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Environmental particulate deposits are the most severe factor causing high-
temperature corrosion failure in advanced structural materials. Yet, the pri-
mary mechanisms of molten material corrosion under extreme conditions
remain unclear, hindering the development and improvement of new crucial
corrosion-resistant materials. “Ultra-high entropy” rare earth orthophosphates
(REPOs) are one such promising class of materials. Here, we investigate the
high-temperature structural state and properties of a wide range of substitu-
tions involving 15 (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu and Y)
rare earth elements in phosphates. Using stepwise stoichiometric composi-
tional design, we aim to systematize our understanding of the corrosion
resistance behavior of these complexes RE phosphates. We observe that high
compositional complexity slows the reaction kinetics. Increasing rare-earth
ionic radius, correlates positively with the chemical inertness of the synthe-
sized material. This is overlain by phase state considerations whereby single-
phase compositions exhibit the highest corrosion resistance. In summary, we
infer that 1) the grade of complexity of rare earth mixtures; 2) the proportions
of the individual rare earths and 3) the phase state of solid solution stoichio-
metries are the key factors in determining the corrosion resistance of these
complex phosphate materials.

Advanced structural ceramics are inorganic non-metallic materials
with exceptional properties, often heralding technological
breakthroughs'=. Designed to withstand extreme mechanical and
thermal loads while maintaining outstanding stability, these materials
are crucial for aerospace propulsion and thermal protection systems®.
Ceramic materials are currently processed into core turbine compo-
nents for aircraft as well as spacecraft (including Lunar and Martian
mission applications) as (1) thermal**/environmental barrier coatings’
(T/EBCs), (2) ceramic matrix composites (CMCs)®, and (3) high-
temperature structures for spacecraft’. The extreme conditions
encountered in aerospace missions severely restrict the range of viable
materials*'. The emergence of new material design approaches (e.g.,
high-throughput computing™?) and paradigms (e.g., artificial

intelligence'*) are leading to a surge in proposed new compositions
with diverse characteristics to tackle these extreme environments.
Despite this, one of the major challenges associated with these mate-
rials - the deleterious effects of their interactions with environmental
particles” - have been largely neglected.

Particulate matter suspended in Earth’s atmosphere, includes
sand, dust, and volcanic ash, is often investigated using simplified
CMAS (Calcium-Magnesium-Alumino-Silicates)'*™® analogs. But volca-
nic ash is a multiphase assemblage of glass, several crystalline phases
(as phenocrysts, microlites, and nanolites), and salt coatings. Such
materials melt readily in high-temperature environments, subse-
quently adhering to components and causing sustained damage' 2. In
the planetary mission context, reports indicate that soil compositions
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on Lunar and Martian surfaces are also composed of very fine-grained,
highly reduced, mixtures of glasses, metals, and rock-forming miner-
als, thus presenting even more technical challenges for foreseeable
human exploration activities??*.

To counter corrosion risk, previous research has provided a ple-
thora of new candidate materials®*~. Of these, rare earth phosphates
have emerged in recent years as a class of high-temperature protective
materials and are considered one of the candidate materials for T/EBCs
due to their excellent stability and corrosion resistance* . At the
design level, compositional optimization targets a balance of overall
performance® 2,

Here, we synthesized a class of so-called “ultra-high entropy” rare
earth orthophosphates, of the following stoichiometries MPO,,
(M75 X25)POy4, (Msg Xs50)PO4, (MysX75)POy4, XPO4, where M =La, Ce, Pr,
Nd, Sm, Eu, Gd in equal amounts and X = Tb, Dy, Ho, Er, Tm, Yb, Lu, Y in
equal amounts. MPO,4, (M5 X55)PO4, and XPO, yield single phases of
monazite and xenotime structures, respectively. (Msg X50)PO4 and
(M35 X75)PO, yield two-phase mixtures of monazite + xenotime struc-
tures. Thus, the phase diagram for this multicomponent binary system
displays a solvus in which stoichiometries (Mso X50)PO4 and (M5 X7s)
PO, reside in the two-phase field. Below, we refer to all of these binary
mixtures as MXPOs.

While all MXPOs exhibit excellent high-temperature stability and
corrosion resistance, our investigation reveals that the M/X ratio sig-
nificantly qualitatively influences the corrosion behavior of the sam-
ples. Through a comprehensive analysis of factors, including
infiltration mechanisms, reaction products, and deposit typologies, we
have systematically elucidated the protective mechanisms. We provide
empirical data supporting the development of novel rare earth phos-
phates as well as a fundamental framework for optimizing their cor-
rosion resistance properties.

Results and discussion

Design concept and crystal structure

High-entropy materials often contain multiple ions in equivalent lattice
sites, and their structure tends to change with composition. To eluci-
date the influence of element types on the crystal structure and
properties of high-entropy phosphates, we divided the 15 elements
into two groups, following the observation that lanthanide rare-earth
orthophosphates exhibit two different crystal structures depending on
the ionic radius (Fig. 1a and Supplementary Fig. 5).

Using gadolinium as the “boundary element”, we categorized the
elements into two groups: (i) The M group, consisting of 7 elements
(La, Ce, Pr, Nd, Sm, Eu, Gd) with larger ionic radii, which tend to form
the monazite structure; (ii) and the X group, comprising 8 elements
(Tb, Dy, Ho, Er, Tm, Yb, Sc, Y, Lu) with smaller ionic radii, which tend to
form the xenotime structure (Fig. 1b and Supplementary Fig. 18). As
noted above the monazite structure (monoclinic, P2;/n) accom-
modates larger rare earth ions compared with the xenotime structure
(tetragonal, 14,/amd). This distorts the polyhedra in the unit cell,
resulting in lower structural symmetry. Consequently, the inherent
characteristics of the monazite structure differ from those of the more
ordered xenotime structure crystals.

We have determined the phase state of a series of MXPOs
designed by modulating the M/X element ratio. Five groups of ceramic
powders with systematically varied stoichiometric REE ratios were
selected for characterization (Fig. 1c, Supplementary Fig. 6 and Sup-
plementary Table 1-3). Regardless of how the element proportions
changed, the results indicate that no independent diffraction peaks
corresponding to starting components were observed, suggesting that
all samples had fully formed solid solutions (Fig. 1d and Supplementary
Fig. 19). As an example, M75X,sPO formed a single M phase despite the
fact that it contains 25% of X group elements (Supplementary Fig. 11).

As the M/X ratio gradually decreases, the crystal structure of the
samples exhibits a transition from single M phase to the coexistence of

multiple phases, and finally to single X phase. We note here that as where
M group elements were present, MXPOs did not form a single X phase,
indicating that larger radius ions have poor solubility in the X phase
lattice. Furthermore, the lattice constants of the X phase indicate that
M,sX5sPO is slightly smaller than XPO (Supplementary Fig. 15). This can
be understood from the solid solution behavior of simple rare earth
phosphates: Elements in group X with relatively larger radii exhibit a
stronger propensity to enter the M structure, resulting in the retention of
smaller elements within group X. This phenomenon leads to a reduction
in the lattice constant of the X phase composed of these remaining
elements. Evidently, within ultra-high entropy phosphates, while the M
structure can accommaodate a certain amount of small-radius X ions, the
X structure has limited capacity to dissolve larger M ions.

Descriptor for phase formation tendency

Having verified the crystal structures and microscopic morphologies
of all ultra-high entropy MXPOs, it becomes evident that as the M/X
ratio decreases, the crystal structures of the samples exhibit a transi-
tion whose systematic nature enables us to refine certain character-
istics to describe this phenomenon. Inspired by the structural patterns
of low-entropy REPO, that vary with ionic radii (Supplementary Table 4
and Supplementary Fig. 16), we introduce a phase formation tendency
factor C, which incorporates information on elemental proportions
and ionic radii, to describe the solid solution rules of complex com-
positional phosphates:

{Ruy-ap)—R
C=logy, <Z:IM701M)

2 (1
=Y Rya-R 1‘”)“

Where Zi(RM -ay) — R and — Z{(RX - ay) — R respectively consider
the ionic radii and proportions of each component in the M and X
groups. These are subtracted from R =1.052 (Rggs+=1.053) to describe
the ‘tendency’ of the component to form M/X phases. In addition, the
n/1—n describe the total proportions of M and X elements,
respectively.

Based on the magnitude of the C value, the phase space is divided
into three regions. We compared the structures of various complex
phosphates, all of which exhibited similar trends, yet differences in
specific behaviors were observed (Fig. 1e). Firstly, near the multi-phase
boundary (e.g., C=0.2), medium and low-entropy orthophosphates
show a minimal amount of X phase, corresponding to the small-radius
ion content just exceeding the solid solution limit. However, in MXPOs,
the X phase is already quite prominent. This indicates that the average
value related to ionic radii and content cannot accurately represent the
M-X solid solution behavior. Secondly, for the X single-phase region, it
can only form in MXPOs when M elements are absent, probably
attributed to the fact that in MXPO systems, regardless of how small
the content of M group elements is, there are still elements with very
large ionic radii that cannot adapt to the X lattice. These two differ-
ences will promote the broadening of the actual multi-phase region of
ultra-high entropy orthophosphates under the measure of the C-value.
Therefore, a more conservative strategy should be adopted when
designing high-entropy single-phase compositions.

Crystallography and morphology

The variation in elemental proportions gives rise to diverse phase
compositions. Raman spectroscopy results reveal that the multiphase
MXPOs exhibit the lowest peak intensity and maximum peak width for
the symmetric stretching vibration of P-O bonds (Fig. 2a and Supple-
mentary Fig. 7), indicating a high degree of disorder in the P-O tetra-
hedra. Moreover, the blue shift observed in the spectra indicates that
as X group ions progressively substitute for the large-radius M ions,
then the consequent reduction in lattice constant leads to
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Fig. 1| Design and structural characterization of ultra-high entropy
phosphates MXPOs. a Periodic table highlighting all the elements used for the
synthesis of MXPOs, color-coded according to the ground state crystal structure of
the respective elemental phosphates. The cations considered for use here
encompass almost the vast majority of lanthanide rare earth elements. b The
phosphates of the selected rare earth cations have different crystal structures.
Those with larger ionic radii tend to form monazite structures, and vice versa tend
to form xenotime structures. In addition, an anhydrite structure exists as a transi-
tion state where the two phases transform into each other (PT = Phase transition).

¢ Optical digital photographs of the prepared MXPOs ceramic pellets and (d) the
corresponding XRD crystal structure analysis diagrams. (for further detail see
Supplementary Note. 2 and 3). e Descriptor for rare earth phosphates of complex
composition. The phase state and C values of complex-simple composition phos-
phates currently synthesized using the M + X hybrid model was collected. where
MPO and XPO calculations of C-values are meaningless and are schematized using
gray dots. Data beyond the square points are from the composition and structure
of high, medium, and low entropy value phosphates®*****~°, (for further data see
Supplementary Table. 4).

compression of the P-O tetrahedra. Generally, where M and X phases
coexist, the polyhedra exhibit a higher degree of distortion and
deformation.

From the XPS analysis results (Fig. 2b and Supplementary
Figs. 8, 9), rare earth elements are all uniformly present in the + 3-
valence state. For anions, the high-resolution OIs spectrum shows
only lattice oxygen and adsorbed oxygen peaks, with no sig-
nificant oxygen vacancies observed.

To evaluate the influence of elemental proportions on the mor-
phology of MXPOs, observations and analyses were conducted at
multiple scales. At the macroscopic scale (Fig. 2¢, d and Supplemen-
tary Figs. 10-14), regardless of variations in elemental proportions, the
samples exhibit no significant morphological changes, with each

group demonstrating low porosity, high density, and excellent uni-
formity in elemental distribution. Microscale analysis was conducted
using TEM, taking MsX,sPO and XPO as examples. The observed
interplanar spacings were found to correspond with the database
values for M and X phases (Fig. 2e-g). In addition, the positions of the
selected area electron diffraction (SAED) rings provided further con-
firmation of the MXPOs structure. Finally, analysis of nanoscale parti-
cles using HAADF imaging revealed that MXPOs maintain excellent
uniformity in elemental distribution even at this scale.

High-temperature properties of MXPOs
Composition directly influences the phase state of these high-entropy
materials, whereby the limits of solid solution are a function of
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Fig. 2 | Crystallographic properties and microscopic morphology of MXPOs.

a The Raman spectra of MXPOs reflect the distortion of the P-O polyhedral. Inter-
cepts of 950-1050 cm™ were made to observe changes in the symmetric stretching
vibrational peaks representing P-O bonds. b Taking the element Ce as an example,
the XPS spectra show that the rare earth ions in the MXPOs are all in the + 3-valence
state. ¢, d The sintered surface and elemental distribution of M;sX,sPO and its flat
surface after polishing make it easy to distinguish between porosity and impurities.

(for further detail see Supplementary Note. 4). e, f High-resolution lattice fringing
images of M;5X,sPO and XPO in as well as the corresponding diffraction images of
the SAED modes (inset figures). The plane spacing calculated by the Fourier
transform of the image and the position of the polycrystalline rings obtained by
diffraction can be corresponded to the standard data representing the M and X
phases. SAED scale bar, 5 nm™. g The particles of M;5X,sPO in which the distribution
of the elements.

temperature. Some systems stabilized by entropy values form a single
phase during heating and separate upon cooling. The original MXPOs
powders, containing hydrous reagents (carrying stoichiometric,
structurally-bound, water) form homogeneous solid solutions after
annealing (Supplementary Fig. 17). Above 1600 °C, intermediate pha-
ses emerge in the M/X phases. These phases maintain their high-
temperature structure after low-temperature annealing, indicating
that their ultra-high entropy values may thermodynamically stabilize
these structures at lower temperatures (Supplementary Note. 2).

To investigate thoroughly the high-temperature stability of
MXPOs, we conducted a comprehensive analysis, dividing the tem-
perature range into three segments. At temperatures below 1200 °C,
no additional diffraction peaks due to phase transitions or decom-
position were observed with temperature increase in MXPOs (Fig. 3a, b
and Supplementary Figs. 21, 22). We note that a shift of the entire peak
group was observed, attributed to the expansion of the lattice with
temperature. Subsequently, in the medium temperature range
(T <1500 °C), both heat flow and weight remained highly stable, with
no endothermic/exothermic reactions occurring. Lastly, samples
subjected to cyclic thermal shock exceeding 1600 °C maintained their
original crystal structure, with no macroscopic signs of melting. Thus,

MXPOs demonstrate outstanding stability throughout the entire
temperature range of use.

Thermal protection materials generally require a substantial
thermal insulation capability. Here, laser thermal conductivity data
determined for the MXPOs negatively correlate with temperature
increase due to phonon scattering (Fig. 3e-g). However, at high tem-
peratures, some samples show an increase rather than a decrease of
thermal conductivity with temperature, which we attribute to the
enhancement of radiative heat transfer in certain lattices as described
by the Stefan-Boltzmann law****. We note as well that samples with an
M structure begin to exhibit an increase in thermal conductivity at
relatively lower temperatures, which is attributed to a substantial
increase in their specific heat capacity at ca. 700 °C. Further, as the M/X
ratio shifts, the thermal conductivity trend shows an initial decrease
followed by an increase, particularly for MsoXsoPO.

The monazite structure, due to its higher disorder, has a lower
thermal conductivity, and the presence of low-density intermediate
phases further enhances its thermal insulation capacity
(~11-6 W-m™K™). XPO, containing no M elements and possessing a
pure X structure, typically exhibits high thermal conductivity
(>10W-m™K™) in single rare-earth phosphates®™. The ultra-high-
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Fig. 3 | Phase stability and high-temperature thermal shielding performance
tests of MXPOs. a, b In situ temperature-dependent changes in XRD diffraction
peaks of specific crystal planes of MXPOs. The peak ranges with higher intensity
corresponding to the M/X structure are included. ¢ Dynamic thermal analysis of
MXPOs, including weight changes with high temperature and heat flow changes
representing heat exchange. d Crystal structure of MXPOs after treatment with
thermal vibration cycling at ~2000 °C. e The specific heat capacity of MXPOs

T(C) T(C) T(C)

obtained through experiments, (f) the thermal diffusivity at corresponding tem-
peratures, and (g) the calculated thermal conductivity. Samples with different M/X
ratios exhibited differentiated values. Error bars represent the standard deviations
of the results of three repeated trials. The shaded area is used to emphasize the
trend of the thermal conductivity of MXPOs varying with temperature. (for further
detail see Supplementary Note. 6).

entropy design produces a theoretically disordered distribution of
different rare-earth ions at equivalent cation sites, resulting in local
positional distortions driven by differences in ionic size and mass>~,
Thermal transport in defect-bearing materials depends on phonon
propagation, and these lattice distortions introduce additional pho-
non scattering®**, thereby reducing thermal conductivity. From a
macroscopic perspective, the thermal insulation capability of MXPOs
is notably improved compared with that of low-entropy phosphates.

Thermal expansion behavior is critical for potential T/EBC appli-
cations. As the concentration of X-group ions increases, the thermal
expansion coefficient of MXPOs gradually decreases, and depending
on the predominant phase, they may be well-matched to distinct
substrates (Supplementary Fig. 23). Thus, by tuning the proportions of
ions with different radii within a high- or ultra-high-entropy framework
to control the coefficient of thermal expansion, MXPOs gain enhanced
versatility for practical applications.

Corrosion behavior of MXPOs with artificial CMAS
Despite their inherent stability, advanced high-entropy materials must
face environmental corrosion in high-temperature settings. Thus, a
detailed investigation of their interaction with environmental deposits
is required. We selected a synthetic CMAS glass with relatively simple
composition (in mol.%, 33Ca0-9MgO-13Al0; 5-45Si0,) as the source of
corrosive attack on MXPOs. The vertical cross-sections of samples after
10h of reaction at 1300°C revealed several corrosion products
resulting from CMAS-MXPOs interactions, with corrosion depth
increasing with the M/X ratio (Fig. 4a—c). The color-coded regions in the
figure represent compact and dense reaction product layers, whose
thicknesses were calculated separately. Notably, XPO presented an
anomaly in this trend, with two superimposed thin dense layers iso-
lating the CMAS melt from the ceramic, implying reduced corrosion
space and reaction opportunities. Furthermore, the multiphase
M,sX7sPO formed a grain boundary penetration layer encapsulating the
reaction products beneath the dense layer, while simultaneously exhi-
biting the thickest dense layer, yielding inferior corrosion resistance.
Further examination of the reaction cross-section reveals that the
CMAS-MXPOs interaction produces crystalline products of several

morphologies, exhibiting a certain regularity in their spatial distribu-
tion (Fig. 4a, e). For example, dense, dark-contrast products adhere
closely to the ceramic surface, above which smaller ellipsoidal and
larger needle-like crystals are more widely distributed. These reaction
products partition the reaction space into three layers, with the loosely
packed crystals macroscopically dispersed within the melt, and rela-
tive ineffectiveness in impeding CMAS penetration. We cannot, how-
ever, fully exclude the possibility that the needle-like crystals have
formed on the quench. Regardless, we infer that the third layer of
dense products adjacent to the ceramic is the primary contributor to
impeding corrosion.

The results of compositional analysis by SEM-EDS indicate that the
loosely packed/suspended crystals are rich in REs, while P and Ca are
the primary constituents of the dense layer (Fig. 4e-g and Supple-
mentary Fig. 26). Based on stoichiometry, the interfacial products
consist of apatite (Ap) generated by reaction between CMAS melt and
orthophosphate. The chemistry of this apatite possibly expressed by
the general structural formula of Cay+xREg x(PO4)x(Si04)6.x0,7**°. The
densely packed P-rich phase also contains minor amounts of REEs and
Mg, which may correspond to CagMgRE(PO,),*°. Further, REs and P
from MXPOs exhibit distinct dissolution fates such that P content is
higher near the MXPO ceramic, while REs are primarily enriched in the
region of loosely suspended Ap crystals. In the XRD analysis of the
MXPOs-CMAS mixed system, relatively distinct apatite diffraction
peaks were identified, and clear diffraction patterns (belonging to the
P63/m space group) were observed in the SAED results (Supplemen-
tary Figs. 27-29). These results confirm our speculation regarding the
types of reaction products.

Comparing the Ap morphologies with different M/X ratios reveals
that larger-radius rare earth elements precipitate two types of Ap at the
interface: acicular low RE Ap with lower rare earth content and more
equant Ap with higher rare earth content. Focusing solely on acicular
Ap, an increase in quantity and crystal size is observed as the M/X ratio
rises. Analysis of elemental composition in different Ap morphologies
indicates that among M-group elements, Ce, Nd, Sm, Eu, and Gd
exhibit higher dissolution rates, suggesting enhanced reactivity
(Fig. 4h, i). Conversely, for X-group elements, only crystals with varying
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Fig. 4 | High-temperature reaction behavior of MXPOs with artificial CMAS.

a Cross-sectional morphology of MXPOs after corrosion with CMAS at 1300 °C for
10 h. The color-marked area represents the dense reaction product layer. The inset
figures represent the top morphology of the MXPOs ceramic after being loaded
with CMAS and corroded. b, ¢ Thickness of the dense layer as well as the overall
product layer thickness. The number on the line is the average value of thickness.
d Alternative form of corrosion in XPO, which is distributed in lower quantities. e, f
Spatial distribution of M;sX,sPO-CMAS reaction products, as well as morphological
differences, were analyzed, and corresponding elemental mappings. g Elemental
composition of the reaction products in MPO, MsgXs5oPO, and XPO. The elements in

MXPOs form different crystals from CMAS. h, i Different types of Ap chemical
compositions in MPO and (j-k) chemical compositions of Ap in XPO. The higher
content of the framed elements corresponds to a stronger reactive diffusion
activity. The schematic diagrams within the dotted lines represent the shape
characteristics of the crystal products free in the CMAS. | Phase boundary between
the interface ceramic and the reaction products. m Residual nanocrystals within the
dense reaction product layer. n A schematic diagram illustrating the influence of
the ultra-high-entropy effect on reaction diffusion. (for further detail see Supple-
mentary Note. 7).

orientations (predominantly horizontal) were observed, some adher-
ing closely to the P-rich layer, with dominantly Tb, Dy, Ho, and Er
concentrations (Fig. 4j, k).

MXPOs can impede further corrosion by CMAS through the for-
mation of a dense reaction layer. This is attributed to the precipitation
of Ap, resulting from the combination of RE** with Ca and Si from
CMAS to form a new phase. Samples containing larger rare earth ele-
ments exhibited the thinnest dense reaction layer. This suggests that
when M and X ions coexist, an increased proportion of X ions pro-
motes the corrosion reaction.

From a thermodynamic perspective, the incorporation of X ions
homogenizes the composition of apatite, identified as the primary
degradation-inducing phase across different spatial distributions, and
the rare earth content in these phases tends to remain relatively high
(Fig. 4g). As a result, generating a unit quantity of reaction products
requires a greater supply of rare earth elements. Notably, the perfor-
mance trend shifts at XPO. From a kinetic perspective, Ap, composed
of X elements, exhibits a higher orientation and morphological

density, which compensates for the corrosion rate during shorter
reaction durations (10 h).

Another critical factor is the impact of the ultra-high-entropy
design on the overall corrosion resistance of MXPOs. We observe that
increasing the number of cation species leads to a progressive
reduction in the thickness of the corrosion product layer. For this
purpose, we used LaPO; as a reference and examined the CMAS cor-
rosion behavior of samples with different entropy levels in terms of
both grain-boundary and intragranular stability (Supplementary
Fig. 42). (i) Grain-boundary state: in all samples, the grain-boundary
interfaces are sharp and smooth, with no evidence of any secondary
grain-boundary phases. Furthermore, neither low-entropy nor high-
entropy specimens exhibit any wetted CMAS glass at the grain
boundaries or at the interfaces between the boundaries and the pro-
duct grains, indicating that CMAS infiltration into the dense reaction
layer is highly impeded (Supplementary Figs. 43, 44). (i) Intra-granular
state: residual ceramic nanocrystals remain embedded within the
dense product layer of MXPOs, indicating that, under the same
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reaction times, those ceramic matrices are not fully converted-unlike
the case for LaPO4 (Fig. 4m and Supplementary Fig. 44). These
observations confirm that MXPOs exhibit lower reaction rates and that
corrosion products form directly at the ceramic interface rather than
via a dissolution-reprecipitation mechanism.

The primary distinction between high-entropy and low-entropy
materials lies in the complexity of their compositions. One of the core
benefits of high-entropy ceramics is the disordered distribution of
multiple cation species: adjacent lattice sites host ions of differing
radii, masses, and electronegativities. This deviation from an ideal,
periodic lattice generates pronounced local distortions, which in turn
elevate the frequency of atomic collisions and scattering,.

Although CMAS corrosion is, at its core, a macroscale reaction -
namely, the interdiffusion of ceramic and CMAS atoms to form new
crystalline phases - these local lattice distortions impose additional
diffusion barriers. From the standpoint of diffusive driving forces,
lattice distortions create local fluctuations in potential energy. Once an
atom migrates into a locally stable, lower-energy site, it must over-
come a higher energy barrier to move to the next lattice position*.
Considering the diffusion process itself, the disorder inherent in high-
entropy systems further reduces lattice symmetry. In addition, the
theoretical unit-cell density of MXPOs increases compared with certain
low-entropy phosphates that contain larger-radius ions (Supplemen-
tary Tables 5-7). The resulting compression of interstitial polyhedral
sites likely impedes both atomic substitution and vacancy migration
(Fig. 4n). The extreme compositional complexity of ultra-high-entropy
designs amplifies these effects, thereby slowing the overall reac-
tion rate.

At nearly identical entropy levels, differences in phase and com-
position directly lead to variations in corrosion behavior. To further
determine the mechanistic influence of the M/X ratio on the thermo-
dynamic and kinetic behavior of MXPOs during interaction with CMAS,
we calculated the cation binding efficiency with CMAS based on the
actual elemental composition of each reaction product (Fig. 5a). The
fundamental calculation logic for this parameter is the ratio of the
element content originating from the ceramic to that originating from
CMAS in the product crystals.

From the final observed trends, the diffusion behavior of P3* ions
exhibits no significant variation across different systems in all apatite
products. However, among the rare earth elements, the CMAS binding
efficiency of M-group elements is higher than that of X-group ele-
ments, and this difference becomes more pronounced as the M/X ratio
decreases. Despite the increasing proportion of X-group elements, the
actual M/X elemental content trend in the P-rich layer has not been
reversed, with M elements still being present in large quan-
tities (Fig. 5b).

Therefore, to maintain the stoichiometry of the P-rich products
influenced by thermodynamics, CMAS must further extract sufficient
M-group elements from the ceramic substrate. This tendency results in
an increasing product layer depth in ceramic compositions with lower
M-element content, which aligns with the observed phenomena.
Notably, we propose that the growth of the P-rich layer originates from
a direct transformation of the ceramic substrate, as confirmed by the
presence of inherited circular pores from the substrate (Supplemen-
tary Fig. 30). In contrast, for the other two types of apatite, the
saturation solubility of M and X elements in CMAS plays a more cri-
tical role.

We extended the reaction time to explore the evolution of the
corrosion behavior (Fig. 5c-e and Supplementary Figs. 31,38,40,41).
The thickness trend of the dense product layer in MXPOs remained
similar to that observed in short-term reactions. The key difference is
that the apatite products of all MXPOs gradually become more con-
sistent as the holding time increases. In addition, their morphological
kinetics also exhibit a high degree of uniformity, such as the formation
of an additional layer of polygonal apatite attached to the P-rich

product. Compositional analysis of the three types of products
revealed that the diffusion trends of P ions and rare earth ions were
opposite - apatite located farther from the interface contained a higher
concentration of rare earth elements (Fig. 5d). Notably, the continuous
double-layer structure at the XPO-CMAS interface disappeared, lead-
ing to a deeper P-rich layer. However, its overall behavior remained
comparable to that of other single-phase MXPOs.

Combining the results of the different reaction times, the differ-
ence in CMAS interaction behaviors exhibited by MXPOs with different
phase states lies in the thermodynamic diffusion tendencies of rare
earth ions and the kinetic morphologies of the product crystals. Spe-
cifically, M ions have a stronger tendency to form apatite products,
which means that even MXPOs with low M content can contribute a
significant number of ions to the product layer. Furthermore, the
kinetic morphology of the product crystals - primarily the Ap that
adheres to the interface - plays an auxiliary barrier role, significantly
reducing the probability of contact between the melt and the dense
layer. However, this mechanism becomes unstable as the reaction
progresses.

Corrosion behavior of MXPOs with natural sand

Based on the reaction mechanisms of CMAS and MXPOs discussed in
the previous section, calcium plays a crucial role in both the sample
and the melt. In natural environments, sediment composition varies
considerably based on protolith and deposition environment. This
raises the question: if the calcium content in CMAS is lower, can it be
insufficient to stabilize the protective dense layer? To explore this
aspect further, we selected natural sand with a “melting temperature”
similar to that of CMAS but possessing a lower Ca/Si ratio (Fig. 6a-e
and Supplementary Figs. 24, 25). This enabled us to investigate the
reaction mechanism in greater depth.

To investigate the intrinsic properties of the sand, we quantified
the evolution of the morphology of sand cylinders with temperature
through melting in terms of characteristic “temperatures” (original,
shrinkage, deformation, hemisphere, flow) as the sand melts and
spreads (Fig. 6¢ and Supplementary Notes. 7). The results indicate that
(1) the initial sintering of the sand (ST) is drastically postponed by the
requirement of melting the crystalline initial state and 2) the final flow
temperature (FT) of the sand is also delayed to higher temperature due
to the compositional difference (i.e., higher SiO, content). We note,
however, that their hemisphere temperatures (HT) are similar. These
results highlight the challenge of representing natural sand via CMAS
analog.

After thermal treatment (1300 °C, 10 h), the morphology of the
corrosion interface between MXPOs and sand exhibits an only slightly
different behavior from that of CMAS (Fig. 6f and Supplementary
Figs. 32-36). Firstly, all MXPOs formed a dense phosphorus-rich layer,
indicating that the phosphorus-dominated protective mechanism
persists even under low calcium conditions. Secondly, the outer layer
products displayed a distinct ‘frost flower’ distribution, with the dis-
tribution of the Ap crystals shifting from aggregated to dispersed
(Supplementary Fig. 37). Furthermore, we observed an anomalous
phenomenon: the emergence of a bilayer structure (Ap + P dense layer)
in the corrosion zone following the dynamic spreading of the melt
(Fig. 6f and Supplementary Fig. 33). This protective mechanism
effectively isolates CMAS, resulting in an extremely low corro-
sion depth.

Grain boundary penetration in multiphase samples became more
pronounced in the higher SiO, (sand) environment. Several Si-rich
glass domains were interspersed within the ceramic layer near the
reaction interface, and no Ap crystallization was observed. From the
perspective of grain stability, the multiphase sample can be regarded
as a mixture of single-phase M and single-phase X structures. Although
their diffusion tendencies in the CMAS melt are different, the ther-
modynamics of the reaction products are not significantly different
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from those of the single-phase MXPOs. From the viewpoint of the grain
boundary environment, some of the grain boundaries in the multi-
phase sample are replaced by M-X phase boundaries (Supplementary
Fig. 39). Due to the significant difference in crystal symmetry between
the M and X phases, these interfaces are more likely to be incoherent,
exhibiting high interface energy and low thermodynamic stability*>*.
This relatively unstable interface provides a preferential pathway for
the infiltration and corrosion of the CMAS melt*.

As the M/X ratio gradually decreased, the XPO exhibited the
thinnest corrosion depth (Fig. 6g). Moreover, after high-temperature

melting and cooling, the CMAS glass at the center detached entirely,
leaving only thin remnants at the edges. Notably, the detachment of
the glass removed the reaction layer, revealing an intact ceramic sur-
face. Furthermore, we discovered numerous transversely aligned
cracks at the junction between the residual glass and the ceramic.
These cracks likely originated during the rapid cooling phase following
corrosion, where stress mismatch led to partial exfoliation of the glass
along with the reaction layer.

These findings demonstrate that in interactions with natural sand,
single-phase MXPOs exhibit superior corrosion resistance, whereas
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multiphase samples produce thicker corrosion products and show
more pronounced grain boundary penetration. The reduction in the
Ca/Si ratio does not significantly affect phosphorus’s ability to capture
calcium, thereby maintaining the thermodynamic logic of the defen-
sive mechanism. Nevertheless, in contrast to the behavior observed in
artificial CMAS, the precipitation of RE** becomes more dispersed.

Corrosion behavior of Sand-MXPOs under different
atmospheres

In current and future space exploration scenarios, particulates present
on surfaces and in the atmosphere pose significant corrosion risks to
infrastructure®. As an example, dust that melts under high-
temperature airflow during spacecraft launch and landing can cor-
rode both the flight structure and the launch/landing platform®. In

addition, in situ resource utilization (ISRU) operations in surface
construction projects, which involve heating regolith to extract
resources, require processing equipment that can resist melt
corrosion*’*®, Another challenge is that spacecraft entering or exiting
the atmosphere are subjected to extreme temperatures that can
rapidly melt suspended dust, leading to degradation of protective
structures and certain connecting components®.

In the expansive field of space exploration, Mars and the Moon
have consistently been primary targets for human investigation. One
of the most apparent distinctions between these celestial bodies and
Earth lies in their surface environments, their oxidation states, and
their atmospheres. For this reason, we have also observed the melting
and spreading processes of natural sand on MXPOs under CO, atmo-
sphere and vacuum conditions (Fig. 7a, b).
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from the beginning of melting to the end of heating. The gray shading indicates the
temperature range experienced by the sand under vacuum from the onset of
melting to the end of heating. The black arrows mark the inflection points of the
wetting contact angle in both atmospheres, each followed by rapid spreading. The
red dashed line connects these inflection points to highlight the delayed spreading
of sand in the CO, atmosphere. d Trend of the contact line between molten Sand
and MXPOs is used to quantify the rate of spreading.

For MPO (which exhibits the most stable resistance to CMAS
corrosion), the spreading process of sand under different atmospheric
conditions reveals marked differences. In terms of the spreading
dynamics, in vacuo, CMAS appears to begin melting earlier, causing an
earlier start of the decreasing of the contact angle (Fig. 7c). This phe-
nomenon may be attributed to the melting kinetics under different
atmospheric pressures. Regarding the spreading rate (Fig. 7d), CMAS
under vacuum conditions demonstrates a trend of initial slow pro-
gression followed by acceleration, which differs from the continuous
spreading observed under CO, conditions.

From these results, it is evident that the spreading of CMAS under
vacuum conditions is less complete, with its final contact angle sig-
nificantly larger than that observed in a CO, atmosphere. This phe-
nomenon has two implications in terms of corrosion risk. Firstly, a
smaller contact area suggests a reduced area of damage. However, this
is accompanied by continuous penetration of CMAS. Secondly, while a
greater degree of spreading increases the area exposed to corrosion,
the smaller amount of CMAS per unit area may allow protective
mechanisms to function more effectively, potentially leading to an
earlier termination of the reaction.

In summary, we explored the structural transitions and high-
temperature CMAS corrosion behavior of a series of ultra-high entropy
phosphates based on rare earth element gradient design. The reduc-
tion in the M/X element ratio caused the solid solution to gradually
transition from a single monazite phase to a single xenotime phase.
Regardless of composition and structural transitions, all samples
maintained high density and excellent high-temperature phase stabi-
lity. Furthermore, the differences in the CMAS interaction behavior
exhibited by MXPOs with different phases are reflected in the ther-
modynamic diffusion tendencies of the rare earth ions and the kinetic
morphology of the product crystals. M-group elements with larger
radii appear to exhibit more stable corrosion resistance. Thermo-
dynamically, they are more inclined to capture Ca in conjunction with

P to form a dense protective layer. Kinetically, under certain condi-
tions, the apatite phase that adheres tightly to the interface serves as
an auxiliary barrier, thereby increasing the difficulty for the melt to
continue its erosion. Our gradient design of compositions demon-
strated the reaction tendencies of all rare earth elements with CMAS
and identified outstanding corrosion-resistant single-phase composi-
tions. The substantially reduced reaction rates achieved through an
ultra-high-entropy design, combined with a more flexible elemental
palette, establish a new paradigm and theoretical framework for
overcoming phosphate design limitations and improving corrosion
resistance. The outlook for planetary applications contains further
subtleties.

Method

Sample preparation

Five groups of MXPOs samples with complex compositions and ultra-
high entropy values were prepared using the coprecipitation method
(Detailed information in Supplementary Note. 1 and Supplementary
Figs. 1-4). Lanthanide rare earth (La to Lu, and Y) hydrated nitrates
were used as the rare earth sources, and diammonium hydrogen
phosphate was used as the precipitating agent. Note that the ratio of
total rare earth nitrates to (NH4),HPO, should be less than 1:1.3 to
ensure complete precipitation. After mixing, the solid-liquid mixture
was fully reacted by stirring at room temperature for at least 12 h.
Subsequently, the mixture was separated by centrifugation, and the
solid product was washed repeatedly with deionized water and ethanol
at least 3 times until the pH of the supernatant was neutral. After drying
at atmospheric pressure, the powder agglomerated into blocks. It was
then ground using an agate grinder to a particle size below 200 pm.
Subsequently, the powder was further milled in anhydrous ethanol
using zirconia balls as the medium at a rotation speed of 350 r-min™.
Finally, the powder was passed through a 300-mesh sieve. Polyvinyl
alcohol (PVA) solution was then added as a binder for spherical
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granulation, resulting in a powder with good flowability, high particle
roundness, and continuous particle size distribution.

High-temperature properties tests

Three methods were used to test the high-temperature stability of the
samples for different temperature bands (Supplementary Fig. 20). In
situ ascent XRD was used to test for changes in the crystal structure of
samples from room temperature to 1200 °C. The heating rate for this
test was 10 °C per minute. Upon reaching the target temperature, the
sample was held for 15 min before diffraction data were collected, with
data acquired at 50 °C intervals. Differential scanning calorimetry was
used to monitor real-time mass changes and heat exchange of the
sample powder, with data collected at a heating rate of 10 °C per
minute. Finally, rapid thermal vibration experiments were performed
at >1500 °C using a flash heating furnace to examine macro-micro
stability under extreme conditions. Here, the high-temperature ther-
mal vibration treatment of the samples was carried out in three sets of
10 pulses each, with a constant temperature time of 10 s and a max-
imum temperature of about 2000 °C. A laser thermal conductivity
instrument was used to measure the specific heat capacity and thermal
diffusivity of bulk samples (with a diameter of 12.6 mm), heating at a
rate of 10 °C-min™ with measurement intervals of 100 °C. By combining
the actual density of the sample, the corresponding thermal con-
ductivity at a certain temperature can be calculated.

CMAS corrosion tests

Two types of CMAS including synthetic CMAS and naturally collected
CMAS (Sand) were used in this work. The CMAS powder was weighed
and pressed into a 3 mm diameter cylindrical mold, compacted, and
placed in the center of the polished ceramic surface at a loading of
~140 mg-cm?. Subsequently, the assemblies were placed in a muffle
furnace at 1300 °C for 10 h for chemical corrosion tests. On the other
hand, the assemblies were placed in a high-temperature furnace
equipped with an optical camera for real-time acquisition of the CMAS
physical spreading state.

Structure and morphology characterization

Powder X-ray diffraction (XRD) patterns were recorded on a Bruker
Advanced D8 diffractometer using Cu-Ka radiation (1=1.54056 A). A
scanning electron microscope (SEM, Sigma 300 Zeiss) and transmis-
sion electron microscope (TEM, Thermo-Fisher Scientific) equipped
with an energy-dispersive X-ray spectrometer (EDS, Oxford Instru-
ments) was used to characterize the microscopic morphology, ele-
mental composition. For cross-sectional observations, it was also
necessary to mechanically grind and polish the samples to 0.25um.
The depth of corrosion was identified by the lining of the reaction
product layer under SEM and was derived from the average of the data
at each location. Raman spectroscopy (Raman, DXR, Thermo Scien-
tific) determines the nature of ionic bonding by detecting vibrational
bands, and X-ray photoelectron spectroscopy (XPS, K-Alpha, Thermo
Scientific) is able to characterize the valence state of each element.
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