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ABSTRACT: As  the  inlet  temperature  of  engines  increases,  injected
sand,  volcanic  ash,  and  dust  melt  to  form  calcium−magnesium−
aluminosilicate  (CMAS)  glass,  which  subsequently  adheres  to  the
surface  of  ytterbium  monosilicate  (YbMS;  Yb2SiO5)  environmental
barrier  coatings  (EBCs),  posing  a  serious  degradation  threat.  In  this
study,  a  novel  aluminum surface modification strategy was proposed
to prevent direct interaction between the coatings and CMAS, thereby
increasing  corrosion  resistance.  The  modification  confers  a  dual-
protection  mechanism:  First,  it  seals  exposed  interconnections
deposited  by  air  plasma  spray  (APS)  and  facilitates  the in  situ
formation of  a  dense,  continuous ytterbium aluminum garnet (YbAG;
Yb3Al5O12)  layer,  serving  as  the  primary,  nonreactive  physical  barrier
against CMAS infiltration; second, it inhibits silica consumption by YbMS while releasing silica into the melt. This process increases
the melt  viscosity,  fundamentally  suppressing CMAS penetration.  The combined effect  of  these mechanisms extends the coating
life by at least 10 times. Although the CMAS resistance of unmodified YbMS is inferior to that of previous ytterbium disilicate (YbDS;
Yb2Si2O7) coatings, aluminum-modified YbMS has significantly greater resistance than modified YbDS. This performance reversal is
attributed  to  the  unique  microstructure  of  YbMS,  which  favors  the  formation  of  a  higher-quality,  more  protective  YbAG  layer,
thereby fundamentally altering the CMAS interaction mechanism.

KEYWORDS: environmental  barrier  coatings  (EBCs); calcium−magnesium−aluminosilicate  (CMAS); corrosion  resistance;
densification; surface modification

  

1    Introduction
Silicon  carbon  ceramic  matrix  composites  (SiC-CMCs)  are
transforming aerospace turbines by enabling engines to operate at
higher  temperatures  and  efficiencies  than  ever  before.  Their
outstanding  properties—high-temperature  strength,  lightweight
structure, oxidation resistance, and fatigue resistance—make them
ideal  for  high-pressure  turbine  blades,  vanes,  and  shrouds.
Nevertheless,  SiC-CMCs  are  highly  susceptible  to  water  vapor
degradation, which leads to severe silica volatilization and material
deterioration.  To  address  this  challenge,  environmental  barrier
coatings  (EBCs)  are  essential  for  protecting  SiC-CMC
components from harsh combustion environments, ensuring their
long-term  durability  and  reliability  in  aerospace  turbine
applications. By preventing oxidation and corrosion, EBCs play a
crucial  role  in  enhancing  the  efficiency  and  lifespan  of  modern
aircraft engines [1,2].

As  the  operating  temperatures  of  new-generation  turbines

continue  to  increase,  molten  salt  degradation  poses  a  significant
threat  to  EBC materials.  At  elevated  temperatures,  injected  sand,
volcanic  dashes,  and  dust  melt  and  form  calcium−magnesium−
aluminosilicate (CMAS) glass, which adheres to the coatings. The
molten  CMAS  reacts  with  the  EBC  materials,  leading  to  their
gradual  recession  and  degradation.  To  ensure  long-term
performance  and  reliability,  developing  materials  with  high
resistance to CMAS infiltration and degradation is crucial.

Rare-earth  (RE)  silicates,  particularly  ytterbium  silicates,  are
considered the most promising topcoat materials because of their
high  thermal  stability,  excellent  resistance  to  water  vapor
corrosion,  and  coefficient  of  thermal  expansion  (CTE)
comparable to that of SiC (ytterbium silicates (4−7)×106 K−1 [1−3],
SiC (4.5−5.5)×106 K−1 [1]). Unlike thermal barrier coatings (TBCs),
which  mainly  fail  due  to  mechanical  delamination,  dense  EBCs
degrade  predominantly  through  chemical  corrosion  in  the
presence  of  CMAS  [4−6].  Ytterbium  monosilicate  (YbMS; 
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Yb2SiO5)  and  ytterbium  disilicate  (YbDS;  Yb2Si2O7)  readily  react
with CMAS to generate reaction products such as Ca2Yb8(SiO)6O2
apatite  [3],  CaAl2Si2O8 anorthite  [7],  and  garnet  [1,8].  Several
studies  have  reported  different  degrees  of  CMAS-induced
degradation. Jang et al. [9] reported that after reacting at 1400 °C
for  48  h,  an  apatite  reaction  layer  with  a  thickness  of
approximately  120  μm  formed  in  YbMS.  Abrar et  al. [10]
fabricated  a  high-entropy  RE  monosilicate  (MS)  dense  bulk
material  and  detected  a  recession  thickness  of  30−35  μm  after
reacting  at  1300  °C  for  48  h.  Turcer et  al. [11]  reported  that
CMAS  completely  infiltrated  into  YbDS  pellets  after  reacting  at
1500  °C  for  24  h,  causing  a  thickness  dilatation  gradient  and
severe  blistering  and  cracking.  Liu et  al. [12]  investigated  the
corrosion  of  YbMS/YbDS/Si  trilayer  EBCs  at  different
temperatures  for  up  to  50  h  and  demonstrated  that  YbMS
exhibited better stability in molten CMAS than did YbDS because
of  its  more  stable  crystal  structure.  However,  Zhao et  al. [13]
reported  that  YbDS showed better  CMAS resistance  than  YbMS
at  1300  °C,  as  it  consumed  more  CMAS  to  form  apatite,  thus
effectively slowing degradation. These studies indicate that CMAS
corrosion  behavior  is  significantly  dependent  on  temperature,
exposure time, and material composition.

The  CMAS  corrosion  mechanism  is  highly  complex  and
influenced  by  many  factors,  including  the  melt  composition,
exposure  temperature,  and  melt  load.  A  higher  Ca:Si  ratio
increases  the  likelihood  of  crystallized  apatite  formation  at  the
CMAS/coating  interface  but  also  reduces  melt  viscosity  and
accelerates  grain  boundary  penetration  [14−16].  Elevated
temperatures  further  increase  the  reaction  activation  energy  and
melt viscosity, enhancing the chemical reactions between the EBC
materials  and  the  molten  CMAS,  disrupting  the  integrity  of  the
reaction  layer,  and  accelerating  coating  degradation  [17].
Additionally,  the  CMAS  load  plays  a  crucial  role  in  determining
failure  modes.  Under  moderate-to-heavy  CMAS  loads,  coating
degradation  is  typically  driven  by  material  dissolution  and
reprecipitation.  However,  under  low  melt  exposure,  the  coating
experienced  different  failure  modes  due  to  reduced  coating
dissolution  and  the  lack  of  a  continuous  apatite  layer  at  the
melt/coating  interface,  making  it  vulnerable  to  unrestricted  melt
infiltration  [18].  In  summary,  melt  infiltration  and  coating
recession,  driven  by  material  dissolution  and  reprecipitation,  are
the predominant failure mechanisms of CMAS-exposed EBCs.

Many  researchers  believe  that  incorporating  thermoreacted
secondary  phases  of  CMAS  and  EBC  materials  as  coating
materials can help prevent melt penetration. Since garnet exhibits
strong  corrosion  resistance  to  CMAS,  significant  effort  has  been
put  into  promoting  its  formation  on  coating  surfaces.  Silicate
oxyapatite Ca2Y8(SiO4)6O2 is considered a potential EBC material
because  it  can  effectively  resist  the  chemical  corrosion  of  CMAS
below 1300 °C and form a cyclosilicate layer at the CMAS/apatite
interface  [19].  Additionally,  the  introduction  of  iron  to  stabilize
yttrium  has  been  shown  to  promote  the  formation  of  yttrium
aluminum  garnet  (YAG;  Y3Al5O12)  on  MS  coatings,  thereby
effectively  inhibiting  CMAS  infiltration  [20].  Compared  with
apatite,  garnet  exhibits  superior  CMAS  resistance  because  of  its
greater consumption of melt constituents and reduced reliance on
RE elements [21−23]. The Y3Al5O12 garnet/Al2O3 eutectic ceramic
bulk  has  a  CMAS  corrosion  layer  thickness  of  <  40.58  μm  after
32 h of corrosion at 1300 °C, which is far lower than the corrosion
depth  of  conventional  coatings  (200−375  μm  for  yttria-stabilized
zirconia (YSZ)-based coatings [24]). Previously, our group [25,26]
proposed  a  postdensification  method,  which  involves  infiltrating
aluminum into the surface-exposed pores and microcracks of the

YbDS coating to form a thin ytterbium aluminum garnet (YbAG;
Yb3Al5O12)  layer  on  the  surface,  which  serves  as  an  effective
barrier  against  oxidation  and  corrosion.  The  corrosion  thickness
of the modified coating was reduced by 90% (from 15.2 to 3.5 μm
at 1300 °C; from 19 to 4.2 μm at 1400 °C), and it remained intact
even  after  25  h  of  corrosion  at  1400  °C.  However,  under  these
conditions,  the unmodified YbDS completely dissolved [26].  The
diffusion and direct interaction of corrosives are restricted, thereby
significantly enhancing corrosion resistance.

This  study  investigated  the  aluminum  modification  of
YbMS/mullite/Si  trilayer  coatings,  focusing  on  their  high-
temperature  interactions  with  CMAS,  microstructural  evolution,
and corrosion resistance mechanisms. Additionally, the corrosion
performance of  these  YbMS coatings  was  compared with that  of
previously developed YbDS systems. The underlying mechanisms
leading to the performance differences were investigated in depth
through  calculations  related  to  atomic-scale  reactions,  surface
absorption,  and  crystal  stability.  These  findings  provide  broader
insights into molten salt corrosion mechanisms and offer valuable
inspiration  for  the  microstructural  design  of  EBCs  to  mitigate
CMAS-induced degradation.

2    Experimental

2.1    Coating preparation
The  YbMS/mullite/Si  trilayer  coatings  were  fabricated  via  a
commercial  air  plasma  spray  (APS)  system  (GP-80,  Jiu-jiang,
China) on SiC wafers (ϕ25.4 mm × 3 mm), which were preheated
at approximately 200 °C. The deposition parameters of each layer
are  listed  in Table  1.  For  the  top  coat,  agglomerated  YbMS
powders were used, prepared via solid synthesis and spray-drying,
with  a  particle  size  range  of  15−60 μm.  The  interlayer  and bond
layers  were  deposited  using  crushed  mullite  and  Si  powders,
respectively, both with a size distribution of 10−40 μm.

The  modification  process  consists  of  two  steps:  pressure-
assisted infiltration followed by heat treatment. In the first step, a
3−5  μm  thick  aluminum  film  was  deposited  onto  the  sprayed
coating  surface  using  a  vacuum  magnetron  sputtering  system
(J-1250,  Jingzhou  Industrial  Coating,  China),  which  is  a  well-
known  method  for  depositing  thin,  highly  uniform  and  dense
metallic films on a rough APS coating surface. The coated samples
were  then  pressure  infiltrated  in  a  furnace  at  750  °C  under  a
100 kPa Ar atmosphere (O2 < 0.001 ppm) to achieve densification.
In the second step, the infiltrated samples were heated at 1100 °C
for 2 h in an Ar atmosphere (O2 < 0.001 ppm) to promote the in
situ reaction  between  aluminum  and  YbMS,  with  a  heating  and
cooling  rate  of  5  °C·min−1.  The  detailed  parameters  of  the
modification  process  can  be  found  in  our  previous  studies
[24−26].  The  as-sprayed  YbMS/mullite/Si  trilayer  coating  is
designated  the  MS  coating,  whereas  the  aluminum-modified
coating  is  referred  to  as  the  aluminum-monosilicate  (Al-MS)
coating.  The  fabrication  and  corrosion  performance  of  the
reference disilicate (DS) and aluminum-disilicate (Al-DS) coatings
used here for comparative analysis have been reported previously
[26] and were adopted directly from that study.

2.2    CMAS corrosion
In this study, natural vermiculite silicate was employed as a CMAS
material  to  represent  the  fly  ash  commonly  ingested  by  aero
engines.  Its  molar  composition  was  determined  to  be
49SiO2−3CaO−37MgO−11AlO1.5.  The powder was first dispersed
in  ethanol  and  then  uniformly  applied  on  the  coating  surface
repeatedly  until  the  average  loading  density  reached
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approximately 40 mg·cm−2. The CMAS-coated samples were then
placed  into  a  box  furnace  and  subjected  to  the  following  heat
treatment:  heated  to  1100  °C  at  a  rate  of  10  °C·min−1;  further
heated to 1400 °C at a rate of 5 °C·min−1; held for 1, 5, 25, or 50 h;
and finally cooled to ambient temperature at a rate of 10 °C·min−1

inside the furnace.

2.3    Characterizations
The  melting  points  and  reaction  temperatures  of  CMAS  and
CMAS/YbMS  mixtures  (1:1  wt%)  were  determined  via  a
thermogravimetric analysis-differential scanning calorimeter (TG-
DSC; STA449F3, NETZSCH, Germany) under an Ar atmosphere,
with  a  heating  rate  of  10  °C·min−1 up  to  1400  °C.  The  surface
phase compositions of the coatings were identified through X-ray
diffraction (XRD) in a 2θ configuration from 10° to 90°, followed
by  analysis  via  Jade  software  and  the  PDS  database.
Microstructural characterization of the coatings was performed by
a scanning electron microscope (SEM; MIRA 3 LMH, Tescan, the
Czech  Republic).  The  phase  composition  and  elemental
distribution  were  analyzed  via  an  energy  dispersive  spectroscope
(EDS; AZTEC, Oxford Instruments, UK) equipped with SEM. For
microscopic  structural  and  crystalline  phase  characterization,  the
coatings  were  further  analyzed  via  a  transmission  electron
microscope  (TEM;  JEM-F200,  JEOL,  Japan).  High-resolution
TEM  (HRTEM),  EDS,  and  selected  area  diffraction  (SEAD)
images  were  collected.  The  TEM  samples  were  fabricated  via  a
focused  ion  beam (FIB;  Helios  Nanolab  600i,  FEI,  USA)  system.
Digital  micrograph  software  was  used  to  analyze  the
spectrograms.

The  coating  thickness  was  determined  via  the  area
measurement  method  detailed  in  our  previous  work  [26].  The
measurement was performed via five SEM images of each sample.

The corrosion thickness was evaluated by subtracting the residual
thickness  from  the  initial  value.  First-principle  calculations  were
performed  to  determine  the  bond  energies  of  the  crystals.  The
crystal  structures  were  built  with  Materials  Studio  software  and
then  processed  via  the  Vienna Ab  initio Simulation  Package
(VASP). Electron exchange and correlation were treated with the
projector  augmented  wave  (PAW)  method  and  the  generalized
gradient approximation (GGA) of Perdew, Burke, and Ernzerhof
(PBE).  We  used  a  plane-wave  basis  set  with  a  cutoff  energy  of
420 eV and sampled the Brillouin zone with a 4 × 4 × 4 k-point
mesh.  All  the  structures  were  fully  optimized  via  the  conjugate
gradient method until the ion forces on each atom were less than
10−8 eV·Å−1.

3    Results and discussion

3.1    Microstructure of the EBCs before CMAS exposure
Figure  1 shows  the  microstructures  of  the  as-sprayed  porous
YbMS  and  the  dense  aluminum-modified  coatings.  The  total
coating  thickness  is  approximately  200  μm,  comprising  a  top
YbMS layer  with  a  thickness  of  (95.3±10.2)  μm,  an  intermediate
mullite  layer  with  a  thickness  of  (50.3±8.3)  μm,  and  a  Si  bond
layer  with  a  thickness  of  (50.4±11.1)  μm,  exhibiting  a  typical
layered  architecture.  Some  channel  cracks  and  many  intralayer
and  interlayer  cracks  were  observed  in  the  as-sprayed  YbMS
coating  (Figs.  1(a)  and 1(b)),  similar  to  the  previously  reported
YbDS  coating  (CTE:  4.5×10−6 K−1)  [25],  which  was  caused
primarily  by  high  quenching  stresses  and  insufficient  substrate
heating  during  deposition.  Notably,  the  higher  CTE  of  YbMS
(7.4×10−6 K−1)  than  that  of  the  SiC  substrate  led  to  large  tensile
stresses  during  the  cooling  process,  resulting  in  channel  cracks

 

Table 1    Deposition parameters of the YbMS/mullite/Si EBCs by the APS

Materials Power (kW) Plasma gas (slpm) Feed rate (g·min−1) Stand-off distance (mm) Preheating (°C)
YbMS 40 Ar/H2 = 43:8 23 130 ~200
Mullite 40 Ar/H2 = 43:8 14 130 ~200

Si 36 Ar/H2 = 40:3 14 130 ~200

 

Fig. 1    Cross-sectional microstructures of (a, b) as-sprayed MS coating and (c, d) Al-modified MS coating.
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(Figs.  1(a)  and 1(b)).  On  the  basis  of  five  representative  cross-
sectional images per sample, the porosity of the sprayed top layer
was  estimated to  be  6.8%±1.3%.  These  interconnected pores  and
microcracks—especially  channel  cracks—provide  rapid  pathways
for  environmental  corrosion  (such  as  CMAS),  undoubtedly
accelerating  corrosion,  oxidation,  and  premature  coating  failure.
Consequently,  eliminating  sprayed  porosity  is  crucial  for
enhancing  the  resistance  of  YbMS  coatings  to  permeation
corrosion.

After modification, aluminum deeply filled the microcracks, as
indicated in Figs. 1(c) and 1(d), which is consistent with previous
results  [24−26].  Nanoscale  converging  cracks,  regardless  of
orientation  (vertical  or  lateral),  can  be  infiltrated  by  capillary
pressure.  To  achieve  sufficient  infiltration  into  large-scale,  highly
divergent pores, an assistant pressure of 100 kPa was applied. The
measured porosity decreased to 1.3%±0.4%. The rapid penetration
pathways  for  environmental  corrosion  were  effectively  blocked,
thereby  enhancing  the  long-term durability  of  YbMS coatings  in
CMAS environments.

Figure  2 shows  backscattered  electron  (BSE)-mode  images  of
the  near-surface  region  for  the  as-sprayed  and  Al-modified
coatings.  Different  contrasts  correspond  to  distinct  phase
compositions,  as  shown  in Table  2.  In  the  as-sprayed  coating
(Fig. 2(a)), the dark areas correspond to the YbMS phase, whereas
the  bright  regions  represent  Si-lean  silicates  and  Yb2O3—formed
by silica evaporation in the high-temperature plasma flame. After
modification,  a  distinct  darker  contrast-modified  layer  with  a
uniform  thickness  of  (16.1±2.6)  μm  was  observed  on  the  YbMS
surface,  as shown in Fig.  2(b).  The primary phase of the surface-
modified layer was identified as YbAG (Table 2), which is formed
via the in situ reaction of aluminum with YbMS [24]. Notably, the
quantitative  analysis  of  light  element  (O)  content  via  EDS  is
semiquantitative  and  may  involve  significant  errors.  The  ratio  of
cations  (Yb,  Al,  and  Si)  is  considered  more  reliable.  This  newly
formed  layer  acts  as  a  physical  barrier  between  the  YbMS  and
CMAS melts, preventing them from reacting directly.

3.2    Phase evolution during CMAS exposure
DSC  analysis  was  performed  on  pure  CMAS  powder,  CMAS/
YbMS,  and  CMAS/YbAG  mixtures  from  room  temperature  to

1400 °C (Fig. 3). An endothermic peak at approximately 1205 °C
is  observed  in  all  three  systems,  corresponding  to  the  initial
melting temperature of CMAS [25], confirming that the addition
of YbMS or YbAG did not delay the initial melting of CMAS. This
is  a  critical  trigger  for  the  corrosive  reaction.  However,  a  sharp
endothermic peak appears at approximately 1338 °C exclusively in
the  CMAS/YbMS  curve,  indicating  that  a  corrosion  reaction
occurred  between  YbMS  and  CMAS.  Conversely,  no  additional
peaks appeared in the CMAS/YbAG mixture curve after melting,
suggesting  superior  thermodynamic  stability  and  the  absence  of
significant reactions at high temperatures.

Figure 4 shows the surface phase compositions of the coatings
during  CMAS  interactions  at  1400  °C.  The  as-sprayed  coating
(Fig.  4(a))  consists  primarily  of  the YbMS phase (PDF#40-0386),
while  the  previously  mentioned  Yb2O3 was  undetected,  possibly
because  its  concentration  was  below  the  detection  limit.  The
CMAS powder, which was heated separately to 1400 °C (as shown
in  the  black  spectrogram),  consists  primarily  of  cordierite
(Mg2Al4Si5O18,  PDF#13-0294).  After  5  h  of  exposure,  the  MS
coating  exhibited  the  appearance  of  the  YbDS  phase  (PDF#25-
1345)  and  the  Mg−Al  garnet  phase  (Mg3Al2(SiO4)3,  PDF#89-
1490), confirming a chemical reaction between YbMS and CMAS.
Increasing the exposure time to 25 h promoted the formation of
sapphirine ((Al5Mg3)(Al4Si2)O20, PDF#44-1430). According to the
MgO−Al2O3−SiO2 ternary  phase  diagram,  cordierite  transforms
into  sapphirine  with  increasing  Al2O3 and  SiO2 concentrations
[27], suggesting that the mullite layer is severely corroded.

After  aluminum  modification,  the  surface  is  primarily
composed  of  the  YbAG  phase  (Yb3Al5O12,  PDF#23-1476),  as
shown in Fig.  4(b).  In  addition,  the  Yb3Si5 phase  (PDF#33-1456)
forms  during  processing  due  to  oxygen  deficiency  and  is
subsequently  oxidized  quickly  [26].  Upon  CMAS  exposure,  the
YbDS  phase  is  formed  and  gradually  increases  over  time,
indicating  YbAG  degradation  and  a  YbMS-to-YbDS  phase
transition.  Notably,  some  YbDS  arises  from  the  oxidation  of
Yb3Si5.  Additionally,  the  YbAG  diffraction  peaks  shift  to  lower
angles, which is likely due to the change in the lattice parameters
caused  by  the  elemental  solid  solutions.  Unlike  the  sprayed  MS
coating, no sapphirine phase was detected, demonstrating that the
Al-modified YbMS coating has higher CMAS stability.

 

Fig. 2    BSE-mode images of near-surface regions for (a) MS and (b) Al-MS coatings, showing an in situ-formed modification layer on surface after modification.

 

Table 2    Elemental composition of the points in Fig. 2 measured via EDS

Sample Point
Composition (at%)

Phase
Yb Si O Al

MS
1 26 12 62 — YbMS
2 39 5 55 — Yb2O3

Al-MS
3 13 — 66 21 YbAG
4 22 — 42 36 YbAG
5 26 10 64 — YbMS
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3.3    Microstructure evolution during CMAS exposure

3.3.1    Evolution of the MS coating

Figure  5 shows  the  cross-sectional  microstructure  of  the  YbMS
coating after 5 h of  exposure to the CMAS melt  at  1400 °C.  The
melt  attacked  the  surface,  resulting  in  severe  dissolution  of  the
YbMS  layer.  The  measured  residual  top  coat  thickness  was
(37.6±10.5)  μm, and the recession thickness  was (57.4±10.7)  μm.
Gradually  dissolved  phases  reprecipitated  in  the  residual  melt,
forming  a “leaf”-like  structure,  accompanied  by  a  discontinuous
corrosion  layer  featuring  numerous  faceted  crystals  (Fig.  5(a)).
The  surface  layer  exhibited  two  distinct  regions  (Fig.  5(b)).  The
elemental compositions of each region are listed in Table 3. It can
be  inferred  that  the  dissolved  and  outer-adhered  darker  facets
(Points  I  and II)  represent  Mg-dissolved garnets,  a  phenomenon
previously observed in the YbDS system, corresponding to silicate
garnets [26]. In contrast, the inner lighter facets (Point III) consist

 

Fig. 3    DSC  curves  of  CMAS  powder,  CMAS/YbMS,  and  CMAS/YbAG
mixtures.
 

(a) (b)

Fig. 4    Phase evolution of (a) MS and (b) Al-MS after CMAS corrosion at 1400 °C for different exposure periods.
 

Fig. 5    Cross-sectional microstructure of MS coating after CMAS corrosion at 1400 °C for 5 h: (a, b) microstructural images and (c) corresponding element distribution
mappings in (b).
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of  YbDS  with  trace  amounts  of  Mg,  indicating  a  preferential
reaction between YbMS and CMAS-derived silica. The elemental
mappings  in Fig.  5(c)  reveals  that  the  corrosion  layer  plays  a
certain  role  in  blocking  melt  penetration,  but  YbMS  is  highly
reactive  with  CMAS,  demonstrating  that  its  overall  corrosion
resistance is inadequate.

TEM  characterization  was  conducted  to  identify  the  phases
observed  via  SEM  and  EDS  at  the  YbMS/CMAS  recession
interface.  A  HADDF-scanning  transmission  electron  microscopy
(STEM) image (Fig. 6(a)) of a FIB-milled slice from the interface
reveals  adhered  garnet  facets  (Region  A),  a  YbDS  reaction  layer
(Region  B),  and  the  original  YbMS  matrix. Figure  6(b)  shows
corresponding  elemental  maps,  highlighting  the  elevated  Al  and
Mg  concentrations  in  the  reaction  layer.  HRTEM  images  of
regions  A  and  B  marked  in Figs.  6(a)  and 6(c)  and  the
corresponding  SEAD  patterns  (Figs.  6(e)  and 6(f))  confirm  that

phase A is Al−Mg garnet (Mg3Al2(SiO4)3, PDF#89-1490) and that
phase B is YbDS (PDF#25-1345). HRTEM and SEAD analyses of
Figs. 6(d) and 6(g) demonstrate that the residual CMAS (region C)
has an amorphous structure with significantly reduced Mg and Al
contents.  This  indicates  that  YbMS readily  reacts  with  CMAS to
form YbDS, subsequently forming a garnet solid solution.

After  25  h  of  prolonged  exposure,  the  cross-sectional
microstructures  of  the  YbMS  coating  (Fig.  7)  revealed  that  the
entire  coating,  including  the  YbMS  top  layer  and  underlying
mullite layer, was completely dissolved in the CMAS melt, with a
total  recession thickness  of  approximately  145 μm. As previously
reported, numerous bubbles emerged on the surface after 25 h of
exposure,  whereas  the  phenomenon  was  not  pronounced  at  the
early  5  h  stage  [25].  This  discrepancy  is  attributed  to  the
continuous corrosion reaction reducing the melt viscosity, thereby
facilitating  the  escape  of  gaseous  reaction  products  [18].  The

 

Fig. 6    TEM analysis of recession interface of MS coating after CMAS corrosion at 1400 °C for 5 h: (a) STEM HADDF image; (b) corresponding element distribution;
(c, d) HRTEM images of Regions A and B marked in (a); (e−g) SEAD analysis and each phase.
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reprecipitates  in  the  residual  melt  exhibit  a  core−shell  structure:
The  shell  comprises  the  YbDS  phase,  while  the  core  retains  the
YbMS phase (Fig. 7(b) and Table 3). Notably, no garnet phase or
dissolved Al/Mg elements were detected, which is primarily due to
the low Al and Mg contents in the residual melt. For the previous
YbDS coating, a thin YbDS layer remained after 25 h of exposure
at 1400 °C. This phenomenon indicates that the CMAS melt has
preferential  reactivity  with  YbMS,  leading  to  a  faster  dissolution
rate of YbMS than of YbDS. The absence of the mullite phase in
the residual melt  indicates a concurrent reaction between mullite
and CMAS. These results collectively confirm that YbMS degrades
rapidly  at  1400  °C,  demonstrating  its  extreme  susceptibility  to
corrosion by CMAS melt.

Garnet existed as the primary phase after 4 h of corrosion but
disappeared  after  25  h,  indicating  that  the  reaction  pathway  was
dynamic.  The  initial  stage  was  governed  by  kinetic  factors,  with
high  local  cation  concentrations  (such  as  Al3+,  Mg2+,  and  Yb3+)
driving  the  rapid  formation  of  garnets.  As  the  exposure  time
increased,  the  system  gradually  reached  thermodynamic
equilibrium.  The  consumption  of  Yb  and  Al  at  the  coating
interface promoted the dissolution of garnet and the precipitation
of  more  stable  phases  (such  as  sapphirine)  [27].  This  evolution
underscores the importance of evaluating the CMAS resistance of
coatings  over  extended durations  to  assess  their  long-term phase
stability.

3.3.2    Evolution of the aluminum-modified MS coating

Figure  8 shows  the  cross-sectional  microstructure  of  the  Al-
modified YbMS coating after 5 h of exposure to the CMAS melt at
1400  °C.  Although  dissolution  occurred  at  the  melt/coating
interface,  the  modified  YbAG  layer  remained  intact  and  tightly
adhered to the YbMS matrix,  as  shown in Fig.  8(a).  No pores or
cracks  formed  within  the  coating.  The  measured  top  coat
thickness  was  (93.2±9.0)  μm,  comparable  to  the  as-sprayed state,
with a recession thickness of only (2.4±1.1) μm—this can be seen
from the isolated small facets dissolved into the melt or adhered to
the surface (Fig.  8(b)).  This  corresponds to a thickness reduction

of over 95%, which is significantly lower than the thickness of the
unmodified YbMS coating.

Elemental  analysis  revealed  that  the  dissolved  phase  (Point  I’)
was  a  YbAG  garnet  solid  solution  containing  Mg  and  Si
substitutions  (YbAG  ss)  (Table  4),  whereas  the  inner  phase
(Point  II’) consisted  of  pure  YbAG  without  solid  solutions.  The
elemental  distribution  mappings  in Fig.  8(c)  confirm  that  the
YbAG layer acted as a diffusion barrier, hindering the penetration
of  CMAS-derived  Mg.  Additionally,  the  dense  structure  of  the
coating  also  suppressed  rapid  melt  permeation.  However,  silica
diffusion  persisted,  reacting  with  the  underlying  YbMS  to  form
YbDS  (Point  III’),  a  phenomenon  analogous  to  that  observed  in
unmodified YbMS coatings. Overall, the uniform YbAG layer and
dense  structure  effectively  prevent  inward  CMAS  diffusion,
significantly  improving  the  corrosion  resistance  of  the  YbMS
coatings.

Figure  9 presents  TEM  images  of  a  foil  extracted  from  the
recession  interface  of  the  Al-modified  YbMS  coating.  The
HADDF  image  in Fig.  9(a)  reveals  coarsened  large  grains  and
nanopores near the coating surface. HRTEM and SEAD analyses
(Fig.  9(b))  confirm that  these  coarse  grains  are  the  YbAG garnet
phase  (PDF#23-1476).  The  amorphous  CMAS  melt  infiltrates
through the YbAG grains to a limited depth and forms the YbDS
phase at the grain boundaries (Fig. 9(c)), which is consistent with
the  SEM  and  XRD  findings. Figure  9(d)  further  shows  the

 

Fig. 7    Cross-sectional microstructure of MS coating after CMAS corrosion at 1400 °C for 25 h: (a, b) microstructural images and (c) corresponding element distribution
maps in (b).

 

Table 3    Point  elemental  compositions  of  MS  coatings  in Figs.  5 and 7
measured via EDS

Exposure time (h) Point
Composition (at%)

Phase
Yb Si Al Mg Ca

5
I 27 35 15 20 3 Garnet ss
II 31 30 16 23 — Garnet ss
III 48 40 3 9 — YbDS

25
IV 64 36 — — — YbMS
V 47 53 — — — YbDS
VI 45 55 — — — YbDS
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presence  of  numerous  fine  YbAG  grains  within  the  modified
layer,  demonstrating  that  the  modification  process  created
microstructural heterogeneity.

After  25  h  of  exposure  to  CMAS  melt  at  1400  °C,  cross-
sectional  images  of  the  Al-modified  YbMS coating  are  shown in
Fig.  10.  The  dissolution  at  the  melt/coating  interface  increased
noticeably;  however,  the  measured  residual  top  coat  thickness
remained at  (91.3±10.5)  μm, with the recession thickness slightly
increasing to (4.8±2.0) μm, as shown in Fig. 10(a). This indicates a
slow dissolution rate of YbAG. Additionally, the dissolution inside
the  melt  and  at  the  melt/YbAG  interface  became  coarser,
suggesting  a  reduced  rate  of  new  solid  solution  formation  [28].
The  composition  of  the  dissolved  phases  (Points  IV’ and  V’)  in
Fig. 10(b) was confirmed to be YbAG solid solutions, as shown in
Table  4.  The  underlying  dense  layer  (Point  VI’)  consisted  of
initially  formed  YbAG  without  solid  solution  elements,  whereas
the  newly  formed  YbDS  layer  (Point  VII’)  was  generated  by  the
reaction of  YbMS and CMAS, which is  consistent with the XRD
results  in Fig.  4.  The  modified  layer  effectively  prevented  the
infiltration  of  corrosive  elements  into  the  YbMS  coating,  as
illustrated  in Fig.  10(c).  These  findings  indicate  that  melt
penetration  and  coating  recession  are  significantly  reduced  after
extended  exposure,  further  confirming  the  exceptional  CMAS
corrosion resistance of the aluminum-modified YbMS coating.

The  microstructural  evolution  of  the  Al-modified  YbMS
coating after 50 h of exposure is shown in Fig. 11. A thin residual
glass  layer  covered  the  surface  of  the  sample,  and  the  coating
surface  became  rough  with  numerous  coarse  facets  (Fig.  11(a)).
The previously observed dissolved phase was completely removed
by the melt. The residual thickness of the coating was measured to
be  (88.6±7.5)  μm.  The  recession  thickness  was  limited  to
(6.4±2.6)  μm,  demonstrating a  very  low recession rate.  Although
more  than  50%  of  the  initially  formed  YbAG  modification  layer
(Point  VIII’)  had  been  consumed,  it  remained  dense  and  tightly
adhered  to  the  MS  coating  (Fig.  11(b)).  This  indicates  that  the
corrosion  reaction  reached  equilibrium  as  CMAS  was  gradually
consumed.  Furthermore,  the  YbDS  reaction  layer  (Point  IX’)
thickened  to  approximately  10  μm,  which  is  consistent  with  the
XRD  results  in Fig.  4(b).  These  results  confirm  that  the  YbAG
surface  modification  layer  effectively  protects  the  YbMS  coating
from  recession,  thus  ensuring  its  long-term  resistance  to  CMAS
corrosion.

3.4    Recession rates during CMAS exposure
Figure 12 shows the recession rates of the coatings during CMAS
exposure  at  different  temperatures,  with  the  recession  depth
normalized  as  the  ratio  of  recession  thickness  to  as-sprayed
coating  thickness.  After  5  h  of  exposure,  the  average  recession

 

Fig. 8    Cross-sectional microstructure-modified Al-MS coating at 1400 °C for 5 h: (a, b) microstructural images and (c) corresponding element distribution maps in (b).
 

Table 4    Point elemental compositions of modified Al-MS coatings in Figs. 8−11 measured via EDS

Exposure time (h) Point
Composition (at%)

Phase
Yb Si Al Mg Ca

5
I’ 24 34 21 18 3 YbAG ss
II’ 37 2 61 — — YbAG
III’ 45 55 — — — YbDS

25

IV’ 24 35 20 18 3 YbAG ss
V’ 34 12 43 11 — YbAG ss
VI’ 36 — 64 — — YbAG
VII’ 44 56 — — — YbDS

50
VIII’ 33 7 54 6 — YbAG
IX’ 46 54 — — — YbDS
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Fig. 9    TEM analysis of recession interface of modified Al-MS coating after CMAS corrosion at 1400 °C for 5 h: (a) STEM HADDF image; (b−d) HRTEM images and
corresponding SEAD analyses of selected regions marked in (a).
 

Fig. 10    Cross-sectional  microstructure of  modified Al-MS coating after CMAS corrosion at  1400 °C for 25 h:  (a,  b)  microstructural  images and (c) corresponding
element distribution maps in (b).
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thickness  of  the  YbMS  coating  was  approximately  63%  (Fig.  5),
whereas  the  recession  thickness  of  the  modified  Al-MS  coating
was only 2% (Fig.  8).  After exposure for 25 h,  the YbMS coating
completely  dissolved  (Fig.  7),  and  the  underlying  mullite  and  Si
layers  also  disappeared.  To  maintain  consistency  with  previous
YbDS system studies, only the top layer recession was quantified.
At  this  stage,  the  recession  depth  of  the  YbMS  coating  reached
100%,  while  the  recession  thickness  of  the  modified  Al-MS
coating was 3%. Even after 50 h, with a slight increase in recession
depth to 6% (Fig. 12), the YbAG layer remained intact and tightly
adhered,  demonstrating  a  significantly  reduced  CMAS  corrosion
rate for the Al-MS coating and a corrosion life that was extended
by at least 10 times.

The  recession  data  for  the  previous  DS  and  modified  Al-DS
systems are included in Fig. 12 for comparison. To enable a direct
and  fair  comparison  of  all  the  coating  systems  (MS,  DS,  Al-MS,

and Al-DS), the recession thickness was further normalized to the
original  thickness  of  the  entire  coating.  This  dimensionless
approach  eliminates  the  influence  of  initial  thickness  variations
and accurately reflects the corrosion resistance of the material.  In
the  first  4  h,  the  corrosion  rate  of  the  YbDS  coating  was  lower
than that of the YbMS coating; after 25 h, only a thin YbDS film
remained,  and  the  Si  layer  remained  intact,  confirming  its  lower
average corrosion rate and superior corrosion resistance. Notably,
under  the  same  conditions,  the  YbAG  layer  in  the  previously
modified Al-DS coating gradually dissolved within 25 h and then
rapidly  peeled  off,  indicating  a  faster  corrosion  rate  than  that  of
the  Al-MS coating.  These  results  confirm that  Al  modification is
an effective strategy for mitigating CMAS-induced degradation of
ytterbium silicate coatings.

3.5    Mechanism of  aluminum modification  in  MS and DS
coatings

3.5.1    Microstructural differences in surface modification layers

The  corrosion  reaction  results  reveal  that  both  the  Al-modified
YbMS  (in  this  study)  and  the  Al-modified  YbDS  (in  a  previous
study  [26])  systems  follow similar  protective  mechanisms,  which
are  achieved  primarily  through  the in  situ formation  of  a  YbAG
layer.  However,  significant differences exist  in their  performance:
The  Al-YbMS  coating  results  in  a  significantly  lower  corrosion
rate  and  superior  longevity  (Fig.  12).  Despite  similar  reaction
products,  the  significant  disparity  in  performance  suggests  a
fundamental  difference  in  the  precise  nature  of  the  protective
layer.  These  differences  are  likely  attributable  to  the
microstructural  differences  resulting  from  the  distinct  crystal
structures of the YbMS and YbDS coatings.

To  clarify  the  fundamental  reasons  for  this  performance
enhancement  and  investigate  the  atomistic-level  mechanism,  a
detailed  TEM  nanoscale  characterization  was  conducted  to
compare  the  crystal  structures  and  interfacial  reaction  products
formed in  each  system,  as  shown in Fig.  13.  Notably,  the  YbAG

 

Fig. 11    Cross-sectional  microstructure of  modified Al-MS coating after CMAS corrosion at  1400 °C for 50 h:  (a,  b)  microstructural  images and (c) corresponding
element distribution maps in (b).

 

Fig. 12    CMAS  corrosion  rates  of  YbMS  (this  work),  YbDS  (Ref.  [26]),
aluminum-modified Al-YbMS (this work), and Al-YbDS (Ref. [26]) coatings at
1400 °C.
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layer  in  the  Al−MS  coating  has  a  uniform  thickness  along  the
surface  (Fig.  13(a)),  whereas  the  thickness  of  the  Al-DS  coating
varies considerably, ranging from 1−2 μm to tens of micrometers
(Fig.  13(b)).  Slices  of  the  two  surfaces  in Figs.  13(c)  and 13(d)
further  validate  this  discrepancy.  HRTEM  analysis  of  the  Al-MS
surface revealed a continuous YbAG matrix with homogeneously
dispersed  Si  (PDF#72-1088),  as  shown  in Fig.  13(e).  In  contrast,
the  Al-DS  coating  formed  a  thicker  transition  layer  comprising
two distinct  regions.  The HRTEM results  identify  the outer  dark
“clusters” as θ-Al2O3 (PDF#86-1410),  whereas  the  inner  lighter
layer  is  primarily  composed  of  the  YbMS  phase  (PDF#40-0386),
as is evident in Figs. 13(f) and 13(g). This indicates an incomplete
in  situ reaction,  as  the  coexistence  of  YbMS  and  Al2O3 phases
suggests  insufficient  thermodynamic  equilibrium.  Notably,  the
CMAS corrosion resistances of YbMS and Al2O3 are significantly
weaker  than  that  of  YbAG  [26,29].  Consequently,  the  extremely

thin YbAG zone and the incompletely reacted region in the Al-DS
modification layer collectively limit its overall resistance to CMAS
degradation.

3.5.2    Atomic-scale reactions during aluminum modification

The  crystal  structures  of  YbMS,  YbDS,  and  YbAG are  shown in
Fig. 14. YbMS in Fig. 14(a) shows monoclinic symmetry with I2/a
space groups (cell parameters a = 10.29 Å, b = 12.38 Å, c = 6.68 Å,
and β =  102.5°)  [2,30].  Each  Si  in  the  silicates  is  surrounded  by
four oxygen atoms, forming tetrahedral [SiO4]4− units. The YbMS
lattice contains only isolated [SiO4]4− tetrahedrons, each connected
to Yb3+ ions through Si−O−Yb bonds (labeled Si−Oi, marked with
red  circles  in  the  figure).  In  contrast,  the  YbDS  lattice  features  a
corner-sharing  double  tetrahedron  group  [Si2O7]6−,  with  edges
linked to Yb3+ ions, which results in a very low degree of distortion
[12]. Figure 14(c) shows the cubic lattice (space group of Ia3d) of

 

Fig. 13    Microstructure of modified layers of (a, c, e) Al-MS and (b, d, f) Al-DS coatings: (a, b) BSE-SEM cross-sectional images of two coatings; (c, d) TEM HADDF
images of two coatings; (e−g) HRTEM images of selected areas in (c) and (d).
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YbAG  garnet,  where  Al  and  O  atoms  form  two  types  of  units:
[AlO4]  tetrahedra  and  [AlO6]  octahedra  [31].  Therefore,  YbDS
contains  two  different  types  of  Si−O  bonds:  the  aforementioned
Si−Oi bond and the Si−O−Si bond in the structure (labeled Si−Oii
and marked with a black circle in the figure).

The  mean  Si−O  distance  for  both  the  isolate  [SiO4]4− and  the
double  [Si2O7]6− tetrahedron  is  1.63  Å.  However,  the  different
polarities of the linked Yb and Si atoms lead to variations in Si−O
bond  energies,  which  were  calculated  to  be  123.5  kJ∙mol−1 for
Si−Oi and 146.7 kJ∙mol−1 for Si−Oii bonds in the YbDS lattice and
127.4 kJ∙mol−1 for Si−Oi in the YbMS lattice, as shown in Fig. 15.
Notably,  the  difference  in  Si−Oi bond  energies  between  the  two
lattices arises from the longer Yb−O length in YbMS (2.33 Å) than
in  YbDS  (2.24  Å).  The  calculated  bond  energy  of  Al−O  in  the
Al2O3 lattice  is  171.7  kJ∙mol−1,  which  is  lower  than  that  of  the
Yb−O  bonds  in  silicates  (264−266  kJ∙mol−1),  indicating  a  lower
tendency  for  Al  to  interact  with  Yb−O  bonds.  Although  the
energy  of  the  Al−O bond is  significantly  greater  than that  of  the
Si−Oi bond, the difference is not significant compared with that of
the Si−Oii bond, indicating a preferred interaction of Al with Si−O
bonds, especially the Si−Oi bond.

It  has  been  reported  that  the  standard  reduction  potential  of
Al3+→Al is −1.66 V, whereas that of Yb3+→Yb is −2.37 V, the latter

 

Fig. 14    Crystal structures of (a) X2-YbMS, (b) β-YbDS, and (c) YbAG, where blue atoms are Si, pink atoms are O, gray atoms are Yb, and green atoms are Al.
 

Fig. 15    Calculated  bond  energies  of  Si−Oi,  Si−Oii,  and  Yb−O  in  YbMS  and
YbDS lattices, along with Al−O in the Al2O3 lattice.
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being  more  negative  [32].  These  findings  demonstrate  that  the
reducing power of Al is insufficient to directly reduce Yb3+.

Accordingly,  it  can  be  inferred  that  the  most  likely in  situ
reactions in the YbMS system are as Reactions (1) and (2):

4Al+ 3Yb2SiO5 → 2Al2O3 + 3Yb2O3 + 3Si (1)

5Al2O3 + 3Yb2O3 → 2Yb3Al5O12 (2)

In the YbDS system, Reaction (3) may also occur:

4Al+ 3Yb2Si2O7 → 3Yb2SiO5 + 2Al2O3 + 3Si (3)

The activation energies of the formation of YbAG from YbMS
and  YbDS  are  calculated  to  be  6.13  and  8.24  eV,  respectively,
indicating  a  higher  energy  barrier  for  the  reaction  from  YbDS.
This  phenomenon  can  be  attributed  primarily  to  the  abundant
Si−Oii bonds in the YbDS lattice,  which significantly increase the
activation energy threshold of the reaction. The observation of Si,
YbMS,  and  Al2O3 phases  in  the  modified  layers  of  both  systems
(Fig.  13)  also  validates  the  proposed  reactions.  Additionally,  the
presence  of  di-pyramidal  groups  in  YbDS  leads  to  a  more
complex  network  structure.  This  increased  structural  complexity
is  likely  responsible  for  its  superior  stability  during  modification
compared with YbMS.

The  above  reaction  mechanisms  can  also  be  explained  on  the
basis  of  the  Yb2O3−SiO2−Al2O3 ternary  phase  diagram  [26],  as
shown  in Fig.  16.  When  Al2O3 reacts  with  YbMS  and  YbDS  in
equilibrium  (essentially  a  chemical  reaction  between  the  three
oxides),  the  phase  composition  of  the  system  evolves  along  the
two  red  lines  marked  in Fig.  16.  However,  when  metallic  Al  is
used  as  a  reactant,  it  first  undergoes  redox  reactions  with  YbMS
and  YbDS,  i.e.,  Reactions  (1)  and  (3),  resulting  in  the  system
composition  being  derived  from  the  red  equilibrium  reaction
lines.  These  redox  reactions  increase  the  contents  of  Yb2O3 and
Al2O3 in  the  system,  thus  shifting  the  phase  compositions
downward  to  the  left  in  the  diagram.  According  to  the  actual
phase composition, the products of the YbMS system are located
primarily  in  the  red  shaded  region  and  are  predominantly
composed of the YbAG phase. In contrast, the YbDS system first
generates  YbMS,  which  undoubtedly  causes  the  reaction  to
deviate  further  from  the  equilibrium  state.  An  enrichment  of
incompletely  reacted  YbMS  and  Al2O3 phases  appears  in  the

transition  layer.  Consequently,  the  complexity  of  the in  situ
reaction in the YbDS system limits the distribution uniformity of
the  thickness  and  phase  of  the  modification  layer,  further
compromising the stability of the modified layer when in contact
with CMAS.

The absorption behavior of aluminum on the YbMS and YbDS
surfaces  is  another  critical  factor  accounting  for  their  divergent
modification behaviors. The absorption energies of the aluminum
atoms  on  the  (100)  crystal  faces  of  YbMS  and  YbDS—with  the
lowest  energy  and  therefore  the  predominant  orientation  during
crystal growth—were calculated.

Three independent systems were fully geometrically optimized:
(1)  energy  of  the  pure  YbMS  model  (Es−m)  and  the  pure  YbDS
model  (Es−d);  (2)  energy  of  the  isolated  three-atom  aluminum
model (EAl); and (3) energy of the Al-bounded YbMS mode (Et−m)
and the the Al-bounded YbDS model (Et−d).

The  absorption  energy  (Eads)  is  determined  as Eads = Et − Es−
EAl.  The  calculated  values  for Es−m, Es−d, EAl, Et−m,  and Et−d were
7.13,  5.49,  1.66,  7.37,  and  5.86  eV,  respectively.  Accordingly,  the
absorption  energies  of  aluminum  on  the  YbMS  and  YbDS
surfaces were determined to be −1.42 and −1.29 eV, respectively.

A  negative  absorption  energy  indicates  that  the  adsorption
process  is  exothermic  and  thermodynamically  favorable.  The
more negative the absorption value is, the stronger the adsorption.
The adsorption energy of YbMS is significantly lower than that of
aluminum,  suggesting  that  YbMS  has  a  stronger  affinity  for
aluminum, which facilitates subsequent chemical reactions during
modification.

3.6    Corrosion  resistance  mechanism  of  aluminum-
modified coatings

3.6.1    CMAS-induced corrosion reactions

Notably,  significant  corrosion  occurred  between  YbMS  and
CMAS despite the melt’s low Ca2+ content. The reaction products
were  identified  as  YbDS,  garnet  and  its  solid  solutions  via  XRD,
EDS,  and TEM (Figs.  5−7).  It  can  be  inferred  that  partial  YbMS
first  reacts  to  form  YbDS,  followed  by  silicate  garnet
formation—which is consistent with previous studies.  MgO- and
Al2O3-rich melts favor garnet over apatite formation in RE silicate
systems, particularly in systems with smaller RE3+ ions such as Yb3+

[1,12].  The  Yb2O3 phase  in  the  top  layer  reacts  with  alumina  to
form  Yb3Al5O12 garnet  [33−35],  which  can  be  described  by  the
following chemical reactions between the MS coating and CMAS
melt (Reactions (4)−(6)):

2.5Yb2SiO5 + 3MgO · 3.5Al2O3 · 2.5SiO2(melt) →
Mg3Al2(SiO4)3 + Yb3Al2(AlO4)3 + Yb2Si2O7 (4)

3Yb2O3 + 5Al2O3(melt) → 2Yb3Al2(AlO4)3 (5)

Yb2SiO5 + SiO2(melt) → Yb2Si2O7 (6)

Initially, cation dissolution and reactions occur at the interface,
mainly  through  atomic  interactions.  The  cations  in  the  coating
(Yb3+ and  Si4+)  dissolve  into  the  melt,  whereas  the  cations  in
CMAS  (Al3+,  Mg2+,  and  trace  amounts  of  Ca2+)  diffuse  into  the
coating. This interdiffusion creates a locally supersaturated region
at the interface, where the chemical potential favors the nucleation
of  the  silicate  garnet  phase,  alumina  garnet,  and  their  solid
solutions  in  the  YbMS  system.  As  the  corrosion  time  increases
and  the  concentration  of  reactive  cations  (Al3+)  decreases,
Reactions  (4)  and  (5)  gradually  reach  equilibrium.  The  residual

 

Fig. 16    Ternary phase diagram of Yb2O3−SiO2−Al2O3 system.
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melt maintains a high SiO2 concentration, sustaining its corrosive
potency. YbMS dissolution and Reaction (6) became dominant, as
shown in Fig. 7. This confirms that RE DS exhibit superior CMAS
resistance  stability  compared  with  their  MS  counterparts  [36].
Thermodynamically,  YbMS  demonstrates  high  reactivity  with
CMAS,  hindering  the  formation  of  a  dense  refractory  product
layer.  This  inherent  limitation  leads  to  its  continuous  and  rapid
corrosion when exposed to CMAS melt at elevated temperatures,
as  the  lack  of  a  protective  layer  allows  the  melt  to  penetrate
unimpeded and undergo phase decomposition.

The  corrosion  mechanism  of  YbAG  garnet  with  CMAS  has
been described in  detail  in  our  prior  studies.  The preconstructed
YbAG layer  prevents  the interaction between YbMS and CMAS.
Active  Mg2+ cations  substitute  for  Yb3+ in  the  lattice,  whereas  Si4+

replaces Al3+ to maintain charge balance, thereby forming a garnet
solid solution. Garnet crystal  structures have a solubility limit for
corrosive elements such as Ca2+, Mg2+, and Si4+. The solubility limit
of Ca2+ in YAG is approximately 0.065%±0.015% at 1700 °C [37].
At 1400 °C, the solubility of Ca2+ in the YAG system is reported to
be  11  at%,  which  is  far  below the  theoretical  maximum value  of
37.5 at% [38]. Notably, the elemental composition of the reaction
products detected in this study varied widely. One product in the
YbMS  system  was  identified  as  (Yb2.48Mg0.52)(Al0.68Mg1.32)
(Si2.4Al0.6)O12 on the basis of the composition at point II in Table 3.
Additionally,  as determined from points V’ and VIII’ in Table 4,
the  products  in  the  Al-MS  system  were  (Yb2.72Mg0.28)(Al1.4Mg0.6)
(Al2.04Si0.96)O12 and  (Yb2.64Mg0.36)(Al1.88Mg0.12)(Al2.44Si0.56)O12,
respectively.  These  components  all  exhibit  charge  imbalance,
primarily due to significant measurement deviations (5%−10%) in
the EDS method [8]. Accordingly, these results suggest that garnet
crystals  can  incorporate  a  wide  range  of  elements  present  in
CMAS.

3.6.2    Atomic-scale insights into coordination changes

During the transformation from YbMS and YbDS to YbAG, the
coordination environments of all the cations (Yb, Si, and Al) and
anions (O) undergo significant changes, as indicated in Fig. 14.

First,  both YbMS and YbDS have irregular and low-symmetry
coordination for Yb3+. YbMS has two distinct Yb sites with mixed
coordination numbers (CNs) between 6 and 8, forming distorted
polyhedra and octahedra, whereas YbDS typically has Yb3+ with 6
or 7 coordination, which is also uneven and distorted [2,12]. The
YbAG  structure  is  highly  symmetric.  All  Yb3+ ions  exclusively
occupy  dodecahedral  sites  and  are  regularly  coordinated  with  8
oxygen atoms.  Therefore,  the coordination environment of  Yb is
completely  transformed  from  a  mixed,  irregular,  low-symmetry
state  (CN  =  6,  7,  or  8)  to  a  uniform,  regular,  high-symmetry
dodecahedron state (CN = 8).

Second,  isolated  silicate  units  exist  in  the  YbMS  and  YbDS
structures,  where  Si4+ is  always  in  4-coordination.  In  YbAG,  Al3+

replaces  Si4+,  forming  two  distinct,  interconnected  coordination
environments:  [AlO4]  tetrahedra (CN = 4)  and [AlO6]  octahedra
(CN  =  6)  [31].  These  tetrahedra  and  octahedra  share  oxygen
vertices,  creating  a  complex,  continuous,  and  robust  three-
dimensional  network.  Therefore,  the  silicate  structure  evolves
from  discrete,  isolated  units  (single  or  paired  tetrahedra)  into  a
continuous  3D  framework  of  interconnected  [AlO4]  tetrahedra
and [AlO6] octahedra. This interconnected network is a key factor
in the superior stability of the YbAG structure.

Finally,  the  oxygen  ion  coordination  of  YbMS  and  YbDS  is
complex and nonuniform. Some oxygen atoms are bonded to 1 Si
and 1-2 Yb, whereas others are connected only to 2 Yb. YbDS also
has an oxygen bridging two Si atoms. The average CN is relatively

low,  typically  2  or  3.  In  the  YbAG  garnet  structure,  the  oxygen
coordination  is  highly  regular  such  that  every  single  O2− ion  is
simultaneously  bonded to  1  Yb (at  a  dodecahedral  site),  1  Al  (at
an  octahedral  site)  or  1  Al  (at  a  tetrahedral  site).  This  gives  it  a
consistent  CN  of  4.  Therefore,  the  oxygen  environment  changes
from  a  complex,  nonuniform,  low-coordination  state  (CN  =  2
and 3) to a perfectly uniform and regular high-coordination state
(CN = 4).

In  summary,  the  collective  transformation—where  all  cations
and  anions  move  into  highly  symmetric,  regular,  and  more
interconnected  coordination  environments—is  the  fundamental
reason  why,  compared  with  YbMS  and  YbDS,  YbAG  is  more
thermodynamically and chemically stable.

3.6.3    Superior  resistance  mechanism  of  the  aluminum-modified
MS coating

The  interaction  diagram  of  the  two  coatings  during  CMAS
exposure is shown in Fig. 17. In the YbMS system, Ca-lean CMAS
exhibited  strong  corrosion  activity  toward  silicate  components.
The mobility of CMAS elements follows the order Mg2+ > Ca2+ >
Al3+ > Si4+ on the basis of bond strength and coordinate numbers
[8].  High  concentrations  of  Mg2+ and  Al3+ promote  the
transformation  of  YbMS  to  garnet,  leading  to  volume  shrinkage
[26].  Therefore,  the  garnet  layer  formed  on  the  YbMS  corroded
surface  is  porous  and  loose  (Fig.  5),  making  it  ineffective  in
preventing further penetration of melt.

Additionally,  the  as-deposited  YbMS  coating  contains
numerous  interconnected  microcracks  and  pores,  which
accelerate  melt  penetration  into  the  underlying  layer  and
ultimately result in complete corrosion.

Garnet also became destabilized with the addition of MgO and
SiO2.  High concentrations  of  Mg2+ and Si4+ attack  garnet  crystals,
forming  solid  solutions  that  compromise  their  stability.  This
destabilization occurred as Yb3+ was replaced by Mg2+,  along with
the  substitution  of  Al3+ by  Si4+.  Since  SiO2,  MgO,  and  CaO  are
commonly used as sintering aids for YAG ceramics, they promote
sintering  by  forming  low-melting  transient  phases  [32,39].  As  a
result,  corrosive  elements  accumulate  at  the  grain  boundaries,
lowering the melting point and accelerating the dissolution of the
coating  material.  The  composition  equilibrium  of  the  corrosion
products  is  highly  complex  [18],  and  further  investigation  is
needed  to  fully  understand  the  CMAS  corrosion  mechanism  of
these  coatings.  However,  these  initial  findings  indicate  that  the
high  corrosion  reactivity  of  YbMS  coatings  and  increased  melt
penetration  significantly  contribute  to  their  premature  failure  in
CMAS environments.

The viscosity of a melt significantly affects its permeability and
is strongly dependent on its oxide composition. Reducing the SiO2
content  from  approximately  60  to  approximately  50  mol%
resulted in a decrease in the melt viscosity from 3100 to 340 poise,
a reduction of nearly an order of magnitude [38]. Considering the
continuous  corrosion  reactions  and  solid  solution  formation  in
the  YbMS  system  (Reactions  (4)−(6)),  the  consumption  of  SiO2
may be even greater, which could further lower the melt viscosity,
making it easier to penetrate into the coating and thus leading to
deeper  corrosion  depths.  The  dense  and  uniform  YbAG  layer
preformed by aluminum modification acts as a physical shield for
the YbMS coating.  Consequently,  the consumption of  SiO2 from
the melt is significantly reduced. Additionally, the Si released from
YbMS during the modification (based on Reactions (1) and (3)) is
subsequently  oxidized  to  SiO2 within  the  high-temperature
oxygen-rich  environment  and  dissolves  into  the  CMAS  melt,
which  substantially  increases  the  viscosity  of  the  melt.  The
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resulting  viscous  melt  has  drastically  reduced  fluidity  and
permeability.

Furthermore,  the  modification  process  eliminates  rapid
penetration  pathways,  such  as  interconnected  microcracks  and
pores [18,21,40]. Although YbAG reacts chemically with the melt
to  form  solid  solutions  and  gradually  dissolves,  this  process  is
highly  dependent  on  the  oxide  content  of  the  residual  melt  and
rapidly  reaches  equilibrium.  After  50  h  of  exposure,  the  surface
YbAG layer showed only minor degradation, with the underlying
structure  remaining  dense  and  continuing  to  provide  effective
protection for the YbMS coating.

4    Conclusions
An  aluminum  surface  modification  strategy  was  proposed  to
increase  the  CMAS  corrosion  resistance  of  YbMS  coatings.  The
CMAS corrosion behavior and mechanisms of the as-sprayed MS
and  modified  Al-MS  coatings  were  systematically  investigated  at
1400 °C for 5, 25, and 50 h, respectively. Key findings include the
following:

1)  YbMS  readily  reacts  with  CMAS,  forming  garnet  and  its
solid  solutions,  leading  to  complete  dissolution  of  the  coating
materials  within  25  h  at  1400  °C,  resulting  in  inferior  corrosion
resistance than that of YbDS.

2)  Interconnected  microcracks  and  pores  in  as-deposited
coatings  serve  as  rapid  penetration  pathways  for  CMAS,
promoting  deep  melt  infiltration  and  accelerating  premature
failure.

3)  Aluminum  modification  effectively  seals  fast  penetration
channels  and  forms  a  uniform,  stable  YbAG  surface  layer.  This
barrier  prevents  direct  YbMS-CMAS  contact  and  increases  the
melt viscosity, extending the coating life by at least 10 times.

4)  The  lower  formation  energy  of  YbAG  from  YbMS,
combined  with  its  greater  negative  adsorption  energy  relative  to
that of YbDS, promotes a more complete reaction, which leads to
the  development  of  a  highly  uniform  YbAG  layer  and,  in  turn,
provides enhanced protection.

These  findings  validate  aluminum  surface  modification  as  a

viable strategy to improve the long-term durability of YbMS EBCs
in CMAS-rich environments.
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