UV-3600,  Shimadzu,  Japan)
at  room  temperature,  covering  a  wavelength  range  of  1000–
2200 nm. According to Wien’s displacement law [17],  blackbody
emission peaks at 1600  and 1800 °C occur at 1.547 and 1.398 μm,
respectively.  Measurements  were  taken  at  an  incidence  angle  of
45°  and  calibrated  via  a  titanium  oxide  standard  plate.  The
reflectance  was  recorded  with  an  infrared  integrating  sphere
accessory.  Each  wavelength  was  measured  three  times  and
averaged.

2.5    Finite element analysis (FEA) for coating spallation
Spallation  behavior  was  simulated  via  FEA  in  COMSOL
Multiphysics  (v6.0).  A  2D  symmetric  plane  strain  model  was
constructed  with  a  total  length  four  times  its  height.  The  left
boundary  was  set  as  symmetric,  and  the  bottom  boundary  was
fixed  in  the y-direction  to  prevent  rigid  body  motion.  A  swept
mapped mesh with a minimum element size of 5 μm was used. A
mesh convergence study confirmed a computational error of less
than 10%. The relative tolerance was set to 0.001, yielding a final
mesh of approximately 90,000 elements with an average quality of
1.0. The initial crack length was set to four times the ceramic layer
thickness and propagated in 10 μm increments.

3    Results

3.1    As-sprayed coating microstructure
Figure  1 shows  the  cross-sectional  microstructures  of  the  as-
sprayed  DCL  TBCs.  All  five  types  of  coatings  exhibit  typical
lamellar  structures,  with  surface Ra values  between  7  and  10  μm

and  bond  strengths  exceeding  20  MPa  at  a  ceramic  thickness  of
150 μm.  The measured porosities  were  7.9%±1.4% for  pure  YSZ
[2],  8.9%±1.2%  for  LZO/YSZ,  9.0%±1.3%  for  GZO/YSZ,
6.9%±1.8%  for  GTO/YSZ,  and  7.7%±2.1%  for  RSZ/YSZ.  No
penetrating cracks or interfacial spallation were observed in any of
the as-sprayed coatings.

3.2    Thermal cycling lifetime at 1130 °C
Figure 2 compares the thermal cycling lifetimes of the five types of
coatings  at  1130  °C.  The  LZO/YSZ  coating  fails  to  meet  the
minimum  lifespan  requirements  of  30  cycles  for  typical  rocket
engines, which can be attributed to its low fracture toughness and
thermal  expansion  coefficient  (Table  2).  This  observation  is
consistent with previous reports: La2(Zr0.75Ce0.25)2O7 (Ce-LZO), Ce-
LZO/YSZ,  and Ce-LZO/CYSZ coatings  with  ceramic  thicknesses
of  300  μm  survived  only  2,  14,  and  10  cycles  at  1050  °C,
respectively  [18],  and  Ce-LZO  has  properties  similar  to  those  of
LZO.  Similarly,  150  μm  Yb-LZO  [19],  200  μm  La2Ce2O7 (LCO)
[20,21], and 275 μm LZO [22] coatings endured only 15, 22, and
28 cycles at 1050, 1000, and 1100 °C, respectively. In contrast, the
pure RSZ and RSZ/YSZ coatings exhibited lifespans of 50 and 105
cycles  at  1130  °C,  respectively,  outperforming  the  LZO/YSZ,
GZO/YSZ, and GTO/YSZ systems owing to their more favorable
fracture  toughness  and  thermal  expansion  coefficient  (Table  2).
The pure YSZ coating (150 μm) has a lifespan of 56 cycles [2], and
even  at  750  μm  thickness,  it  maintained  28  cycles  [23,24],
confirming  its  high  toughness.  These  results  demonstrate  the
outstanding  thermal  cycling  resistance  of  RSZ/YSZ  coatings  at
1130 °C.

Figure  3 shows  the  coating  microstructures  after  thermal
cycling  at  1130  °C.  The  pure  YSZ  coatings  failed  by  overall
ceramic layer spallation (Fig. 3(a)), as commonly observed in thick
YSZ  coatings  [24].  In  contrast,  the  LZO/YSZ,  GZO/YSZ,  and
GTO/YSZ  coatings  exhibited  premature  topcoat  spallation
(Figs. 3(b)–3(d)), resulting from their low fracture toughness and
thermal expansion coefficient (Table 2), which is also reported for
the  Ce-LZO  [18]  and  Yb-LZO  [19]  coatings  at  1050  °C.  The
RSZ/YSZ  coating  showed  both  localized  RSZ  topcoat  spallation
and full ceramic layer spallation (Figs. 3(e) and 3(f)), accompanied
by high densities of vertical cracks.

The average thickness of the TGO reaches 8.2 μm in the failed
pure YSZ coating [2],  exceeding the critical  threshold of  5–6 μm
[25].  This  is  consistent  with  its  high  oxygen  diffusion  coefficient
[26].  In  contrast,  the  average  TGO  thicknesses  in  the  LZO/YSZ,

 

Fig. 1    Cross-sectional microstructures of DCL TBCs: (a) LZO/YSZ, (b, c) GZO/YSZ, (d) GTO/YSZ, and (e, f) RSZ/YSZ.
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GZO/YSZ, and GTO/YSZ coatings are approximately 1.5, 2.2, and
4.3 μm, respectively. These values align with the reported ranges of
1.08–2.2  μm  for  thermally  cycled  Ce-LZO/8YSZ  [18]  and  Yb-

LZO/YSZ  [19]  coatings  at  1050  °C.  Although  the  RSZ/YSZ
coating exhibited a TGO thickness similar to that of pure YSZ, it
displayed  numerous  penetrating  cracks  (Fig.  3(e)),  which  were
absent  in  the  pure  YSZ  coating  (Fig.  3(a)).  These  cracks  act  as
rapid oxygen diffusion channels, accelerating TGO growth. These
results  indicate  that  penetrating  vertical  cracks  are  the  primary
cause of failure in the RSZ/YSZ coatings under thermal cycling at
1130 °C.

3.3    Thermal shock lifespan at 1600 °C
Figure 4 compares the thermal shock lifespans of the five types of
coatings  at  1600  °C.  Consistent  with  its  superior  thermal  cycling
resistance  (Fig.  3),  the  RSZ/YSZ  coating  resulted  in  the  longest
thermal shock lifespan. The pure RSZ coating also performed well,
surviving  10  cycles—more  than  most  other  candidates.  Among
the  remaining  systems,  GZO/YSZ  exhibited  the  best  thermal
shock durability. The coating with 100 μm YSZ and 400 μm GZO
reached  12  cycles  at  1400  °C  [36].  In  contrast,  the  LZO/YSZ
coating  underwent  only  6  cycles  because  of  its  low  fracture
toughness  and  thermal  expansion  coefficient  (Table  2).  This
observation  is  consistent  with  reports  that  an  LZO/YSZ  coating
with 200 μm YSZ and 201 μm LZO survived 9 cycles at 1300 °C,
whereas  another with 100 μm YSZ and 268 μm LZO failed after
only 2 cycles at 1300 °C [15]. The GTO/YSZ coatings resulted in
the shortest lifespan (5 cycles) at 1600  °C [2],  which is consistent
with the low thermal expansion coefficient of GTO (Table 2). The
pure  YSZ  coating  performed  poorly  under  these  conditions,
failing in less than 90  s at 1600  °C and surviving only 2 cycles at
1550  °C  [2].  This  contrasts  sharply  with  its  reported  lifespan  of

 

Fig. 2    Thermal cycling lifetime of DCL TBCs at 1130 °C with a ceramic layer
thickness  of  150  μm.  Baseline  indicates  minimum  lifespan  requirement  for
typical rocket engines.
 

Table 2    Thermophysical properties of ceramic candidates for DCL TBCs

Candidate KIC (MPa·m1/2) κ (W·m−1·K−1) α (10−6 K−1)
YSZ 2.2 [27] 0.90 [28] 10.7 [29]
LZO 1.1 [30] 0.74 [15] 9.1 [9,29−31]
GZO 1.1 [27,32] 0.85 [33] 10.4 [34]
GTO 1.7 [2] 0.64 [2] 8.5 [35]
RSZ 1.5 0.60 10.1

Note: KIC, κ, and α represent fracture toughness, thermal conductivity,
and coefficient of thermal expansion, respectively.

 

Fig. 3    Cross-sectional microstructures of TBCs after thermal cycling tests at 1130 °C: (a) pure YSZ, (b) LZO/YSZ, (c) GZO/YSZ, (d) GTO/YSZ, and (e, f) RSZ/YSZ. The
symbol cs is an abbreviation for cycles.

 

Fig. 4    Thermal shock lifespan of TBCs with a ceramic layer thickness of 150 μm at 1600 °C. Thicknesses of LZO, GZO, GTO, and RSZ topcoats were maintained
at 60 μm.               
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91  cycles  at  1300  °C  for  a  500  μm  coating  [15,37],  indicating  a
fundamental change in the failure mechanism above 1600 °C. The
pure  YSZ  sample  exhibited  significant  depression  deformation,
suggest  pronounced  substrate  softening  at  this  temperature.  In
contrast,  all  the  DCL  coatings  ultimately  failed  by  topcoating  or
full  ceramic  layer  spallation,  underscoring  the  protective  role  of
the DCL structure under extreme thermal shock.

Figure 5 shows the coating microstructures after thermal shock
testing  at  1600  °C.  In  the  pure  YSZ  coating,  extensive  void
formation  occurred  at  the  BC/YSZ  interface  (Fig.  5(a)),  which  is
consistent with the macroscopic deformation in Fig. 4. Similar to
the  behavior  at  1130  °C  (Figs.  3(b)  and 3(c)),  severe  topcoat
spallation was observed in the LZO/YSZ and GZO/YSZ coatings
(Figs. 5(b) and 5(c)), indicating that LZO and GZO are unsuitable
for rocket engine applications. The GTO/YSZ coating failed at the
BC/YSZ interface (Fig. 5(d)), which is consistent with its moderate
fracture  toughness  (Table  2).  In  the  RSZ/YSZ  coating,  spallation
occurred  both  within  the  RSZ  topcoat  and  at  the  BC/YSZ
interface  (Fig.  5(e)).  Noticeable  sintering  of  the  RSZ  coating  was
observed  above  the  transverse  cracks  (Fig.  5(f)),  which  was
supported  by  a  sharp  hardness  increase  from  421  to  955  HV.
Similar  sintering  has  been  reported  for  YSZ  [38],  LCO  [39,40],
LCO/YSZ  [41],  and  LZO/YSZ  [15]  coatings  tested  at  1150–
1350 °C. These results confirm that sintering-induced spallation is
the  dominant  failure  mechanism  for  the  RSZ/YSZ  coatings  at
1600 °C.

Additionally,  multiple  reaction  products  were  detected  on  the
surfaces  of  the  LZO/YSZ,  GZO/YSZ,  and  GTO/YSZ  coatings.
Diffraction peaks corresponding to CaSiO3 were identified on the
LZO/YSZ  and  GZO/YSZ  coatings  (Figs.  6(a)  and 6(b)),  whereas
Ca2Ta2O7 was  detected  on  the  GTO/YSZ  coatings  [2].  The
presence  of  calcium  and  silicon  is  attributed  mainly  to  cooling
water impurities, as confirmed by the scale on the fixture backside.
These  products  reflect  the  poor  structural  stability  of  these
materials at 1600 °C. In contrast, no reaction products were found
on the RSZ/YSZ coatings (Fig. 6(c)), demonstrating their superior
overall performance and potential for rocket engine applications.

3.4    Thermal shock lifespan at 1800 °C
Both  thermal  cycling  tests  at  1130  °C and thermal  shock  tests  at
1600 °C confirm the superior performance of RSZ/YSZ coatings,
underscoring  their  potential  for  rocket  engines.  Since  1600  °C  is
only  a  baseline  surface  temperature  and  the  ultimate  target  is

1900  °C,  the  total  ceramic  layer  thickness  and  YSZ-to-RSZ
thickness ratio were further optimized to achieve a target lifespan
of 15 cycles under these extreme conditions.

First, the ceramic layer thickness was optimized at a fixed YSZ-
to-RSZ ratio of 3 : 2. When the total thickness exceeds 375 μm, the
bond strength decreases below 20 MPa (although it remains above
15 MPa). The thermal cycling lifetimes at 1130 °C were 90, 95, 74,
and  65  cycles  for  thicknesses  of  275,  325,  375,  and  425  μm,
respectively.  These values were above the minimum requirement
of  30  cycles  and  were  superior  to  those  of  other  alternatives
(Fig.  2). Figure  7(a)  shows  the  variation  in  the  thermal  shock
lifespan  with  increasing  ceramic  thickness  at  1800  °C.  Coatings
with  thicknesses  of  325  and  425  μm  achieve  12  and  14  cycles,
respectively.  Although  the  425  μm  coating  had  a  longer  thermal
shock  lifespan,  it  presented  a  lower  bond  strength  and  reduced
thermal  cycling  durability,  suggesting  that  a  thickness  around
325 μm offers the best overall performance.

Figure 8 shows photographs of thermally shocked samples with
various  ceramic  thicknesses.  With  increasing  thickness,  distinct
changes in the failure modes were observed. Below 325 µm, failure
is  dominated  by  substrate  warping  (Figs.  8(a)  and 8(b)),  without
macroscopic  coating  spallation.  The  noticeable  deformation
indicates  significant  substrate  softening  at  1800  °C,  as  evidenced
by  the  rapid  failure  of  the  pure  YSZ  coatings  (Fig.  4).  Above
375 μm, macroscopic mud cracking and localized spallation occur
(Figs.  8(c)  and 8(d)).  A  positive  correlation  exists  between  the
thermal  shock lifespan and the time at  which visible  mud cracks
first  appear.  These  results  suggest  that  a  ceramic  thickness  near
350 µm may offer optimal thermal shock resistance at 1800 °C.

Figure 9 shows the microstructures of the coatings with various
thicknesses after thermal shock testing at 1800 °C. After 5 cycles,
all  the  samples  exhibited  periodic  vertical  cracks,  mostly
terminating  within  the  YSZ  interlayer.  The  crack  densities  were
10.1±0.7  cm−1 (275  μm),  5.0±0.4  cm−1 (325  μm),  13.4±0.6  cm−1

(375 μm), and 10.6±0.8 cm−1 (425 μm), indicating that the 325 μm
coating offers the best resistance to channel cracking. In the final
state,  although  macroscopic  photographs  revealed  no  coating
spallation  (Figs.  8(a)  and 8(b)),  coatings  thinner  than  325  μm
showed severe spallation at the BC/YSZ interface (Figs. 9(a2) and
9(b2)).  Significant  grain  growth  and  coating  densification  were
observed  on  the  surface  (Figs.  9(a3)  and 9(b3)),  indicating  rapid
sintering  at  1800  °C.  Rapid  sintering  has  also  been  observed  in
YSZ  [38],  LCO  [39,40],  LCO/YSZ  [41],  and  LZO/YSZ  [15,42]

 

Fig. 5    Cross-sectional microstructures of DCL TBCs after thermal shock tests at 1600 °C: (a) pure YSZ, (b) LZO/YSZ, (c) GZO/YSZ, (d) GTO/YSZ, and (e, f) RSZ/YSZ.
Ceramic layer thickness of DCL TBCs was 150 μm.

Exceptional thermal shock resistance of RSZ/YSZ coatings for rocket engines at 1800 °C 9221228-5

https://doi.org/10.26599/JAC.2025.9221228
 

https://doi.org/10.26599/JAC.2025.9221228


coatings  tested  at  1150–1350  °C.  For  thicknesses  above  375  μm,
interconnected  mud  cracks  appeared  (Figs.  9(c3)  and 9(d3)).
Compared  with  the  425  μm  coating,  the  375  μm  coating
developed  wider  mud  cracks,  which  can  be  attributed  to  more
severe  BC/YSZ  interface  spallation  (Figs.  9(c2)  and 9(d2)).
Consequently, the former demonstrates a shorter lifespan (Fig. 8(a)).

All the samples had TGO thicknesses less than 3 µm, which is less
than the critical 5–6 μm [25], confirming that TGO growth is not
the  dominant  failure  mechanism.  These  results  collectively
demonstrate  that  RSZ/YSZ  coatings  with  thicknesses  of  325  and
425 μm provide superior thermal shock resistance at 1800 °C.

To further  increase  the  thermal  shock lifespan at  1800 °C,  the

 

Fig. 6    XRD patterns of (a) LZO/YSZ, (b) GZO/YSZ, and (c) RSZ/YSZ coatings after thermal shock at 1600 °C.

 

Fig. 7    Thermal shock lifespan of RSZ/YSZ coatings at 1800 °C: (a) with varying ceramic layer thicknesses and (b) with varying YSZ-to-RSZ thickness ratios.
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YSZ-to-RSZ thickness ratio was optimized. The total ceramic layer
thickness  was  maintained  at  350  μm,  where  the  bond  strength
remained  above  20  MPa.  At  this  thickness,  the  thermal  cycling
lifetimes  at  1130  °C  were  100,  74,  and  36  cycles  for  YSZ-to-RSZ
ratios  of  3  :  2,  1  :  1,  and 2  :  3,  respectively.  All  values  exceed the
minimum  lifespan  requirement  for  typical  rocket  engines.
Figure 7(b) shows the variation in the thermal shock lifespan with
the YSZ-to-RSZ ratio at 1800 °C. A 1 : 1 ratio sample achieved an

average lifespan of 15 cycles, meeting the performance benchmark
for rocket engines under such extreme temperatures. These results
confirm that the RSZ/YSZ coating with a 350 μm thickness and a
1 : 1 ratio offers superior thermal shock resistance at 1800 °C.

Figure  10 shows  the  cross-sectional  microstructures  of  the
350  μm  RSZ/YSZ  coatings  after  testing  at  1800  °C  at  different
ratios.  After five cycles,  all  the samples exhibited periodic vertical
cracks.  The  crack  densities  were  14.1±0.7  cm−1 (3  :  2),

 

Fig. 8    Photographs of thermally shocked samples with varying ceramic layer thicknesses: (a) 275 μm, (b) 325 μm, (c) 375 μm, and (d) 425 μm. YSZ-to-RSZ thickness
ratio was maintained at 3 : 2.

 

Fig. 9    Microstructures of RSZ/YSZ DCL coatings after thermal shock tests at 1800 °C with various ceramic layer thicknesses: (a) 275 μm, (b) 325 μm, (c) 375 μm, and
(d) 425 μm. YSZ-to-RSZ thickness ratio was maintained at 3 : 2.
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13.2±0.6  cm−1 (1  :  1),  and  12.7±0.4  cm−1 (2  :  3).  Additionally,
spallation  occurred  within  the  RSZ  topcoat  in  the  3  :  2  sample
(Fig.  10(a1))  and  at  the  RSZ/YSZ  interface  in  the  2  :  3  sample
(Fig.  10(c1)).  In  contrast,  the  1  :  1  sample  formed  additional
vertical  cracks  without  spallation  (Fig.  10(b1)).  In  the  final  state,
failure in the 3 : 2 sample occurred mainly at the BC/YSZ interface
(Fig.  10(a2)),  whereas  failure  in  the  2  :  3  sample  occurred  at  the
RSZ/YSZ interface  (Fig.  10(c2)).  The 1  :  1  sample  exhibited  only
localized  RSZ  topcoat  spallation  (Fig.  10(b2)).  This  localized
spallation correlates with its  superior thermal shock performance
(Fig. 7(b)). Comparisons with other systems show that the optimal
thickness ratio strongly depends on the temperature and material.
For  example,  RSZ/YSZ  with  a  1  :  2  ratio  and  180  μm  thickness
performs best at 1600 °C [43]. LGYYSZ/YSZ with a 2 : 3 ratio and
500  μm  thickness  demonstrated  optimal  resistance  at  1400  °C
[16].  GZO/YSZ coatings with a 1 :  4  ratio and 500 μm thickness
excel at 1400 °C [44,45]. Yb-LZO/YSZ with a 3 : 2 ratio and 500 μm
thickness  performs  best  at  1050  °C  [19].  These  comparisons
highlight  that  the  coating  lifetime  is  strongly  influenced  by  the
ceramic  layer  thickness,  thickness  ratio,  service  temperature,  and
topcoat  material.  Among  all  the  tested  configurations,  the
RSZ/YSZ  coating  with  a  thickness  of  350  μm  and  a  1  :  1  ratio
provides the best thermal shock performance at 1800 °C.

3.5    Temperature dependence of the thermal shock lifespan
The coating with a  ceramic thickness  of  325 μm and a  thickness

 

Fig. 10    Cross-sectional microstructures of RSZ/YSZ DCL coatings after thermal
shock tests at 1800 °C, with varying YSZ-to-RSZ thickness ratios: (a) 3 : 2, (b) 1 : 1,
and (c) 2 : 3. Total ceramic layer thickness was maintained at 350 μm.

 

Fig. 11    Photographs and microstructures of samples thermally shocked at (a, b) 1700 °C and (c, d) 1900 °C. Total ceramic layer thickness and YSZ-to-RSZ thickness
ratio were maintained at 325 μm and 3 : 2, respectively.
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ratio of 3 : 2 achieved a thermal shock lifespan of 31 cycles at 1700 °C
(Fig. 11(a)), significantly surpassing its performance at 1800 °C. In
contrast, the lifespan decreased sharply to only one cycle at 1900 °C
(Fig.  11(c)),  underscoring  the  substantial  impact  of  temperature
on coating durability.  A similar  trend has  been observed in  pure
YSZ  coatings  at  lower  temperatures  [38,46].  During  testing  at
1700 °C, visible cracks and spallation were observed at the sample
center after 23 and 31 cycles, respectively. The final failure at this
temperature was dominated by spallation at the BC/YSZ interface,
occurring  mainly  beneath  regions  where  the  RSZ  layer  had
already  spalled  (Fig.  11(b2)).  The  samples  maintained  a  TGO
thickness  below  5  μm,  indicating  that  TGO  growth  was  not  the
primary  failure  mechanism  under  these  conditions.  At  1900  °C,
however,  voids  formed  at  the  BC/YSZ  interface  (Fig.  11(d1)),
similar  to  those  observed  in  pure  YSZ  coatings  (Fig.  5(a)),
indicating  significant  substrate  softening.  Substantial  grain
coarsening was also observed on the coating surface (Fig. 11(d3)),
reflecting  extremely  rapid  sintering  at  this  temperature.  These
results indicate that failure at 1900 °C is governed by pronounced
sintering-induced  substrate  softening,  underscoring  the  need  for
novel  structural  design  strategies  to  achieve  extended  lifetimes
under such extreme thermal conditions.

3.6    Reflectance of DCL TBCs
A  key  finding  is  that  even  a  thin  layer  of  alternative  topcoat
materials can significantly enhance the thermal shock resistance of
YSZ  coatings  (Fig.  4).  Although  DCL  coatings  show  only  minor
differences  in  thermal  conductivity  and  fracture  toughness
compared with those of pure YSZ (Table 2), their thermal cycling
performance is markedly superior. For example, at 1600 °C, pure
YSZ failed at 90  s,  whereas the RSZ/YSZ coating survived 18 full
cycles (Fig. 4). Similarly, at 1550 °C, pure YSZ failed in the second
cycle, but the GTO/YSZ coating lasted 15 cycles [2].

The  main  difference  between  YSZ  and  other  candidate
materials is their reflectance (Fig. 12). YSZ is partially transparent
to infrared radiation below 5 μm [32] and has a reflectance of 35%
within  the  1.0–2.2  μm  range  [47].  As  a  result,  a  considerable
fraction  of  incident  thermal  radiation  penetrates  the  pure  YSZ
coating  and  is  absorbed  by  the  underlying  substrate,  leading  to
pronounced  depression  deformation  (Fig.  4)  and  interfacial  void
formation  (Fig.  5(a)).  In  contrast,  a  highly  reflective  topcoat
effectively  attenuates  radiative  heat  transfer  to  the  substrate.  This
explanation is  consistent  with the observed failure  mode of  DCL
TBCs,  which  is  dominated  by  topcoat  spallation  rather  than
substrate  deformation  (Figs.  4 and 5).  In  support  of  this,  an
increase in reflectance from 35% to 45% has been shown to reduce
the  thermal  conductivity  of  electron  beam  physically  vapor-
deposited  YSZ  from  1.8  to  1.2  W·m−1·K−1 at  1316  °C  [47].  These

findings demonstrate that DCL TBCs are a highly suitable choice
for  rocket  engine  applications  where  operating  temperatures
exceed 1600 °C.

4    Discussion

4.1    BC softening under thermal shock
Without  considering  the  contribution  of  radiative  heat  transfer,
the  temperature  at  the  BC/YSZ  interface  during  thermal  shock
(TBC) can be expressed as Eq. (1):

TBC =

h1

κ1
T0 +

h
1+ λ

(
1
κ3

+
λ
κ2

)
T1

h1

κ1
+

h
1+ λ

(
1
κ3

+
λ
κ2

) (1)

where T0 and T1 represent the temperatures of the coating surface
(1600–1800  °C)  and  the  substrate  back  surface  (600  °C),
respectively; h1 and h denote the thicknesses of  the substrate and
ceramic layer, respectively; λ is the YSZ-to-RSZ thickness ratio; κ1,
κ2, and κ3 indicate the thermal conductivities of the substrate, YSZ
intermediate layer, and RSZ topcoat, respectively.

Figure  13 shows  the  predicted  temperature  at  the  BC/YSZ
interface  during  thermal  shock  at  1800  °C.  Coatings  with  higher
interface  temperatures  generally  exhibit  shorter  thermal  shock
lifespans  (Fig.  13(b)).  However,  the  coating  with  the  lowest
interface  temperature  does  not  exhibit  a  superior  lifespan.  These
results suggest that the interface temperature is not the sole factor
governing the thermal shock performance.

ε̇NH

In this study, the temperature of the BC exceeded 0.8 times the
melting point of the Ni-based superalloy. Under such conditions,
creep  is  governed  by  Nabarro–Herring  diffusion,  and  the  tensile
creep rate ( ) is expressed as Eq. (2):

ε̇NH = ANH
Ωσ

d2kTBC
D0exp

(
− Qd

RTBC

)
(2)

where D0 is the coefficient for lattice self-diffusion, Ω is the atomic
volume, d is the grain size, k is Boltzmann’s constant, R is the gas
constant, Qd is  the  diffusion  activation  energy,  and ANH is  a
constant.

Using typical parameter values, Fig. 13(c) shows the variation in
the  creep  rate  with  increasing  BC  temperature,  highlighting  its
high-temperature sensitivity. A power-law fit yields Eq. (3):

ε̇NH = 0.015
[
TBC/

(
T0 + T1

2

)]23.6

(3)

where the BC temperature can be approximated as Eq. (4):

 

Fig. 12    Reflectance of DCL TBCs: (a) ceramic layer thickness of 150 μm and (b) varying ceramic layer thickness. Dotted lines indicate the blackbody emission peaks
corresponding to temperatures of 1600 and 1800 °C.
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TBC =
T0 + T1

2

[
1− 0.123 ·

(κ3

κ2

)−0.59
]

(4)

These  results  indicate  that  the  thermal  conductivity  of  the
topcoat significantly influences BC softening.

4.2    Energy  release  rates  of  the  RSZ/YSZ  TBCs  under
thermal shock
According to the predicted temperature shown in Fig. 13, the energy
release rate governing coating spallation is given by Eq. (5) [48]:

G = − 1
2

∂

∂a
y
Ω

σijεijdV (5)

where σij and εij represent the stress and strain components in the
system,  respectively. a is  the  crack  length.  Assuming  that  the
film‒substrate  system  is  elastically  homogeneous  and  that  the
substrate  is  semi-infinite,  the  energy  release  rate  for  steady-state
interfacial spallation can be approximated as Eq. (6) [48]:

G =
σ2h
2Ef

(6)

Efwhere σ and  represent  the  applied  stress  and  plane-strain
modulus of the ceramic layer, respectively.

However,  this  analytical  model  does  not  fully  apply  under  the

present  thermal  shock  conditions  because  of  the  gradient  stress
distribution  within  the  ceramic  layer  [49],  which  induces  a
bending  moment.  Additionally,  compressive  stress  develops
within  the  YSZ  layer  near  the  substrate,  contributing  to  crack
arrest within this layer during 1800 °C thermal shock.

Figure  14 shows  the  calculated  energy  release  rate  for  the
RSZ/YSZ coating. In this study, the elastic moduli of the RSZ and
YSZ coatings  were  measured via  the  Knoop indentation method
with a  load of  2.94 N and a  holding time of  30 s.  The measured
values  are  approximately  25±8  GPa,  comparable  to  those  of  the
LCO  [39]  and  GZO  [34]  coatings.  In  contrast  to  the  analytical
solution  in  Eq.  (6),  the  energy  release  rate  has  a  power-law
relationship with ceramic thickness (Fig. 14(a)), underscoring the
significant  impact  of  the  bending  moment.  Furthermore,  for  the
350  μm  coating,  the  energy  release  rates  at  the  BC/YSZ  and
RSZ/YSZ interfaces are similar when the YSZ-to-RSZ ratio is less
than  1.0  (Fig.  14(b)).  This  means  that  the  thickness  ratio
significantly  influences  the  spall  location.  These  findings  suggest
that both the ceramic thickness and thickness ratio critically affect
coating spall.

Figure  15 shows a  map of  the  energy release  rates.  The values
are close to those of GZO/YSZ coatings with a 600 μm thickness
and a 0.5 ratio [8]. Using a thinner ceramic layer or a lower YSZ-
to-RSZ ratio reduces the spall  risk.  However,  it  also increases the
BC  temperature  (Fig.  13(a)).  Therefore,  a  balanced  design  of

 

Fig. 13    (a) Predicted BC/YSZ interface temperature during thermal shock at 1800 °C, (b) corresponding thermal shock lifespan of RSZ/YSZ DCL coatings, and (c) creep
rate with increasing BC/YSZ interface temperature.

 

Fig. 14    Energy release rates for RSZ/YSZ DCL coating spallation: (a) with varying ceramic thicknesses and (b) with varying YSZ-to-RSZ thickness ratios.
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ceramic thickness and thickness ratio is essential to simultaneously
achieve low BC temperatures and low energy release rates.

4.3    Failure mechanisms of the RSZ/YSZ DCL TBCs under
thermal shock
Figure  16 summarizes  how  the  RSZ/YSZ  coatings  fail  under
thermal shock. For coatings with a thin ceramic layer, the BC and
substrate  become  too  hot  and  soft.  Spallation  occurs  early  at  the
BC/YSZ  interface  (Fig.  16(a)).  For  coatings  with  a  thick  ceramic
layer but a large YSZ-to-RSZ ratio (i.e., a thin RSZ topcoat), a high
energy  release  rate  causes  spallation  at  the  BC/YSZ  interface
(Fig.  16(b)).  For  coatings  with  a  thick  ceramic  layer  and  a  small
ratio  (i.e.,  a  thick RSZ topcoat),  a  high energy release  rate  causes
spallation  at  both  the  BC/YSZ  and  RSZ/YSZ  interfaces
(Fig.  16(c)).  In  contrast,  a  moderate  ceramic  thickness  and
thickness  ratio  minimize  both  the  BC  temperature  and  energy
release  rate  (Fig.  16(d)),  leading  to  a  failure  mode  dominated  by
sintering-induced  localized  spallation  (Figs.  9(b3)  and 10(b2)).
Unlike mechanically driven rapid cracking (Figs. 14(b) and 14(c)),
coating  sintering  is  a  thermally  activated  diffusion-controlled
process  that  proceeds  more  slowly  and  helps  extend  the  coating
lifespan.  These  findings  emphasize  that  carefully  choosing  the
thickness  and  ratio  is  key  to  maximizing  the  thermal  shock
lifespan of DCL TBCs.

4.4    RSZ topcoats with superior overall performance
A significant finding is that both the BC temperature and energy
release  rate  substantially  influence  the  thermal  shock  lifespan  of
TBCs.  Elevated  BC  temperatures  cause  substrate  softening  and
warping, leading to premature failure (Fig. 16(a)), as evidenced by
the  fast  failure  of  pure  YSZ  at  1600  °C  (Fig.  4).  Therefore,  a
topcoat  with  lower  thermal  conductivity  and  greater  thickness  is
expected to reduce the BC temperature. However, thicker coatings
increase  the  energy  release  rate  (Fig.  14(a)),  which  can  induce
premature spallation (Figs. 16(b) and 16(c)). To address this issue,
a  topcoat  with  higher  fracture  toughness  and  a  greater  thermal
expansion  coefficient  is  needed.  Moreover,  to  handle  high

radiative  heat  above  1600  °C,  a  topcoat  must  be  more  reflective
(less transparent). Thus, an ideal topcoat for maximizing thermal
shock  resistance  should  combine  low  thermal  conductivity,  high
fracture toughness, a high thermal expansion coefficient, and high
reflectance.  Although  RSZ  topcoats  do  not  excel  in  any  single
property,  they  distinguish  themselves  by  offering  an  optimal
balance  of  these  key  characteristics  (Table  2).  This  well-rounded
performance  makes  RSZ-based  TBCs  particularly  suitable  for
reusable rocket engines.

In  this  study,  a  dimensionless  analysis  was  conducted  to
determine the dominant factor for the thermal shock lifespan. The
lifespan can be expressed as Eq. (7):

Π = Π1 · Π2 (7)

Π1 Π2where  and  represent the contributions from BC softening
and thermal mismatch stress-induced spalling, respectively.

Softening-induced  failure  is  proportional  to  the  reciprocal  of
the creep rate (Eq. (8)):

Π1 = f1
(

1
ε̇NH

)
(8)

where f1 denotes a function symbol.
For  typical  values  of κ3/κ2 ranging  from  0.3  to  1.2,  in

combination with Eqs. (3) and (4), the reciprocal of the creep rate
can be expressed as Eq. (9):

1
ε̇NH

= 832
(κ3

κ2

)−3.4
(9)

Thus,  considering  the  contributions  of  heat  radiative  flux,  the
lifespan related to BC softening can be expressed as Eq. (10):

Π1 = f2
((

1
1− η · κ2

κ3

)3.4)
(10)

where η represents the reflectance of the coating (Fig. 12).
The dimensionless  driving force for  coating spallation is  given

by Eq. (11)[48]:

Π2 = f3
(

KIC

EΔαΔT
√
h

)
(11)

where Δα is the thermal expansion coefficient mismatch between
the  coating  and  the  substrate,  and KIC represents  the  fracture
toughness  of  the  coating.  The  coefficients E and  ΔT denote  the
coating modulus and temperature difference between the coating
and the substrate, respectively.

ϑ
Therefore,  to  characterize  the  lifespan  of  DCL  TBCs  under

thermal shock conditions, a compatibility factor ( ) is defined as
Eq. (12):

ϑ =

(
1

1− η · κ2

κ3

)3.4

· KIC

EΔαΔT
√
h

(12)

where η represents the reflectance of the coating (Fig. 12).
The compatibility factor is particularly applicable to DCL TBCs

used  in  rocket  engines  operating  at  temperatures  exceeding
1600 °C. According to the data presented in Table 2, the calculated
values  confirm  that  the  RSZ  topcoat  exhibits  superior  overall
performance  (Fig.  17(a)),  which  is  consistent  with  the  thermal
shock  lifespan  of  DCL  TBCs  at  1600  °C  (Fig.  17(b)).  These
findings  indicate  that  optimizing  the  overall  performance  of
topcoats  is  essential  for  increasing  the  lifespan  of  TBCs  under
extreme thermal shock in rocket engine applications.

 

Fig. 15    Energy  release  rate  map  for  RSZ/YSZ  DCL  coating  spallation:  (a)  at
BC/YSZ interface and (b) at RSZ/YSZ interface.
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Fig. 16    Schematic illustration of failure mechanisms in RSZ/YSZ DCL TBCs with varying ceramic layer thicknesses and YSZ-to-RSZ thickness ratios under thermal
shock tests at 1800 °C.

 

Fig. 17    Compatibility factor for evaluating the (a) overall performance of TBC topcoats and (b) corresponding thermal shock lifespan at 1600 °C.
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5    Conclusions
TBCs  capable  of  withstanding  temperatures  up  to  1800  °C  for
extended  durations  are  critical  to  the  development  of  advanced
rocket  engines.  However,  conventional  YSZ  coatings  fail  quickly
above  1600  °C,  and  TBCs  commonly  employed  in  aeroengines
and  gas  turbines  also  fail  to  meet  the  requirements  under  such
extreme  conditions.  To  overcome  these  limitations,  this  study
developed  a  novel  quaternary  RSZ  material  and  systematically
optimized  the  architecture  of  RSZ/YSZ  DCL  TBCs.  A
comprehensive investigation into their failure mechanisms under
extreme thermal exposure yielded the following conclusions:

(1)  Compared  with  other  candidate  coatings,  the  RSZ topcoat
demonstrates  superior  overall  performance,  enabling  RSZ/YSZ
TBCs  to  achieve  significantly  extended  lifespans  under  both
thermal cycling at 1130 °C and thermal shock at 1600 °C.

(2) An optimized RSZ/YSZ coating configuration—with a total
ceramic thickness of 350 μm and a YSZ-to-RSZ thickness ratio of
1 : 1—demonstrated excellent thermal shock resistance at 1800 °C.
It achieves a lifespan of 15 cycles, which satisfies the performance
benchmark for rocket engines under such extreme temperatures.

(3)  Coating  failure  transitions  to  interfacial  spall  when  the
ceramic  layer  is  overly  thick  or  the  YSZ-to-RSZ  ratio  is
insufficient. Therefore, careful control of the thickness and ratio is
essential  to  maximize  the  thermal  shock  resistance  at  1800  °C.
Under  the  optimized  configuration,  failure  occurs  by  sintering-
induced  localized  spallation—a  relatively  slow  process  that
contributes to extended coating durability.
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