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High-density fuels, including uranium monocarbide (UC), uranium mononitride (UN), and uranium carboni-
tride (UCN) formed from carbon impurities during UN fabrication, have recently attracted attention for light-
water reactor (LWR) applications due to their potential for increased 235U loading at a fixed enrichment, high
thermal conductivity, and elevated melting temperatures. Despite these favorable properties, several perfor-
mance aspects must be evaluated before these lesser-studied uranium compounds can become viable LWR fuel
forms. This study is the first to perform thermodynamic calculations evaluating the thermal stability of pure
UC and UN in a closed system representative of pressurized water reactor coolant. The results indicate that
neither UN nor UC is thermodynamically stable in aqueous electrochemical environments during a cladding
breach. Subsequently, the potential interactions between UN and UCN with Zr or SiC claddings were sys-
tematically evaluated using a newly developed U–Zr–Si–C–N thermodynamic database constructed through the
CALPHAD approach and validated with literature data. Interfacial stability for UN/Zr, UC/Zr, UN/SiC, and
UC/SiC couples was assessed by calculating isothermal sections of U–Zr–N, U–Zr–C, U–Si–C, and U–Si–C–N
systems at 1500, 1000, and 500 ◦C, as well as isopleth sections of U(C0.3N0.7)–Zr. The results predict that
the UN–Zr interface produces multiple reaction layers including bcc(U,Zr), UZr2, hcp(Zr,N), and fcc(U,Zr)N
phases, whereas the UC–Zr system forms a single ZrC layer. Improved thermodynamic stability is predicted for
both UC and UN when in contact with SiC cladding, as both remain in equilibrium at all evaluated temperatures.
Carbon impurities within UN are not expected to detrimentally affect fuel–cladding interactions for either Zr or
SiC under the studied conditions.
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I. INTRODUCTION1

High-density nuclear fuels, defined as compounds or fuel2

architectures possessing greater uranium density than ura-3

nium dioxide (UO2), have recently attracted attention for4

light-water reactor (LWR) applications [1]. Replacing UO25

with a higher-density fuel enables increased 235U loading at6

a fixed enrichment, allowing extended cycle length, higher7

reactor power, or compensation for potential neutronic penal-8

ties associated with alternative cladding materials [2]. These9

advantages translate to economic and operational improve-10

ments, particularly when combined with higher enrichment11

fuels [3, 4].12

Numerous uranium compounds offering higher uranium13

density than UO2 have been proposed. Metallic (e.g., U–Zr14

and U–Mo) and intermetallic (e.g., U–Si and U–B) systems15

have been investigated [5–7], but recent research has focused16

on uranium mononitride (UN) as the most promising high-17

density fuel form [8]. Uranium mononitride belongs to the18
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broader “MX” family of fuel systems, where M is typically19

uranium, and X is carbon, nitrogen, or their mixtures. Be-20

cause plutonium is not currently prioritized for commercial21

LWR use in the United States, the relevant subset includes22

uranium monocarbide (UC), uranium mononitride (UN), and23

uranium carbonitride (UCN), the latter forming from carbon24

impurities during UN fabrication [6, 7]. In addition to pro-25

viding a higher uranium density, these fuels also offer higher26

thermal conductivities and maintain solid-state stability to27

high temperatures [9, 10].28

Despite these favorable properties, numerous performance29

aspects must be evaluated before these lesser-studied uranium30

compounds can be considered viable for LWR deployment.31

Irradiation testing is essential to assess swelling, fission gas32

release, fission product behavior, and microstructural evolu-33

tion of UN under reactor conditions. However, integral irradi-34

ation experiments are costly and time-consuming. To acceler-35

ate development, programs increasingly employ “accelerated36

fuel qualification,” emphasizing computational screening to37

eliminate unsuitable candidates and guide experimental test-38

ing [11].39

Thermodynamic compatibility of non-oxide fuels has al-40

ready been demonstrated to be concept-limiting. Interest41

in U3Si2 fuels for LWRs was motivated for similar reasons42

as UC and UN: superior uranium density and high ther-43

mal conductivity. However, significant investment occurred44

before experimental results demonstrated poor compatibil-45

ity with water coolants [12]. This response poses a signifi-46

cant concern to reactor operation in the event of a cladding47

breach experienced under even normal operating conditions48

[2]. Thermodynamic screening of proposed fuel forms with49

water coolants as used by pressurized water reactors (PWRs)50
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is therefore a basic step to screen for performance issues.51

Fuel–cladding thermochemical compatibility is another52

important aspect of nuclear fuel design. In most reactor de-53

signs incorporating monolithic fuels, fuel swelling or reloca-54

tion of the fuel will couple with inward creep of the cladding55

driven by coolant pressure to place the fuel and cladding in56

close contact at some point in the designed service life of the57

fuel. Deleterious reactions between elemental constituents of58

the fuel and cladding have the potential to degrade the me-59

chanical strength of the cladding or induce other concerns.60

This has long been appreciated as an issue for fast reactor fu-61

els [13, 14]. Conversely, the chemical interaction layer that62

forms when UO2 comes into contact with Zr cladding are63

generally not viewed as significant to commercial LWR re-64

actor operation [15, 16]. The extent and significance of pos-65

sible interfacial reactions for new fuel or cladding materials66

is presently acknowledged as an unknown for advanced LWR67

fuels [17] and will determine the success of fuel systems to68

support new reactor designs [18].69

Evaluation of the extent of concern posed by fuel–cladding70

interaction is usually limited to experimental study of unir-71

radiated diffusion couples [19, 20] and examination of fuel–72

cladding contact regions following integral irradiation testing73

[21]. Experimental observations are ultimately necessary, as74

interdiffusion kinetics, radiation-enhanced diffusion, and the75

complicating role of fission product effects are challenging to76

predict. However, evaluation of experimental outcomes are77

informative only regarding the specific test conditions.78

The present work was conceived to provide a screening79

study of the predicted thermodynamic behavior of systems80

that will govern the performance of UN when used as an LWR81

fuel. Uranium mononitride is the specific fuel form of focus,82

but UC is included to serve as an endpoint for potential carbon83

contamination resulting in fabrication of UCN fuels. Zirco-84

nium is chosen for the reference cladding constituent. Silicon85

carbide (SiC) was also chosen as a candidate cladding system,86

as it has been proposed for pairing with UN to yield a high87

performance LWR fuel [22, 23]. The CALPHAD (CALcula-88

tion of Phase Diagram) approach is used to assess thermody-89

namic behavior [24]. The resulting phase equilibria can then90

be used to discuss the probable outcomes of interaction of91

UCN with coolant during normal operation, potential phase92

formation following fuel–cladding contact during normal ser-93

vice, and conditions at elevated temperatures where deleteri-94

ous interactions may become a concern. Finally, these phase95

diagrams may provide insight into means of mitigating any96

potential concerns.97

II. METHOD98

The CALPHAD approach [24] was used to model the99

Gibbs energies for phases in the U–(C,N)–(Zr,SiC) multicom-100

ponent system. The phases included in the system are listed101

in Table 1.102

Thermodynamic models for different phases have been dis-103

cussed in detail in literature [24]. Here, those models rele-104

vant to the phases present in the current system are briefly de-105

scribed here. Detailed formula on Gibbs energy of phases are106

provided in the supplementary file. The gas phase was mod-107

eled as an ideal mixture of different molecules. The liquid108

phase was modeled as a substitutional solution (SS) model.109

The Gibbs energy of a liquid phase is described as the sum of110

the Gibbs energy of each molecule
(
G0

i (T )
)
, weighted by the111

mole fraction of each molecule (xi), the ideal configuration112

entropy of mixing and the excess Gibbs energy
(
GEX

)
:113

Gm =
∑
i

(
xiG

0
i (T ) +RTxi lnxi

)
+GEX (1)114

The excess energy is described as115

GEX =
∑
i

xi

∑
j

[
Lij +

∑
k

xkLijk

]
(2)116

where Lij and Lijk are, respectively, binary and ternary inter-117

action parameters. These parameters often depend linearly on118

temperature. In many cases, they may also depend on compo-119

sitions following Redlich–Kister polynomial [25]. Equation120

(2) was developed by Muggianu et al. [26] and is an important121

extrapolation method that derives the thermodynamic proper-122

ties of multicomponent alloys from the constituent binary and123

ternary systems.124

The modeling of crystalline phases depends on the crys-125

tal structures of phases. For phases with a single set of lat-126

tice site, the Gibbs energy is described as the same way as127

substitutional solution model as shown in Eqs. (1) and (2).128

For phases with more than one sublattice, the Gibbs energy129

was modeled by compound energy formalism. Due to the130

model complexity, the mathematic equation will be described131

using the (U,Zr)1(C,N)1 sublattice model as an example. The132

(U,Zr)1(C,N)1 sublattice model is used to describe the UC,133

UN, ZrC and ZrN phases because these phases have the same134

crystal structure. The first sublattice denotes the lattice sites135

for metal atoms (U and Zr), and the second sublattice denotes136

the interstitial sites for interstitial atoms (C and N). The in-137

terstitial sites can also have other species, such as C2, and138

vacancy, as shown in Table 1. Here, for the ease of model139

description, only C and N are included. The stochiometric140

coefficients of two sublattices are 1 and so the model can be141

simplified as (U,Zr)(C,N). The Gibbs energy is described as142

Gφ
m = yIUy

II
C Gφ

U :C + yIUy
II
N Gφ

U :N + yIZry
II
C Gφ

Zr:C143

+ yIZry
II
N Gφ

Zr:N +RT
(
yIU ln yIU + yIZr ln y

I
Zr

)
144

+RT
(
yIIC ln yIIC + yIIN ln yIIN

)
+GEX (3)145

where yni denotes the site fraction of element i in the nth sub-146

lattice, Gφ
i:j is the Gibbs energy of the compound with a φ147

structure in which the first sublattice is fully occupied by el-148

ement i and the second sublattice by element j. The configu-149

rational entropy is described in terms of site fractions:150

GEX = yIUy
II
C yIIN LU :C,N + yIZry

II
C yIIN LZr:C,N151

+ yIUy
I
Zry

II
C LU,Zr:C + yIUy

I
Zry

II
N LU,Zr:N (4)152

where Li:j,k means the interaction parameter between ele-153

ments j and k in the second sublattice when the first sub-154

lattice is fully occupied by element i. The remaining three155
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Table 1. Phases modeled in the current study together with their models, constituents and crystal structures

Phase Model Constituents Crystal structure
Gas SS C, C2, C3, C4, N, N1Si1, N1Si2, N1Zr1, N2, N3, Si, Si2, Si3, U, Zr, Zr2 —
Liquid SS C, N, Si, U, Zr —
bcc(C,N,U,Si,Zr) CEF (Si,U,Zr)(C,N,VA) cI2, Im3̄m
hcp(C,N,Si,U,Zr) CEF (Si,U,Zr)(C,N,VA) hP2, P63/mmc
ORTHORHOMBIC_A20(O(U)) SS (U,Zr) oC4, Cmcm
TETRAGONAL_U (T(U)) SS (U,Zr) tP30, P42/mnm
GRAPHITE_A9 (Gra) LC C hP4, P63/mcm
DIAMOND_A4 (Dia) SS (C,Si) cF8, Fd3̄m
UC, UN, ZrC, βUC2 CEF (U,Zr)(C,C2,N,Va) Fm3̄m
U2C3 LC (U)2(C)3 I 4̄3d
UC2 CEF (U)(C,Va) I4/mmm
U2N3 LC (U)2N(3) P 3̄m1
U3Si LC (U)3(Si) cP4, Pm3̄m
USi LC (U)(Si) oP8, Pnma
U3Si5 LC (U)3(Si)5 hP3, P6/mmm
USi1.88 LC (U)(Si)1.88 tI12, I41/amd
USi3 LC (U)(Si)3 cP4, Pm3̄m
UZr CEF (U,Zr)(U,Zr) hP3, P6/mmm
U3Si2 CEF (U,Zr)3(Si)2 tP10, P4/mbm
CSi LC (C)(Si) cP8, F 4̄3m
N4Si3 LC (N)4(Si)3 hP28, P31c
T1: U3Si2C2 LC (U)3(Si)2(C)2 tI14, I4/mmm
T2: U20Si16C3 LC (U)20(Si)16(C)3 hP39, P6/mmm

SS: substitutional solution, CEF: compound energy formalism, LC: line compound.

interaction parameters in Eq. (4) have the similar meaning.156

Like those parameters in Eq. (2), these parameters are also157

dependent on temperature and composition.158

The compound energy formalism is mainly used to de-159

scribe a crystalline phase with a range of homogeneity; in160

other words, a phase that is not strictly ordered. For crys-161

talline phases whose composition is strictly at stoichiometric162

coefficient (e.g., AmBn), the Gibbs energy is described by163

line compound model:164

GAmBn
= mG0

A + nG0
B +∆Gf (5)165

where ∆Gf is the formation energy of the compound and can166

vary as a function of temperature.167

The models used for each phase in this work are listed in168

Table 1. The model parameters were obtained by simulta-169

neously evaluating all available thermochemical and consti-170

tutional data for the system until these data can be repro-171

duced from model-calculated results. The Gibbs energy func-172

tion for a phase in a multicomponent system is built upon173

the constituent binary and ternary phases. The Gibbs ener-174

gies of phases for pure elements and molecules in the gas175

phase were taken for SGTE pure element and SSUB3 ther-176

modynamic database. For the UC/Zr, UN/Zr, UC/SiC and177

UN/SiC couples to be evaluated, thermodynamic models for178

phases in the following eight binaries were required: U–C,179

U–N, U–Si, U–Zr, Zr–C, Zr–N, Si–C, and Si–N. These binary180

systems have been thermodynamically modeled in literature181

[27–34]. These published model parameters were evaluated182

and compiled into the current self-consistent thermodynamic183

database. Phase diagrams for these binary systems were cal-184

culated from the database and shown in Fig. 1, consistent185

with those published in literature [27–34].186

To evaluate thermodynamic compatibility of UC/Zr,187

UN/Zr, UC/SiC and UN/SiC, thermodynamic models on the188

Gibbs energies of phases in the U–C–Zr, U–N–Zr, U–C–Si189

and U–N–Si–C ternary and quaternary systems were needed.190

The thermodynamic models of ternary phases were first de-191

rived through extrapolation from those phases in constituent192

binary systems, and then the derived models were used to193

calculate phase diagrams. If the calculated phase diagrams194

agree satisfactorily with available experimental data, we will195

use the derived models to predict phase equilibria in the un-196

investigated composition and temperature region. If not, we197

will optimize ternary interaction parameters until satisfactory198

agreement with experimental data is reached. And then, the199

optimized model parameters will be used to predict phase200

equilibria in the uninvestigated composition and temperature201

region. There is no ternary experimental data for U–N–Zr and202

U–N–Si–C systems; therefore, for these two systems, only203

predicted phase diagrams will be presented. For U–C–Zr and204

U–C–Si, there were limited experimental phase equilibrium205

data available for comparison. Thermodynamic description206

of the U–C–N system was derived from extrapolation of bi-207

nary systems, and the results are consistent with literature208

data [35].209

In the absence of direct experimental validation for the U–210

N–Zr and U–N–Si–C systems, an indirect validation strategy211

was employed. The thermodynamic models for these higher-212

order systems are extrapolated from experimentally validated213

constituent binary and ternary systems, ensuring that their214

phase equilibria are physically constrained by experimen-215

tally verified phase boundaries. This hierarchical approach to216

CALPHAD database development—anchoring higher-order217

system predictions in validated lower-order descriptions—is218
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Fig. 1. Calculated binary phase diagrams from the currently developed database that compiles thermodynamics models for constitutent
binaries (a) U–C [29], (b) U–N [34], (c) U–Si [27], (d) U–Zr [31], (e) Zr–C [30], (f) Zr–N [32], (g) Si–C [28], and (h) Si–N [33].
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well-established in the thermodynamic modeling community219

[36].220

In addition to evaluation on the compatibility between fuel221

and cladding materials, screening on thermodynamic reac-222

tions between UCN and water coolants under PWR condi-223

tions was also performed in this work. The Pourbaix dia-224

grams of pure UC and UN in high-temperature, high-pressure225

water in a closed system were calculated to identify the re-226

sulting products at equilibrium. Specifically, the thermo-227

calc software package with the Aqueous Solution database228

(AQS2) and pure substance database (SSUB3) were used for229

extracting thermodynamic quantities and performing equi-230

librium calculations [37]. The database was developed for231

calculations of thermodynamic properties of complex aque-232

ous solutions described by the Helgeson–Kirkham–Flowers233

(HKF) model [38] at temperatures up to 1000 ◦C, pressures234

up to 5 kbar, and aqueous concentrations up to 6 molality.235

In the sections below, we first present the calculated Pour-236

baix diagram of UN and UC in PWR-relevant conditions, fol-237

lowed by the comparison between the calculated phase dia-238

grams and available experimental data for U–C–Zr and U–C–239

Si systems for validation of the developed model parameters,240

and then the predicted isothermal sections at 1500, 1000, and241

500 ◦C for the U–C–Zr, U–N–Zr, U–C–Si and U–N–Si–C242

system using the developed and optimized model parameters.243

The isothermal sections at these three temperatures were cho-244

sen to be representative of three basic LWR operating con-245

ditions. 500 ◦C was chosen to represent the temperature of246

the fuel–cladding interface during normal operation. 1000 ◦C247

was chosen to represent a possible time-at-temperature off-248

normal scenario when UN is explored for service in a ref-249

erence PWR design [39]. Finally, 1500 ◦C was selected as250

the maximum temperature that an LWR fuel would be ex-251

pected to experience for a time period on the scale of hours.252

A loss-of-coolant accident (LOCA) or reactivity-initiated ac-253

cident (RIA) subjecting the core to temperatures at or above254

1500 ◦C would result in significant core melting and restruc-255

turing, limiting the value of thermochemical modeling per-256

formed at higher temperatures.257

III. RESULTS258

A. Stability of UN and UC under conditions relevant to259

cladding breach during normal operation260

The Pourbaix calculations presented in this section were261

performed under several simplifying thermodynamic assump-262

tions intended to provide a bounding equilibrium assessment263

of fuel stability following a cladding breach. The system264

was modeled as a closed thermodynamic system, meaning265

no mass exchange with the external environment was per-266

mitted once water ingress occurred. A fixed fuel-to-coolant267

molar ratio of approximately 0.005 was used to represent a268

localized interaction between a limited quantity of exposed269

fuel and a significantly larger coolant volume. The calcula-270

tions were conducted assuming thermodynamic equilibrium,271

such that the predicted phase assemblages represent the min-272

imum Gibbs free energy configuration without consideration273

of kinetic limitations. No fission products or irradiation-in-274

duced species were included in the aqueous chemistry, and275

the coolant was represented as pure water without corrosion276

products. A constant total pressure of 15 MPa, representative277

of PWR operating conditions, was imposed. These assump-278

tions provide a thermodynamic bounding case relevant to ex-279

tended fuel–coolant interaction under steady-state conditions,280

while transient accident scenarios (e.g., LOCA or RIA) and281

kinetic effects fall outside the scope of the present equilib-282

rium-based analysis.283

Figure 2 presents the calculated Pourbaix diagrams for (a)284

UN and (b) UC at 330 ◦C exposed to 15 MPa total pressure285

(a condition representative of PWR coolant). The ratio of the286

fuel amount to the coolant amount is 0.005. Based on the287

calculation results, no EH/PH combinations exist where UN288

or UC is stable compared to other uranium oxides or uranic289

acid (H2UO4).290291

B. Comparison between experimental and calculated phase292

diagrams293

Experimental data on phase diagrams of U–C–Zr and U–294

C–Si were available from literature; therefore, they were used295

to optimize the model parameters in respective ternaries, and296

their comparison with the calculated results is described in297

detail in Sections III B 1 and III B 2. The optimized parame-298

ters were then used to predict the isothermal sections at 1500,299

1000, and 500 ◦C, respectively. There was no well-defined300

experimental data for the phase diagram of U–N–Zr and U–301

N–SiC systems; therefore, the extrapolated thermodynamic302

models were used for predicting isothermal sections in Sec-303

tion III C.304

1. The U–C–Zr ternary305

Butt and Wallace reviewed the experimental data available306

for the U–Zr–C system [40]. They found poor agreement be-307

tween the various studies. The general lack of agreement308

and inconsistencies between laboratories were attributed to309

the deficiencies in materials characterization and the difficul-310

ties associated with measurement at high temperatures. They311

assessed the various experimental data and postulated pseudo312

binary UC–ZrC0.81 and isopleth βUC2–ZrC. In a recent re-313

view [41], in addition to these two diagrams, isothermal sec-314

tion at 1700 ◦C was proposed based on some original exper-315

imental work [42–44]. Therefore, these diagrams were used316

to develop the models of the U–Zr–C ternary.317

First, we calculated phase diagrams directly from extrap-318

olated thermodynamic functions, and found disagreement319

with proposed experimental ones. Specifically, the extrapo-320

lated phase diagram cannot correctly reproduce the content321

of ZrC in the (U,Zr)C solid solution that is in equilibrium322

with graphite (Gra) and βUC2. Therefore, ternary parame-323

ters were required to describe the interaction between U and324

Zr in the lattice sites with the interstitial sites occupied by325
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Fig. 2. Calculated pourbaix diagram under the pressurized water reactor (PWR) environment for (a) UN and (b) UC.

the C2 species. The βUC2 phase was described by the same326

model as the (U,Zr)C phase, as they have the same crystal327

structure. We name them differently to denote their different328

compositions. The isothermal section at 1700 ◦C (solid line)329

calculated from optimized parameters is compared with the330

experimental postulation [41] (dash line) in Fig. 3(a). The331

different line colors in the calculated phase diagram denote332

different phase equilibria: red for three-phase, green for two-333

phase (tie line) and black for single-phase region. The cal-334

culated 1700 ◦C isothermal section shows that ZrC and UC335

form a continuous solid solution, and the ZrC content in the336

(U,Zr)C solid solution that is in equilibrium with graphite337

and βUC2 is around 61 ± 3 mol %, which is in a good338

agreement with the experimental data at 1700 ◦C. On the339

other hand, the calculated ZrC liquidus in the isopleth sec-340

tion of the βUC2–ZrC has higher temperatures than the ex-341

perimentally postulated one as shown in Fig. 3(b). The cal-342

culated liquidus is more reliable as it converges better with343

the melting temperature of ZrC (around 3500 ◦C). Adjust-344

ing ternary interaction parameters to force exact agreement345

with the ZrC liquidus lines would compromise binary con-346

sistency and distort melting temperature of ZrC anchored in347

the Zr–C binary system. The calculation also shows the ZrC348

content in (U,Zr)C solid solution at temperatures higher than349

1700 ◦C are smaller than those estimated from experiment,350

as shown from the comparison between the calculated and351

experimental isopleth section of the βUC2–ZrC in Fig. 3(b).352

Attempting to better fitting the experimental ZrC in equilib-353

rium with Gra and βUC2 makes the temperature of invariant354

reaction Liq → (U,Zr)C + Gra + βUC2 much higher than355

the experimental proposed value (2410 ◦C). In addition, the356

calculated Liq + (U,Zr)C + Gra three-phase region is smaller357

than the experimental postulation. It should be noted the ex-358

perimentally postulated pseudo-binary phase diagram is not a359

true representation of the βUC2–ZrC isopleth section. This360

is because neither UC nor ZrC are strict stoichiometric com-361

pounds, and the UC–ZrC pseudo binary can not be uniquely362

defined and can have slightly different phase boundaries de-363

pending on where the isopleth is cut. In this work, we chose364

U0.5C0.5 and Zr0.54C0.46 as the two end compositions which365

were defined by the congruent melting points in respective366

binaries. The calculated UC–ZrC pseudo binary is compared367

with experimental data in Fig. 3(c). The calculated results368

are in reasonable agreement with experimental data given the369

large uncertainties for high temperature measurements.370

2. The U–Si–C ternary371

The U–Si–C system has been reviewed by Rogl and Noël372

[45]. They found two ternary compounds in the U–Si–C sys-373

tem: U3Si2C2 and U20Si16C3, based on Alekseeva’s work374

[46]. Their Gibbs energy functions cannot be obtained from375

extrapolation as they do not exist in the constituent binaries.376

Both phases were found have negligible non-homogeneity377

range, and therefore were modeled as line compounds. Both378

phases were found to be thermodynamically stable in 950,379

880, and 800 ◦C isothermal sections. They were reported380

to form via peritectic reactions from the liquid at about381

1750 ◦C (U3Si2C2) and 1600 ◦C (U20Si16C3), respectively,382

based on the differential thermal analysis measurements [47].383

The Gibbs energy of formation for U3Si2C2 was estimated384

as ∆G0
f = −355,000 ± 50,000(J/mol) by Holleck [48]385

and Pöttgen [49]. Using the above experimental informa-386

tion as constraints, the model parameters in the Gibbs for-387

mation energy of U3Si2C2 and U20Si16C3 were optimized388

as ∆G0
f = −327,783 − 26.76 × T (J/mol) for U3Si2C2389

and ∆G0
f = −1,706,860 − 180 × T (J/mol). For other390

phases emanated from constituent binary systems, their Gibbs391

energy functions were obtained through extrapolation. The392

isothermal sections at 950 and 800 ◦C calculated from the393

current thermodynamic functions are shown in Fig.4 and in394

good agreement with the assessed phase diagrams in literature395

[45]. The calculation suggested U3Si2C2 is formed through396
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Fig. 3. Comparison between the calculated (a) isothermal section at 1700 ◦C and that proposed by Perrot [41], (b)isopleth of βUC2–ZrC and
that proposed by Butt [40] and (c) pseudo binary of UC–ZrC0.85 and that proposed by Butt [40].

the peritectic reaction of Liquid + UC → U3Si2C2 at 1777 ◦C397

and the formation of U20Si16C3 is through another peritectic398

reaction of Liquid + UC → U20Si16C3 at 1619 ◦C. Isother-399

mal sections calculated at both temperatures are in reason-400

able agreement with the experimental measurements [45]. In401

this work, phase equilibrium data at 1750, 1600, 950, 880,402

and 800 ◦C were used to constrain only two fitting param-403

eters (∆H and ∆S), thereby improving confidence in the404

optimized thermodynamic description while minimizing the405

number of adjustable variables.406

The uncertainty and confidence level of the optimized407

ternary interaction parameters in U–Zr–C and U–Si–C sys-408

tems were assessed based on their ability to consistently re-409

produce experimentally observed phase equilibria across a410

broad temperature range. While exact statistical confidence411

intervals are not available due to the intrinsic uncertainty of412

high-temperature ternary data, the ability to maintain consis-413

tent agreement across a wide temperature window provides a414

practical measure of parameter robustness.415

C. Prediction of isothermal section at 1500, 1000, and 500 ◦C416

The calculated Isothermal sections of U–Zr–C at 1500,417

1000, and 500 ◦C are shown in Fig. 5(a–c), together with418

those of U–Zr–N at 1500, 1000, and 500 ◦C in Fig. 5(d–f),419

respectively.420

The calculated Isothermal sections of U–Si–C at 1500,421
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Fig. 4. Calculated Isothermal section at 950 and 800 ◦C in good agreement with experimental data [45] (not shown here).

1000, and 500 ◦C and U–N–SiC at 1500, 1000, and 500 ◦C422

are shown in Fig. 6 in sequence. The triangles in isothermal423

sections of a ternary system denote tie-triangle where vertices424

represent the compositions of phase that are in equilibrium.425

They are denoted in red in Fig. 6(a–c). On the other hand,426

the triangle in the quarternary of U–N–Si–C is a section of427

tie-tetrahedron at isothermal conditions, and they are not nec-428

essarily tie triangles.429

Quantitatively, the agreement between calculation and ex-430

periment for the validated subsystems supports confidence431

in the extrapolated descriptions: the calculated ZrC content432

in the (U,Zr)C solid solution in equilibrium with graphite433

and βUC2 at 1700 ◦C is 61 ± 3 mol%, in good agreement434

with the experimentally assessed value, and the optimized435

U–Si–C ternary description reproduces the peritectic forma-436

tion temperatures of U3Si2C2 and U20Si16C3 to within the437

reported experimental uncertainty using only two adjustable438

parameters. Because the U–N–Zr and U–N–Si–C systems439

are constructed from constituent binaries—including the ni-440

trogen-containing binaries U–N, Zr–N, and Si–N—that are441

independently validated against experimental phase bound-442

aries, the predictions for these higher-order systems inherit443

this quantitative consistency, and any residual uncertainty444

is therefore bounded by the constituent subsystems rather445

than introduced by unconstrained ternary parameters. Fur-446

thermore, although no isothermal ternary phase-equilibrium447

data are available for direct optimization of the U–N–Zr sys-448

tem, the predicted U–N–Zr interfacial phase sequence is in-449

dependently corroborated by historic diffusion-couple mea-450

surements of UN against Zircaloy [50], in which the phase451

assemblages bcc(U,Zr) + hcp(Zr,N) + UZr2 and bcc(U,Zr)452

+ (U,Zr)N were experimentally identified, in agreement with453

the phases predicted here. This consistency with an indepen-454

dent experimental observation provides direct, if qualitative,455

support for the predicted U–N–Zr equilibria beyond the con-456

stituent-subsystem validation.457

IV. DISCUSSION458

A. Response of UN or UCN to cladding breach459

Most monolithic uranium-bearing fuel materials of rele-460

vance to power reactor applications will pulverize to uranium461

oxide powder under oxidizing conditions [51]. The calculated462

Pourbaix diagram indicates that neither UN nor UC is ther-463

modynamically stable in any aqueous electrochemical system464

during a cladding breach, which cannot be overcome by mod-465

ifications to coolant chemistry. The stabilities of both UC466

and UN are similar, suggesting that residual carbon content467

in UCN would not be expected to impact the response.468

Minimal data exists in the open literature describing the re-469

action of UC or UN with supercritical water, but the limited470

data reports pulverization of UN to oxides following short471

time periods [12]. A more extensive database exists regard-472

ing the reaction of UN with partial pressures of steam below473

1 atm, all universally reporting rapid pulverization above ap-474

proximately 300 ◦C [52].475

The regions of phase stability shown in Fig. 2 correspond476

to thermodynamic equilibrium and cannot be used to infer477
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Fig. 5. Predicted isothermal sections of (a, b, c) U–Zr–C at 1500, 1000, and 500 ◦C, (d, e, f) U–Zr–N at 1500, 1000, and 500 ◦C, respectively.
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Fig. 6. Predicted isothermal sections (a, b, c) U–Si–C at 1500, 1000, and 500 ◦C, and (d, e, f) U–N–SiC at 1500, 1000, and 500 ◦C,
respectively.
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kinetics of the constituent reactions or potential intermediate478

phases (e.g., formation of intermediate oxides prior to U3O8).479

An additional consideration when interpreting the results of480

fundamental thermochemical models is the presence of other481

phase morphologies that may impact kinetics. For example,482

thin oxide layers will undoubtedly be present on the surface483

of any UCN fuel form that is exposed to air during handling or484

storage [53]. The extent of this layer—potentially as thin as485

tens of nanometers to as thick as tens of micrometers—may486

delay exposure of the UN fuel to oxidizing specie resulting487

from coolant ingress. The most impactful outcome of oxida-488

tion of UN pellets during service would be the resulting vol-489

ume increase. Conversion of UN to UO2 would progress with490

swelling of approximately 30%, likely rupturing cladding [2].491

Deployment of UN fuels for LWR service therefore requires492

further study from the experimental community to understand493

the response of UCN to this anticipated operating occurrence.494

B. UN and UCN contact with Zr and SiC during normal495

operation496

Commercial LWR fuel consists of UO2 clad with a zirco-497

nium alloy. Fabrication requires a slight gap to facilitate pel-498

let loading, but more importantly fuel swelling during reactor499

service must also be accommodated [54]. Fuel–cladding con-500

tact in newly inserted fuel typically occurs within the first cy-501

cle of reactor operation due to pellet expansion and cladding502

creep down in PWRs [55]. The cladding then remains in con-503

tact with the fuel for the remainder of its service life, gener-504

ally several years. This extended time spent at 300–350 ◦C re-505

sults in the formation of a zirconium dioxide interaction layer506

10–30 µm thick [56]. This layer minimally impacts fuel per-507

formance during reactor operation but can have impacts on508

used fuel handling and storage [57].509

Given the limited integral irradiation test data available for510

UN and Zr or SiC cladding, experimental observations are not511

available. Use of UN in a PWR with Zr alloy cladding is an-512

ticipated to experience fuel–cladding contact, but the timing513

will require integral fuel testing or improved data on swelling514

of UN pellets irradiated under LWR conditions. Creep down515

of Zr is likely to be similar for UN fuel as occurs for UO2516

fuel. However, thermal expansion and radial relocation of517

UN pellets during service should be reduced compared to518

UO2 given the lower fuel temperatures provided by increased519

thermal conductivity [9] and reduced coefficient of thermal520

expansion [58]. Consideration of a UN–SiC LWR fuel re-521

quires more extrapolation. SiC cladding would be expected522

to see much less deformation during PWR service [59]. Fuel523

performance modeling performed to assess the response of a524

UN–SiC fuel during anticipated PWR service confirms pro-525

jections, as no gap closure is expected [39, 60]. Previous anal-526

ysis of a U3Si2–SiC PWR fuel concept concluded that an ex-527

panded fuel–cladding gap would be important to reduce the528

failure probability of the SiC cladding due to pellet–cladding529

mechanical interaction under a power ramp [61]. This proba-530

ble design constraint of UN–SiC LWR fuels coupled with the531

results of this investigation suggests that deleterious interac-532

tions predicted for UN fuel during normal operation should533

be weighed more heavily if considered for Zr cladding than a534

future SiC-clad PWR fuel concept.535

Based on the calculated isothermal sections of U–Zr–C and536

U–Zr–N at 500 ◦C, the interface between UN or UC and Zr537

is not thermodynamically stable. A UC–Zr interface would538

promote the formation of the ZrC interlayer, leading to the539

trilayer structure of Zr/ZrC/UC. This is because the Zr forms540

the tie-line with ZrC. It is anticipated that a sharp interface541

will be present between Zr and ZrC. Once the ZrC is formed,542

gradual transition and interdiffusion between ZrC and UC is543

expected because the UC and ZrC have the same crystal struc-544

ture and can form a continuous solid solution. The presence545

of small quantities of ZrC at the interface of a UCN–Zr fuel546

form would not be expected to degrade performance, as ZrC547

is a well understood nuclear material in its own right [62].548

Reactions predicted at the interface of UN–Zr are more549

complicated. First, a significant amount of N can dissolve into550

Zr to form hcp(Zr,N). This is in contrast to the Zr–C system,551

where the C solubility in hcp(Zr) is very small. The immedi-552

ate phase that is in equilibrium with hcp(Zr,N) is UZr2, sug-553

gesting the UZr2 phase adjacent to the hcp(Zr,N) would be ex-554

pected, and then the next phase equilibrium adjacent to UZr2555

is hcp(Zr), bcc(U,Zr), or a three-phase mixture of bcc(U,Zr)556

+ UZr2 + hcp(Zr,N). Finally, a layer with a three-phase mix-557

ture of bcc(U,Zr) + hcp(Zr,N) + (U,Zr)N is predicted before558

transitioning to bulk UN. The calculation results are consis-559

tent with historic diffusion couple investigation of UN and560

Zircaloy, where the interlayers of bcc(U,Zr) + hcp(Zr,N) +561

UZr2 and bcc(U,Zr) + (U,Zr)N were observed experimentally562

[50]. The UZr2 was the product from the eutectoid reaction563

bcc(U,Zr) → hcp(Zr,N) + UZr2, which suggests the kinetics564

of the UZr2 formation may be slow.565

The major difference predicted between UC–Zr and UN–566

Zr interfaces at 500 ◦C is a more complicated reaction path-567

way in the latter fuel/cladding combination. The C in UC, in-568

stead of dissolving into the hcp(Zr), prefers to form ZrC. The569

ZrC forms a continuous solid solution with UC, leading to a570

relatively simple reaction pathway. On the other hand, the N571

in UN will dissolve into the Zr to form hcp(Zr,N), leading to572

the phase equilibrium of UZr2 + hcp(Zr,N). The UZr2 is not573

in equilibrium with UN, leading to a more complicated reac-574

tion pathway across several phase equilibria (e.g., bcc(U,Zr)575

+ UZr2 + hcp(Zr,N), bcc(U,Zr) + hcp(Zr,N) + (U,Zr)N) As576

the motivation of the present work is primarily investigation577

of UCN/Zr where the carbon is present as a processing im-578

purity of the targeted UN fuel form, residual carbon is not579

predicted to have an impact on fuel–cladding stability. The580

opposite is predicted, as higher carbon contents in a UCN581

fuel may be capable of encouraging formation of a more sta-582

ble ZrC interlayer. A more rigorous assessment of the U–583

Zr–C–N quaternary is needed to assess this hypothesis, but is584

beyond the scope of the present work.585

For the UN–SiC and UC–SiC fuel–cladding combinations,586

our calculation results suggested that both UC or UN are in587

thermodynamic equilibrium with the SiC cladding. Unlike588

ZrC and ZrN, which form continuous solid solutions with589

UC and UN, respectively, SiC has a different crystal structure590
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as UC and UN. Mutual solubility between SiC and UC (or591

UN) is negligible. Intimate contact between either UC or UN592

and SiC is not be expected to result in an interfacial reaction593

and diffusion would not happen at these two temperatures.594

In addition, as there is no mutual solubility in the UC/SiC595

and UN/SiC intersection; any deviation of C or N from the596

stoichiometric ratio (1:1) of UC or UN would lead to the597

formation of the third phase such as graphite, T1(U3Si2C2),598

βUC2, U2C3, and U–Si intermetallic phases. While these599

phases may be present in a small amount at the fuel–cladding600

interface if driven by C or N content, it is likely that nonsto-601

ichiometry of UCN fuel forms would pose a greater concern602

to fission product thermochemistry and other more critical as-603

pects of fuel performance [63, 64].604

In the present work, UCN is treated as a single U(C,N)605

solid-solution phase formed by carbon substitution for nitro-606

gen in UN. Thermodynamic calculations confirm that U(C,N)607

exists as a continuous single-phase solid solution across the608

composition range between UN and UC at temperatures rele-609

vant to this study, consistent with literature assessments [65].610

The U(C,N) phase is therefore predicted to remain as a con-611

tinuous single-phase solid solution over the composition and612

temperature ranges relevant to this study; fuel–cladding in-613

teraction is governed primarily by thermodynamic interac-614

tions with cladding materials rather than phase transformation615

within the fuel.616

It should be noted that the predicted thermodynamic com-617

patibility between UC/UN and SiC cladding reflects equilib-618

rium conditions in the absence of irradiation. Under reactor619

service conditions, irradiation-induced defect generation and620

radiation-enhanced diffusion in SiC may modify interfacial621

kinetics and alter the effective transport of species across the622

fuel–cladding interface [39, 60]. While direct experimental623

data resolving UC/UN–SiC chemical interactions under neu-624

tron irradiation remain limited—most existing studies having625

focused on the thermomechanical response of SiC cladding626

[59]—the thermodynamic driving forces identified here pro-627

vide a necessary baseline for future coupled thermodynamic–628

kinetic modeling and experimental investigation of irradiation629

effects on fuel–cladding compatibility.630

C. UN and UCN contact with Zr during accident conditions631

The rate, extent and duration of temperature increase of632

LWR fuel and cladding materials following a design-basis633

loss of coolant or reactivity insertion accident (LOCA and634

RIA, respectively) depend on the specific conditions of the635

scenario [66]. During a LOCA, cladding and temperatures636

can exceed 1000◦C without recovery or intervention of an637

emergency core cooling systems [67, 68]. The U.S. Nuclear638

Regulatory Commission does not allow LWR peak cladding639

temperature to exceed 1204 ◦C, or be subjected to time at640

temperature such that oxide thickness exceeds 17% of the to-641

tal cladding thickness prior to oxidation [69]. Contemporary642

Zr alloys are capable of tolerating steam oxidation at 1000–643

1100 ◦C for time periods of 1000–10,000 s before the oxide644

thickness criterion is exceeded, depending on the alloy com-645

position and other environmental factors [70].646

Based on the calculated isothermal sections, if UC or UN647

are directly in contact with Zr above 1000 ◦C, the interface648

would proceed into the phase regions involving bcc(U,Zr)649

solid or liquid phases. Pure U melts at 1130 ◦C, and increas-650

ing Zr content gradually increases the solidus. The forma-651

tion of a liquid phase at the fuel–cladding interface would be652

detrimental to understanding and predicting accident perfor-653

mance. During a LOCA as outlined above, Zr cladding will654

balloon in multiple locations due to the increasing internal655

pressure of the fuel rod, resulting in “lift-off” of the cladding656

and separation of any bond that may have formed between657

the fuel and cladding [71, 72]. The (U,Zr) phases that formed658

during steady state operation will remain, and the presence of659

a complex multiphase structure as discussed in Section IV B660

may complicate prediction of where cladding lift-off occurs661

during ballooning, potentially introducing a stochastic pro-662

cess. However, prolonged intimate contact between UN and663

Zr would not be anticipated under a design-basis LOCA. The664

presence of carbon as an impurity in UCN is again predicted665

to be either neutral or potentially beneficial through encour-666

agement of ZrC formation similarly to normal operating con-667

ditions when modeled at 1000 ◦C. However, this effect is no668

longer present at 1500 ◦C where a more complex interface669

including a liquid (U,Zr) constituent is predicted similarly to670

the U–N–Zr system.671

Extrapolation of these results to consideration of LOCA672

or RIA conditions produces similar conclusions. The rele-673

vant timescales to a RIA are seconds at most, but during this674

brief time fuel temperatures in the UO2–Zr system can exceed675

2000 ◦C and surpass the 2850 ◦C melt point of UO2 [73]. The676

extreme temperatures induced by a RIA would therefore in-677

crease the likelihood that lower melting point phases present678

at the fuel–cladding interface experience melting, but the lim-679

ited time spent at these temperatures will limit further inter-680

diffusion between the fuel and cladding if they are in contact.681

The response of irradiated SiC cladding containing irra-682

diated fuel to LOCA or RIA conditions is speculative. The683

reduced ductility of SiC cladding compared to Zr suggests684

that any contact between SiC and UN may persist to higher685

temperatures during a transient, as ballooning is not observed686

during LOCA testing of SiC [74]. This provides a greater687

potential for interdiffusion between SiC cladding and fuel at688

elevated temperature, but in the case of UN no new deleteri-689

ous interactions emerge. The interface between UN and UC690

and SiC at temperatures above 1000 ◦C is predicted to be691

similar to that at normal operation conditions because of sim-692

ilar phase equilibrium as shown in Fig. 6(d–f). The forma-693

tion of free uranium is not predicted following assessment of694

SiC cladding interactions with UN regardless of carbon con-695

tent. Any uranium carbide or uranium silicide phases that696

may form at elevated temperatures pose less of a concern for697

short term reactor accident scenarios given their higher melt-698

ing points.699
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D. Potential strategies for mitigating UCN–Zr interactions700

The present study predicts use of UN with SiC cladding701

to be far less of a concern compared to use of UN with Zr702

cladding when judged from the standpoint of potential fuel–703

cladding interactions. Contact between UN and UCN with704

Zr in a PWR is anticipated to occur during anticipated ser-705

vice conditions, and is predicted to result in a complex in-706

terface structure, as shown in a calculated isopleth between707

fuel U(C0.3N0.7) and pure Zr. At lower temperatures, the708

U(C0.3N0.7)/Zr interface is predicted to form complex phases709

such as bcc(U,Zr) metal solution phases in bcc, tetragonal or710

orthorhombic structures, UZr2 intermetallic, phase separation711

of fcc (U,Zr)(C,N) into Zr-rich and U-rich compositions, and712

high N containing hcp(Zr). If substantiated by experimental713

findings, these behaviors will be difficult to account for to pre-714

dict fuel performance during service and eventual transport,715

storage, and disposition.716

Thermal transients as anticipated during design-basis and717

beyond design-basis accidents are predicted to result in the718

formation of (U,Zr) compositions that will melt if tempera-719

tures exceed 1130 ◦C. The presence of these phases poses720

more of a challenge for management of a RIA rather than a721

LOCA, as Zr oxidation would still likely dominate allowable722

time spent above 1000 ◦C. Pairing of UN with a coated Zr723

cladding concept may create more of a driver to understand724

the behavior of interfacial phases formed due to fuel–cladding725

interactions given the ability of chromium coatings to limit726

oxidation at high temperatures [75]. However, data collected727

to date indicate coatings do not significantly impact burst be-728

havior, suggesting that cladding lift-off would be comparable729

to uncoated Zr [76].730

The results of the present work enable assessment of poten-731

tial means to mitigate these deleterious interactions between732

UN and Zr. Figure 7 plots isopleth sections of U(C0.3N0.7),733

chosen as a composition representative of high carbon con-734

tent present as an impurity in contemporary UN [77]. Figure735

7(a) depicts the complex phase transition predicted for UC or736

UN (specifically U(C0.3N0.7) here) in contact with Zr, which737

are consistent with the three isothermal sections in Figure 5.738

Prediction of multiphase interdiffusion regions persist until739

temperature exceeds 600 ◦C, where formation of bcc(U,Zr)740

dominates, as shown in Fig. 7(a).741

However, the isopleths plotted in Fig. 7(b–c) highlight a742

different response when U(C0.3N0.7) is evaluated in contact743

with ZrC and ZrN, respectively. Thermodynamically, an in-744

terlayer of ZrC or ZrN between Zr and UN would reduce the745

reaction at interface to produce (U,Zr). This can be observed746

in the large mutually miscible region between U(C0.3N0.7)747

and ZrC or ZrN. The mutual solubility between U(C0.3N0.7)748

and ZrC or ZrN can ensure a good bonding between fuel and749

cladding without forming detrimental phases at the interface750

while also avoiding the formation of low melting point metal751

phase.752

ZrC may be a superior choice for a coating to achieve this753

goal. ZrN is in equilibrium with hcp(Zr,N) as shown in Fig.754

5(d); a thin layer of ZrN deposited on Zr could potentially755

degrade if N dissolves into the Zr bulk. This behavior has756

been observed experimentally; ten micrometer ZrN layers de-757

posited on Zr were found to dissolve into the bulk when an-758

nealed at temperatures above 1200 ◦C for even brief (minute)759

time periods [78]. However, annealing performed at 900 ◦C760

for extended time intervals found that the ZrN layer remained.761

Conversely, C solubility in Zr is small, therefore the ZrC de-762

posited on Zr should not cause the degradation of Zr, and can763

serve as a better interlayer to protect the Zr cladding. Further764

testing is needed to evaluate the relevant kinetics at temper-765

atures in the 400–500 ◦C temperature range where a ZrN or766

ZrC layer would need to persist for years in order to serve an767

intended function of preventing (U,Zr) and UZr2 formation at768

an interface between UCN fuel and Zr cladding.769

As interfacial reaction kinetics is more of concern at high770

temperatures where the reaction kinetics is faster, the allow-771

able temperature range for ZrN should stay below 900 ◦C and772

that for ZrC can be higher and up to 1100 ◦C, based on both773

thermodynamic modeling and literature results. Compared to774

the Cr-based coatings that are currently proposed for acci-775

dent tolerant fuel (ATF) development, ZrC or ZrN coatings776

can eliminate the thermodynamic driving force for (U,Zr)777

metallic phase formation if direct fuel–cladding contact oc-778

curs, while Cr-based coatings primarily function as oxidation779

barriers that significantly improve high-temperature steam re-780

sistance during LOCA scenarios. Therefore, the Cr coatings781

can not fundamentally modify fuel–cladding chemical com-782

patibility in the same manner as ZrC or ZrN interlayers.783

E. Design implications for LWR fuel development784

The thermodynamic results of this study provide several785

important implications for advanced LWR fuel design. First,786

direct pairing of UN with Zr-based cladding is predicted to787

produce a complex, multiphase interdiffusion region which788

increases uncertainty in long-term interfacial stability and po-789

tentially leads to formation of low-melting (U,Zr) phases at790

elevated temperatures. ZrN coatings, while potentially bene-791

ficial at moderate temperatures, may degrade at high temper-792

ature due to N solubility in Zr and dissolution of the nitride793

layer. In contrast, ZrC interlayers are thermodynamically at-794

tractive because carbon preferentially forms ZrC rather than795

dissolving extensively in Zr, enabling formation of a stable796

barrier that suppresses deleterious (U,Zr) metallic phases. SiC797

cladding exhibits intrinsic thermodynamic compatibility with798

both UN and UC, with negligible mutual solubility and no799

driving force for formation of low-melting metallic phases,800

thereby offering a fundamentally more stable fuel–cladding801

pairing. Finally, while C impurities in U(C,N) are not pre-802

dicted to be detrimental, the carbon content should be speci-803

fied within defined design envelopes, as stoichiometry influ-804

ences interfacial phase equilibria and may affect barrier-layer805

formation behavior.806

F. Limitations of the equilibrium thermodynamic approach807

The present study is based on equilibrium thermodynam-808
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Fig. 7. Calculated isopleth sections of (a) U(C0.3N0.7)–Zr, (b) U(C0.3N0.7)–ZrC, and (c) U(C0.3N0.7)–ZrN. UZCN denotes the abbreviation
of fcc (U,Zr)(C,N) phase. The three dash lines denote the temperature at 500, 1000, and 1500 ◦C, respectively.

ics and therefore does not explicitly account for kinetic ef-809

fects that govern the actual rate and extent of fuel–cladding810

interactions under reactor service conditions. Fuel–cladding811

interaction is kinetically controlled, and the equilibrium phase812

assemblages predicted here represent the thermodynamically813

favored end states rather than the transient or metastable814

phases that may form and persist under operating conditions.815

Specifically, the following kinetic phenomena are not cap-816

tured by the present analysis: (1) interdiffusion kinetics at the817

fuel–cladding interface, which control the rate of phase layer818

growth; (2) irradiation-enhanced diffusion, which can signif-819

icantly accelerate species transport and phase boundary mi-820

gration compared to thermally driven diffusion alone; (3) the821

nucleation and growth kinetics of reaction product phases, in-822

cluding the possible stabilization of metastable phases; and823

(4) the influence of fission products, point defect populations,824

and microstructural evolution on interfacial chemistry.825

Despite these limitations, equilibrium thermodynamic826

analysis provides a necessary foundation by identifying827

the thermodynamically accessible phase space, defining the828

chemical driving forces for interfacial reactions, and estab-829

lishing which phases are stable or metastable under given830

conditions. The equilibrium results serve as a baseline for831

non-irradiated conditions and provide essential input for832

future coupled thermodynamic–kinetic models (e.g., DIC-833

TRA-type diffusion simulations) that can incorporate the ki-834

netic phenomena listed above. The predicted phase equilib-835

ria should therefore be interpreted as identifying potential re-836

action products and thermodynamic drivers for interaction,837

rather than as quantitative predictions of reaction layer thick-838

ness or kinetics under specific service conditions.839

C
h

in
aX

iv
:2

0
2

6
0

6
.0

0
0

0
7

v
1

T h i s  v e r s i o n  p o s t e d  2 0 2 6 - 0 5 - 3 0 .

https://chinaxiv.org/abs/202606.00007V1


15

V. CONCLUSIONS840

This study first performed thermodynamic calculation of841

pure UC and UN in a closed system mimicking PWR coolant.842

The calculated Pourbaix diagrams of UN and UC under PWR843

conditions suggest that UN or UC is not thermodynami-844

cally stable in any aqueous electrochemical system during a845

cladding breach, which cannot be overcome by modifications846

to coolant chemistry. A systematic thermodynamic evalua-847

tion was then performed to assess the potential interactions848

between UN and UCN with Zr or SiC cladding. A ther-849

modynamic database of U–Zr–Si–C–N was developed using850

the CALPHAD approach and validated with available litera-851

ture data. The interfacial stability of UN/Zr, UC/Zr, UN/SiC852

and UC/SiC were assessed by calculating the isothermal sec-853

tions U–Zr–N, U–Zr–C, U–Si–C, U–Si–C–N at 1500,1000,854

and 500 ◦C. The results predict that the interface between the855

Zr cladding and UCN fuel is not stable at operating temper-856

ature (500 ◦C) and the elevated temperatures chosen to rep-857

resent transient conditions. The reaction pathway between858

UN and Zr will produce multiple layers including phases of859

bcc(U,Zr), UZr2, hcp(Zr,N) and fcc(U,Zr)N. This response860

is more complicated than that between UC and Zr where a861

single ZrC layer is predicted. Formation of (U,Zr) and tran-862

sient conditions above 1130 ◦C would have the potential to863

produce a liquid phase, relevant to understanding of accident864

behavior of UN-Zr fuel systems. Improved thermodynamic865

stability is predicted when compatibility with SiC cladding866

is considered. Both UN and UC are in equilibrium with SiC867

when modeled under the same temperature conditions. Po-868

tential carbon impurities present in UN as a result of the fab-869

rication process were not found to contribute detrimentally870

to fuel–cladding contact for either Zr or SiC cladding under871

conditions evaluated here.872
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