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Abstract: High-entropy ceramics are generally designed by distributing several 
principal cations over one or more crystallographic sublattices. Nuclear fuel 
ceramics develop a different form of chemical complexity: fission, neutron capture, 
radioactive decay, redox changes, temperature gradients, and diffusion produce a 
phase-partitioned UO2 microstructure containing dissolved fission products, gas 
bubbles, noble-metal precipitates, complex oxides, and chemically modified 
interfaces. Here we use this irradiation-driven partitioning to motivate partial/local 
high-entropy (PLHE) design, in which deliberately introduced compositional 
complexity is confined to a function-controlling sublattice, grain-boundary region, 
interface, or secondary phase while the primary matrix is retained. Irradiated UO2 
is treated as a non-equilibrium heterogeneous state rather than a high-entropy phase. 
PLHE is defined by resolved spatial or crystallographic confinement, local 
compositional/site evidence, a specified performance bottleneck, and comparison 
with a matched lower-complexity reference. The resulting framework treats 
configurational entropy as one screening metric within broader thermodynamic and 
kinetic constraints. Waste-form ceramics provide the most direct near-term test bed, 
whereas fuel-matrix and in-fuel concepts require additional thermal, neutronic, 
redox, and irradiation screening. 

 Keywords: nuclear ceramics; UO2 fuel; fission products; compositionally complex 
ceramics; partial/local high entropy; radiation tolerance 

1. Introduction: High Entropy beyond Global Mixing 

Configurational disorder has become an important design variable in ceramics. Rost et al. showed that the 
rock-salt oxide (Mg,Co,Ni,Cu,Zn)O could reversibly form a single phase at high temperature, providing direct 
evidence for entropy stabilization [1]. High-entropy ceramics have since been reported in fluorite, pyrochlore, 
perovskite, spinel, carbide, nitride, boride, and silicide systems [2–4]. The terminology has also been refined. A 
material may be compositionally complex without being entropy-stabilized, and a multicomponent nominal 
composition does not establish homogeneous mixing on a given sublattice or show that configurational entropy 
controls phase stability [5,6]. These distinctions are especially relevant to non-equimolar, aliovalent, vacancy-
containing, ordered, and multiphase ceramics. 

Studies of fluorite oxides show that medium-entropy and non-equimolar compositions can provide property 
combinations that equal or exceed those of equimolar analogues. Cation ordering, oxygen-vacancy content, local 
distortion, and phase stability can be as important as the number of components [7–9]. The design problem is 
therefore not to maximize configurational entropy throughout the material, but to determine where compositional 
complexity is useful and at what length scale. 

https://crossmark.crossref.org/dialog/?doi=10.53941/heme.2026.100006&domain=pdf
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Nuclear ceramics operate under temperature gradients, irradiation, fission-gas generation, transmutation, 
variable oxygen potential, corrosion, and long-term chemical evolution [10–12]. Many controlling processes are 
localized at cation sublattices, grain boundaries, bubble–matrix interfaces, precipitates, or radionuclide-hosting 
phases. This localization suggests a design problem distinct from global compositional mixing: complexity may 
be useful only at the structural unit that controls a limiting process. We use PLHE for such deliberately localized 
design. The modified unit must be defined structurally and compositionally, linked to a specific performance 
limitation, and evaluated against a lower-complexity reference under relevant conditions. Site-selective disorder, 
complexion engineering, and hierarchical multiphase design provide related concepts. PLHE integrates these ideas 
around a common nuclear-service objective and validation route. 

2. UO2 as a Fission-Evolved, Compositionally Complex Ceramic 

Fresh UO2 is a fluorite-structured oxide with uranium occupying the cation sublattice and oxygen occupying 
the anion sublattice. In conventional enriched light-water-reactor fuel, 238U remains the major isotope, whereas 
235U is present at a few percent, with the exact enrichment depending on the fuel design and reactor requirements. 
Two nuclear-reaction pathways are particularly relevant to the in-service compositional evolution of UO2 fuel. 
Neutron absorption by 235U produces an excited compound nucleus that can undergo fission: 

235U + n → 236U* → fission fragments + 𝜈̅ n + energy (1)

where 𝜈̅ denotes the mean number of prompt neutrons emitted per fission. In parallel, neutron capture by 238U 
initiates a breeding sequence: 

238U + n → 239U ⟶ఉష  239Np ⟶ఉష  239Pu (2)

239Pu formed through this sequence is fissile and contributes to further fission and fission-product generation. 
Equations (1) and (2) continuously change the fuel inventory. The associated chemical redistribution is governed 
by irradiation source terms, temperature gradients, oxygen-potential variation, solubility limits, redox chemistry, 
and diffusion kinetics [13–16], producing a non-equilibrium phase-partitioned state. Rare-earth fission products 
and some actinides can enter UO2-based solid solutions; Xe and Kr form intra- and intergranular bubbles; and Ru, 
Rh, Pd, Tc, together with a condition-dependent fraction of Mo, contribute to noble-metal precipitates. Ba-, Sr-, 
Zr-, Mo-, U-, and O-containing complex oxides can form under appropriate local chemistry. Mo partitioning is 
particularly sensitive to oxygen potential and can shift between metallic and oxidic states [15,16]. High-burnup 
restructuring further changes grain size, porosity, defect content, and local chemistry [14,16,17]. 

SIMFUEL reproduces selected burnup-dependent chemical inventories and representative fission-product states 
without the radiological constraints of reactor fuel [15,18]. It does not reproduce the complete irradiation-defect 
population, fission-gas history, in-pile thermal gradient, transmutation sequence, or non-equilibrium kinetics. It is 
therefore a chemical and microstructural analogue rather than a full surrogate. Post-irradiation examination and high-
burnup fuel studies remain necessary to establish phase distributions and local structures [14,16]. 

Figure 1 summarizes the major product classes and the principal drivers of their partitioning. Burnup, 
temperature, oxygen potential, radiation-enhanced diffusion, and solubility limits determine whether species 
remain in matrix solid solution, segregate to grain boundaries, form fission-gas bubbles, precipitate as noble-metal 
particles, or enter redox-dependent oxide phases. 
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Figure 1. Fission-driven chemical evolution and phase partitioning in UO2 fuel. The schematic separates matrix 
solutes, Xe/Kr bubbles, noble-metal precipitates, and complex oxides, with grain-boundary localization indicated 
in the final microstructure. Burnup, temperature, oxygen potential, radiation-enhanced diffusion, and solubility 
limits govern the partitioning. The enrichment values and reaction pathways are illustrative. 

3. Thermodynamic, Kinetic, and Spatial Classification of Multicomponent Nuclear Ceramics 

Spent UO2 remains U-dominated and most fission products are dilute at the pellet scale. Its irradiation 
microstructure is therefore better described as a phase-partitioned, non-equilibrium multicomponent state than as 
a homogeneous high-entropy phase. For the present discussion, four state classes are useful: compositionally 
complex phases, high-configurational-entropy phases, entropy-stabilized phases, and kinetically retained 
irradiation-induced heterogeneous states. The last category may contain substantial local chemical complexity 
while remaining controlled by source terms, diffusion distances, defect sinks, redox gradients, and finite irradiation 
time rather than equilibrium free-energy minimization. 

Here, compositionally complex denotes a multicomponent phase or local environment without demonstrated 
entropy control. High-configurational-entropy denotes substantial multi-principal occupancy within a phase or on 
a defined crystallographic sublattice for which configurational entropy is a useful descriptor. Entropy stabilization 
is a stronger thermodynamic claim that the disordered state must be stabilized relative to competing states by 
entropy, ideally demonstrated through reversible temperature-dependent phase behavior [1,5,6]. PLHE is 
orthogonal to these thermodynamic labels: it specifies where complexity is deliberately placed and how the 
resulting function is evaluated. A PLHE unit may be compositionally complex, high-configurational-entropy, or 
entropy-stabilized depending on the evidence. Table 1 summarizes the distinctions and minimum evidence. 
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Table 1. Definitions and minimum evidence for multicomponent and PLHE states. 

State Defining Criterion Thermodynamic/Kinetic Status Minimum Evidence 

Compositionally complex 
Several species share a 
phase/region; entropy  
control unproven 

Equilibrium or metastable Quantitative composition +  
phase constitution 

High-configurational-entropy 
Multiple principal species  
occupy a defined sublattice;  
ΔSconf is substantial 

Configurational entropy is 
substantial; stability not implied 

Site occupancy + local 
composition + phase purity 

Entropy-stabilized Entropy changes phase stability 
relative to competitors 

Equilibrium/reversible 
thermodynamic criterion 

Temperature-dependent 
reversibility +  
thermodynamic analysis 

Irradiation-induced heterogeneous 
Chemically partitioned state 
maintained by 
irradiation/gradients/kinetics 

Kinetically maintained,  
non-equilibrium 

PIE/local chemistry + 
defect/kinetic context 

PLHE 
Complexity deliberately confined 
to a selected unit and linked to a 
target function 

Orthogonal design label; 
equilibrium or metastable 

Spatial confinement + site 
occupancy + matched control + 
service-relevant performance with 
mechanistic attribution 

No universal ΔSconf threshold is imposed here because crystallographic site multiplicities and accessible 
configurations differ among ceramic structure types; the site-resolved value should therefore be reported for the 
specific sublattice or local region being classified. For a crystalline phase or locally resolved region α described 
by a multisublattice model, the ideal configurational-entropy screening descriptor is given by Equation (3): Δ𝑆ୡ୭୬୤ఈ,୧ୢୣୟ୪ = −R ∑ 𝑚௦௦  ∑ 𝑥௜,௦ఈ௜  ln𝑥௜,௦ఈ , ∑ 𝑥௜,௦ఈ௜  = 1 (3)

Here, ms is the number of sites belonging to sublattice s per formula unit and 𝑥௜,௦ఈ  is the site fraction of species 
i on that sublattice. Unequal site multiplicities are handled explicitly by ms. Vacancies are treated as species when 
they occupy configurational sites. Oxygen nonstoichiometry is represented on the anion sublattice, and mixed-
valence states (for example, U4+/U5+) must be distinguished when they participate in charge compensation. The 
site fractions must satisfy sublattice normalization and global charge neutrality. Equation (3) is an ideal upper-
bound descriptor; short-range order, site correlations, defect–solute coupling, interfacial excesses, and irradiation-
driven segregation can lower or otherwise modify the accessible configurational entropy. These effects require 
diffraction/PDF, spectroscopy, atom-probe or atomic-resolution microscopy, and, where appropriate, cluster-
expansion/Monte Carlo or defect-thermodynamic treatment. 

For equilibrium screening, the free-energy balance can be written schematically as: 

ΔGᵅ = ΔHmixᵅ + ΔGdefectᵅ + ΔGredoxᵅ + ΔGstrainᵅ − T(ΔSconfᵅ + ΔSvibᵅ) (4)

Equation (4) is a decomposition of the relevant free-energy contributions rather than a closed predictive 
model. Entropy stabilization depends on competition among mixing enthalpy, defect and redox energetics, strain, 
and configurational and vibrational entropy. Under irradiation, ballistic defect production, sinks, radiation-
enhanced diffusion, gas generation, and finite-time kinetics introduce additional non-equilibrium constraints. 
Therefore, a metastable irradiation state cannot be classified from ΔSconf alone. Figure 2 places the principal state 
classes on a schematic thermodynamic–kinetic map. 

 

Figure 2. Thermodynamic and kinetic classification of multicomponent nuclear-ceramic states. Homogeneous high-
configurational-entropy and entropy-stabilized states are separated from equilibrium phase-separated materials, 
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irradiation-induced metastable states, and chemically complex interfaces. The diagram is conceptual: thermodynamic 
classification requires the complete free-energy balance, whereas irradiation states additionally require kinetic and 
spatially resolved evidence. 

4. PLHE as a Selective-Placement Design Framework 

PLHE does not define a new thermodynamic state. Its distinction lies in how compositional complexity is 
allocated and evaluated. The selected unit is a sublattice, grain-boundary region, interface, or secondary phase 
expected to control a service-limiting process. Its local chemistry and site occupancy are resolved, and its effect is 
compared with a matched lower-complexity reference. Local high entropy restricts complexity spatially, for 
example to a grain-boundary zone or interface, whereas partial high entropy restricts it crystallographically or by 
phase, for example to one sublattice or a secondary host phase. A candidate may satisfy either restriction or both. 
Accordingly, the PLHE designation rests on resolved confinement and site occupancy rather than nominal 
composition alone. 

Figure 3 summarizes these definitions without assigning a performance benefit to any specific nuclear 
material. The matrix retains its primary function, while additional compositional freedom is placed only in the unit 
linked to the target mechanism. Candidate units in nuclear ceramics include a fuel-matrix sublattice, grain-
boundary complexion, bubble–matrix interface, or radionuclide-hosting phase. 

 

Figure 3. Global, local, partial, and PLHE design. Global high entropy distributes compositional complexity through 
the material or dominant phase. Local and partial high entropy restrict it in space or to a selected phase, sublattice, 
compound, or local environment. PLHE combines these restrictions while retaining a conventional matrix. 

5. Design Principles and Constraints 

5.1. Preserve the Primary Matrix Function 

The matrix should first satisfy the fundamental requirements of the application. For a fuel, these include 
actinide density, thermal transport, oxygen-potential compatibility, phase stability, manufacturability, fuel–
cladding compatibility, and reactor-specific neutronics. For a waste form, they include waste loading, chemical 
durability, radiation tolerance, processability, and long-term phase stability [19]. Complexity should not be 
introduced simply because a larger composition space is available. It is justified only when it improves a defined 
function without imposing an unacceptable penalty elsewhere. 

5.2. Identify the Controlling Bottleneck 

PLHE design should start from a specific performance limit rather than a target entropy value. In oxide fuels, 
relevant limits include thermal-conductivity degradation, fission-gas swelling and release, grain-boundary 
weakening, fission-product redistribution, and interfacial chemical attack. In waste forms, they include variable 
waste inventories, actinide retention, aqueous corrosion, radiation-induced amorphization, helium accumulation, 
and phase incompatibility. The selected unit should have a direct mechanistic link to the limiting process. 
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5.3. Couple Phase Partitioning with Defect Chemistry 

Nuclear oxides are multisublattice defect systems. Aliovalent substitution can change oxygen-vacancy 
populations, actinide valence, charge compensation, diffusion, redox equilibria, and phase stability. Candidate 
PLHE compositions must therefore be evaluated using coupled cation–anion defect chemistry under realistic 
oxygen potentials. Ideal configurational entropy alone is insufficient because charge imbalance, local bonding, or 
competing ordered phases may destabilize the target structure [20]. 

5.4. Use an Application-Specific Reference 

PLHE candidates should be compared with a lower-complexity reference prepared with comparable 
processing, density, grain size, defect content, and phase constitution. Without such control, differences may arise 
from porosity, secondary phases, dopant chemistry, or microstructural refinement rather than selective complexity. 
The relevant measure is the net mechanistic benefit after these variables are separated. 

5.5. Specify the Radiation-Response Metric 

Radiation tolerance encompasses several distinct responses. In nuclear ceramics, relevant metrics include 
resistance to amorphization, limited defect accumulation, dynamic recovery, suppression of irradiation-induced 
segregation, gas-bubble evolution and swelling, radionuclide retention, and resistance to radiation-enhanced 
dissolution [21–26]. These responses are not interchangeable: resistance to amorphization, for example, does not 
ensure favorable cation redistribution or aqueous durability. Chemical complexity can also introduce countereffects 
through local strain, reduced defect mobility and recombination, stronger He or fission-gas trapping, irradiation-
induced phase separation, radiation-enhanced diffusion, or segregation of redox-active and volatile species. PLHE 
studies should therefore define the relevant damage metric and mechanism explicitly rather than use radiation 
tolerance as a generic outcome. 

6. Application-Specific Opportunities, Constraints, and Maturity 

6.1. Near-Term Opportunity: Compositionally Complex Waste-Form Ceramics 

Waste-form ceramics provide the most direct near-term setting in which to test PLHE concepts because their 
primary function is radionuclide immobilization rather than heat generation or neutron economy. Candidate hosts 
include defect fluorite, pyrochlore, zirconolite, murataite, garnet, apatite, hollandite, and perovskite-related 
ceramics. Their distinct crystallographic sites can accommodate actinides, rare-earth fission products, Cs/Ba, Sr, 
and transition-metal species through size/valence matching and charge compensation [19,25,27–29]. Compositionally 
complex variants may broaden selected solubility windows or accommodate variable waste inventories, but 
increased elemental diversity alone does not establish improved durability or irradiation response. Table 2 relates 
representative host families to the target species, modified unit, intended mechanism, lower-complexity control, 
and validation metric. 

A multiphase waste form may be compositionally complex at the material scale even when each phase has 
low configurational entropy. The term high-entropy waste form is therefore appropriate only when multiple 
principal species occupy a defined sublattice within the relevant host phase. For many waste streams, a deliberately 
multiphase ceramic may be more suitable than a single high-entropy phase because different radionuclides favor 
different crystal-chemical hosts. 

6.2. Waste Forms as a Nearer-Term Technical Route 

The design spaces of waste forms and fuels are fundamentally different. Waste forms prioritize radionuclide 
incorporation, aqueous durability, radiation response, phase stability, tolerance to variable waste inventories, and 
long-term chemical evolution. Fuels must additionally preserve fissile/heavy-metal density, thermal conductivity 
and melting margin, fission-gas behavior, swelling and restructuring, fuel–cladding chemical compatibility, 
reactor physics, fabrication, and ultimately licensing. A composition that performs well as a durable waste host 
can therefore be unsuitable as a fuel even when its local irradiation response is favorable. The fuel-related cases 
below are consequently treated as screening problems in which any local benefit must be weighed against these 
system-level penalties. 
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Table 2. Candidate PLHE waste-form systems and validation metrics. 

Host Family Target 
Species/Class PLHE Unit Target 

Function/Mechanism Matched Control Key Validation 

Pyrochlore/defect 
fluorite Actinides, rare earths 

A/B cation 
sublattice or 
disorder domain 

Site accommodation; 
disorder/amorphization 
response 

Single-/few-cation 
analogue 

Site occupancy; 
critical 
amorphization dose; 
leaching 

Zirconolite/Synroc Pu/minor actinides, 
RE fission products 

Ca/Zr/Ti sites 
within selected 
phase 

Partition radionuclides 
into durable host 

Conventional 
zirconolite/Synroc 
phase 

Phase fraction; 
actinide loading; 
leaching; α-
decay/He 

Hollandite Cs/Ba 
Tunnel + 
framework-cation 
chemistry 

Cs retention and 
charge compensation 

Lower-complexity 
titanate hollandite 

Cs site occupancy; 
EXAFS; aqueous 
release 

Apatite/garnet/murataite Actinides/lanthanides 
(system dependent) 

Selected cation 
sublattice 

Flexible charge/size 
accommodation 

Binary/ternary host 
of same structure 

Phase stability; 
solubility; 
irradiation response 

Perovskite-related Actinides/lanthanides A/B sites with 
vacancy control 

Controlled defect 
chemistry and 
amorphization 
response 

Single-dopant 
perovskite 

Vacancy/site 
occupancy; 
amorphization; 
leaching 

6.3. Longer-Term Opportunity: Selectively Complex Fuel-Matrix Sublattices 

Compositionally complex fluorite oxides demonstrate that cation disorder, ordering transitions, aliovalent 
substitution, and oxygen vacancies can be tuned over broad composition ranges [7,8,20]. These results justify 
exploring selective complexity in UO2-, ThO2-, or mixed-actinide matrices, but they do not establish the same 
response in actinide fuels. Possible effects include changes in fission-product solubility, defect association, and 
phase stability. At the same time, compositionally complex fluorites often have reduced thermal conductivity 
because cation-mass disorder, local strain, force-constant variation, and oxygen vacancies increase phonon 
scattering [7,9,30]. This behavior is useful for thermal-barrier applications but imposes a thermal penalty in nuclear 
fuels. Fuel design should therefore use the minimum local or partial complexity needed for a defined benefit while 
preserving heat removal and heavy-metal density. 

When a non-actinide cation substitutes on the U/actinide sublattice, heavy-metal and fissile-atom number 
densities are diluted approximately in proportion to the substituted site fraction before lattice-parameter and 
density changes are considered. The actual penalty depends on dopant concentration and mass, oxidation state and 
charge compensation, theoretical density and porosity, lattice parameter, and whether substitution occurs on the 
actinide sublattice or is accommodated through oxygen-related defects. Neutronic consequences are likewise 
isotope- and spectrum-dependent. To illustrate the scale of the site-dilution effect, Table 3 presents a sensitivity 
calculation for U1−xMxO2 with 4 at.% 235U in the uranium inventory and fixed cation-site density. M is assigned σa = 1 
barn to separate the dilution effect from the chemistry of a strong neutron absorber. The normalized values are not 
a reactor-physics prediction. They show the first-order change in heavy-metal/fissile density and in a thermal-
absorption proxy before lattice, porosity, spectrum, and depletion effects are included. Candidate compositions 
would require transport/depletion calculations, activation and transmutation inventories, measured 
density/porosity, thermal conductivity, phase and melting margins, oxygen potential, fabrication behavior, and 
fuel–cladding compatibility [31,32]. 

Table 3. Illustrative sensitivity analysis for cation-site substitution in U1−xMxO2. 

x in U1−xMxO2 Normalized HM  
Cation Density 

Normalized 235U  
Atom Density 

Normalized Thermal 
Absorption Proxy * Interpretation 

0 1.00 1.00 1.000 Reference UO2 

0.05 0.95 0.95 0.952 5% reduction in HM and 
fissile atom density 

0.10 0.90 0.90 0.903 10% reduction in HM and 
fissile atom density 

0.20 0.80 0.80 0.807 20% reduction in HM and 
fissile atom density 

* The absorption proxy uses σa, eff(U) = 0.04σa(235U) + 0.96σa(238U) and σa(M) = 1 barn. Cation-site density is fixed and all values are 
normalized to UO2. This is a sensitivity calculation, not a reactor model. Thermal cross sections for uranium are from NIST [33]. 
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6.4. Exploratory Opportunity: Grain-Boundary and Interface Chemistry 

Grain boundaries participate in fission-gas bubble nucleation and interconnection, intergranular fracture, 
solute segregation, and oxygen transport [10,14,16]. In Cr-doped UO2, segregation and precipitation at grain 
boundaries vary with dopant level [31], illustrating why local chemistry must be resolved rather than inferred from 
nominal composition. Multicomponent boundary chemistry could alter defect absorption, bubble evolution, or 
solute redistribution, but it could also promote fast interfacial diffusion, connected porosity, gas trapping, or 
mechanically weak boundary films. Evaluation therefore requires boundary-resolved chemistry, in situ or post-
irradiation bubble analysis, and interface-specific mechanical or transport measurements. 

6.5. Exploratory Opportunity: Compositionally Complex Trap or Sink Phases 

Spent UO2 contains noble-metal particles and complex oxides formed by phase partitioning during irradiation. 
This behavior suggests that engineered sink phases could be explored for selected fission products or defects. 
Candidate families include fluorite-, pyrochlore-, perovskite-, zirconolite-, and related complex oxides [20,29,34,35]. 
Their use inside a fuel pellet would depend on phase compatibility, coarsening, thermal resistance, oxygen-potential 
coupling, swelling, and neutronic effects. At present, such concepts are better described as compositionally complex 
trap or sink phases unless multi-principal site occupancy and an entropy-based role are established. 

7. Research and Validation Roadmap 

Figure 4 translates the concept into two application tracks. Track A covers compositionally complex waste 
forms, for which host families and durability metrics are established. Track B covers fuel matrices, interfaces, and 
in-fuel sink phases. Fuel-related concepts require thermal, redox, phase-compatibility, and reactor-specific 
neutronic screening before irradiation testing. 

 

Figure 4. Research and validation pathway for fission-informed PLHE nuclear ceramics. Near-term waste-form 
concepts and longer-term fuel/interface/sink concepts converge on a common evidence gate requiring quantitative 
composition and phase constitution, resolved spatial confinement/site occupancy, a closely matched lower-
complexity control, and service-relevant performance with mechanistic attribution. 

Both tracks follow the same sequence: define the bottleneck, select the controlling unit, screen coupled 
constraints, resolve local structure, and test under service-relevant conditions. The evidence gate in Figure 4 is 
defined in measurable terms. Composition and phase constitution must be quantified, spatial confinement and site 
occupancy must be resolved, the lower-complexity reference should be matched as closely as possible in density, 
porosity, grain size, actinide loading, phase fraction, and processing history, and the target property should be 



Wang and Zhang  High Entropy Mater. Energ. 2026, 1(1), 6  

https://doi.org/10.53941/heme.2026.100006  9 of 11  

measured under relevant thermal, chemical, and irradiation conditions. Evidence based only on room-temperature 
phase identification or qualitative microscopy is insufficient because the PLHE claim concerns a specified local 
unit and its service response. Mechanistic attribution should therefore combine microscopy and spectroscopy with 
thermodynamic, atomistic, kinetic, or reactor-physics modelling as appropriate. 

8. Outlook 

The phase-partitioned chemistry of irradiated UO2 reveals a hierarchy of chemically active length scales—
from matrix sublattices and grain boundaries to gas bubbles, metallic precipitates, and complex oxides—at which 
defect populations, redox state, and composition are coupled. PLHE uses this hierarchy as a design principle by 
introducing compositional complexity selectively at units that control target functions while preserving the primary 
role of the surrounding matrix. 

Waste-form hosts provide the clearest near-term route because site-selective radionuclide incorporation is 
already central to their crystal chemistry. Fuel matrices, grain boundaries, and in-fuel sink phases are longer-term 
directions because thermal transport, neutronics, oxygen potential, and irradiation kinetics impose coupled 
constraints. Progress will depend on resolved site occupancy, controlled lower-complexity references, and direct 
evidence linking the modified unit to performance under service-relevant conditions. 

The useful design variable is therefore not nominal entropy alone, but the amount and location of 
compositional complexity required for a measurable nuclear-material function. 
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