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A B S T R A C T

The passivation behavior of polycrystalline structural ceramics under extreme corrosion conditions is critical for 
future advanced energy applications, including nuclear waste immobilization. The current study investigated the 
chemical durability of the high-entropy pyrochlore rare earth Ti pyrochlore (HE-RE2Ti2O7) by focusing on the 
fundamental understanding of the nexus between chemical composition and the structural evolution of the 
surface formation of passivation film. Results provide evidence to support that the formation of a multilayer 
surface passivation film enriched in both A and Ti elements is associated with a dissolution-reprecipitation 
mechanism, which is strongly associated to the metal-oxygen bonding strength. The formation of passivation 
film dominated by the synergistic effect of localized bonding environment led to dynamic transition between 
congruent and incongruent leaching mechanisms, and further affect the chemical durability. These findings 
establish a framework for designing corrosion-resistant nuclear waste forms by focusing on its surface alteration 
behavior through tuning the chemical composition.

1. Introduction

Pyrochlore ceramics (A2B2O7) have garnered significant interest in 
advanced energy applications, such as nuclear waste immobilization, 
catalysis, and high-temperature protection, owing to their structurally 
tunable pyrochlore framework (space group Fd 3m), outstanding radi
ation resistance, and robust chemical stability [1–3]. However, 
single-component pyrochlores underwent a sequential phase trans
formation process of "pyrochlore→fluorite→amorphous" ultimately 
leading to structural collapse subjected to an extremely corrosive envi
ronment [4].

Despite the effect of localized metal-oxygen bond strength on the 
chemical durability of the crystalline structure materials [5], the dy
namic evolution of the surface alteration layer during corrosion plays a 
decisive role in long-term material stability [6–8]. The chemical 
composition, microstructural property, and dynamic evolution of 
passivation layers directly affect elemental transport kinetics at solid/
liquid interfaces, as denoted in previous research [9,10]. The formation 
mechanisms of alteration layers in oxide ceramics are analogous to those 
observed in glass systems, primarily governed by two distinct 

mechanisms according to literature studies [11]: Dissolution Reorgani
zation Mechanism (DRM) involves in-situ structural reorganization of 
dissolved components through elemental dynamic migration at in
terfaces or defects, which was confirmed by the formation of silicon-rich 
porous hydrogel in borosilicate glasses subjected to neutral/weakly 
alkaline conditions through hydrolysis/polycondensation of Si-O bonds 
[12]. Similar phenomena are observed in conventional ceramic corro
sion systems, such as silicon nitride (Si3N4), where dissolution of 
grain-boundary phases and subsequent reprecipitation of hydrated silica 
(SiO2⋅nH2O) layers occur during acid or hydrothermal exposure [13]. 
For comparison, the coupled interface Dissolution-Reprecipitation 
(CIDR) mechanism suggests that dissolved components undergo 
recrystallization as a result of localized supersaturation near interfaces, 
accelerating the formation of secondary phases with distinct crystal 
structures accompanied by significant morphological evolution. This 
mechanism has successfully explained passivation layer formation in 
calcium titanate ceramics [14], with the amorphous passivation layer 
observed in Er2Ti2O7 under acidic conditions also attributed to CIDR 
[4]. Although both mechanisms have been extensively supported by 
experimental evidence and theoretical simulations, the argument of 
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whether dissolution-reorganization or dissolution- reprecipitation 
dominated has never stopped [4,15–17], particularly in 
multi-component pyrochlore (HE-RE2Ti2O7) systems where the coupling 
effect of lattice distortion and surface alteration behavior strongly 
altered the bonding breakage and localize elemental diffusion. Previous 
studies by Yang et al. and Gin et al. have systematically investigated the 
coupled dissolution-intermediate reprecipitation (CDIR) mechanism in 
lanthanide titanates and oxide/glass composite systems, respectively [4, 
16]. Till now, there is a lack of straightforward evidence that can link 
elemental leaching behavior to passivation layer evolution, leading to 
fundamental controversies in corrosion mechanism. Moreover, the po
tential nexus between lattice distortion and localized bonding environ
ment still remains unknown.

Recent advancements in high-entropy ceramics (HECs) have 
revealed significantly enhanced corrosion and radiation resistance 
through multi-principal component synergy and lattice distortion ef
fects, establishing a new paradigm for advanced ceramic design 
[18–20]. However, current research predominantly emphasizes the role 
of configurational entropy in thermodynamic stability [21–23], while 
few researchers have focused on the potential nexus between chemical 
disorder and surface passivation film. Although Zhou et al. [24]
demonstrated suppression of large-radius cation release via lattice 
distortion, the potential surface alteration effect can have a significant 
impact on the chemical durability. Similarly, Teng et al. [25] explored 
dissolution behavior in single- to multi-component pyrochlores, yet the 
interfacial reaction mechanisms in multi-component systems remain 
unresolved. This knowledge gap critically impedes the development of 
corrosion-resistant high-entropy ceramics, especially for applications 
like nuclear waste immobilization in deep geological repositories.

Therefore, this study investigates the surface passivation formation 
and structural evolution of multi-component pyrochlore with uniform 
mixing entropy but diverse chemical disorder and crystalline structures. 
The surface alteration behavior and the passivation film formation 
mechanism were studied by oxygen isotope tracing (18O/16O) with 
depth profiling techniques through time-of-flight secondary ion mass 
spectrometry (TOF-SIMS). The microstructure evolution of the surface 
passivation film was further characterized by high-resolution trans
mission electron microscopy (HRTEM). The microstructure evolution, 
accompanied by the A-site and Ti elemental leaching behavior, can be 
used to explain the discrepancy in chemical durability. Overall, the 
current study helps clarify long-standing controversies regarding 
corrosion mechanisms and provides potential insights for designing 
nuclear waste immobilization materials in extreme environments, sug
gesting significant engineering value.

2. Materials and methods

2.1. Synthesis of HE-RE2Ti2O7 ceramics

High-purity rare earth oxides (RE2O3, RE = La, Nd, Sm, Eu, Gsd, Dy, 
Ho, Er, Tm, Yb, Lu, Y) and titanium dioxide (TiO2, ≥99.9 % purity, 
Macklin) were used as precursor materials to fabricate the pyrochlore. 
The stoichiometrically weighed powders were dried at 100 ℃ for 2 h to 
remove moisture. Wet ball milling was conducted in anhydrous ethanol 
using a planetary mill (MITR-YXQM, Changsha MITR Co., Ltd) with 
5 mm zirconia balls at 500 rpm for 24 h. The slurry was filtered through 
325-mesh sieve and vacuum-dried at 60 ℃ for 12 h.

The dried powder was pre-sintered in alumina crucibles using a 
muffle furnace (SG-XS1700, Shanghai Sager Co., Ltd.) with a heating 
rate of 5 ℃/min to 1100 ℃ (24 h dwell). The calcined powder was re- 
milled under identical conditions for 12 h, dried at 120 ℃ and sieved 
through 325-mesh.

Sample densification was achieved in a graphite die using a vacuum 
hot-press furnace (FHP-828, Suzhou Haatn Tech, China) at 1200 ℃, 
50 MPa and 30 min under 10− 3 Pa vacuum. Heating and cooling rates 
were controlled at 100 ℃/min. The sintered pellets were ground with 

SiC paper and mirror-polished with 0.25 μm diamond suspension. Bulk 
density was measured via Archimedes' principle using deionized water 
as an immersion medium. Theoretical density was calculated using 
Rietveld's refinement of XRD patterns. The SEM images (Fig. 2 and 
Figure S1) clearly denote that the as-fabricated ceramic sample pellets 
enjoy the similar grain size (~ 700 nm). The uniform grain size can 
eliminate the disruption of grain boundary dissolution or grain size ef
fect on the ceramic chemical durability for the current study since the 
current study is solely focusing on the impact of chemical composition 
on the surface passivation film and chemical durability.

2.2. Structural characterization and composition analysis

The crystalline structure of the sample was performed using an X-ray 
diffractometer (XRD, Empyrean, Malvern Panalytical) with Cu Kα ra
diation (λ = 0.15406 nm). The diffraction patterns were recorded in the 
2θ range of 10◦–80◦ at ambient temperature, with the corresponding 
crystalline structure identified by MDI Jade (6.5). The chemical bond 
evolution of HE-RE2Ti2O7 ceramics before and after leaching treatment 
was investigated by Raman spectroscopy (HORIBA HR Evolution, 
France). Measurements were conducted under 532 nm laser excitation 
with 10 s integration time, covering the spectral range of 
200–1000 cm− 1.

High-resolution TEM imaging, selected area electron diffraction 
(SAED) patterns and elemental mappings were acquired to investigate 
the localized nanoscale structure evolution and elemental distribution 
via a Spectra 300 scanning transmission electron microscope (STEM, 
USA).

Surface composition depth profiling was conducted using time-of- 
flight secondary ion mass spectrometry (TOF-SIMS, TESCAN LYRA3 
GMU, Tescan) to trace the dynamic migration behavior of oxygen iso
topes (18O/16O). After a 25-day semi-dynamic leaching test in 18O 
-enriched nitric acid solution (pH=1; prepared with 98 % 18O-enriched 
water from Wuhan Isotope Technology Co., Ltd, Aladdin nitric acid, and 
deionized water), the oxygen isotope distribution within the surface 
passivation film was characterized via TOF-SIMS depth profiling, 
enabling spatial resolution of isotopic gradients across the altered layer. 
A 40 × 40 μm2 area was sputter-etched with a focused Ga+ ion beam 
(30 keV base setting, 4.5 nA beam current). Both positive and negative 
ion spectra were acquired, and elemental distribution maps were 
reconstructed using TOF-SIMS Explorer (1.4) software. Detailed exper
imental procedures are provided in the Supporting Information.

This study conducted comprehensive analyses of characteristic pa
rameters in multi-component high-entropy ceramics, including average 
ionic radius, size disorder parameter (δsize), mass disorder parameter 
(δmass), and mixing entropy to systematically investigate the structure 
property relationship in HE-RE2Ti2O7 pyrochlore systems.

Five multi-component Ti-pyrochlore with identical mixing entropy 
and low to high average ionic radius were chosen from 16 candidate 
elements encompassing lanthanides (La–Lu) and Y to represent the ef
fect of chemical disorder to structural evolution and further chemical 
durability (Table 1). Fig. 1 demonstrates the correlation between the 
average A-site ionic radius (RA). size disorder parameter (δsize) and 
crystalline phases.

Table 1 
Composition and property metrics of five high-entropy pyrochlore oxides.

Sample ID Components δsize (%) RA RA / RTi δmass (%)

#HEC-1 (DyErTmYbLu)2Ti2O7 1.74 0.997 1.649 2.60
#HEC-2 (SmGdDyYbY)2Ti2O7 3.08 1.033 1.707 20.28
#HEC-3 (NdSmEuHoLu)2Ti2O7 4.5 1.049 1.734 7.07
#HEC-4 (LaNdErYbLu)2Ti2O7 7.05 1.047 1.731 9.46
#HEC-5 (LaNdSmYbY)2Ti2O7 5.84 1.070 1.769 19.89
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2.3. Chemical stability evaluation

The chemical durability of the high-entropy pyrochlore was assessed 
through a modified semi-dynamic leaching test based on ASTM C1308 
[26]. The leachate enriched in 18O was chosen to trace the surface 
alteration behavior and passivation film formation mechanism. The 
sample coupons were immersed in 18O-enriched nitric acid solution (pH 
= 1) within PTFE sealed veal at 90 ℃ for 25 days, with a constant 
surface area-to-volume ratio (S/V) of 5.0 m− 1 through leachate replen
ishment at day intervals.

The leachates were diluted by nitric acid before analysis. The con
centrations of both A-site and Ti were analyzed via Inductive coupled 
plasma-mass spectroscopy ICP-MS (ICAP6300, USA). The elemental 
release rate m(i) [mg⋅m− 2⋅d− 1] was calculated as: 

m(i) =
C(i)V

St
∗ Dilution factor (1) 

where C(i) is the concentration of different ions (mg⋅L− 1) measured by 
ICP-MS, the dilution factor is 100, t is the sampling interval (d), V is the 
volume of the leachate (L), and S is the surface area of the sample (m2). 
The surface area to volume ratio (S/V) is a constant 5 m− 1.

The normalized leaching rate (LN) was then derived as: 

LN =
L

Weight percent
(2) 

The cumulative quantity of the leached elements as a function of 
time was fitted using the Cote model [27], with the minimum R2 ach
ieved. The leaching kinetics of each element in the aqueous solution are 
described by the following empirical mathematical model according to 
the previous research [28]: 

M(t) = k1t+ k2t1/2 + k3(1 − e− k4 t) (3) 

where M(t) represents the cumulative leaching rate, expressed in 
mg⋅m− 2; k1t denotes the mass dissolution controlled by the dissolution 
behavior; k2t1/2 reflects the mass transport governed by the elemental 
diffusion; and k3

(
1 − e− k4t) accounts for the mass exchange between 

surface defects and the solute in the solution. The long-term leaching 
rate can then be derived by taking the derivative of the Cote model with 
respect to time and assuming that the leaching time approaches infinity, 
as denoted by k1 [27].

3. Results

3.1. Microstructure, phase composition of the as-sintered HE-RE2Ti2O7 
ceramics

The cross-section microstructure of the as-fabricated sample coupons 
was characterized by SEM, with corresponding elemental mappings can 
be seen in Fig. 2. The average grain sizes of 657 nm were measured for 
the sample pellets, with homogeneous elemental distribution in single- 
phase pyrochlore (#HEC-3). For comparison, dual-phase pyrochlore 
(#HEC-4) denotes elemental segregation due to increased size disorder, 
which induces lattice distortion and monoclinic phase formation.

The XRD patterns of the as-fabricated multi-component ceramics are 
shown in Fig. 3. All five samples (#HEC-1 to #HEC-5) exhibited char
acteristic (331) and (531) peaks of the cubic pyrochlore structure at 2θ 
≈ 38◦ and 52◦, corresponding to the space group Fd 3m. Notably, the 
#HEC-1, #HEC-2, and #HEC-3 samples showed no impurity peaks, 
indicating the formation of high-purity single-phase cubic pyrochlore 
structures (labeled as P-phase in Fig. 3a). In contrast, the #HEC-4 and 
#HEC-5 samples displayed additional diffraction peaks at 2θ ≈ 21◦ and 
33◦, attributed to the monoclinic phase [29] (M-phase, space group 
P21/c), confirming the coexistence of pyrochlore (P) and monoclinic (M) 
phase with increasing ionic radii.

The average A-site ionic radius (RA) increased from 0.997 Å (#HEC- 
1) to 1.070 Å (#HEC-5), causing a systematic shift of the strongest 
diffraction peak (2θ ≈ 32◦) toward lower angles with the introduction of 
larger ionic radius elements (indicated by arrows in Fig. 3a), which can 
be explained by the Vegard's law [30], reflecting lattice expansion and 
an increase in interplanar spacing (D-value) due to solid solution for
mation. Rietveld refinement of the XRD data confirmed the successful 
synthesis of the high-entropy pyrochlore ceramic, as indicated by the 
agreement between the observed and calculated XRD profiles presented 
in Fig. 2c-e, along with the refined structural parameters provided in 
Table S1 and Fig. S2 (Supplementary Material).

Semi-quantitative analysis through Rietveld peak refinement of the 
XRD profiles subsequently revealed that the #HEC-4 and #HEC-5 
samples contained 17.7 % and 57.3 % monoclinic phase, respectively 
(Fig. 3b). The average unit cell volume expanded from 1019 Å3 to 1060 
Å3 as RA increased as well. A phase transition from cubic to monoclinic 
occurs when the average RA/RB ratio exceeds 1.78, as the resulting 
lattice strain surpasses the stability limit of the cubic phase [4]. Local
ized enrichment of large A-site ions (e.g., La, Nd) may exacerbate this 
strain mismatch. While configurational entropy favors single-phase 
stabilization, the synergistic effects of size disorder δsize and electro
negativity differences are equally crucial regarding to the phase 
competition. A distinguishable phase deviation can be seen for the RA 
/RTi ratio of 1.73, which highlights the critical role of size disorder in 
driving phase separation (Fig. 3b). This structural complexity un
derscores the correlation between ionic radius mismatch and lattice 
stability in multi-component ceramics [23].

As revealed by Fig. 2, the monoclinic phase is dominated with larger 
lanthanide ions (La and Nd) at the A-site. In sample #HEC-4, the 
monoclinic phase constitutes 17.7 % of the material and primarily 
consists of a La/Nd-doped derivative of Ln2Ti2O7 (Ln = La, Nd), with its 
A-site incorporating minor amounts of other rare-earth elements (REEs). 
Structurally, the monoclinic phase crystallizes in the P21/c space group, 
which is characterized by distorted and tilted BO6 octahedra.

Fig. 4a presents the Raman spectral of five high-entropy pyrochlore 
samples (#HEC-1, #HEC-2, #HEC-3, #HEC-4, #HEC-5), exhibiting 
vibrational modes of typical cubic pyrochlore phase. Specifically, the Eg 
peak at 300 cm− 1 corresponds to Ti-O-Ti bending vibrations, the A1 g 
peak at 520 cm− 1 arises from symmetric vibrations of TiO6 octahedra, 
while F2 g peaks are observed at 230 cm− 1 and 700 cm− 1 (Fig. 4a), 
consistent with literature reports on cubic pyrochlore structures [31].

Notably, #HEC-4 and #HEC-5 samples display additional RE-O bond 

Fig. 1. Correlation between the average A-site ionic radius (RA) and size dis
order (δsize) in multi-component materials.
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vibration peaks (labeled as RE-O(D) and RE-O(A)) associated with 
monoclinic phase formation, indicating distinct bonding interactions 
between A-site rare-earth elements and oxygen atoms. In addition, the 
presence of a monoclinic phase can be further evidenced by the emer
gence of B2g TiO2 modes at 750 cm− 1 further corroborates [29]. High 
consistency can be seen for the Raman spectra with major Raman peaks 
retained (Eg, F2g, A1g) before and post-leaching test, indicating the high 
stability of the pyrochlore lattice structure (Fig. 4b-d).

Besides, substantial Raman peak intensity enhancement can be seen 
for the Eg and A1g, which can be attributed to the Ti-O bond, suggesting 
the gradual formation of the Ti-enriched surface layer for the #HEC-2 
(Fig. 4b). On the other hand, #HEC-4 sample featured with dual crys
talline phases shows significant attenuation of RE-O bond vibration in
tensities after leaching (Fig. 4d). This attenuation may arise from surface 
dissolution-induced etching and amorphization processes, which disrupt 
the coordination environment of RE-O bonds.

Fig. 2. Microstructure and elemental Mapping of pyrochlore in (a) Sample #HEC-3 and (b) Sample #HEC-4.

Fig. 3. Crystalline structure evolution of HE-RE2Ti2O7 ceramics (a) Sample XRD profiles, (b) Phase content and cell volume versus RA/RTi, (c-e) Experimental versus 
fitted patterns for selected samples.
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3.2. Microstructural evolution and surface passivation film formation of 
HE-RE2Ti2O7 ceramics under semi-dynamic leaching

The nanoscale properties of the surface passivation film for #HEC-3 
were further revealed by STEM (Fig. 5a). A platinum (Pt) protective 
layer covered on the top of the sample surface, followed by an amor
phous passivation layer (~36.7 nm thick), with a crystalline altered 
matrix at the substrate, consistent with previous research [9]. The sur
face multilayer structure was further characterized by FFT patterns 
(Fig. 5b), which can be classified as follows: Region a.1 exhibits amor
phous properties confirmed by halo rings. Region a.2 displays discrete 
diffraction spots corresponding to fluorite-structured phases. Region a.3 
demonstrates both lattice fringes and diffraction spots unambiguously 
assigned to the pyrochlore structure. Therefore, the corrosion behavior 
of single-phase high-entropy pyrochlore underwent a stepwise corrosion 
pathway as follows: initial conversion from pyrochlore to fluorite 
structure precedes structural collapse and subsequent formation of 
passivation films.

The #HEC-3 sample exhibits a gradient decline of 18O/16O ratios 
with increasing depth until reaching the natural 18O abundance level 
(0.205 %) at a penetration depth of 36.7 nm, consistent with the 
thickness of the passivation layer. These results further suggest the 
direct participation of 18O isotopes in passivation film formation. Iso
topic tracer analysis (18O/16O) combined with TEM observations 
strongly supports the dominance of the dissolution-reprecipitation 
mechanism in amorphous passivation layer formation. As illustrated in 
Fig. 5d, progressive 16O enrichment at the film/matrix interface 

contrasts with 18O predominance observed in the top surface region, 
demonstrating dynamic oxygen exchange with 18O influx from the so
lution phase rather than static surface reconstruction.

The cross-section elemental mappings of the #HEC-3 were further 
denoted in Fig. 6. The A-site elemental depletion and oxygen-enriched in 
the top, especially the Ti, Eu, and Nd, can be attributed to the A-site rare 
earth elemental corrosion and diffusion, consistent with the leaching 
rates shown in Fig. 8. The thickness of the surface passivation film with 
A-site elemental depletion and oxygen-enriched around 36.7 nm is 
consistent with the 18O/16O profile in Fig. 5. Besides, the less depletion 
of Sm, Ho and Lu, as compared to Nd and Eu, consistent with the trend of 
ionic radii, further suggests the strong correlation with metal-oxygen (A- 
O) bonding strength.

The nanoscale microstructure analysis of #HEC-4 post-14-days' 
corrosion in a nitric acid solution containing 18O-enriched water with 
large chemical disorder and dual crystalline phases was further evalu
ated by STEM (Fig. 7a). The grain boundary is visible, and a manifest 
large vacancy was observed, which can be attributed to the rapid grain 
dissolution corresponding to the monoclinic phase due to the corrosion. 
A rapid decline of 18O/16O atomic ratio within the top 40 nm followed 
by oscillatory fluctuations with increasing corrosion depth according to 
the TOF-SIMS in-depth profile (Fig. 7c). This fluctuation behavior can be 
mainly attributed to large vacancy formation and grain dissolution 
through monoclinic-phase dissolution, which accelerates 18O penetra
tion through the grain boundary, although the influence of oscillatory 
SIMS signals cannot be ruled out. The infiltrated 18O subsequently un
derwent interfacial reactions with the subsurface pyrochlore phase, 

Fig. 4. Raman Spectra of As-Sintered and Leached Samples (a) Raman spectra of as-sintered samples. (b-d) Raman spectra of #HEC-2, #HEC-3, and #HEC-4 samples 
before and after leaching.
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resulting in the formation of an amorphous layer on the edge of the grain 
according to the FFT pattern 6.

The corresponding crystalline structure evolution was further 
revealed by FFT patterns (Region 1–6). A crystalline structure with 
pyrochlore phase can be seen on region 1, with coexistence of fluorite 
and amorphous structure can be seen for the alteration layer region 2. 
The crystalline structure then disappeared and completely amorphized 
for the top alteration region 3, as denoted in Fig. 7. The stepwise 
structural evolution aligns well with the pyrochlore→
fluorite→amorphous phase transformation sequence, consistent with 
previously observed in the #HEC-3 sample. The significant grain sub
division occurred due to the interfacial corrosion along the grain 
boundary, as evidenced by the high-resolution STEM image in Region 2. 
Compared to the region e4, which maintains pyrochlore structure, the 
edge of the grain (region e5) can be indexed as fluorite phase, while 
nano grain with a diameter around 100 nm can be identified as a 
monoclinic structure coexists with the amorphous feature, further 
demonstrating the accelerate corrosion occurred in the monoclinic 
phase. The rapid dissolution of the monoclinic phase, as well as the rapid 
grain dissolution, can be further confirmed by the leaching rates in 
Fig. 9.

The depth profile of the surface alteration layer can be further 
analyzed by the positive ion mode TOF-SIMS (Fig. 8). The normalized A/ 
Ti ratio remains < 1 within the surface 40 nm region (as indicated by the 
baseline A/Ti=1 in the inset) for #HEC-2 according to the depth profile, 

supporting the formation of a thin Ti-dominated amorphous passivation 
film. Localized A-site and Ti-enriched nano spots marked by red arrows 
can be seen from the top-view of the surface elemental mapping 
(Fig. 8b), while a top layer dominated by Ti, with few A-site element can 
be seen for #HEC-2 according to the cross-section elemental mapping, 
providing additional evidence for the dissolution-reprecipitation 
mechanism.

Compared to sample #HEC-2 with the low chemical disorder, higher 
passivation film thickness, featuring a bilayer structure, can be seen for 
#HEC-3. The surface passivation film with lean in A-site element and Ti- 
enriched, featured with bilayer property, can be seen for #HEC-3 ac
cording to the TOF-SIMS depth profile (Fig. 8c-d). The simultaneous 
bonding breakage of A-O and Ti-O leads to the rapid dissolution of both 
A-site element and Ti in nitric acid solution (pH=1), which facilitates the 
Ti reprecipitation back on the altered surface due to the low solubility as 
denoted in the depth profile. The larger ionic radius of A-site elements 
compared to sample #HEC-2 leads to faster A-O bonding breakage, 
which further accelerates the leaching of A-site elements. Although the 
Ti passivation layer provides a certain level of protective ability for the 
matrix underneath (Fig. 9a), the saturation of A-site element solubility at 
the interface induces localized precipitation, ultimately resulting in the 
observed bilayer passivation film with an A-enriched layer staying on 
the outward of the Ti-enriched film. The bilayer structure of the surface 
passivation film further supports the dissolution-reprecipitation 
mechanism.

Fig. 5. Structural and Isotopic Analysis of the Passivation Layer (a) HRTEM image of the #HEC-3 passivation layer interface. (b) FFT and HRTEM images of the 
marked regions. (c) Oxygen isotope depth profile. (d) Oxygen isotope distribution map.
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In addition, the #HEC-4 with dual crystalline structure suggests a 
grain dissolution from the monoclinic phase, which further leads to the 

grain boundary collapse and accelerates the structure degradation 
(Fig. 7a). The surface passivation film exhibits multiple layers of 

Fig. 6. Elemental Mapping of #HEC-3 via HAADF-STEM and EDS Analysis.

Fig. 7. STEM and TOF-SIMS analysis of the dual crystalline phase #HEC-4: (a-b) Cross-sectional TEM image.(c) 18O/16O depth profile across the alteration layer. (d) 
High-resolution TEM image of alteration layer and corresponding FFT images. (e) High-resolution TEM image across the grain boundary and corresponding 
FFT images.
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enriched A/Ti elements inside, which could be tentatively attributed to 
the preferential dissolution of the monoclinic phase in the biphasic 
system (Fig. 8e). The porous structure generated simultaneously with 
the monoclinic dissolution may promote the diffusion of leaching solu
tion into the deep layers of the matrix, potentially triggering corrosion at 
the grain boundaries of the pyrochlore phase, ultimately leading to a 
clear interface double-layer interfacial structure (similar to Fig. 8d). It is 
worth noting that the difference in the depth of monoclinic dissolution 
might be associated with the appearance of enriched layers at different 

depths.

3.3. Chemical durability and leaching mechanisms of HE-RE2Ti2O7 
ceramics

The chemical durability of the as-fabricated sample coupons was 
further studied by semi-dynamic leaching tests for 25 days at 90 ℃ with 
corresponding A-site leaching rates denoted in Fig. 9a. The single-phase 
pyrochlore sample (#HEC-2) with low chemical disorder exhibited the 

Fig. 8. TOF-SIMS Elemental Depth Profiles (a, b) #HEC-2 with Ti-dominated passivation layer. (c, d) #HEC-3 with Bilayered corrosion interface. (e, f) #HEC-4 with 
multilayered dissolution with grain boundary collapse.

M. Zhao et al.                                                                                                                                                                                                                                   Journal of the European Ceramic Society 46 (2026) 118222 

8 



lowest elemental release rates, while dual-phase structures showed 
higher release rates. According to the Transition State Theory (TST), the 
exponential decay of A-site elements reveals a dissolution mechanism 
transition: the initial stage is dominated by matrix dissolution, followed 
by the formation of a surface passivation layer via a dissolution- 
reprecipitation mechanism, ultimately leading to diffusion-controlled 
release governed by the passivation layer. Notably, the dual-phase 
sample #HEC-5 with higher monoclinic phase partition displayed a 
sharp increase on day-3, attributed to monoclinic phase dissolution- 
induced grain detachment and subsequent surface area increase.

The #HEC-2 maintained A/Ti ratios below 1, whereas #HEC-3 
showed slightly higher ratios exceeding 1 (Fig. 9b). TOF-SIMS analysis 
(Fig. 8) suggests this differentiation through the characteristics of the 
surface passivation films: the monolithic Ti-enriched layer in #HEC-2 
appears to impede A-site ion migration, while #HEC-3's bilayer struc
ture features an outer A-element-enriched layer formed via dissolution- 
reprecipitation processes. This phenomenon could arise from the higher 
RA in #HEC-3, which weakens the A-O bonding strength. Although the 
surface passivation layer inhibits ion migration, the weakened bonding 
strength in high chemical disorder systems could potentially outweigh 
the protective role of the surface film, leading to significant grain 
boundary collapse.

The short term and long term rates of the A-site elements in high- 
entropy pyrochlore can be further illustrated in Fig. 9c. The short- 
term leaching rates for all the five sample coupons are within the 
same range despite significant differences in ionic radii and metal- 
oxygen bond strengths. However, significant divergences in long-term 
leaching rates were observed during the long-term leaching tests, 
which will be detailed in the following section.

4. Discussion

4.1. Nexus among chemical composition–localized bonding strength–film 
property

This study suggests the dynamic relationship among chemical 
composition, localized bonding strength, and passivation film properties 
in high-entropy pyrochlore with variable chemical disorder (Fig. 10). 
The chemical composition-induced differences in bonding strength 
appear to have a significant impact on HE-RE2Ti2O7 growth kinetics and 
film structure. By tailoring A-site rare-earth compositions, a transition 
from homogeneous Ti-enrich amorphous passivation layers (A/Ti < 1) 
to heterogeneous bilayer (A-site-enriched/Ti-enriched) structures was 
achieved.

a. Relationship between Chemical Composition-Dominated 
Evolution of Bonding Strength

This work suggests that the structural stability of pyrochlore ce
ramics is closely associated with the metal-oxygen bonding strength (A- 
O) by configuring the multi-component pyrochlore with the same en
tropy and different ionic radii [32]. The variations in the ionic radii of 
A-site cations affect the M–O bond strength based on bond valence 
theory [33,34], with a reduction in A-O bonding energy by increasing 
ionic radii (e.g., Rₐ increases from 0.997 Å to 1.070 Å), leading to lattice 
expansion (unit cell volume: 1019 Å3 → 1060 Å3) and an increased 
proportion of monoclinic phase (Fig. 3b), with continuously increasing 
of the ionic radii will finally result in the 100 % monoclinic structure. 
The intrinsic relationship between structural stability and dissolution 
kinetics can be further evidenced by the Raman spectroscopy, where the 
attenuated intensity of the rare-earth–oxygen (RE–O) vibrational peak 
at 750 cm⁻¹ in the monoclinic phase (Fig. 4d) indicates that weakened 
A–O bonds accelerate bond breakage during dissolution. These results 
suggest that chemical composition influences the structural stability of 
the pyrochlore matrix by adjusting ionic radii and bond strength 

Fig. 9. Leaching mechanism of HE-RE2Ti2O7 ceramics (a) A-site element release rates during 25-day leaching tests. (b) A/Ti atomic release ratios over time. (c) Radar 
chart comparing short-term (ST) and long-term (LT) leaching rates.
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variations.
b. Relationship between Bonding Strength and Passivation 

Layer Formation
The variation in M-O bonding strength governs the bonding breakage 

in multi-component oxide systems [33]. Cations with weaker bonding 
strength exhibit preferential dissolution, while those with stronger M–O 
bonds remain stable. The selective release of A-site elements facilitates 
the elemental reprecipitation as evidenced in the TOF-SIMS analysis [7, 
34].

The potential correlation between average ionic radii and heterog
enous passivation film growth mechanism can be further revealed by the 
TOF-SIMS depth profile. (Fig. 8a). The observed titanium enrichment at 
the substrate surface (A/Ti < 1) may result from the combined effects of 
Ti–O bond stability and its low solubility, potentially leading to pref
erential Ti retention during dissolution-reprecipitation. Reprecipitation 
occurs even under unsaturated solution conditions considered the low 
solubility of Ti, ultimately forming a homogeneous Ti-rich amorphous 
layer (A/Ti < 1), as suggested by previous research [35].

In contrast, it is hypothesized that in high RA systems (e.g., #HEC-3), 
the interfacial diffusion of A-site elements (e.g., Nd) could be acceler
ated, due to weakened A–O bonds (Fig. 6). While conventional 
dissolution-reorganization models predict monolithic Ti-enriched 
layers, dynamic dissolution-reprecipitation processes enable simulta
neous A-site cation participation in passivation film formation, which 
results in a bilayer film composed of an A-site-enriched outer layer and a 
Ti-rich inner layer (Fig. 8c). Besides, the isotopic tracing profile 
(18O/16O) indicates a 36.7 nm gradient decay depth profile (Fig. 5c), 
consistent with the passivation layer thickness denoted from the STEM 
image, further excluding static surface reconstruction mechanism and 
implying dissolution-reprecipitation as the likely dominant process.

The growth kinetics of passivation layers are governed by the 

dynamic competition between interfacial reaction rates and structural 
evolution. By integrating isotopic tracing (Fig. 5c) and TEM analysis 
(Fig. 7), the passivation film growth mechanism can be inferred in the 
schematic diagram in Fig. 10 and summarized below:

Rapid elemental release dominates interfacial reactions during the 
initial corrosion stage, triggering the preferentially elemental repreci
pitation near the substrate, forming a Ti-rich amorphous layer (Figs. 8a-
9a). Weakened A-site bonding strength accelerates A-site element 
release for high RA samples (#HEC-3), which further leads to the rapid 
localized saturation and reprecipitation of A-site element on the Ti- 
enriched layer. This process ultimately leads to the formation of a 
bilayer passivation structure (Fig. 8c). This stage-dependent trans
formation aligns with Hellmann's Coupled Interface Dissolution- 
Reprecipitation (CIDR) theory [15]: local supersaturation of dissolved 
species drives secondary phase nucleation, enabling a kinetic transition 
from "dissolution-dominated" to "reprecipitation-dominated" regimes.

For comparison, the sample with higher RA (e.g., #HEC-4) featured a 
dual crystalline structure, suffering from the non-uniform dissolution of 
monoclinic phases, severely disrupting passivation layer growth ki
netics. The rapid dissolution of monoclinic grains generates inter
connected pores and large void space across the grain boundary, 
according to the TEM analysis (Fig. 7a). The large area of grain disso
lution can accelerate the 18O diffusion (Fig. 7c) and induce localized 
dissolution rate spikes (Fig. 9a). The resulting porous network promotes 
the formation of discontinuous passivation layers at the grain boundary 
(Fig. 8e), consistent with the dissolution study of La2Ti2O7 observed by 
Yang et al. [4].

4.2. Dynamic controlling of the heterogeneity in the pyrochlore chemical 
durability

a. Influence of passivation film structure on Chemical Stability
A pronounced decline in the A/Ti atomic release ratio was observed 

across all the pyrochlore samples after 3 days of leaching period 
(Fig. 9b), which can be attributed to the gradual formation of surface 
passivation films. On the other hand, the reduced A/Ti ratio for the dual- 
phase sample #HEC-5 post-day 3 arises from the distinct leaching ki
netics between different phase-structured grains, highlighting the role of 
phase heterogeneity in controlling the elemental release behavior.

According to transition state theory (TST) [36–38], the leaching 
process can be divided into three distinct stages: Matrix 
dissolution-dominated stage: coupling bonding breakage of 
metal-oxygen bonds drives simultaneously release of both A-site and Ti 
elements, which initiates the gradual formation of Ti-enriched passiv
ation film due to the dissolution-reprecipitation mechanism, further 
slow down the elemental dissolution and diffusion. Diffusion-controlled 
stable stage: The continuous growth of passivation film with gradual 
coverage on the sample surface leads to the transition to a 
diffusion-controlled mechanism, further protecting the matrix from 
corrosion (Fig. 9b). Therefore, the transition between incongruent and 
congruent mechanisms at day 11, according to the elemental release 
curves, can be explained by the mechanism transition from stage 2 to 
stage 3, where the passivation film significantly enhances its barrier 
effect against A-site leaching.

The differences in dissolution rates among materials (e.g., #HEC-1 to 
#HEC-5) are governed by the coupling effect between surface passiv
ation film structure and chemical disorder (lattice distortion). Single- 
phase pyrochlore (#HEC-2) exhibits the lowest long-term dissolution 
rate due to the formation of a uniform, dense Ti-rich amorphous 
passivation layer (A/Ti < 1), which effectively suppresses A-site ion 
migration. In contrast, dual-phase samples (e.g., #HEC-4 and #HEC-5) 
show significantly higher dissolution rates due to preferential dissolu
tion of the monoclinic phase, leading to grain boundary collapse and 
porous structures (Fig. 7a), with passivation films exhibiting discontin
uous multilayered or fractured features (Fig. 8e). Higher chemical 

Fig. 10. Elemental Migration Dynamics and Passivation Film Architecture 
During Pyrochlore Corrosion (a) Schematic of Ti-dominated passivation. (b) 
Dual-layer passivation with A/Ti differentiation.
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disorder and weaker bonding strength in #HEC-3 induce a bilayer 
passivation film (Fig. 8c), resulting in an intermediate dissolution rate. 
The formation of a dense amorphous film effectively passivates the 
pyrochlore matrix against further corrosion, substantially improving 
material durability [39].

b. Heterogeneity in Elemental Release and the underlying 
dominated mechanism

The short-term leaching rates of A-site elements in the high-entropy 
pyrochlore are approximately the same during the semi-dynamic 
leaching tests (outer ring of the radar chart in Fig. 9c), which contra
dicts the conventional wisdom that the chemical bonding strength 
dominates the initial rate [11]. This phenomenon could arise from the 
delayed diffusion effect induced by lattice distortion in high-entropy 
systems, according to the previous research by Zhou [24]. It is 
possible that the synergistic interactions among multiple components 
and the enhanced mixing entropy effectively reduce the release rate by 
distorting the elemental diffusion throughout the crystalline lattice [40]. 
Furthermore, an increase in the lattice distortion parameter (δ) could 
raise the activation energy required for ion migration, which might 
suppress the initial leaching of large-radius A-site cations (Fig. 9c).

Despite the fact that the surface passivation film strongly impacts the 
long-term leaching rate, the intrinsic bonding strength among these 
samples still plays a crucial role in judging the heterogenous elemental 
release mode as denoted in the leaching curve (Fig. 9a). For instance, the 
bilayered passivation film structure observed in the #HEC-3 sample 
shows that larger-radius elements (e.g., Nd) still form an A-site-enriched 
outer deposition layer despite the protective Ti-rich inner layer. Long- 
term leaching experiments reveal that A-site elements with larger 
ionic radii and weaker metal-oxygen bond strengths (e.g., Nd, Sm) 
exhibit higher release rates, whereas those with smaller radii and 
stronger bond strengths (e.g., Yb, Lu) show lower rates regardless of the 
effect of surface passivation film (Fig. 9a). Comparative analysis 
revealed significant disparities in long-term leaching rates of identical A- 
site elements across the as-fabricated five high-entropy pyrochlores, 
with Sm showing notably higher rates in #HEC-3. This divergence is 
primarily attributed to variations in chemical disorder and the hetero
geneous structure of the passivation film.

These findings further suggest the critical mechanism by which the 
coupling effect of bonding strength, lattice distortion, and surface 
alteration behavior on the long-term stability of multi-component 
pyrochlore structure instead of solely dependent on mixing entropy 
since the mixing entropy is identical for the samples studied herein.

5. Summary and conclusions

This study fabricated the high-entropy pyrochlore with the different 
chemical disorder and further proposed a potential mechanism for the 
formation of surface passivation films by establishing an association 
among chemical composition, passivation film formation, and chemical 
durability. The key findings can be summarized below: 

(1) The surface oxide film formation is likely dominated by a 
dissolution-reprecipitation mechanism, as suggested by advanced 
material characterization techniques including the oxygen 
isotope (18O/16O) profiles of TOF-SIMS and TEM analysis.

(2) The chemical composition and microstructure of the surface 
passivation film are not intrinsic, which may be closely related to 
the heterogeneous elemental release behavior. It is hypothesized 
that homogeneous Ti-rich amorphous layers (A/Ti<1) form via 
preferential Ti-O bond reprecipitation, effectively inhibiting 
corrosion, while A/Ti bilayered structures may arise from 
weakened A-O bonds, triggering A-site cation saturation and 
precipitation to form the outer layer of the passivation film.

(3) The anti-corrosion behavior of pyrochlore is not intrinsic and 
cannot be solely explained by the entropy effect. The high- 
entropy effect may be associated with lattice structure changes, 

potentially involving the suppression of the initial leaching rate 
of large A-site cations through altered ion diffusion. However, the 
long term elemental release rates appear to be strongly correlated 
with localized chemical bonding strength, and surface alteration 
behavior.

Overall, this work contributes to the foundational understanding of 
the surface alteration behavior and chemical durability of multi- 
component pyrochlore solid solutions. Furthermore, the current study 
offers new experimental and theoretical insights into the corrosion 
passivation mechanisms of high-entropy materials.
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