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Evaluation on thermodynamic compatibility between high density ceramic nuclear reactor fuels

UX(X=C,N) and light-water reactor cladding materials (Zr and SiC)*
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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 2*°U 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(Cg.3Np.7)—Zr. The results predict that
the UN—Zr interface produces multiple reaction layers including bee(U,Zr), UZr2, hep(Zr,N), and fce(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. INTRODUCTION

High-density nuclear fuels, defined as compounds or fuel
architectures possessing greater uranium density than ura-
nium dioxide (UO2), have recently attracted attention for
light-water reactor (LWR) applications [1]. Replacing UOq
with a higher-density fuel enables increased 2°U loading at
a fixed enrichment, allowing extended cycle length, higher
reactor power, or compensation for potential neutronic penal-
ties associated with alternative cladding materials [2]. These
advantages translate to economic and operational improve-
ments, particularly when combined with higher enrichment
fuels [3, 4].

Numerous uranium compounds offering higher uranium
density than UOy have been proposed. Metallic (e.g., U-Zr
and U-Mo) and intermetallic (e.g., U-Si and U-B) systems
have been investigated [5—-7], but recent research has focused
on uranium mononitride (UN) as the most promising high-
density fuel form [8]. Uranium mononitride belongs to the
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broader “MX” family of fuel systems, where M is typically
uranium, and X is carbon, nitrogen, or their mixtures. Be-
cause plutonium is not currently prioritized for commercial
LWR use in the United States, the relevant subset includes
uranium monocarbide (UC), uranium mononitride (UN), and
uranium carbonitride (UCN), the latter forming from carbon
impurities during UN fabrication [6, 7]. In addition to pro-
viding a higher uranium density, these fuels also offer higher
thermal conductivities and maintains solid-state stability to
high temperatures [9, 10].

Despite these favorable properties, numerous performance
aspects must be evaluated before these lesser-studied uranium
compounds can be considered viable for LWR deployment.
Irradiation testing is essential to assess swelling, fission gas
release, fission product behavior, and microstructural evolu-
tion of UN under reactor conditions. However, integral irradi-
ation experiments are costly and time-consuming. To acceler-
ate development, programs increasingly employ “accelerated
fuel qualification,” emphasizing computational screening to
eliminate unsuitable candidates and guide experimental test-
ing [11].

Thermodynamic compatibility of non-oxide fuels has al-
ready been demonstrated to be concept-limiting. Interest
in U3Siy fuels for LWRs was motivated for similar reasons
as UC and UN: superior uranium density and high ther-
mal conductivity. However, significant investment occurred
before experimental results demonstrated poor compatibil-
ity with water coolants [12]. This response poses a signifi-
cant concern to reactor operation in the event of a cladding
breach experienced under even normal operating conditions
[2]. Thermodynamic screening of proposed fuel forms with
water coolants as used by pressurized water reactors (PWRs)
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is therefore a basic step to screen for performance issues.

Fuel-cladding thermochemical compatibility is another
important aspect of nuclear fuel design. In most reactor de-
signs incorporating monolithic fuels, fuel swelling or reloca-
tion of the fuel will couple with inward creep of the cladding
driven by coolant pressure to place the fuel and cladding in
close contact at some point in the designed service life of the
fuel. Deleterious reactions between elemental constituents of
the fuel and cladding have the potential to degrade the me-
chanical strength of the cladding or induce other concerns.
This has long been appreciated as an issue for fast reactor fu-
els [13, 14]. Conversely, the chemical interaction layer that
forms when UO, comes into contact with Zr cladding are
generally not viewed as significant to commercial LWR re-
actor operation [15, 16]. The extent and significance of pos-
sible interfacial reactions for new fuel or cladding materials
is presently acknowledged as an unknown for advanced LWR
fuels [17] and will determine the success of fuel systems to
support new reactor designs [18].

Evaluation of the extent of concern posed by fuel—-cladding
interaction is usually limited to experimental study of unir-
radiated diffusion couples [19, 20] and examination of fuel—-

73 cladding contact regions following integral irradiation testing

[21]. Experimental observations are ultimately necessary, as

7 interdiffusion kinetics, radiation-enhanced diffusion, and the
76 complicating role of fission product effects are challenging to
#7 predict. However, evaluation of experimental outcomes are
7 informative only regarding the specific test conditions.

The present work was conceived to provide a screening
study of the predicted thermodynamic behavior of systems
that will govern the performance of UN when used as an LWR
fuel. Uranium mononitride is the specific fuel form of focus,
but UC is included to serve as an endpoint for potential carbon
contamination resulting in fabrication of UCN fuels. Zirco-
nium is chosen for the reference cladding constituent. Silicon
carbide (SiC) was also chosen as a candidate cladding system,
as it has been proposed for pairing with UN to yield a high
performance LWR fuel [22, 23]. The CALPHAD (CALcula-
tion of Phase Diagram) approach is used to assess thermody-
namic behavior [24]. The resulting phase equilibria can then
be used to discuss the probable outcomes of interaction of
UCN with coolant during normal operation, potential phase
formation following fuel-cladding contact during normal ser-
vice, and conditions at elevated temperatures where deleteri-
ous interactions may become a concern. Finally, these phase
diagrams may provide insight into means of mitigating any
potential concerns.

II. METHOD

The CALPHAD approach [24] was used to model the
Gibbs energies for phases in the U-(C,N)—(Zr,SiC) multicom-
ponent system. The phases included in the system are listed
in Table 1.

Thermodynamic models for different phases have been dis-
cussed in detail in literature [24]. Here, those models rele-
vant to the phases present in the current system are briefly de-
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109
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scribed here. Detailed formula on Gibbs energy of phases are
provided in the supplementary file. The gas phase was mod-
eled as an ideal mixture of different molecules. The liquid
phase was modeled as a substitutional solution (SS) model.
The Gibbs energy of a liquid phase is described as the sum of
the Gibbs energy of each molecule (G?(T')), weighted by the
mole fraction of each molecule (x;), the ideal configuration
entropy of mixing and the excess Gibbs energy (GE X ):

Gm =) (2,GUT) + RTx;Inz;) + GEX (1)
The excess energy is described as
GEX = Zmz Z Lq;j + Zka7]k] (2)
i j k

where L;; and Ly, are, respectively, binary and ternary inter-
action parameters. These parameters often depend linearly on
temperature. In many cases, they may also depend on compo-
sitions following Redlich—Kister polynomial [25]. Equation
(2) was developed by Muggianu et al. [26] and is an important
extrapolation method that derives the thermodynamic proper-
ties of multicomponent alloys from the constituent binary and
ternary systems.

The modeling of crystalline phases depends on the crys-
tal structures of phases. For phases with a single set of lat-
tice site, the Gibbs energy is described as the same way as
substitutional solution model as shown in Eqgs. (1) and (2).
For phases with more than one sublattice, the Gibbs energy
was modeled by compound energy formalism. Due to the
model complexity, the mathematic equation will be described
using the (U,Zr)1(C,N)1 sublattice model as an example. The
(U,Zr)1(C,N)1 sublattice model is used to describe the UC,
UN, ZrC and ZrN phases because these phases have the same
crystal structure. The first sublattice denotes the lattice sites
for metal atoms (U and Zr), and the second sublattice denotes
the interstitial sites for interstitial atoms (C and N). The in-
terstitial sites can also have other species, such as Co, and
vacancy, as shown in Table 1. Here, for the ease of model
description, only C and N are included. The stochiometric
coefficients of two sublattices are 1 and so the model can be
simplified as (U,Zr)(C,N). The Gibbs energy is described as

G = yiyd Gl + ybyN Gon + v5vl G5
+yzYN Gpon + BT (v Iy + vz, Inyz,)
+ RT (yg Inyl 4+ yifn y]IVI) + GEX 3)

where y;* denotes the site fraction of element ¢ in the nth sub-
lattice, ij is the Gibbs energy of the compound with a ¢
structure in which the first sublattice is fully occupied by el-
ement ¢ and the second sublattice by element j. The configu-
rational entropy is described in terms of site fractions:

GPY = yzljygyjlv[LU:c,N + yéryé‘lyjj\/]LZr:C,N
4

where L;.;;, means the interaction parameter between ele-
ments j and k in the second sublattice when the first sub-
lattice is fully occupied by element i. The remaining three

I.I . II I. I . II
+yuyz.Ye Lu,zrc +yuyz-Yn Lu,zen
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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, CQ, C3, C4, N, N1Sil, N1 Siz, lerl, N2, N3, Si, Sig, Si3, U, ZI‘, ZI‘Q —

Liquid SS C,N,Si, U, Zr —
bee(C,N,U,Si,Zr) CEF (Si,U,Zr)(C,N,VA) cl2, Im3m
hep(C,N,Si,U,Zr) CEF (Si,U,Zr)(C,N,VA) hP2, P63/mmc
ORTHORHOMBIC_A20(O(U)) SS (U,Zr) oC4, Cmem
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, Fd3m

UC, UN, ZrC, BUC2 CEF (U,Zr)(C,C2,N,Va) Fm3m

U2Cs LC (U)2(C)3 143d

UC, CEF (U)(C,Va) I4/mmm
UaN3 LC (U)2N(3) P3ml

UsSi LC (U)3(S1) cP4, Pm3m
USi LC (U)(Si) oP8, Pnma
UsSis LC (U)3(S1)5 hP3, P6/mmm
USi; .88 LC (U)(Si)1.88 tl12, 141 /amd
USis LC (U)(Si)3 cP4, Pm3m
UZr CEF (U,Zr)(U,Zr) hP3, P6/mmm
UsSia CEF (U,Zr)3(S1)2 tP10, P4/mbm
CSi LC (O)(S1) cP8, F43m
N4Si3 LC (N)4(S1)3 hP28, P31c

T1: UsSizCo LC (U)3(S1)2(C)2 tl14, I4/mmm
T2: UgpSi16Cs LC (U)20(S1)16(C)3 hP39, P6/mmm

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

16 interaction parameters in Eq. (4) have the similar meaning.
17 Like those parameters in Eq. (2), these parameters are also
s dependent on temperature and composition.

The compound energy formalism is mainly used to de-
scribe a crystalline phase with a range of homogeneity; in
other words, a phase that is not strictly ordered. For crys-
talline phases whose composition is strictly at stoichiometric
coefficient (e.g., AmByn), the Gibbs energy is described by
line compound model:

1

m

189
160
161
162

1€

[~}

164

165 GA,B, = mGOA + nGOB + AGy 5)

where AG ¢ is the formation energy of the compound and can
vary as a function of temperature.

The models used for each phase in this work are listed in
Table 1. The model parameters were obtained by simulta-
neously evaluating all available thermochemical and consti-
tutional data for the system until these data can be repro-
duced from model-calculated results. The Gibbs energy func-
173 tion for a phase in a multicomponent system is built upon
174 the constituent binary and ternary phases. The Gibbs ener-
175 gies of phases for pure elements and molecules in the gas
176 phase were taken for SGTE pure element and SSUB3 ther-
177 modynamic database. For the UC/Zr, UN/Zr, UC/SiC and
178 UN/SIC couples to be evaluated, thermodynamic models for
179 phases in the following eight binaries were required: U-C,
180 U-N, U=Si, U-Zr, Zr—C, Zr—N, Si-C, and Si—N. These binary
181 systems have been thermodynamically modeled in literature
182 [27-34]. These published model parameters were evaluated
18a and compiled into the current self-consistent thermodynamic
18« database. Phase diagrams for these binary systems were cal-
15 culated from the database and shown in Fig. 1, consistent
186 With those published in literature [27-34].

1€6
1€7
168
169
170

17

172

17 To evaluate thermodynamic compatibility of UC/Zr,
188 UN/Zr, UC/SiC and UN/SiC, thermodynamic models on the
189 Gibbs energies of phases in the U-C-Zr, U-N-Zr, U-C-Si
190 and U-N-Si—C ternary and quaternary systems were needed.
191 The thermodynamic models of ternary phases were first de-
12 rived through extrapolation from those phases in constituent
binary systems, and then the derived models were used to
calculate phase diagrams. If the calculated phase diagrams
agree satisfactorily with available experimental data, we will
use the derived models to predict phase equilibria in the un-
investigated composition and temperature region. If not, we
will optimize ternary interaction parameters until satisfactory
agreement with experimental data is reached. And then, the
optimized model parameters will be used to predict phase
equilibria in the uninvestigated composition and temperature
region. There is no ternary experimental data for U-N—Zr and
U-N-Si-C systems; therefore, for these two systems, only
predicted phase diagrams will be presented. For U-C—Zr and
U-C-Si, there were limited experimental phase equilibrium
data available for comparison. Thermodynamic description
of the U-C-N system was derived from extrapolation of bi-
nary systems, and the results are consistent with literature
data [35].

In the absence of direct experimental validation for the U-
N-Zr and U-N-Si—C systems, an indirect validation strategy
was employed. The thermodynamic models for these higher-
order systems are extrapolated from experimentally validated
214 constituent binary and ternary systems, ensuring that their
215 phase equilibria are physically constrained by experimen-
216 tally verified phase boundaries. This hierarchical approach to
217 CALPHAD database development—anchoring higher-order
218 system predictions in validated lower-order descriptions—is

N
=3

b4

213
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Fig. 1. Calculated binary phase diagrams from the currently devel-
oped database that compiles thermodynamics models for constitu-
tent binaries (a) U-C [29], (b) U-N [34], (c) U-Si [27], (d) U-Zr
[311, (e) Zr—C [30], (f) Zr-N [32], (g) Si—C [28], and (h) Si-N [33].

well-established in the thermodynamic modeling community
[36].

In addition to evaluation on the compatibility between fuel
and cladding materials, screening on thermodynamic reac-
tions between UCN and water coolants under PWR condi-
tions was also performed in this work. The Pourbaix dia-
grams of pure UC and UN in high-temperature, high-pressure
water in a closed system were calculated to identify the re-
sulting products at equilibrium. Specifically, the thermo-
calc software package with the Aqueous Solution database
(AQS2) and pure substance database (SSUB3) were used for
extracting thermodynamic quantities and performing equi-
librium calculations [37]. The database was developed for
calculations of thermodynamic properties of complex aque-
ous solutions described by the Helgeson—Kirkham-Flowers
(HKF) model [38] at temperatures up to 1000 °C, pressures
up to 5 kbar, and aqueous concentrations up to 6 molality.

In the sections below, we first present the calculated Pour-
baix diagram of UN and UC in PWR-relevant conditions, fol-
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lowed by the comparison between the calculated phase dia-
grams and available experimental data for U-C—Zr and U-C—
Si systems for validation of the developed model parameters,
and then the predicted isothermal sections at 1500, 1000, and
500 °C for the U-C-Zr, U-N-Zr, U-C-Si and U-N-Si-C
system using the developed and optimized model parameters.
The isothermal sections at these three temperatures were cho-
sen to be representative of three basic LWR operating con-
ditions. 500 °C was chosen to represent the temperature of
the fuel-cladding interface during normal operation. 1000 °C
was chosen to represent a possible time-at-temperature off-
normal scenario when UN is explored for service in a ref-
erence PWR design [39]. Finally, 1500 °C was selected as
the maximum temperature that an LWR fuel would be ex-
pected to experience for a time period on the scale of hours.
A loss-of-coolant accident (LOCA) or reactivity-initiated ac-
cident (RIA) subjecting the core to temperatures at or above
1500 °C would result in significant core melting and restruc-
turing, limiting the value of thermochemical modeling per-
formed at higher temperatures.

III. RESULTS

A. Stability of UN and UC under conditions relevant to
cladding breach during normal operation

The Pourbaix calculations presented in this section were
performed under several simplifying thermodynamic assump-
tions intended to provide a bounding equilibrium assessment
of fuel stability following a cladding breach. The system
was modeled as a closed thermodynamic system, meaning
no mass exchange with the external environment was per-
mitted once water ingress occurred. A fixed fuel-to-coolant
molar ratio of approximately 0.005 was used to represent a
localized interaction between a limited quantity of exposed
fuel and a significantly larger coolant volume. The calcula-
tions were conducted assuming thermodynamic equilibrium,
such that the predicted phase assemblages represent the min-
imum Gibbs free energy configuration without consideration
of kinetic limitations. No fission products or irradiation-in-
duced species were included in the aqueous chemistry, and
the coolant was represented as pure water without corrosion
products. A constant total pressure of 15 MPa, representative
of PWR operating conditions, was imposed. These assump-
tions provide a thermodynamic bounding case relevant to ex-
tended fuel-coolant interaction under steady-state conditions,
while transient accident scenarios (e.g., LOCA or RIA) and
kinetic effects fall outside the scope of the present equilib-
rium-based analysis.

Figure 2 presents the calculated Pourbaix diagrams for (a)
UN and (b) UC at 330 °C exposed to 15 MPa total pressure
(a condition representative of PWR coolant). The ratio of the
fuel amount to the coolant amount is 0.005. Based on the
calculation results, no EH/PH combinations exist where UN
or UC is stable compared to other uranium oxides or uranic
acid (HyUOQy).
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Fig. 2. Calculated pourbaix diagram under the pressurized water
reactor (PWR) environment for (a) UN and (b) UC.

B. Comparison between experimental and calculated phase
diagrams

Experimental data on phase diagrams of U-C—Zr and U-
C-Si were available from literature; therefore, they were used
to optimize the model parameters in respective ternaries, and
their comparison with the calculated results is described in
detail in Sections III B 1 and III B 2. The optimized parame-
ters were then used to predict the isothermal sections at 1500,
1000, and 500 °C, respectively. There was no well-defined
experimental data for the phase diagram of U-N-Zr and U-
N-SiC systems; therefore, the extrapolated thermodynamic
models were used for predicting isothermal sections in Sec-
tion III C.

1. The U-C-Zr ternary

Butt and Wallace reviewed the experimental data available
for the U-Zr—C system [40]. They found poor agreement be-
tween the various studies. The general lack of agreement
and inconsistencies between laboratories were attributed to
the deficiencies in materials characterization and the difficul-
ties associated with measurement at high temperatures. They
assessed the various experimental data and postulated pseudo
binary UC-ZrCy g1 and isopleth fUCy—ZrC. In a recent re-
view [41], in addition to these two diagrams, isothermal sec-
tion at 1700 °C was proposed based on some original exper-
imental work [42-44]. Therefore, these diagrams were used
to develop the models of the U-Zr—C ternary.

First, we calculated phase diagrams directly from extrap-
olated thermodynamic functions, and found disagreement
with proposed experimental ones. Specifically, the extrapo-
lated phase diagram cannot correctly reproduce the content
of ZrC in the (U,Zr)C solid solution that is in equilibrium
with graphite (Gra) and BUC,. Therefore, ternary parame-
ters were required to describe the interaction between U and
Zr in the lattice sites with the interstitial sites occupied by
the Cq species. The BUC, phase was described by the same
model as the (U,Zr)C phase, as they have the same crystal
structure. We name them differently to denote their different
compositions. The isothermal section at 1700 °C (solid line)
calculated from optimized parameters is compared with the
experimental postulation [41] (dash line) in Fig. 3(a). The
different line colors in the calculated phase diagram denote
different phase equilibria: red for three-phase, green for two-
phase (tie line) and black for single-phase region. The cal-
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culated 1700 °C isothermal section shows that ZrC and UC
form a continuous solid solution, and the ZrC content in the
(U,Zr)C solid solution that is in equilibrium with graphite
and BUC; is around 61 £+ 3 mol %, which is in a good
agreement with the experimental data at 1700 °C. On the
other hand, the calculated ZrC liquidus in the isopleth sec-
tion of the BUC,—ZrC has higher temperatures than the ex-
perimentally postulated one as shown in Fig. 3(b). The cal-
culated liquidus is more reliable as it converges better with
the melting temperature of ZrC (around 3500 °C). Adjust-
ing ternary interaction parameters to force exact agreement
with the ZrC liquidus lines would compromise binary con-
sistency and distort melting temperature of ZrC anchored in
the Zr—C binary system. The calculation also shows the ZrC
content in (U,Zr)C solid solution at temperatures higher than
1700 °C are smaller than those estimated from experiment,
as shown from the comparison between the calculated and
experimental isopleth section of the FUCo—ZrC in Fig. 3(b).
Attempting to better fitting the experimental ZrC in equilib-
rium with Gra and BUC, makes the temperature of invariant
reaction Liq — (U,Zr)C + Gra + BUCy much higher than
the experimental proposed value (2410 °C). In addition, the
calculated Liq + (U,Zr)C + Gra three-phase region is smaller
than the experimental postulation. It should be noted the ex-
perimentally postulated pseudo-binary phase diagram is not a
true representation of the BUC,—ZrC isopleth section. This
is because neither UC nor ZrC are strict stoichiometric com-
pounds, and the UC-ZrC pseudo binary can not be uniquely
defined and can have slightly different phase boundaries de-
pending on where the isopleth is cut. In this work, we chose
Up.5Co.5 and Zrg 54Co .46 as the two end compositions which
were defined by the congruent melting points in respective
binaries. The calculated UC—ZrC pseudo binary is compared
with experimental data in Fig. 3(c). The calculated results
are in reasonable agreement with experimental data given the
large uncertainties for high temperature measurements.

2. The U-Si-C ternary

The U-Si—C system has been reviewed by Rogl and Noél
[45]. They found two ternary compounds in the U-Si—C sys-
tem: U3SisCy and UypSij¢Cs, based on Alekseeva’s work
[46]. Their Gibbs energy functions cannot be obtained from
extrapolation as they do not exist in the constituent binaries.
Both phases were found have negligible non-homogeneity
range, and therefore were modeled as line compounds. Both
phases were found to be thermodynamically stable in 950,
880, and 800 °C isothermal sections. They were reported
to form via peritectic reactions from the liquid at about
1750 °C (U3Si2C2) and 1600 °C (Ug0Si;6Cs), respectively,
based on the differential thermal analysis measurements [47].
The Gibbs energy of formation for U3SioCo was estimated
as AG(} —355,000 + 50,000(J/mol) by Holleck [48]
and Pottgen [49]. Using the above experimental informa-
tion as constraints, the model parameters in the Gibbs for-
mation energy of UsSisCy and UypSijqCs were optimized
as AG(} —327,783 — 26.76 x T(J/mol) for U3SiaCy
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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 BUC2—ZrC
and that proposed by Butt [40] and (c) pseudo binary of UC-ZrCy g5
and that proposed by Butt [40].
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Fig. 4. Calculated Isothermal section at 950 and 800 °C in good
agreement with experimental data [45] (not shown here).

and AG(} —1,706,860 — 180 x T'(J/mol). For other
phases emanated from constituent binary systems, their Gibbs
energy functions were obtained through extrapolation. The
isothermal sections at 950 and 800 °C calculated from the
current thermodynamic functions are shown in Fig.4 and in
good agreement with the assessed phase diagrams in literature
[45]. The calculation suggested U3Si»Cs is formed through
the peritectic reaction of Liquid + UC — U3SiyCq at 1777 °C
and the formation of Uy(SijCs is through another peritectic
reaction of Liquid + UC — UySi16C3 at 1619 °C. Isother-
mal sections calculated at both temperatures are in reason-
able agreement with the experimental measurements [45]. In
this work, phase equilibrium data at 1750, 1600, 950, 880,
and 800 °C were used to constrain only two fitting param-
eters (AH and AS), thereby improving confidence in the
optimized thermodynamic description while minimizing the
number of adjustable variables.

The uncertainty and confidence level of the optimized
ternary interaction parameters in U-Zr—C and U-Si—C sys-
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Fig. 5. Predicted isothermal sections of (a, b, ¢) U-Zr—C at 1500,
1000, and 500 °C, (d, e, f) U-Zr—N at 1500, 1000, and 500 °C,
respectively.

tems were assessed based on their ability to consistently re-
produce experimentally observed phase equilibria across a
broad temperature range. While exact statistical confidence
intervals are not available due to the intrinsic uncertainty of
high-temperature ternary data, the ability to maintain consis-
tent agreement across a wide temperature window provides a
practical measure of parameter robustness.

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

The calculated Isothermal sections of U-Zr—C at 1500,
1000, and 500 °CC are shown in Fig. 5(a—c), together with
those of U-Zr-N at 1500, 1000, and 500 °C in Fig. 5(d-f),
respectively.

The calculated Isothermal sections of U-Si—C at 1500,
1000, and 500 °C and U-N-SiC at 1500, 1000, and 500 °C
are shown in Fig. 6 in sequence. The triangles in isothermal
sections of a ternary system denote tie-triangle where vertices
represent the compositions of phase that are in equilibrium.
They are denoted in red in Fig. 6(a—c). On the other hand,
the triangle in the quarternary of U-N-Si—C is a section of
tie-tetrahedron at isothermal conditions, and they are not nec-
essarily tie triangles.

IV. DISCUSSION
A. Response of UN or UCN to cladding breach

Most monolithic uranium-bearing fuel materials of rele-
vance to power reactor applications will pulverize to uranium
oxide powder under oxidizing conditions [50]. The calculated
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Pourbaix diagram indicates that neither UN nor UC is ther-
modynamically stable in any aqueous electrochemical system
during a cladding breach, which cannot be overcome by mod-
ifications to coolant chemistry. The stabilities of both UC
and UN are similar, suggesting that residual carbon content
in UCN would not be expected to impact the response.

Minimal data exists in the open literature describing the re-
action of UC or UN with supercritical water, but the limited
data reports pulverization of UN to oxides following short
time periods [12]. A more extensive database exists regard-
ing the reaction of UN with partial pressures of steam below
1 atm, all universally reporting rapid pulverization above ap-
proximately 300 °C [51].

The regions of phase stability shown in Fig. 2 correspond
to thermodynamic equilibrium and cannot be used to infer
kinetics of the constituent reactions or potential intermediate
phases (e.g., formation of intermediate oxides prior to U3Og).
An additional consideration when interpreting the results of
fundamental thermochemical models is the presence of other
phase morphologies that may impact kinetics. For example,
thin oxide layers will undoubtedly be present on the surface
of any UCN fuel form that is exposed to air during handling or
storage [52]. The extent of this layer—potentially as thin as
tens of nanometers to as thick as tens of micrometers—may
delay exposure of the UN fuel to oxidizing specie resulting
from coolant ingress. The most impactful outcome of oxida-
tion of UN pellets during service would be the resulting vol-
ume increase. Conversion of UN to UO5 would progress with
swelling of approximately 30%, likely rupturing cladding [2].
Deployment of UN fuels for LWR service therefore requires

s further study from the experimental community to understand
s the response of UCN to this anticipated operating occurrence.

4

-

4

>

B. UN and UCN contact with Zr and SiC during normal
operation

467
468

Commercial LWR fuel consists of UO5 clad with a zirco-
nium alloy. Fabrication requires a slight gap to facilitate pel-
let loading, but more importantly fuel swelling during reactor
service must also be accommodated [53]. Fuel—cladding con-
tact in newly inserted fuel typically occurs within the first cy-
cle of reactor operation due to pellet expansion and cladding
creep down in PWRs [54]. The cladding then remains in con-
tact with the fuel for the remainder of its service life, gener-
ally several years. This extended time spent at 300-350 °C re-
sults in the formation of a zirconium dioxide interaction layer
10-30 pum thick [55]. This layer minimally impacts fuel per-
formance during reactor operation but can have impacts on
used fuel handling and storage [56].

Given the limited integral irradiation test data available for
UN and Zr or SiC cladding, experimental observations are not
available. Use of UN in a PWR with Zr alloy cladding is an-
ticipated to experience fuel-cladding contact, but the timing
will require integral fuel testing or improved data on swelling
of UN pellets irradiated under LWR conditions. Creep down
of Zr is likely to be similar for UN fuel as occurs for UO2
fuel. However, thermal expansion and radial relocation of
UN pellets during service should be reduced compared to
UO- given the lower fuel temperatures provided by increased
thermal conductivity [9] and reduced coefficient of thermal
expansion [57]. Consideration of a UN-SiC LWR fuel re-
quires more extrapolation. SiC cladding would be expected
to see much less deformation during PWR service [58]. Fuel
performance modeling performed to assess the response of a
UN-SIC fuel during anticipated PWR service confirms pro-
498 jections, as no gap closure is expected [39, 59]. Previous anal-
ysis of a U3Sio—SiC PWR fuel concept concluded that an ex-
panded fuel-cladding gap would be important to reduce the
failure probability of the SiC cladding due to pellet—cladding
mechanical interaction under a power ramp [60]. This proba-
ble design constraint of UN-SiC LWR fuels coupled with the
results of this investigation suggests that deleterious interac-
so5 tions predicted for UN fuel during normal operation should
s06 be weighed more heavily if considered for Zr cladding than a
so7 future SiC-clad PWR fuel concept.

s Based on the calculated isothermal sections of U-Zr—C and
so0 U-Zr—N at 500 °C, the interface between UN or UC and Zr
s10 is not thermodynamically stable. A UC—Zr interface would
511 promote the formation of the ZrC interlayer, leading to the
si2 trilayer structure of Zt/ZrC/UC. This is because the Zr forms
s13 the tie-line with ZrC. It is anticipated that a sharp interface
s14 Will be present between Zr and ZrC. Once the ZrC is formed,
si5 gradual transition and interdiffusion between ZrC and UC is
si6 expected because the UC and ZrC have the same crystal struc-
s17 ture and can form a continuous solid solution. The presence
sis of small quantities of ZrC at the interface of a UCN—Zr fuel
st9 form would not be expected to degrade performance, as ZrC
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is a well understood nuclear material in its own right [61].

Reactions predicted at the interface of UN-Zr are more
complicated. First, a significant amount of N can dissolve
into Zr to form hcp(Zr,N). This is in contrast to the the Zr—
C system, where the C solubility in hcp(Zr) is very small.
The immediate phase that is in equilibrium with hcp(Zr,N) is
UZrs, suggesting the UZry phase adjacent to the hep(Zr,N)
would be expected, and then the next phase equibrium ad-
jacent to UZrs is hep(Zr), bee(U,Zr), or a three-phase mix-
ture of bce(U,Zr) + UZrs + hep(Zr,N). Finally, a layer with
a three-phase mixture of bce(U,Zr) + hep(Zr,N) + (U,Zr)N
is predicted before transitioning to bulk UN. The calculation
results are consistent with historic diffusion couple investiga-
tion of UN and Zircaloy, where the interlayers of bcc(U,Zr)
+ hep(Zr,N) + UZr, and bee(U,Zr) + (U,Zr)N were observed
experimentally [62]. The UZr; was the product from the eu-
tectoid reaction bec(U,Zr) — hep(Zr,N) + UZr,, which sug-
gests the kinetics of the UZrs formation may be slow.

The major difference predicted between UC—Zr and UN-
Zr interfaces at 500 °C is a more complicated reaction path-
way in the latter fuel/cladding combination. The C in UC, in-
stead of dissolving into the hcp(Zr), prefers to form ZrC. The
ZrC forms a continuous solid solution with UC, leading to a
relatively simple reaction pathway. On the other hand, the N
in UN will dissolve into the Zr to form hcp(Zr,N), leading to
the phase equilibrium of UZr; + hcp(Zr,N). The UZrs is not
in equilibrium with UN, leading to a more complicated reac-
tion pathway across several phase equilibria (e.g., bec(U,Zr)
+ UZry + hep(Zr,N), bee(U,Zr) + hep(Zr,N) + (U,Zr)N) As
the motivation of the present work is primarily investigation
of UCN/Zr where the carbon is present as a processing im-
purity of the targeted UN fuel form, residual carbon is not
predicted to have an impact on fuel-cladding stability. The
opposite is predicted, as higher carbon contents in a UCN
fuel may be capable of encouraging formation of a more sta-
ble ZrC interlayer. A more rigorous assessment of the U-
Zr—C-N quaternary is needed to assess this hypothesis, but is
beyond the scope of the present work.

For the UN-SiC and UC-SiC fuel-cladding combinations,
our calculation results suggested that both UC or UN are in
thermodynamic equilibrium with the SiC cladding. Unlike
ZrC and ZrN, which form continuous solid solutions with
UC and UN, respectively, SiC has a different crystal structure
as UC and UN. Mutual solubility between SiC and UC (or
UN) is negligible. Intimate contact between either UC or UN
and SiC is not be expected to result in an interfacial reaction
and diffusion would not happen at these two temperatures.
In addition, as there is no mutual solubility in the UC/SiC
and UN/SiC intersection; any deviation of C or N from the
stoichiometric ratio (1:1) of UC or UN would lead to the
formation of the third phase such as graphite, T1(U3Si3C>),
BUC,, UsCs, and U-Si intermetallic phases. While these
phases may be present in a small amount at the fuel-cladding
interface if driven by C or N content, it is likely that nonsto-
ichiometry of UCN fuel forms would pose a greater concern
to fission product thermochemistry and other more critical as-
pects of fuel performance [63, 64].

In the present work, UCN is treated as a single U(C,N)
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solid-solution phase formed by carbon substitution for nitro-
gen in UN. Thermodynamic calculations confirm that U(C,N)
exists as a continuous single-phase solid solution across the
composition range between UN and UC at temperatures rele-
vant to this study, consistent with literature assessments [65].
The U(C,N) phase is therefore predicted to remain as a con-
tinuous single-phase solid solution over the composition and
temperature ranges relevant to this study; fuel-cladding in-
teraction is governed primarily by thermodynamic interac-
tions with cladding materials rather than phase transformation
within the fuel.

It should be noted that the predicted thermodynamic com-
patibility between UC/UN and SiC cladding reflects equilib-
rium conditions in the absence of irradiation. Under reactor
service conditions, irradiation-induced defect generation and
radiation-enhanced diffusion in SiC may modify interfacial
kinetics and alter the effective transport of species across the
fuel-cladding interface [39, 59]. While direct experimental
data resolving UC/UN-SiC chemical interactions under neu-
tron irradiation remain limited—most existing studies having
focused on the thermomechanical response of SiC cladding
[58]—the thermodynamic driving forces identified here pro-
vide a necessary baseline for future coupled thermodynamic—
kinetic modeling and experimental investigation of irradiation
effects on fuel-cladding compatibility.

C. UN and UCN contact with Zr during accident conditions

The rate, extent and duration of temperature increase of
LWR fuel and cladding materials following a design-basis
loss of coolant or reactivity insertion accident (LOCA and
RIA, respectively) depend on the specific conditions of the
scenario [66]. During a LOCA, cladding and temperatures
can exceed 1000°C without recovery or intervention of an
emergency core cooling systems [67, 68]. The U.S. Nuclear
Regulatory Commission does not allow LWR peak cladding
temperature to exceed 1204 °C, or be subjected to time at
temperature such that oxide thickness exceeds 17% of the to-
tal cladding thickness prior to oxidation [69]. Contemporary
Zr alloys are capable of tolerating steam oxidation at 1000—
1100 °C for time periods of 1000—10,000 s before the oxide
thickness criterion is exceeded, depending on the alloy com-
position and other environmental factors [70].

Based on the calculated isothermal sections, if UC or UN
are directly in contact with Zr above 1000 °C, the interface
would proceed into the phase regions involving bec(U,Zr)
solid or liquid phases. Pure U melts at 1130 °C, and increas-
ing Zr content gradually increases the solidus. The forma-
tion of a liquid phase at the fuel-cladding interface would be
detrimental to understanding and predicting accident perfor-
mance. During a LOCA as outlined above, Zr cladding will
balloon in multiple locations due to the increasing internal
pressure of the fuel rod, resulting in “lift-off” of the cladding
and separation of any bond that may have formed between
the fuel and cladding [71, 72]. The (U,Zr) phases that formed
during steady state operation will remain, and the presence of
a complex multiphase structure as discussed in Section IV B
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may complicate prediction of where cladding lift-off occurs
during ballooning, potentially introducing a stochastic pro-
cess. However, prolonged intimate contact between UN and
Zr would not be anticipated under a design-basis LOCA. The
presence of carbon as an impurity in UCN is again predicted
to be either neutral or potentially beneficial through encour-
agement of ZrC formation similarly to normal operating con-
ditions when modeled at 1000 °C. However, this effect is no
longer present at 1500 °C where a more complex interface
including a liquid (U,Zr) constituent is predicted similarly to
the U-N—Zr system.

Extrapolation of these results to consideration of LOCA
or RIA conditions produces similar conclusions. The rele-
vant timescales to a RIA are seconds at most, but during this
brief time fuel temperatures in the UOo—Zr system can exceed
2000 °C and surpass the 2850 °C melt point of UO4 [73]. The
extreme temperatures induced by a RIA would therefore in-
crease the likelihood that lower melting point phases present
at the fuel-cladding interface experience melting, but the lim-
ited time spent at these temperatures will limit further inter-
diffusion between the fuel and cladding if they are in contact.

The response of irradiated SiC cladding containing irra-
diated fuel to LOCA or RIA conditions is speculative. The
reduced ductility of SiC cladding compared to Zr suggests
that any contact between SiC and UN may persist to higher
temperatures during a transient, as ballooning is not observed
during LOCA testing of SiC [74]. This provides a greater
potential for interdiffusion between SiC cladding and fuel at
elevated temperature, but in the case of UN no new deleteri-
ous interactions emerge. The interface between UN and UC
and SiC at temperatures above 1000 °C is predicted to be
similar to that at normal operation conditions because of sim-
ilar phase equilibrium as shown in Fig. 6(d—f). The forma-
tion of free uranium is not predicted following assessment of
SiC cladding interactions with UN regardless of carbon con-
tent. Any uranium carbide or uranium silicide phases that
may form at elevated temperatures pose less of a concern for
short term reactor accident scenarios given their higher melt-
ing points.

D. Potential strategies for mitigating UCN-Zr interactions

The present study predicts use of UN with SiC cladding
to be far less of a concern compared to use of UN with Zr
cladding when judged from the standpoint of potential fuel—
cladding interactions. Contact between UN and UCN with
Zr in a PWR is anticipated to occur during anticipated ser-
vice conditions, and is predicted to result in a complex in-
terface structure, as shown in a calculated isopleth between
fuel U(Cy 3Ng.7) and pure Zr. At lower temperatures, the
U(Cy.3Ny.7)/Zr interface is predicted to form complex phases
such as bee(U,Zr) metal solution phases in bec, tetragonal or
orthorhombic structures, UZr» intermetallic, phase separation
of fcc (U,Zr)(C,N) into Zr-rich and U-rich compositions, and
high N containing hcp(Zr). If substantiated by experimental
findings, these behaviors will be difficult to account for to pre-
dict fuel performance during service and eventual transport,
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temperature at 500, 1000, and 1500 °C, respectively.

storage, and disposition.

Thermal transients as anticipated during design-basis and
beyond design-basis accidents are predicted to result in the
formation of (U,Zr) compositions that will melt if tempera-
tures exceed 1130 °C. The presence of these phases poses
more of a challenge for management of a RIA rather than a
LOCA, as Zr oxidation would still likely dominate allowable
time spent above 1000 °C. Pairing of UN with a coated Zr
cladding concept may create more of a driver to understand
the behavior of interfacial phases formed due to fuel-cladding
interactions given the ability of chromium coatings to limit
oxidation at high temperatures [75]. However, data collected
to date indicate coatings do not significantly impact burst be-
havior, suggesting that cladding lift-off would be comparable
to uncoated Zr [76].

The results of the present work enable assessment of poten-
tial means to mitigate these deleterious interactions between
UN and Zr. Figure 7 plots isopleth sections of U(Cy 3Ng.7),
chosen as a composition representative of high carbon con-
tent present as an impurity in contemporary UN [77]. Figure
7(a) depicts the complex phase transition predicted for UC or
UN (specifically U(Cy 3Ng.7) here) in contact with Zr, which
are consistent with the three isothermal sections in Figure 5.
Prediction of multiphase interdiffusion regions persist until
temperature exceeds 600 °C, where formation of bec(U,Zr)
dominates, as shown in Fig. 7(a).

However, the isopleths plotted in Fig. 7(b—c) highlight a
different response when U(Cy 3Ny 7) is evaluated in contact
with ZrC and ZrN, respectively. Thermodynamically, an in-
terlayer of ZrC or ZrN between Zr and UN would reduce the
reaction at interface to produce (U,Zr). This can be observed
in the large mutually miscible region between U(Cg 3Ny 7)
and ZrC or ZrN. The mutual solubility between U(Cg 3Ng.7)
and ZrC or ZrN can ensure a good bonding between fuel and
cladding without forming detrimental phases at the interface
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723 while also avoiding the formation of low melting point metal
724 phase.

ZrC may be a superior choice for a coating to achieve this
726 goal. ZrN is in equilibrium with hcp(Zr,N) as shown in Fig.
727 5(d); a thin layer of ZrN deposited on Zr could potentially
728 degrade if N dissolves into the Zr bulk. This behavior has
729 been observed experimentally; ten micrometer ZrN layers de-
730 posited on Zr were found to dissolve into the bulk when an-
731 nealed at temperatures above 1200 °C for even brief (minute)
732 time periods [78]. However, annealing performed at 900 °C
733 for extended time intervals found that the ZrN layer remained.
73 Conversely, C solubility in Zr is small, therefore the ZrC de-
735 posited on Zr should not cause the degradation of Zr, and can
736 serve as a better interlayer to protect the Zr cladding. Further
testing is needed to evaluate the relevant kinetics at temper-
atures in the 400-500 °C temperature range where a ZrN or
ZrC layer would need to persist for years in order to serve an
intended function of preventing (U,Zr) and UZr; formation at
an interface between UCN fuel and Zr cladding.

As interfacial reaction kinetics is more of concern at high
temperatures where the reaction kinetics is faster, the allow-
able temperature range for ZrN should stay below 900 °C and
that for ZrC can be higher and up to 1100 °C, based on both
thermodynamic modeling and literature results. Compared to
the Cr-based coatings that are currently proposed for accident
tolerant fuel (ATF) development, ZrC or ZrN coadtings can
eliminate the thermodynamic driving force for (U,Zr) metal-
lic phase formation if direct fuel-cladding contact occurs,
while Cr-based coatings primarily function as oxidation bar-
riers that significantly improve high-temperature steam resis-
tance during LOCA scenarios. Therefore, the Cr coatings can
not fundamentally modify fuel-cladding chemical compati-
bility in the same manner as ZrC or ZrN interlayers.
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E. Design implications for LWR fuel development

The thermodynamic results of this study provide several
important implications for advanced LWR fuel design. First,
direct pairing of UN with Zr-based cladding is predicted to
produce a complex, multiphase interdiffusion region which
increases uncertainty in long-term interfacial stability and po-
tentially leads to formation of low-melting (U,Zr) phases at
elevated temperatures. ZrN coatings, while potentially bene-
76« ficial at moderate temperatures, may degrade at high temper-
765 ature due to N solubility in Zr and dissolution of the nitride
766 layer. In contrast, ZrC interlayers are thermodynamically at-
767 tractive because carbon preferentially forms ZrC rather than
768 dissolving extensively in Zr, enabling formation of a stable
760 barrier that suppresses deleterious (U,Zr) metallic phases. SiC
770 cladding exhibits intrinsic thermodynamic compatibility with
771 both UN and UC, with negligible mutual solubility and no
772 driving force for formation of low-melting metallic phases,
773 thereby offering a fundamentally more stable fuel-cladding
774 pairing. Finally, while C impurities in U(C,N) are not pre-
775 dicted to be detrimental, the carbon content should be speci-
776 fied within defined design envelopes, as stoichiometry influ-
777 ences interfacial phase equilibria and may affect barrier-layer
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formation behavior.

F. Limitations of the equilibrium thermodynamic approach

The present study is based on equilibrium thermodynam-
ics and therefore does not explicitly account for kinetic ef-
fects that govern the actual rate and extent of fuel-cladding
interactions under reactor service conditions. Fuel-cladding
interaction is kinetically controlled, and the equilibrium phase
assemblages predicted here represent the thermodynamically
favored end states rather than the transient or metastable
phases that may form and persist under operating conditions.

Specifically, the following kinetic phenomena are not cap-
tured by the present analysis: (1) interdiffusion kinetics at the
fuel-cladding interface, which control the rate of phase layer
growth; (2) irradiation-enhanced diffusion, which can signif-
icantly accelerate species transport and phase boundary mi-
gration compared to thermally driven diffusion alone; (3) the
nucleation and growth kinetics of reaction product phases, in-
cluding the possible stabilization of metastable phases; and
(4) the influence of fission products, point defect populations,
and microstructural evolution on interfacial chemistry.

Despite these limitations, equilibrium thermodynamic
analysis provides a necessary foundation by identifying
the thermodynamically accessible phase space, defining the
chemical driving forces for interfacial reactions, and estab-
lishing which phases are stable or metastable under given
conditions. The equilibrium results serve as a baseline for
non-irradiated conditions and provide essential input for
future coupled thermodynamic—kinetic models (e.g., DIC-
TRA-type diffusion simulations) that can incorporate the ki-
netic phenomena listed above. The predicted phase equilib-
ria should therefore be interpreted as identifying potential re-
action products and thermodynamic drivers for interaction,
rather than as quantitative predictions of reaction layer thick-
ness or kinetics under specific service conditions.

V. CONCLUSIONS

This study first performed thermodynamic calculation of
pure UC and UN in a closed system mimicking PWR coolant.
The calculated Pourbaix diagrams of UN and UC under PWR
conditions suggest that UN or UC is not thermodynami-
cally stable in any aqueous electrochemical system during a
cladding breach, which cannot be overcome by modifications
to coolant chemistry. A systematic thermodynamic evalua-
tion was then performed to assess the potential interactions
between UN and UCN with Zr or SiC cladding. A ther-
modynamic database of U-Zr—Si—C-N was developed using
the CALPHAD approach and validated with available litera-
ture data. The interfacial stability of UN/Zr, UC/Zr, UN/SiC
and UC/SiC were assessed by calculating the isothermal sec-
tions U-Zr—N, U-Zr-C, U-Si—-C, U-Si—C-N at 1500,1000,
and 500 °C. The results predict that the interface between the
Zr cladding and UCN fuel is not stable at operating temper-
ature (500 °C) and the elevated temperatures chosen to rep-


https://chinaxiv.org/abs/202604.00290V1

83

S

83

83

1)

833

834

83!

a

83

>

83

L

83

3

83!

©

84

=)

84

84

S

84

&

844

870
871

873
874
875
876
877
878
879
380
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897

resent transient conditions. The reaction pathway between
UN and Zr will produce multiple layers including phases of
bee(U,Zr), UZry, hep(Zr,N) and fcc(U,Zr)N. This response
is more complicated than that between UC and Zr where a
single ZrC layer is predicted. Formation of (U,Zr) and tran-
sient conditions above 1130 °C would have the potential to
produce a liquid phase, relevant to understanding of accident
behavior of UN-Zr fuel systems. Improved thermodynamic
stability is predicted when compatibility with SiC cladding
is considered. Both UN and UC are in equilibrium with SiC
when modeled under the same temperature conditions. Po-
tential carbon impurities present in UN as a result of the fab-
rication process were not found to contribute detrimentally
to fuel—cladding contact for either Zr or SiC cladding under
conditions evaluated here.
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