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Abstract
Phase stability, thermal properties, and calcium–magnesium–alumina–silicate
(CMAS) resistance of LuPO4 at 1300◦C, 1400◦C, and 1500◦C were studied to
evaluate its potential as an environmental barrier coating (EBC) for SiC-based
ceramic-matrix composites (CMCs). Its coefficient of thermal expansion (∼5.69×
10−6◦C−1) is close to that of SiC-based CMCs. At 1300◦C, a dense reaction layer of
Ca8MgLu(PO4)7 forms and inhibits CMAS penetration; however, no such layer
forms at 1400◦C and 1500◦C, leading to CMAS infiltration along grain bound-
aries. Prolonged (45 and 96 hours) CMAS corrosion of LuPO4 at 1300◦C showed
the formation of a disilicate (Lu2Si2O7) phase along with Ca8MgLu(PO4)7.
A multicomponent rare earth phosphate (Lu0.2Yb0.2Er0.2Y0.2Gd0.2)PO4 shows
improved CMAS resistance at 1400◦C due to higher grain boundary stability
and slower dissolution rate of rare earth elements into molten CMAS than
single component rare earth phosphate. The mechanisms of CMAS corro-
sion and the kinetics of the formation of protective reaction layers in LuPO4

and (Lu0.2Yb0.2Er0.2Y0.2Gd0.2)PO4 were elucidated. Multicomponent design is
needed to increase grain boundary stability and reduce dissolution rate into
molten CMAS for REPO4-based EBCs.
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1 INTRODUCTION

The increasing demand for more powerful, higher fuel-
efficient, and environment-friendly gas turbine engines for
aerospace and energy generation applications requires the
development of new materials/technologies.1–3 Ni-based
superalloys have been used in the gas turbine engine’s hot
section, and under a harsh environment, water vapor, a
byproduct of fuel combustion, along with residual oxy-
gen from the combustion process, readily oxidize the
engine’s components under operation conditions.4,5 Due
to an increase in the operating temperature of gas turbine

engines, Ni-based superalloys are incompatible because
their melting temperature is close to the engine’s oper-
ating temperature. SiC/SiC ceramic matrix composites
(CMCs) are the most promising material to fill this gap
due to their outstanding properties, such as exceptional
mechanical properties, low density, and high-temperature
performance.6,7 CMCs provide an increased operating
temperature and higher strength than Ni-based superal-
loys at high temperatures.8 They show good oxidation
and corrosion resistance at high temperatures under clean
and dry oxygen environments due to the formation of
a protective SiO2 layer. However, in the presence of
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calcium–magnesium–alumina–silicate (CMAS) and water
vapor at high temperatures, CMCs degrade slowly.9,10 To
protect the surface of CMCs at high temperatures, envi-
ronmental barrier coatings (EBCs) were introduced11–14 in
order to extend their service life. EBC candidates typically
require high-temperature stability, matched coefficients
of thermal expansion (CTEs) with CMCs, low thermal
conductivity, and high CMAS and water vapor corrosion
resistance.3,15,16
Potential candidates for the EBC application are rare

earth elements-containing materials due to their excellent
properties. The current generation EBCs are rare earth
silicates (mono- or disilicates) such as lutetium and ytter-
bium silicates.17–20 Di-silicate materials such as Lu2Si2O7
(CTE ∼3.8 × 10−6 K−1 in temperature range 473–1773
K) and Yb2Si2O7 (CTE ∼4.1. × 10−6 K−1 in temperature
range 293–1723 K) have CTEs that closely match with
that of the SiC–CMC substrate, but monosilicates such
as Lu2SiO5 (CTE ∼7.2 × 10−6 K−1 in temperature range
473–1623 K) and Yb2SiO5 (CTE ∼7.2 × 10−6 K−1 in tem-
perature range 473–1623 K) have higher CTEs.21,22 A study
by Nasiri et al. highlighted that rare earth mono-silicates
RE2SiO5 (RE = Y, Yb, Er, and Lu) had great potential for
the topcoat of EBCs after studying their thermal properties
such as CTE and thermal conductivity.22 The main draw-
back is that mono- or disilicate EBCs suffer from water
vapor corrosion at 1200◦C due to the volatility of the reac-
tion product silica at high temperatures.8 CMAS corrosion
is another hurdle for rare earth silicates as EBCs. Dur-
ing the landing and takeoff, CMAS occurs when engines
ingest environmental debris such as volcanic ash, sand,
and dust.19 CMAS reacts with rare earth silicates at high
temperatures, forming unfavorable new crystalline phases
with high CTEs and low stability that are undesirable for
EBC applications.2,23–25
Recently, rare-earth phosphates (REPO4) have been

explored as new EBCs as they show suitable properties,
such as high melting temperature, low thermal conductiv-
ity, matched CTEs close to SiC-CMCs, high-temperature
phase stability and good CMAS and water vapor resis-
tance at high temperatures.26–29 Han et al. investigated
themechanical and thermophysical properties of xenotime
rare earth phosphates REPO4 (RE = Lu, Yb, Er, Y, and
Sc),26 and proposed that these materials are suitable for
the topcoat of EBC materials. Wang et al. investigated the
high-temperature thermomechanical properties andwater
vapor corrosion of yttrium phosphate (YPO4), which dis-
plays a similar CTE to SiC–CMCs, and good water vapor
resistance at 1350◦C due to the absence of Si-O bonds.30
Hu et al. investigated the interaction of LuPO4 with CMAS
at 1300◦C and found that a dense and continuous reaction
layer formed at the CMAS/LuPO4 interface.15 Recently,
Ridley et al. investigated the thermomechanical properties

and thermochemical stability of YbPO4. They also car-
ried out CMAS tests at 1300◦C for 4, 24, and 96 hours
and observed the formation of a reaction layer at the
CMAS/YbPO4 interface.31 None of the above studies tested
CMAS corrosion of REPO4 at high temperatures (1400◦C
and 1500◦C).
With the gas inlet temperature of gas turbine engine

increasing up to 1773 K,5,32 the next-generation EBC mate-
rials need good stability and CMAS corrosion resistance
at higher temperatures.32 In the past decade, the CMAS
corrosion resistance of mono- and disilicate materials
at high temperatures (1400◦C and 1500◦C) have been
investigated.19,20,33–35 For example, Zhao et al. compre-
hensively investigated the CMAS corrosion behavior of
ytterbium monosilicates (Yb2SiO5) at 1400◦C and 1500◦C
for different durations (5, 25, and 50 hours).20 Their
study showed that at 1400◦C, a continuous reaction layer
Ca2Yb8(SiO4)6O2 tended to form at the CMAS/Yb2SiO5
interface, which effectively inhibited molten CMAS pen-
etration into Yb2SiO5. However, at 1500◦C, a dense and
continuous layer could hardly form, limiting the protec-
tive capabilities of Yb2SiO5. Wiesner et al. studied CMAS
corrosion of yttriumdisilicate (Y2Si2O7) at 1200◦C, 1300◦C,
1400◦C, and 1500◦C for 20 hours in air. They found that
oxyapatite silicate Ca2Y8(SiO4)6O2 phase formed by the
dissolution of Y2Si2O7 into molten CMAS and reaction
with CaO at all temperatures, but Y2Si2O7 does not appear
to adequately arrest CMAS attack through the forma-
tion of a reaction layer at 1400◦C and 1500◦C for 20 h.24
Sun et al. studied high-temperature CMAS resistance of a
multicomponent β-(Er0.25Tm0.25Yb0.25Lu0.25)2Si2O7 disili-
cate at 1400◦C and 1500◦C and showed enhanced CMAS
corrosion resistance as compared with single compo-
nent disilicates (γ-Y2Si2O7, β-Yb2Si2O7, and β-Lu2Si2O7).35
Recently, Bryce et al. studied the CMAS (40CaO–5MgO–
5AlO1.5–50SiO2) corrosion resistance of a high entropy rare
earth phosphate (Lu0.2Yb0.2Er0.2Y0.2Gd0.2)PO4 at 1300◦C–
1500◦C.11 They observed the formation of a reaction layer
at 1300◦C and 1400◦C, which halts the CMAS pene-
tration up to certain limits. At 1400◦C, the reaction
layer was not homogenous, and its thickness was 20 to
90 µm. However, at 1500◦C, CMAS penetrates into the
bulk pellet via grain boundaries.11 CMAS corrosion resis-
tance at high temperatures of 1400 or 1500◦C is essential
for the performance of silicate and phosphate materi-
als as potential EBCs. To the best of our knowledge,
there are no reports on the CMAS corrosion of single-
component xenotime rare earth phosphate at temperatures
higher than 1300◦C. Hence, the corrosion mechanism
and reaction product against molten CMAS corrosion
at higher temperatures (i.e., 1400 and 1500◦C) remain
unclear. In thiswork,we carried out CMAS (33CaO-9MgO-
13AlO1.5-45SiO2) corrosion tests at 1300–1500◦C for various
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durations to understand the reaction mechanism and the
interfacial layer formation in LuPO4 in order to evalu-
ate its corrosion resistance at higher temperatures and
explore its potential as a new EBC. The CMAS corro-
sion of (Lu0.2Yb0.2Er0.2Y0.2Gd0.2)PO4 was also tested at
1400◦C for 5 hours to compare its performance with
single-component LuPO4.
In this work, LuPO4 powders were synthesized via the

chemical co-precipitation and calcination process and con-
solidated into dense pellets by spark plasma sintering
(SPS). Its structure, thermal stability, CTE, and thermal
conductivity were characterized. The CMAS resistance
of the SPS-densified LuPO4 sample was investigated at
1300◦C for 5, 45, and 96 hours, at 1400◦C for 5 hours,
and at 1500◦C for 1 and 5 hours. For a direct compar-
ison, CMAS resistance of (Lu0.2Yb0.2Er0.2Y0.2Gd0.2)PO4
was performed at 1400◦C for 5 hours using the same
CMAS (33CaO–9MgO–13AlO1.5–45SiO2) composition as
for LuPO4. Post-corrosion characterizations were carried
out to analyze the reaction products, the interfacial layer
growth rate, and mechanisms. The primary objective of
this study is to understand the CMAS corrosion at high
temperatures in single and multicomponent rare earth
phosphate and leverage this knowledge to improve the
design of REPO4 as an EBCmaterial at high temperatures.

2 MATERIALS ANDMETHODS

2.1 Material preparation

Xenotime-type LuPO4 was prepared by chemical copre-
cipitation and annealing techniques. Lu2O3 (99.99%, Alfa
Aesar), 70 wt% HNO3 and 85 wt% H3PO4 were used as ini-
tial feedstockmaterials. Two chemical reactions took place
during the synthesis, as follows.

Lu2O3 (s) + 6HNO3 (1) → 2Lu(NO3)3(aq) + 3H2O (1)

(1)

Lu(NO3)3 (aq) + H3PO4 (l) → LuPO4 (aq) + 3HNO3 (l)

(2)

Lu2O3 powders were added to the DI water with excess
HNO3 mixture solution, and the solvent mixture was
stirred at 400◦C for 5 hours to obtain Lu(NO3)3, fol-
lowed by the addition of H3PO4 to reduce Lu(NO3)3
to LuPO4 ultimately. White precipitate LuPO4 powders
were filtered and washed in DI water several times and
dried overnight at 90◦C in a box furnace. The prepared
LuPO4 powders were calcined at 1000◦C for 12 hours
and ground via an agate mortar and pestle into fine
powders for sintering.11 The details of the synthesis of

(Lu0.2Yb0.2Er0.2Y0.2Gd0.2)PO4 can be found in our previ-
ously published article.11

2.2 LuPO4 sintering

LuPO4 pellets were sintered in an Ar environment using
a SPS (Model 10 - 3 SPS system, Thermal Tech. LLC). 1
gram of calcined powders were put in a 10 mm diameter
graphite die, and a 0.2 mm thick graphite foil was used to
act as a physical barrier between the graphite die and the
powders. LuPO4 pellets were sintered at 1500◦C for 5 min
with a heating rate of 200◦C min−1 at 50 MPa. After that,
the dense pellets were polished via different sizes of SiC
abrasive papers followed by colloidal silica suspension.

2.3 Phase, thermal stability, and
thermal properties characterization

Phase of LuPO4 powders and LuPO4 pellets sintered by
SPS was confirmed by the powder X-ray diffraction with
a step size of 0.013◦ by a Panalytical X′ Pert Pro sys-
tem. The phase stability of LuPO4 powders was measured
by a thermogravimetric technique using a TGA-Q50 sys-
tem (TA instruments). 30 mg of powders were placed in
an alumina crucible and heated to 1300◦C with a heat-
ing rate of 10◦C min−1 in an Ar atmosphere. The CTE of
the sintered pellet was measured by thermal dilatometry
(DIL 402 Expedis Supreme, Netzsch). A 13 mm-diameter
pellet was heated from 30◦C to 1300◦C with a heating
rate of 10◦C min−1. Further, the thermal diffusivity of the
sintered LuPO4 pellet was measured using a laser flash
apparatus (LFA) (LFA-457, Netzsch). Before this measure-
ment, a 10 mm LuPO4 pellet was polished to a mirror
finish and then homogeneously coated with a thin layer
of graphite to enhance the laser power absorption and
emissivity. The polished and graphite-coated LuPO4 pel-
let was heated from 30◦C to 1000◦C with a heating rate
of 5◦Cmin−1. The thermal diffusivity was calculated using
the Cape–Lehmann method based on a non-linear regres-
sion model.11,36 Density of the sintered LuPO4 pellet was
measured by the Archimedes method with distilled water
as the immersion medium by using an Adam analyti-
cal scale. The specific heat capacity (cp) was taken from
the reference.37 The thermal conductivity of LuPO4 was
calculated using the following equations.11

𝑘 = 𝛼𝜌𝑐𝑝, (3)

where k, α, ρ and cp represent the thermal conductivity,
thermal diffusivity, density and the specific heat capacity
of LuPO4, respectively.
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F IGURE 1 (A) X-ray diffraction patterns of LuPO4 powders (black) and sintered pellet (red), and (B) the thermogravimetric analysis
(TGA) curve of LuPO4 powders from room temperature to 1300◦C.

2.4 CMAS preparation and corrosion
tests

In the present work, CMAS composition is 33CaO–9MgO–
13AlO1.5–45SiO2 (C33M9Al13S45), which was used in
previous studies.15,20,34,38,39 The starting materials for the
synthesis of CMAS are CaO (99.99%, Sigma-Aldrich), MgO
(99.99%, Sigma-Aldrich), Al2O3 (99.99%, Sigma-Aldrich),
and SiO2 (99.9%, Alfa Aesar) according to the stoichiomet-
ric ratio. Then, the mixture was heated to 1300◦C with a
heating rate of 10◦Cmin−1 in a platinum crucible and held
for 8 hours, and then quenched in water to produce CMAS
glass. These CMAS glass were ground using an agate
mortar and pestle into fine powders. The CMAS corrosion
tests were performed at 1300◦C, 1400◦C, and 1500◦C. For
each test, 30 mg of CMAS powders were placed on top of
the sintered pellet with a diameter of 10 mm and heated
with a heating rate of 5◦C min−1 and kept at 1300◦C for
5, 45, and 96 hours, and at 1400◦C for 5 hours and at
1500◦C for 1 and 5 hours. After CMAS testing, the sample’s
morphology and phase evolution were characterized by
optical microscopy, scanning electron microscopy (SEM),
and X-ray diffraction (XRD). Cross-section analysis of the
samples by SEM was performed in order to observe the
reaction layer formation and potential CMAS penetration
into the phosphate matrix.

3 RESULTS AND DISCUSSION

3.1 XRD and TGA analysis

XRD patterns of the synthesized LuPO4 powders and
sintered pellets are shown in Figure 1A. All the diffrac-
tion peaks match those of the standard LuPO4 pattern
(JCPDS no. 01-077-8389) with a xenotime structure. The
stronger intensity of the diffraction peaks for the LuPO4

pellet as compared with the initial powders is attributed
to improved crystallinity upon SPS sintering at 1500◦C.
Typically, phase transition at high temperatures leads to
volume change, which could lead to the formation of
cracks in the coating materials. The phase stability of
LuPO4 was tested by TGA analysis. As shown in Figure 1B,
no appreciable mass loss (˂1% up to 1300◦C) was observed
during the heating process, suggesting a high thermal
stability of LuPO4.

3.2 Thermal properties of LuPO4

Thermal expansion of the SPS consolidated pellets was
measured by a dilatometry. Figure 2A,B shows the linear
expansion rate and the CTE of the LuPO4 pellet, respec-
tively. The CTE value varies from 4.2 × 10−6◦C−1 to 6.6 ×
10−6◦C−1 from 200◦C to 1300◦C, which gives an average
value 5.69 × 10−6◦C−1 in this temperature range, close to
the CTE value (5.92 × 10−6◦C−1) of LuPO4 in a previous
study.15 The CTE values reported for SiC-CMCs vary from
4.5 × 10−6◦C−1 to 5.5 × 10−6◦C−1.40 Hence, LuPO4 displays
a CTE close to that of the SiC-CMCs, which is beneficial
for reducing thermal stress between ceramic coating and
SiC–CMC substrate.
The experimentally-measured CTE values of LuPO4

(shown in Figure 2B) in the temperature range of 200◦C–
1300◦C is lower than that of monosilicates and higher
than that of disilicates.22,41,42 The temperature-dependent
thermal diffusivity of the SPS consolidated LuPO4 pellet
measured by the LFA technique from room temperature
to 1000◦C is shown in Figure 2C, and the inset shows the
specific heat of LuPO4, taken from a previous study.37 The
thermal conductivity calculated using Equation 3 is shown
in Figure 2D. Figure 2C shows that the thermal diffusivity
decreases with increasing temperature, reaching a value of
around 0.87 mm/s2 at 1000◦C. The thermal conductivity
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F IGURE 2 (A) Linear expansion rate, and (B) the corresponding coefficient of thermal expansion (CTE) of LuPO4 pellet measured from
200◦C to 1300◦C, CTEs of Lu2SiO5

22and Lu2Si2O7
41 (the dashed lines) are also included for comparison. (C) Thermal diffusivity of LuPO4

(inset is the specific heat37), and (D) thermal conductivity of LuPO4 pellet as a function of temperature.

also decreases with increasing temperature as heat trans-
fer is dictated by phonon-phonon Umklapp scattering.26
The thermal conductivity of LuPO4 at 1000◦C is 3.15 W
m−1◦C−1, which is between previously reported values of
4.8 W m−1◦C−126 and 2.2 W m−1 K−115,18,43 for LuPO4 at
1000◦C, and higher than that of Lu2SiO5 (1.72 W m−1◦C−1
at 800◦C), and Lu2Si2O7 (1.8 W m−1◦C−1 at 1000◦C).15,18,43
The above results show that the thermal conductivity of
xenotime rare earth phosphates (LuPO4) is higher than
that of mono- and di-silicate in the temperature range of
27◦C–1000◦C. The thermal conductivity of monazite phos-
phate is low relative to the xenotime rare earth phosphates
due to being more disordered at the intra-atomic length
scale than the xenotime structure. This disorder enhances
the phonon scattering in the lattice.27 Further, thermal
conductivity depends on the mass of rare earth elements,
and its value decreases with the increasing mass of rare
earth elements.26,27 In a previous study15,26 authors pre-
pared the samples using different techniques, which could
be the reason for the deviation of the thermal conductivity
value in LuPO4 samples at 1000◦C.

3.3 LuPO4–CMAS interaction at high
temperatures

Optical images of the 10 mm diameter LuPO4 pellets after
the CMAS reaction at 1300◦C, 1400◦C, and 1500◦C for var-

ious durations are shown in Figure 3. After the reaction at
1300◦C,most of theCMAS remains on the top of the LuPO4
pellet, indicating negligible penetration and volatilization
of CMAS at this temperature. However, after exposure at
1400◦C for 5 hours and at 1500◦C for 1 hour, the remain-
ing CMAS is reduced significantly, suggesting evaporation
or penetration of CMAS into the LuPO4 pellet. After the
CMAS reaction at 1500◦C for 5 hours, the LuPO4 pellet
looks very different as there is no CMAS glass remaining,
andmost CMAS penetrates throughout the pellet via grain
boundaries (see cross-section view later).
The backscattered electron cross-section SEM images of

LuPO4 pellets after the CMAS reaction at different tem-
peratures are shown in Figure 4. After the CMAS reaction
at 1300◦C, a lot of residual CMAS remains on the top of
the pellet; however, at 1400 and 1500◦C, the molten CMAS
penetrates inside the pellet much more as compared to
1300◦C. After the CMAS reaction at 1500◦C for 5 hours, no
residual CMAS can be seen on the top of the LuPO4 pellet.
The XRD diffraction patterns of the LuPO4 surface

after CMAS reaction at 1300◦C for 5, 45, and 96 h are
shown in Figure 5. The primary reaction products are
Ca8MgLu(PO4)7 and Lu2Si2O7, whose reference patterns
with PDF cards are included in Figure 5. The XRD pat-
tern after 5-h CMAS corrosion shows the formation of only
Ca8MgLu(PO4)7 phase. As the corrosion time increases
from 5 to 45 and 96 h, more peaks are observed, which
match with those of Lu2Si2O7. After 45 and 96 h of
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F IGURE 3 Optical images of 10 mm diameter LuPO4 pellets after calcium–magnesium–alumina–silicate (CMAS) reaction at 1300◦C
for: (A) 5 h, (B) 45 h, and (C) 96 h; (D) at 1400◦C for 5 h, (E) at 1500◦C for 1 h and (F) at 5 h. The scale bar is 1 mm.

F IGURE 4 Backscattered electron
cross-section SEM images of LuPO4 pellets
after calcium–magnesium–alumina–silicate
(CMAS) reaction at different temperatures for
various durations.

CMAS reaction, there may be the presence of CaAl2Si2O8,
CaMgSi2O6, and Ca2Lu8(SiO4)6O2 phases, but their ref-
erence XRD patterns overlap with some of the peaks
of Ca8MgLu(PO4)7, Lu2Si2O7 and LuPO4. The presence
of Ca8MgLu(PO4)7 and Lu2Si2O7 indicates that LuPO4
and CMAS react at 1300◦C and the reaction mechanism
changes with time.
Figure 6 shows the backscattered electron cross-section

SEM images and the corresponding energy-dispersive X-
ray spectroscopy (EDS) maps and line scan of the LuPO4

pellet after the CMAS reaction at 1300◦C for 5 hours.
Figure 6A shows the residual CMAS layer, a dense reac-
tion layer, and the bulk LuPO4 pellet. The high-resolution
SEM image shows the formation of a reaction layer with
an average thickness of approximately 13.3 ± 1.9 µm (see
Figure 6B). In both SEM images, there is a large contrast
between the reaction layer and the LuPO4 bulk pellet. Fur-
ther, a slight contrast difference is present in the reaction
layer, in which the top of the reaction layer displays a
brighter contrast than the bottom reaction layer. Few open
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F IGURE 5 X-ray diffraction (XRD) patterns of the LuPO4 surface after calcium–magnesium–alumina–silicate (CMAS) reaction at
1300◦C for 5 h (red), 45 h (green), and 96 h (blue).

pores are visible below the continuous and dense reaction
layer, as shown in the black circle in Figure 6B, indicat-
ing no CMAS between the grains. EDS maps of the LuPO4
pellet after CMAS reaction at 1300◦C for 5 h are shown in
Figure 6C, which show that no Ca penetrates along the
grain boundaries of LuPO4. EDS line scans from region
1, 2 and 3, namely the residual CMAS, reaction layer and
LuPO4, are plotted in Figure 6D, showing that negligible
amounts of Ca and Si penetrate throughout the LuPO4
matrix. The reaction layer as labeled by region 2 is enriched
with Ca and P with a small amount of Lu. In particular,
Ca and P exhibit a higher enrichment within the reaction
layer compared to its presence within the residual CMAS,
as shown in Figure 6D. Further, the concentrations of Ca
and P decrease gradually from the bottom to the top of the
reaction layer, while Lu and Si show the opposite trend,
being higher at the top and decreasing toward the bottom
region. The concentration difference results in different
contrasts across the reaction layer. The Ca- and P-enriched
phase is consistentwith the observation in theXRDpattern
shown in Figure 5, which clearly indicates the formation
of Ca8MgLu(PO4)7 phase. In the residual CMAS region
(region 1) (as shown in Figure 6D), a large amount of Ca,
and Si existwithmoderate amounts of P, andLu, indicating
the dissolution of LuPO4 in molten CMAS. The noticeable
contrast difference in Ca and Si levels on either side of
the reaction layer suggests that the penetration of CMAS
is halted to a certain extent by the continuous and dense
reaction layer of Ca8MgLu(PO4)7.15
Figure 7A,C shows the backscattered electron cross-

section SEM images of LuPO4 pellets after the CMAS
corrosion test at 1300◦C for 45 and 96 h, respectively.
Figure 7B,D are the high-resolution SEM images from the

area highlighted by the red boxes in Figure 7A,C. Simi-
lar to the 5-h CMAS corrosion, a dense and continuous
reaction layer forms between LuPO4 and residual CMAS
in both cases. However, the reaction layer consists of two
regions with different contrasts, i.e., the top part is brighter
as compared to the bottom part. This is likely due to the
concentration difference of Lu, similar to the 5-h corrosion
tested sample. After 45 h and 96 h at 1300◦C, the aver-
age thickness of the reaction layer is 33.6 ± 5.7 µm and
44.7 ± 6.2 µm, respectively. After reaction for 96 hours,
white spots are present in the dense reaction layer and
on top of the reaction layer (Figure 7C), which are not
observed in the 5- and 45-h reaction tests, and confirmed
to be Lu2Si2O7 as evidenced by XRD patterns shown in
Figure 5. The EDS maps of LuPO4 pellet after CMAS reac-
tion at 1300◦C for 45 hours are shown inFigure 7E. The line
scan along the vertical yellow line (in Figure 7F) shows that
the reaction layer is highly enriched with Ca and P, and a
relatively small amount of Lu and Si are present. Similar
to the 5-h corrosion test, the concentrations of Ca and P
are higher at the bottom of the reaction layer, decreasing
gradually to the top of the reaction layer. In contrast, the
concentration of Lu and Si is higher at the top of the reac-
tion layer, decreasing towards the bottom of the reaction
layer. The open pores are clearly visible below the continu-
ous and dense reaction layer, as shown in the black circles
in Figure 7B,D, suggesting no CMAS between the grains.
This indicates that the dense and continuous reaction layer
slows down the CMAS penetration to a certain extent in
the bulk LuPO4 pellet. After 45 and 96 h of CMAS corro-
sion, the LuPO4 substrate maintains its structural integrity
beneath the reaction layer, suggesting the high resistance
of LuPO4 against CMAS corrosion at 1300◦C.

 15512916, 2025, 3, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.20251 by Jie Lian - R
ensselaer Polytechnic Institute , W

iley O
nline Library on [09/06/2025]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



MAJEE et al. 8 of 16

F IGURE 6 (A) Low and (B) high magnifications (area marked by the red box in (A)) of SEM backscattered electron images of the
cross-section of the LuPO4 pellet after calcium–magnesium–alumina–silicate (CMAS) reaction at 1300◦C for 5 h, and (C) energy-dispersive
X-ray spectroscopy (EDS) elemental maps, and (D) EDS scan along the vertical yellow line traversing regions 1, 2 and 3 marked by yellow
circles in (C).

The thickness of the reaction layer gradually increases
with the reaction time, as shown in Figures 6B, and 7B,D.
The growth of the interfacial layer could be due to the
reaction between the phosphate matrix and the molten
CMAS penetrated through the dense reaction layer with
reduced kinetics, or at the expense of the CMAS already
penetrated during the shorter duration at the beginning of
the reaction. At 1300◦C, the reaction layer thickness grows
with time. However, the growth rate of the reaction layer
reduces with increasing corrosion durations. This is sub-
stantiated by a 29% reduction in growth observed from
45 to 96 h when compared to the growth between 5 and
45 h. This demonstrates that the compact and continu-
ous reaction layer can impede the penetration of CMAS
into LuPO4. The average thickness of the reaction layer
between LuPO4–CMAS interaction at 1300◦C is plotted
against the square root of time in Figure 8. A linear rela-

tion between the reaction layer and the square root of time
can be identified with a rate constant of 4.2± 0.2 µmh−0.5.
This linear correlation indicates that a diffusion-controlled
mechanism likely governs the interfacial layer’s growth
during the CMAS reactionwith the phosphatematrix. Pre-
viously, the rate constants for the interfacial layer growth
in LuPO4 and YbPO4 after reaction with the same com-
position of CMAS at 1300◦C were reported to be 5.3 and
5.0 µm h−0.5, respectively.15,31
To further evaluate the potential of LuPO4 as an EBC at

higher temperatures and understand the reaction mecha-
nisms, CMAS-LuPO4 interaction behavior was studied at
1400◦C and 1500◦C. Figure 9 shows the XRD patterns for
the LuPO4 pellet after the CMAS reaction at 1400◦C for 5 h
and 1500◦C for 1 h and 5 h, respectively. After 5 h of CMAS
reaction at 1400◦C, the diffraction peaks indicate the for-
mation of Lu2Si2O7, andCaMgSi2O6.However, after 1 hour
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9 of 16 MAJEE et al.

F IGURE 7 Backscattered electron SEM cross-section images of LuPO4 pellets after calcium–magnesium–alumina–silicate (CMAS)
reaction at 1300◦C for: (A) 45 h and (C) 96 h, and high-resolution SEM image and reaction layer thickness (B) for 45 h and (D) for 96 h, (E)
energy-dispersive X-ray spectroscopy (EDS) elemental maps of LuPO4 pellets after CMAS reaction at 1300◦C for 45 h, and (F) EDS scan along
the vertical yellow line traversing regions 1, 2 and 3 marked by yellow circles in (E).

at 1500◦C, the XRD pattern shows small extra peaks apart
from pure LuPO4 and these small peaks are attributed to
CaMgSi2O6 (the intensity of peaks multiplied by 5 to make
those small peaks visible). After 5 h at 1500◦C, no extra
peaks from any secondary phases can be observed in the
XRD pattern. Different phase behaviors suggest a change
in the reaction mechanisms between LuPO4 and CMAS

at 1300◦C, 1400◦C, and 1500◦C with time, which will be
discussed in detail later.
The backscattered electron cross-sectional SEM images

of LuPO4–CMAS interface at 1400◦C for 5 h shows no
reaction layer formed (see Figure 10A), consistent with
the XRD pattern in Figure 9 without the formation of
Ca8MgLu(PO4)7 phase. As there is no reaction layer at
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MAJEE et al. 10 of 16

F IGURE 8 Average reaction layer thickness versus the square
root of time for LuPO4–CMAS (calcium–magnesium–alumina
–silicate) interaction at 1300◦C.

the CMAS/LuPO4 interface to halt the CMAS penetra-
tion, molten CMAS infiltrates the bulk LuPO4 pellet via
the grain boundaries, as shown in the regions marked by
red circles in Figure 10A. A higher magnification cross-
sectional SEM image in Figure 10B shows dendritic-like
grain growth over the entire residual CMAS layer. The
CMAS penetration is not restricted to a certain depth; it
penetrates to the bottom of the LuPO4 pellet, as shown
in Figure 10C. The EDS elemental maps of the cross-
section of the pellet after exposure at 1400◦C for 5 h (see
Figure 10D) show that the constituent elements (Ca, Si)
diffuse inside the LuPO4 pellet. The XRD/EDS analysis
reveals that there is amixture of Lu2Si2O7, and CaMgSi2O6
phases in the LuPO4/CMAS interfacial region.
Figure 11A,C shows the backscattered electron cross-

sectional SEM images of the CMAS/LuPO4 interface after
the CMAS reaction at 1500◦C for 1 and 5 h, respectively.
No reaction layer forms in both samples, which can be
further confirmed by the XRD patterns (Figure 9). In the
case of 1 hour reaction at 1500◦C, a crack occurs just
underneath the CMAS due to the thermal stress in the
CMAS/LuPO4 interface,20 as shown in Figures 11A, and
S1. Figure 11B is a high-resolution SEM image from the
red box highlighted in Figure 11A, showing that molten
CMAS penetrates inside the LuPO4 bulk pellet via the
grain boundaries. Similar results are observed in the sam-
ple tested at 1500◦C for 5 h, and no residual CMAS remains,
as shown in Figures 11C,D and S2. The EDS elemental
maps (Figure 11E) further confirm the presence of CMAS
in the bulk pellet. However, there is no volumetric swelling
in the bulk LuPO4, and no new phase change is observed
in XRD, as shown in Figure 9. Ca and Si are predominantly
present between the pellet grains.

3.4 CMAS corrosion mechanisms of
LuPO4 at 1300◦C, 1400◦C and 1500◦C

The dense layer formation at the interface of
CMAS/LuPO4 observed at 1300◦C mainly consists of
Ca8MgLu(PO4)7, which has a very high melting point that
halts the CMAS penetration inside the LuPO4 pellet. At
temperatures above the melting temperature (∼1235◦C)
of CMAS,15 LuPO4 dissolves into the molten glass and
reacts with the constituent elements, resulting in the crys-
tallization of Ca8MgLu(PO4)7 and di-silicate (Lu2Si2O7)
phases.15 At starting, CMAS reacted with LuPO4 and
formed Ca8MgLu(PO4)7 according to Equation 4,31 and
this phase was observed in XRD for all three durations at
1300◦C.

7LuPO4 + 8CaO +MgO → Ca8MgLu(PO4)7

+Lu-Si enriched CMAS glass (4)

The EDS image shows the presence of rare earth ele-
ments, i.e., Lu, in the residual CMAS layer after the
formation of Ca- and P-enriched Ca8MgLu(PO4)7 phase.
Prolonged durations of CMAS reaction result in the
formation of a disilicate phase (Lu2Si2O7) along with
Ca8MgLu(PO4)7, as shown in XRD results. In the pro-
longed corrosion period (for 45 and 96 h), the local Lu
and Si in the residual CMAS glass accumulate to a cer-
tain value and precipitate into the Lu2Si2O7 phase.15,31 This
compound emerges both at the uppermost surface of the
reaction layer and within the residual CMAS. Because the
interfacial region contains the highest concentration of ini-
tially dissolved Lu and P, Ca8MgLu(PO4)7 precipitation
occurs in the closest proximity to the bulk pellet, and the
dense layer formed could act as a barrier against further
CMAS interaction and infiltration.11 In other studies, simi-
lar behaviorswere also observed in LuPO4 andYbPO4 after
CMAS interaction at 1300◦C.15,31 Once the concentrations
of Lu and Si within the CMAS glass reach a specific thresh-
old, the byproduct crystallization of Lu2Si2O7 occurs,
leading to its precipitation as seen in theXRDpatterns after
45 and 96 h of CMAS reaction at 1300◦C in Figure 5. It can
also be possible that other byproducts such as CaAl2Si2O8
may form when there is some local excess Al2O3 in the
molten CMAS after CaO, MgO and SiO2 are consumed to
form Ca8MgLu(PO4)7 and Lu2Si2O7.15
After LuPO4 is exposed to CMAS at 1300◦C, a con-

tinuous, thick, and dense reaction layer form, which
mainly consists of Ca8MgLu(PO4)7 phase. For mono- or
di-silicates, the major phase formed upon the CMAS reac-
tion is Ca2RE8(SiO4)6O2.19,20,35,44 Notably, a significantly
reduced quantity of Lu is required for the formation
of Ca8MgLu(PO4)7 phase compared to Ca2Lu8(SiO4)6O2
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11 of 16 MAJEE et al.

F IGURE 9 X-ray diffraction (XRD) patterns of LuPO4 pellets after calcium–magnesium–alumina–silicate (CMAS) reaction at 1400◦C
for 5 h (red) and 1500◦C for 1 h (green) and 5 h (blue).

F IGURE 10 (A) A backscattered electron SEM image of the cross-section of LuPO4 pellets after CMAS reaction at 1400◦C for 5 h, (B) a
SEM image at a higher magnification of the area marked by the red box in (A), (C) a cross-section SEM image of LuPO4 pellet’s bottom, and
(D) EDS elemental maps of LuPO4 reaction with calcium–magnesium–alumina–silicate (CMAS) for 5 h at 1400◦C.
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MAJEE et al. 12 of 16

F IGURE 11 Backscattered electron SEM images of LuPO4 pellets after calcium–magnesium–alumina–silicate (CMAS) reaction at
1500◦C for (A and B) 1 h, (C and D) 5 h, and (E) EDS elemental maps of LuPO4 reaction with CMAS for 5 h at 1500◦C.

phase (a 32-fold difference based on the Ca:RE ratio).15
This means much more corrosion and dissolution of Lu
are required from the silicate matrix to form the Lu-
enriched oxyapatite. Further, in the LuPO4–CMAS reac-
tion, the formation of Ca8MgLu(PO4)7 phase reduces the
amount of CaO and MgO in the residual CMAS glass
by forming Ca8MgLu(PO4)7, and due to that, the viscos-
ity of melt residual CMAS glass decreases and lowers
the penetration ability of CMAS glass in the bulk pel-
lets compared to the CMAS-silicate corrosion reaction.31
The rapid formation of a dense Ca-enriched interface layer
in LuPO4 prevents further penetration of molten CMAS
and well maintains the pellet integrity without volumet-
ric swelling, clearly indicating that the resistance of LuPO4

to CMAS is higher than that of mono- and di-silicates at
1300◦C.24,25,33,39,45
At 1400◦C and 1500◦C, no reaction layers are observed

at the interface of LuPO4/CMAS. At 1400◦C, XRD/EDS
analysis indicates the presence of a mixture of Lu2Si2O7
and CaMgSi2O6 phases in the residual CMAS. The dis-
ilicate phase forms due to the precipitations of the Lu
and Si in the molten CMAS. At the higher temperature
of 1500◦C for 1 h, XRD shows the presence of CaMgSi2O6
along with LuPO4. After 5 h of CMAS corrosion at 1500◦C,
CMAS did not interact with LuPO4; instead, it passed
through the LuPO4 bulk pellets. This behavior may be
attributed to the low viscosity of molten CMAS at higher
temperatures.

 15512916, 2025, 3, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.20251 by Jie Lian - R
ensselaer Polytechnic Institute , W

iley O
nline Library on [09/06/2025]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



13 of 16 MAJEE et al.

F IGURE 1 2 X-ray diffraction (XRD) patterns of (Lu0.2Yb0.2Er0.2Y0.2Gd0.2)PO4 after calcium–magnesium–alumina–silicate (CMAS)
reaction at 1400◦C for 5 h.

3.5 Effects of temperature on CMAS
corrosion and a comparison of CMAS
corrosion tests on single component and
multicomponent phosphates

Figures 9–11 show that at higher temperatures of 1400◦C
and 1500◦C, there is no formation of the reaction layer,
and molten CMAS infiltrates inside the LuPO4 bulk pellet
via grain boundaries. XRD analysis shows the formation
of Lu2Si2O7, and CaMgSi2O6 phases after LuPO4–CMAS
interaction at 1400◦C. At 1500◦C for 1 and 5 h, LuPO4–
CMAS interactions show the formation of the CaMgSi2O6
phase and pure LuPO4, respectively. Currently, no CMAS
corrosion studies on single component rare earth phos-
phates at 1400◦C and 1500◦C are available, apart from one
multicomponent phosphate (Lu0.2Yb0.2Er0.2Y0.2Gd0.2)PO4
studied by Bryce et al. (at 1300◦C, 1400◦C, and 1500◦C).11
However, the abovementioned study tested with dif-
ferent CMAS (40CaO–5MgO–5AlO1.5–50SiO2) composi-
tions. The compositions of CMAS glass can give dif-
ferent corrosion products and reaction layer thickness.
Hence, for a direct comparison of CMAS corrosion
tests on a single component and multicomponent phos-
phates, we exposed (Lu0.2Yb0.2Er0.2Y0.2Gd0.2)PO4 to the
same CMAS (33CaO–9MgO–13AlO1.5–45SiO2) at 1400◦C
for 5 h as for LuPO4. The synthesis, characterization,
and CMAS corrosion (with a different composition) of
(Lu0.2Yb0.2Er0.2Y0.2Gd0.2)PO4 can be found in our previ-
ous study.11 Figure 12 shows the XRD pattern of the surface
layer of (Lu0.2Yb0.2Er0.2Y0.2Gd0.2)PO4 after CMAS corro-
sion at 1400◦C for 5 hours, inwhichCa8MgRE(PO4)7 phase
along with the bulk material REPO4 are observed. While

in Bryce et al.’s study of (Lu0.2Yb0.2Er0.2Y0.2Gd0.2)PO4–
CMAS (40CaO–5MgO–5AlO1.5–50SiO2) reaction at 1400◦C
for 5 h, Ca8MgRE(PO4)7 and cristobalite silica were
observed. Due to the reduced SiO2 content in the CMAS
used in the current work, the amount of SiO2 in the
residual CMAS is too low for the precipitation of the
cristobalite phase.11 The above results show that depend-
ing on the CMAS composition, different reaction products
can be observed after CMAS corrosion tests. This is very
reasonable but poses significant challenges in understand-
ing the CMAS corrosion resistance of EBCs, as CMAS
composition can vary substantially at different geologic
locations.
Figure 13 shows backscattered electron SEM images of

(Lu0.2Yb0.2Er0.2Y0.2Gd0.2)PO4–CMAS interface after the
reaction at 1400◦C for 5 h, in which a dense reaction
layer of Ca8MgRE(PO4)7 of 23.8 ± 7.2 µm in thick-
ness can be clearly seen. This is completely different
from the LuPO4–CMAS reaction at 1400◦C for 5 h
(shown in Figure 10), where no reaction layer is formed.
Figure 13C,D shows a clear infiltration front, where the
CMAS melt penetrates past the reaction layer, but stops
somewhere within the bulk pellet, as indicated by the
red dashed line below which the darker areas between
grains are no longer visible. Red circles in Figure 13B
represent the presence of CMAS below the reaction
layer. On the contrary, a complete CMAS penetration is
observed in the LuPO4–CMAS reaction at 1400◦C for 5 h.
The above observations show that multicomponent rare
earth phosphate has a better CMAS corrosion resistance
than single component rare earth phosphate at higher
temperatures.
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MAJEE et al. 14 of 16

F IGURE 13 Backscattered electron SEM images of the cross-section of (Lu0.2Yb0.2Er0.2Y0.2Gd0.2)PO4 after
calcium–magnesium–alumina–silicate (CMAS) interaction at 1400◦C for 5 h: (A) low and (B) high magnification (area marked by the red box
in (A)), (C) low and (D) high magnification images of CMAS penetrated bulk pellet of (Lu0.2Yb0.2Er0.2Y0.2Gd0.2)PO4.

CMAS corrosion tests of mono-, di- and multicom-
ponent silicates at high temperatures (1300◦C–1500◦C)
have been previously studied.11,19,34,35 For example, Tian
et al. conducted a CMAS test of γ-Y2Si2O7, β-Yb2Si2O7,
and β-Lu2Si2O7 at 1300◦C and 1500◦C for 50 h. At
1300◦C, RE2Si2O7 dissolved into CMAS and formed a
thick reaction layer. However, at 1500◦C molten CMAS
penetrated through RE2Si2O7 via grain boundaries and
blister cracks and pores were observed throughout the
pellet.34 Sun et al. reported CMAS corrosion test of β-
(Er0.25Tm0.25Yb0.25Lu0.25)2Si2O7 at 1500◦C for 4 and 50 h.
They found oxyapatite phase (Ca2RE8(SiO4)6O2) forma-
tion after CMAS reaction after 50 h, which was not
observed in single component disilicates at 1500◦C. From
the observation in rare earth disilicates and phosphates,
multicomponent materials generally show better CMAS
corrosion resistance at high temperatures as compared to
single component counterparts, likely due to the enhance-
ment of grain boundary stability and slower dissolution
rate of multicomponent materials into molten CMAS.35 In
rare earth phosphates studied in this work, there was no
volumetric swelling after the CMAS reaction at high tem-
peratures, different from that observed in silicates.34,38,39
This study shows that single component rare earth phos-
phates like LuPO4 can be promising EBC materials for
SiC-based CMCs up to 1300◦C, and the design of mul-
ticomponent rare earth phosphates is needed for EBC
applications at higher temperatures.

4 CONCLUSIONS

In this work, we synthesized LuPO4 powders via the chem-
ical coprecipitation technique and consolidated them into
dense pellets using SPS, and studied their thermal stabil-
ity, phase, and thermal properties. LuPO4 shows a high
phase stability at high temperatures and has an average
CTE value close to that of SiC-based CMCs. Resistance of
LuPO4 against CMAS corrosion was systematically inves-
tigated at 1300◦C for 5, 45, and 96 h, and at 1400◦C for
5 h, and at 1500◦C for 1 and 5 h. At 1300◦C, molten
CMAS interacts with LuPO4, forming a dense and contin-
uous Ca8MgLu(PO4)7 reaction layer, preventing the CMAS
penetration below the reaction layer. The reaction layer
thickness is observed to increase with reaction time at
1300◦C, and a diffusion-controlled mechanism is identi-
fied for the growth of the interfacial layer. At 1400◦C and
1500◦C, the molten CMAS fully infiltrates into the bulk
pellet via grain boundaries without forming a reaction
layer, but no volumetric swelling and pore formation are
observed. Compared to LuPO4, improved CMAS corro-
sion resistance at 1400◦Cwas observed inmulticomponent
rare earth phosphate (Lu0.2Yb0.2Er0.2Y0.2Gd0.2)PO4 due
to the enhanced grain boundary stability and slower
dissolution rate into molten CMAS. Further studies
are warranted to develop multicomponent rare earth
phosphates as potential EBCs for higher-temperature
applications.
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