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on-induced cascade mixing on
spinodal decomposition in U–Nb and U–Zr alloys:
a phase field study

Yong Lu, *a Honghao Guo,a Hengfeng Gong,c Zheng Jiang,a Xiaoyi Huang,a

Xingjun Liuab and Cuiping Wang*ab

The spinodal decomposition of the g-phase in U–Nb and U–Zr alloys under irradiation was investigated

using the phase-field method coupled with micro-elasticity theory and rate dependent cascade mixing

model. Microstructure evolutions of spinodal decomposition in U–Nb and U–Zr alloys were simulated by

considering different initial compositions and dose rates. The volume fraction and composition

distribution under different cascade mixing were presented. The simulation results show that the volume

fractions and equilibrium composition of the (Nb,Zr)-rich g2-phase and the rate of spinodal

decomposition are influenced by the dose rate and initial alloy composition. The cascade mixing can

drive Nb or Zr atoms back into solution until a new equilibrium state between local cascade mixing and

spinodal decomposition is reached. The evolution analysis indicated that irradiation-induced cascade

mixing acts in opposition to thermodynamically driven spontaneous spinodal decomposition, which can

not only slow down the spinodal decomposition but also reduces the composition range of the

miscibility gap.
1. Introduction

Recently, uranium based metallic nuclear fuels have attracted
more and more attention due to their advantages in mechanical
properties, thermal conductivity and irradiation performance.1,2

The body centered cubic (bcc) g-phase in metallic uranium
alloys is more resistant to swelling than the orthorhombic a-
phase under irradiation conditions. Uranium alloys with the
addition of Nb greatly improves the melting point, heat transfer
and swelling resistance,3,4 while the addition of Zr increases the
solidus temperature and stabilizes the isotropic g-phase over
a wider temperature range.5,6 According to thermodynamic
equilibrium phase diagram,7,8 both of U–Nb and U–Zr alloys
have continuous solid solution of g-phase andmiscibility gap in
the high temperature region, which make it possible for the
alloys to be used steadily at high temperatures. The addition of
Nb and Zr can prevent oxidation of uranium9 and reduce the
chemical interaction of fuel-cladding.10 Therefore, U–Nb and U–
Zr alloys are considered the candidates of metallic nuclear fuels
for next generation fast reactors.3,11
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There are many efforts made to develop the U–Nb and U–Zr
alloys, such as the studies of mechanical properties,12,13 creep
behavior,4,14 and phase transformation.3 Many researches have
focused on spinodal decomposition in U–Nb and U–Zr alloys,
which could bring miscibility gaps and heterogeneous micro-
structure in a large temperature region. According to Hsiung
et al.'s15 study and Clarke et al.'s16 experimental results, the
nanoscale modulation caused by the spinodal decomposition
can lead to the age hardening and make good stability at low
temperatures in U–Nb alloys. Studying the microstructure of
irradiated annular U–Zr fuel by microscopic multi-scale char-
acterization, Yao et al.17,18 found that the alloy formed nanoscale
spinodal decomposition microstructure aer irradiation, which
could effectively prevent radiation swelling of fuel slug. Thus, it
is essential to study the spinodal decomposition in metallic
nuclear fuels under irradiation.

As good candidates for nuclear fuels, U–Nb and U–Zr alloys
are exposed to the extreme environment of intense irradiation
and high temperature inevitably. Previous studies have showed
that irradiation impact microstructure changes of alloys
through two main mechanisms: irradiation-induced mixing
and irradiation-enhanced diffusion,19,20 both of which could be
investigated by phase-eld method. There are plenty of
researchers have studied the microstructure evolution under
irradiation by using the phase-eld method and achieved
successful applications, such as gas bubble growth,21–24

composition segregation,25–28 grain growth29–31 and so on. A
© 2021 The Author(s). Published by the Royal Society of Chemistry
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phase-eld model with irradiation effect proposed by Dilles
et al.32 and successfully predicted the formation of various
microstructures related to spinodal hardening in Ag–Cu alloy,
which provided a new perspective for the improvement of
mechanical properties of alloys. Ke et al.33 established a phase-
eld model for the microstructure evolution of Fe–Cr coupling
with the cascade mixing model, which veried the consistency
between the simulation and experimental results. The phase-
eld model with micro-elastic theory has also achieved
success due to the application of the Khachaturyan–Shatalov
theory,34,35 which fully describes the inhomogeneity of structure
and its spatial distribution in the mesoscopic scale. Recently,
Yan et al.36 have successfully carried out a phase-eld model
coupling with micro-elastic theory to study the interstitial atom
and vacancy evolution in Fe–Cr alloys. Therefore, it is feasible
and necessary to investigate the spinodal decomposition
behavior of U–Nb and U–Zr systems under irradiation based on
the phase-eld method.

In the present study, based on the thermodynamic database,
we have employed Cahn–Hilliard-type phase-eld simulations
combined with cascade mixing model to investigate the spino-
dal decomposition of g-phase in U–Nb and U–Zr alloys under
irradiation. Since the spinodal decomposition is a form of solid
phase transition, we also consider the elastic energy in the
phase-eld model. In an attempt to nd out the inuence of
irradiation on spinodal decomposition, different composition
of U–Nb and U–Zr alloys have been studied.
2. Simulation methods
2.1 Phase-eld model

To study the evolution of spinodal decomposition in U–Nb and
U–Zr alloys, we have employed the phase-eld model developed
originally by Cahn and Hilliard.37 The total free energy F of the
U–Nb and U–Zr alloys includes the chemical free energy, the
interfacial gradient energy and the elastic strain energy. The
total free energy can be expressed as:38

F ¼
ð
V

�
Gchem þ 1

2
kðVcÞ2

�
dV þ Eel (1)

where, c is the molar fraction of species Nb or Zr, k is the
gradient energy coefficient and Eel is the elastic strain energy of
U–Nb or U–Zr alloy. The chemical free energy of g-phase in U–
Nb and U–Zr alloys can be obtained by Gchem ¼ Gm/Vm, in which
Vm is the molar volume, Gm is the molar Gibbs free energy and
can be expressed with the regular solution model:

Gm ¼
X
i¼A;B

0G
g

i
ci þ RT

X
i¼A;B

ci ln ci þ cAcB
Xn
j¼0

j
L

g

A;B
ðcA � cBÞj (2)

where 0Gg
i is the molar Gibbs free energy of pure i constituent

element in the g-phase, which is taken from the SGTE database
compiled by Dinsdale.39 The ci is the atomic fraction of species i
and jLgA,B is the temperature-dependent interaction parameters
in the binary system which can be described as:

jLg
A,B ¼ aj + bjT (3)
© 2021 The Author(s). Published by the Royal Society of Chemistry
Here aj and bj are optimized parameters. The thermodynamic
data in eqn (3) are obtained from the U–Nb and U–Zr thermo-
dynamic assessment.7,40 The governing equations describing
the spatial and temporal evolutions of composition is deter-
mined by the Cahn–Hilliard-type equation with a forced mixing
term:33

vc

vt
¼ V

�
MV

�
vGchem

vc
� kV2cþ dEel

dc

��
þ vc

vt

����
mixing

(4)

where the rst term at the right side in the equation accounts
for thermal diffusion driven by the gradient of diffusion
potential and the second term corresponds to the cascade
mixing contribution of damage cascades. The chemical
mobility M is dened by Darken's equation:41

M ¼ c(1 � c)[cMU + (1 � c)Mi], (i ¼ Nb or Zr) (5)

where MU, MNb and MZr are the atomic mobilities of U, Nb and
Zr, respectively. They are related to the diffusivity through
Einstein's relation Mi ¼ Di/RT, where i denotes the elements of
U, Nb or Zr. R is the gas constant, T is the absolute temperature,
and Di is the intrinsic diffusion coefficient which can be seen in
the Table 1.42,43

The continuum atom relocation model which is used in our
simulation was developed by Enrique and Bellon to treat
cascade mixing, in which the nite-range atomic replacements
in displacement cascades is considered,44 and the model was
proved to be feasible by Ke et al.33 Changes of the local
component which is caused by the forced cascademixing can be
expressed as:

vc

vt

����
mixing

¼ �G�c� hciRL

�
(6)

Here G is the reorientation frequency which has a relationship
to the irradiation displacement rate by bF, where b is the
parameter that represents the number of substitutions per
atomic displacement, F is the irradiation displacement rate,44,45

and hciRL
is the non-local mean value of concentration which is

weighted by the normalized function:

hciRL
¼ ÐuRL

(r � r0)c(r0)dr0 (7)

and uRL
is the normalized function, which can be expressed by

a Gaussian distribution, describing the distribution of atomic
reorientations.46 It can be characterized as:

uRL

�
r� r

0� ¼ � 3

2pRL
2

�3
2

exp

 
� 3jr� r0j2

2RL
2

!
(8)

Here, r represents the spatial location and RL corresponds to the
average jump distance during repositioning. In the model, the
characteristics of cascades and the types of high-energy parti-
cles decide the value of RL and b. The value of RL is typically
approximated as the average interatomic distance in bcc-
lattice.47 In consideration of atomic displacement without
creating Frenkel pairs during the cool-down of cascades, the
number of substitutions is expected to be larger than the esti-
mated value in the model proposed by Norgett et al.48 The value
RSC Adv., 2021, 11, 37612–37623 | 37613
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Table 1 Parameters for the simulations

Parameters Symbols Values Ref.

Gradient energy coefficient k 1.8 � 10�14 (mol m2) J�1 (In U–Nb) 55
0.5 � 10�15 (mol m2) J�1 (In U–Zr)

Intrinsic diffusion coefficient of U DU
9:1� 10�13 exp

 
�48 000 J mol�1

RT

!
m2 s�1

42

Intrinsic diffusion coefficient of Nb DNb
3:34� 10�10 exp

 
�106 800 J mol�1

RT

!
m2 s�1

42

Intrinsic diffusion coefficient of Zr DZr
5:1� 10�13 exp

 
�51 000 J mol�1

RT

!
m2 s�1

43

Lattice parameters of U aU 0.343 nm 52
Lattice parameters of Nb aNb 0.330 nm 54
Lattice parameters of Zr aZr 0.357 nm 53
Gas constant R 8.314 J mol�1 K�1 This work
Grid length l 3.37 � 10�10 m (in U–Nb) 52–54

3.50 � 10�10 m (in U–Zr)
Elastic constant of g-U Cij C11 ¼ 111.0 GPa, C12 ¼ 117.0 GPa, C44 ¼ 15.0 GPa 52
Elastic constant of pure Nb Cij C11 ¼ 246.5 GPa, C12 ¼ 134.5 GPa, C44 ¼ 28.7 GPa 54
Elastic constant of b-Zr Cij C11 ¼ 86.6 GPa, C12 ¼ 92.3 GPa, C44 ¼ 26.6 GPa 53
Replacements per displacement b 50 33 and 56
Average relocation distance RL 3.37 � 10�10 m (In U–Nb) 52–54

3.50 � 10�10 m (In U–Zr)
Time steps Dt* 0.005 s This work
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of b ranges from �1 for electrons to �30–100 for neutrons and
heavy ions.49,50 The results of this study are not highly sensitive
to the specic value of b and the effect of changing the primary
dose rate is less than an order of magnitude. In the simulation,
the values of RL and b for neutron/heavy-ion irradiations are
chosen in Table 1.
2.2 Elastic energy model

The elastic strain induced by composition inhomogeneity and
lattice mismatch in U–Nb and U–Zr alloys can be written as:

3elij ¼ 3ij � 30ij (9)

and the stress free strain 30ij can be expressed as:

30ij ¼ dij30 (10)

where dij is the Kronecker–Delta function, 30 ¼ 1/a0(da/dc) is the
lattice expansion coefficient, in which a0 and a are the average
lattice constant and the lattice constant of the alloy with
composition c. The total strain 3ij can be expressed as:

3ij ¼ 1

2

�
vui

vxj

þ vuj

vxi

�
(11)

Here ui and uj is the ith and jth composition of the displace-
ment, respectively. According to the Hook's law, the stress sij

can be written as a function of elastic strain: sij ¼ Cijkl3
el
kl, where

Cijkl is the elastic modulus tensor. The elastic strain energy
related to the conguration can be described in the reciprocal
space:51
37614 | RSC Adv., 2021, 11, 37612–37623
Eel ¼ 1

2

ð(
d3k

ð2pÞ3
h
BðnÞj~cðkÞj2

i)
(12)

where k denotes the Fourier wave vector, c~(k) is the Fourier

transform of composition c, and the integral
Ð

in the innite
reciprocal space is evaluated as a principal value excluding
a volume (2p)3/V around the point n ¼ 0. And B(n) is the elastic
interaction energy which can be described as:

B(n) ¼ Cijkl3
0
ij3

0
kl � nis

0
ijUjk(n)s

0
klnl (13)

in the expression, n ¼ k
jkj represents a unit vector in reciprocal

space, Ujk(n) is the Green tensor which is inverse to the tensor
Cijklnknl.
2.3 Numerical method

In the simulation, the composition evolution equation can be
obtained by substituting eqn (6) into eqn (4). For the conve-
nience of numerical calculation, the composition evolution
equation can be converted to a dimensionless form which can
be expressed as:

vc*

vt*
¼ V*

�
M*V*

�
vG*

chem

vc*
� k*

�
V*
�2
c* þ dE*

el

dc*

��

�G*
	
c* � 
c*�

R*
L

�
(14)

where t* ¼ tD
l2
, V* ¼ lV, M* ¼ RTM

D
, G*

chem ¼ VmGchem

RT
,

k* ¼ k

RTl2
, E*

el ¼
VmEel

RT
, G* ¼ Gl2

D
, Vm ¼ NAa3

2
, �D¼ cUDU + ciDi, (i
© 2021 The Author(s). Published by the Royal Society of Chemistry
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¼ Nb or Zr). l is the grid length which is chosen as the average
lattice parameter of U and Nb, or U and Zr for c ¼ 0.5, and the
dimensionless grid size is Dx* ¼ Dy* ¼ 1.0. The simulation cell
is 256Dx*� 256Dy* and Dt* is the dimensionless time steps. NA

is the Avogadro constant, and �D represents the average inter-
diffusion coefficient of U–Nb or U–Zr alloy which depends on
Fig. 1 Phase-field simulations of the spinodal decomposition of the g-ph
(b) t ¼ 142 s; (c) t ¼ 284 s; (d) t ¼ 568 s.

Fig. 2 Phase-field simulations of the spinodal decomposition of the g-ph
(b) t ¼ 3272 s; (c) t ¼ 8180 s; (d) t ¼ 12 270 s.

© 2021 The Author(s). Published by the Royal Society of Chemistry
the temperature T and the concentration of Nb or Zr, and can be
calculated with the intrinsic diffusion coefficients in the Table
1. At 973 K, the calculated values of D�are 1.96 � 10�15 m2 s�1 in
U-45 at% Nb alloy and 2.04 � 10�15 m2 s�1 in U-25 at% Zr alloy.
The lattice parameters ai (i¼ U, Nb or Zr) and anisotropy elastic
constants Cij of g-U, pure Nb and b-Zr are shown in the Table
ase in U-45 at% Nb alloy at 973 K under different dpa rates: (a) t ¼ 56 s;

ase in U-25 at% Zr alloy at 973 K under different dpa rates: (a) t¼ 327 s;

RSC Adv., 2021, 11, 37612–37623 | 37615
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1.52–54 Eqn (14) is discretized in 2-D space with a uniform grid
and solved by using an explicit nite difference scheme with
forward Euler time-stepping under periodic boundary condi-
tions. The crystallographic orientation of the simulated region
was determined to be [10] in horizontal direction and [01] in
vertical direction.
3. Results
3.1 Effect of irradiation on spinodal decomposition of g-
phase

In present work, the spinodal decomposition of U–Nb and U–Zr
alloys located in relative high temperature regions (>900 K) and
we incorporated the continuum treatment of ballistic events by
Enrique and Bellon44,57 into our model, which was previously
used to study compositional patterning and phase stability
under irradiation. According to the phase diagram of U–Nb and
U–Zr alloys,7,8 the miscibility gaps of Nb component in U–Nb
alloys and Zr component U–Zr alloys range from 0.14 to 0.7 and
0.13 to 0.42, respectively. The spinodal decomposition behavior
Fig. 3 Profile of solute compositions at 973 K under different dpa
rates: (a) U-45 at% Nb and (b) U-25 at% Zr.

37616 | RSC Adv., 2021, 11, 37612–37623
in the composition range is mainly studied in this work. In our
simulation, the effect of irradiation dose rate on the spinodal
decomposition and microstructure evolution of different Nb or
Zr component in U–Nb and U–Zr alloys at 973 K have been
studied.

In order to study the effect of irradiation on the micro-
structure evolution, the spinodal decomposition of g-phase in
U-45 at% Nb alloy at 973 K with 0 dpa s�1, 3 � 10�4 dpa s�1 and
6 � 10�4 dpa s�1 were simulated. As shown in Fig. 1, the
temporal simulation results for 56, 142, 284 and 568 s were
labeled by (a) to (d). The dark red regions are the Nb or Zr
enriched g2-phase, and the dark blue regions denote the U
enriched g1-phase. It can be seen that two-phase microstructure
gradually appears as the simulation time increases. The size of
g2-phase decreases and the microstructure evolution in U–Nb
alloy slows down with the increase of dose rates. Fig. 2 shows
the time evolution of spinodal decomposition of g-phase in U-
25 at% Zr alloy with 0 dpa s�1, 5 � 10�5 dpa s�1 and 1 � 10�4

dpa s�1, and the columns of (a) to (d) indicate simulation
results of 327, 3272, 8180 and 12 270 s, respectively. The spi-
nodal decomposition evolves along the vertical and horizontal
directions and the phase fraction of Zr enriched g2-phase
Fig. 4 The volume fraction variation of g2-phase as a function of time
under different dpa rates: (a) U-45 at% Nb and (b) U-25 at% Zr.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Morphology of U–Nb alloy at 973 K under different dpa rates and initial compositions.

Fig. 6 Morphology of U–Zr alloy at 973 K under different dpa rates and initial compositions.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 37612–37623 | 37617
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increases with the increase of dose rates in the Fig. 2. The
simulation results indicate that the elastic energy could have
great inuence on the anisotropy of the microstructure
morphology.

The compositions–distance curves of g1 and g2-phase under
different dpa rate in U-45 at% Nb alloy and U-25 at% Zr alloy
were plotted in Fig. 3(a) and (b), respectively. One can easily nd
that the g1 and g2-phase in U-45 at% Nb alloy can reach equi-
librium compositions of 0.19 and 0.68 without irradiation,
while reducing to equilibrium compositions of 0.36 and 0.57
under the dpa rate of 6 � 10�4 dpa s�1. The g1-phase and g2-
phase in U-25 at% Zr alloy can reach equilibrium compositions
of 0.13 and 0.41 without irradiation, while reducing to equi-
librium compositions of 0.20 and 0.29 under the dpa rate of 1�
10�4 dpa s�1. In the simulation, Dc�eq ¼ jc�eq1 � c�eq2 j indicates the
width of the miscibility gap in the equilibrium phase diagram,
where c�eq1 and c�eq2 are the average equilibrium compositions of
Nb or Zr-lean and Nb or Zr-rich phases, respectively. The width
of the miscibility gap Dc�eq in U-45 at% Nb alloy is 0.49 without
irradiation, while Dc�eq¼ 0.21 under the dpa rate of 6� 10�4 dpa
s�1. In U-25 at% Zr alloy, Dc�eq ¼ 0.28 without irradiation, while
Dc�eq ¼ 0.09 under the dpa rate of 1 � 10�4 dpa s�1. As can be
seen from the gures, the width of miscibility gap for both of
the U–Nb and U–Zr shrink with the increase of dose rates.

As referred above, the irradiation-induced cascade mixing can
inuence the equilibrium composition of two phases aer spi-
nodal decomposition. Furthermore, in order to clarify the effects
of irradiation on the speed of spinodal decomposition, the vari-
ations of g2-phase volume fractions as a function of time under
different dose rates in U-45 at% Nb and U-25 at% Zr alloys were
plotted in Fig. 4(a) and (b), respectively. It is seen that, without
irradiation, the volume fractions of g2-phase are able to reach the
equilibrium values of 0.50 and 0.42 for U-45 at% Nb and U-25
at% Zr alloys, respectively. As the dose rate increases, it takes
longer time for the g2-phase to reach the equilibrium volume
fractions. In addition, the increase of dose rates results in
a decrease of volume fraction of the g2-phase in U-45 at% Nb
alloy (e.g. from 0.50 to 0.40) and an increase of volume fraction of
the g2-phase in U-25 at% Zr alloy (e.g. from 0.42 to 0.52).
Fig. 7 The volume fraction variation of g2-phase as a function of time
for different dpa rates and compositions. (a) U–Nb, (b) U–Zr.
3.2 Effect of initial alloy composition on spinodal
decomposition of U–Nb and U–Zr under irradiation

To investigate the inuences of initial composition on spinodal
decomposition under irradiation, the U–Nb and U–Zr alloys
with different initial composition were simulated by phase-eld
method, and the results were shown in Fig. 5 and 6. Fig. 5 shows
themorphologies of spinodal decomposition of U-40 at%Nb, U-
45 at% Nb and U-50 at% Nb alloys under different dpa rates of
0 dpa s�1, 2 � 10�4 dpa s�1 and 4 � 10�4 dpa s�1. The simu-
lation temperature is 973 K and the time t¼ 1000 s. Fig. 6 shows
the spinodal decomposition morphology of U-20 at% Zr, U-25
at% Zr and U-30 at% Zr alloys under different dpa rates of
0 dpa s�1, 3 � 10�5 dpa s�1 and 6 � 10�5 dpa s�1, the simula-
tion temperature is 973 K and the time t ¼ 10000 s. It can be
seen that, without irradiation, the phase fraction of in U–Nb
and U–Zr alloys increases with the increase of Nb or Zr initial
37618 | RSC Adv., 2021, 11, 37612–37623
composition. The matrix phase is U enriched g1-phase and the
isolated phase is Nb or Zr enriched g2-phase in U-40 at%Nb and
U-20 at% Zr alloy. When the initial alloy composition increase
to 45 at% Nb and 25 at% Zr, the U enriched g1-phase and the Nb
or Zr enriched g2-phase are interconnected. For U-50 at% Nb
and U-30 at% Zr, the matrix phase is g2-phase and the isolated
phase is U enriched g1-phase. It can be noticed that the favorite
growth direction in the two alloys remain unchanged during
spinodal decomposition with the increase of dose rates.

Fig. 7(a) and (b) show the change of g2-phase volume fraction
as a function of simulation time under different initial composi-
tion and dose rates for U–Nb and U–Zr alloys, respectively. The
red, blue, and black color of lines represent different initial
compositions and the types of lines represent different dose rates.
As can be seen in Fig. 7, the volume fraction of the g2-phase
quickly increases to its equilibrium value for all initial composi-
tions without irradiation and the nal volume fraction of the g2-
phase increases with the increase of the initial Nb or Zr
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Composition evolution of g1-phase and g2-phase as a function of time at 973 K under different dpa rates: (a) U-45 at% Nb and (b) U-25
at% Zr.

Fig. 8 Effect of irradiation on the evolution of two-phase microstructure for U-45 at% Nb alloys at 973 K: (a) t¼ 0 s; (b) t¼ 5 s; (c) t¼ 28 s; (d) t¼
284 s.

Fig. 9 Effect of irradiation on the evolution of two-phasemicrostructure for U-25 at% Zr alloys at 973 K: (a) t¼ 0 s; (b) t¼ 32 s; (c) t¼ 163 s; (d) t¼
1636 s.
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concentration. As the dose rate increases, the speed of spinodal
decomposition decreases due to the atomic cascade mixing effect.
3.3 Effect of irradiation on the two-phase microstructure in
U–Nb and U–Zr alloys

To study the effect of irradiation on the evolution of two-phase
microstructure aer spinodal decomposition, the two-phase
microstructures of U–Nb and U–Zr alloys aer spinodal
decomposition for 1 h were applied as the initial state, and the
simulated microstructure evolution of U-45 at% Nb and U-25
at% Zr alloys under irradiation were shown in Fig. 8 and 9,
respectively. As can be seen from the gures, although the
morphological orientation of two-phase structure does not
change with time under irradiation, the equilibrium composi-
tions of two phases are affected by the irradiation-induced
cascade mixing. With the increase of irradiation time, the
microstructure aer spinodal decomposition gradually dis-
appeared in U-45 at% Nb alloy under dpa rate of 6 � 10�4 dpa
s�1 and U-25 at% Zr alloy under dpa rate of 1 � 10�4 dpa s�1.
The variations of compositions of two phases with time under
irradiation in U-45 at% Nb and U-25 at% Zr alloys are shown in
Fig. 10(a) and (b), respectively. It can be seen that the compo-
sition of the two phases gradually shi to the initial composi-
tion and then reach equilibrium values, leading to the decrease
of miscibility gap width.
4. Discussion

In this work, a phase-eld model coupled with cascade mixing
and micro-elastic theory has been used to investigate the spi-
nodal decomposition in U–Nb and U–Zr alloys. The results show
that the elastic energy has an important inuence on the
orientation of the microstructure during the spinodal decom-
position, and the irradiation-induced cascading mixing can
affect the velocity of the spinodal decomposition and the
Fig. 11 Diagram of Young's modulus: (a) U-45 at% Nb and (b) U-25 at%

37620 | RSC Adv., 2021, 11, 37612–37623
composition of the equilibrium state aer decomposition. The
microstructures and equilibrium compositions vary with the
change of initial components in U–Nb and U–Zr.

In the above simulation, the elastic energy induced by the
lattice mist of the two phases was calculated during the spi-
nodal decomposition. The isolated domains prefer to align in
vertical and horizontal directions, which can be explained with
the elastic anisotropy of the two alloy systems. It is well known
that the elastic modulus can be dened as,58

EðqÞ ¼
�
C11 þ C12

2
þ C44

2m

�
þ 4C44

�
1� 1

m

�
sin2

qcos2 q (15)

where m ¼ 2C44/(C11 � C12) is orientation factor. The curves of
the variation of E as a function of the orientation in the U-45
at% Nb and U-25 at% Zr alloys are shown in Fig. 11(a) and
(b). In the simulation, the stress free strain 30ij of U-45 at% Nb
and U-25 at% Zr alloys are chosen as 0.038 and 0.040.59 It can be
obviously seen from Fig. 1 and 2 that the overall spatial distri-
bution of the isolated domains is interconnected rectangular
stripes aligned in the h10i crystallographic direction in order to
reduce the elastic energy, which is in good agreement with the
calculated results of elastic modulus shown in Fig. 11. The
inuence of elastic energy on the microstructure anisotropy of
U–Nb alloy is greater than that of U–Zr alloy. With the increase
of aging time, the microstructure aer spinodal decomposition
in U–Nb or U–Zr alloy gradually coarsens because of the Ostwald
ripening. According to the simulation results of spinodal
decomposition with different alloy composition under different
irradiation intensities, it is obviously that the irradiation-
induced cascade mixing has little effect on the morphology
orientation of the separated two phases, but shows great
inuence on the equilibrium composition and volume fraction
of the separated two phases.

According to the Fig. 2 and 6, the simulated microstructure
morphology of U–Zr alloy aer spinodal decomposition without
irradiation is consistent of the experiment results studied by
Zr.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Yao et al. who investigated the U-50 wt% Zr spinodal micro-
structure and element distribution by in situ TEM annealing at
873 K for 30 min.60 In Fig. 3 and 4, with the increase of dpa rate
from 0 to 6 � 10�4 dpa s�1, equilibrium composition of g2-
phase in U-45 at% Nb alloy decreases from 0.68 to 0.57 and the
volume fraction of g2-phase decreases from 0.50 to 0.40. As the
dpa rate increases from 0 to 1 � 10�4 dpa s�1, g2-phase of Zr
equilibrium composition in U-25 at% Zr alloy decreases from
0.41 to 0.29 and the volume fraction of g2-phase increases from
0.42 to 0.52. The irradiation slows down the speed of the spi-
nodal decomposition and reduces the amplitude of composi-
tion uctuation. The increase of dose rates leads to the variation
of equilibria composition in U-45 at% Nb and U-25 at% Zr
alloys. In the U–Nb and U–Zr alloys, the volume fraction of g2-
phase changes differently with the increase of dose rates. Under
different irradiation conditions, the equilibria compositions of
U-45 at% Nb are changed and the increase of dose rate inhibits
solute enrichment, which leads to the decrease of the volume
fraction of g2-phase in U–Nb alloy. The volume fraction of g2-
phase in U-25 at% Zr alloy increases with the increase of dose
rate, which indicate that the cascade mixing is able to strongly
affect the process of spinodal decomposition.

With the increase of dose rates, the difference of the two
equilibrium compositions (Dc�eq) of spinodal decomposition in
U–Nb and U–Zr alloys decreases dramatically. Without consid-
ering the irradiation, the metastable supersaturated solid
solution will spontaneously decompose into two-phase
mixtures with the same crystal structure by spinodal decom-
position to reduce the free energy of the system. According to
the simulation results, it can be seen that U–Nb alloy does not
have the spinodal decomposition when the dpa rate reaches
1.87 � 10�3 dpa s�1, while the maximum dpa rate of U–Zr alloy
which can undergo the spinodal decomposition is 2.40 � 10�4

dpa s�1. The ballistic effects oppose spinodal ordering accord-
ing to Martin's results,61 and the alloy does not undergo spi-
nodal decomposition when the dose rate is large enough.
Through the analysis of the above results, the time required for
the alloy to decompose to the equilibrium state gradually
increases with the increase of the dose rates. The irradiation-
induced ballistic mixing causes a number of exchanges of
atomic positions occur within a nite average relocation
distance (RL ¼ 3.37 � 10�10 m in U–Nb and RL ¼ 3.50� 10�10 m
in U–Zr), which “re-mix” the local atom and makes the average
composition of local atoms to a certain extent. In other words,
irradiation-induced ballistic mixing acts in opposition to spi-
nodal decomposition or demixing mechanism. Therefore, the
spinodal decomposition of U-45 at% Nb and U-25 at% Zr alloys
under irradiation is the competitive result of demixing and
irradiation-induced ballistic mixing. Through the irradiation
experiment on as-cast austenitic stainless steel, Fujii et al.62

found that irradiation can reduce the uctuation of solute
composition and the degree of spinodal decomposition, which
is consistent with our simulation results. The change of the
equilibrium composition in g1 and g2-phase at increasing dose
rates is caused by more frequent cascade mixing replacement
events, forcing the exchange of atoms from the matrix to
precipitates and vice versa.33 The simulation results of spinodal
© 2021 The Author(s). Published by the Royal Society of Chemistry
decomposition under irradiation in U–Nb and U–Zr alloys are
consistent with the different effect of cascade mixing in meso-
scale phase eld models by Schwen et al.63 Their study
demonstrated that the alloys exhibit obvious phase separation
under low irradiation rates, and the degree of phase separation
decreases with increasing irradiation rates. At sufficiently large
irradiation rates, the alloys don't show phase separation and
remain mixed. Thus, the irradiation-induced cascade mixing
can slow the speed of spinodal decomposition and inuences
the equilibrium composition and volume fraction of the sepa-
rated two phases in U-based alloys.

As can be seen from the Fig. 5–7, the U-50 at%Nb reaches the
equilibrium composition much quicker than other U–Nb alloys,
and the time to reach the equilibrium composition for the U-25
at% Zr is less than other U–Zr alloys. According to the ther-
modynamic database,7,8 the U-50 at% Nb has the largest
chemical driving force compared with other alloy components
in U–Nb, while the chemical driving of U-25 at% Zr is stronger
than other U–Zr alloys. At the temperature of 973 K, the diffu-
sivity of U-50 at% Nb is 1.51 � 10�15 m2 s�1 and the initial
composition of alloys changes so little that the diffusivity of U–
Nb alloys does not change much. The diffusivity at 973 K of U-25
at% Zr is 2.04� 10�15 m2 s�1, and the change of composition in
U–Zr alloys has little effect on the diffusivity under the same
temperature. The inuence of driving force during the spinodal
decomposition is stronger than the effect of diffusivity, which
leads to the less time to reach the equilibrium state for U-50 at%
Nb and U-25 at% Zr alloys. The inuence of irradiation on
spinodal decomposition of different alloy composition shows
that the greater driving force, the smaller effect of irradiation on
the spinodal decomposition. Furthermore, the driving force of
spinodal decomposition at 973 K for U-50 at% Nb alloy is larger
than that of U-25 at% Zr alloy and irradiation has less effect on
the spinodal decomposition of U–Nb alloy. The change of free
energy with concentration was calculated based on the ther-
modynamic database,7,8 the value of free energy decreases
signicantly with the increase of Nb concentration from 0.2 to
0.7, while the value of free energy increases gently with the
increase of Zr concentration from 0.1 to 0.4. Under irradiation,
due to the breaking of the original degree of order, the entropy
of g-phase can be increased, which leads to the decrease of the
effective free energy in U–Nb and U–Zr alloys.64,65 Under the
inuence of local cascade mixing, the effective free energy of
Nb-lean phase decreases more than that of Nb-rich phase in U–
Nb alloy, which leads to the volume fraction of Nb enriched
phase decreases with the increase of dose rate. While the
volume fraction of Zr enriched phase increases with the
increase of dose rate because the effective free energy of Zr-rich
phase decreases more than that of Zr-lean phase in U–Zr alloy.
The volume fraction of Nb enriched phase decreasing in U–Nb
alloy and the volume fraction of Zr enriched phase increasing in
U–Zr alloy could be the various effect of driving force of spinodal
decomposition and the decrease of effective free energy. Thus,
the speed of spinodal decomposition and the equilibrium
volume fraction of the g2-phase are inuenced by the irradia-
tion and the initial composition.
RSC Adv., 2021, 11, 37612–37623 | 37621
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From Fig. 8–10, the forced cascade mixing can destabilize
the g1 and g2-phase precipitates by driving the Nb or Zr atoms
back into solution. With the increase of the irradiation time, the
microstructure of the alloys aer the spinodal decomposition
gradually disappeared until a new equilibrium state was
reached. The largest composition difference appears at the
interface of g1 and g2-phase aer spinodal decomposition.
According to the equilibrium phase diagram,64 the equilibrium
concentration of Nb enriched phase aer spinodal decompo-
sition is 67.5% in U–Nb alloy. Aer long time aging, the
concentration of Nb enriched phase decreases to 63.6% under
the dpa rate of 3.0 � 10�4 dpa s�1, and the equilibrium
concentration of Nb enriched phase decreases to 57.6% under
the dpa rate of 6.0 � 10�4 dpa s�1. In the U–Zr alloy, the equi-
librium concentration of Zr enriched phase aer spinodal
decomposition is 40.5% without irradiation,65 while the equi-
librium concentration of Zr enriched phase decreases to 35.9%
under the dpa rate of 5.0 � 10�5 dpa s�1, and the equilibrium
concentration of Zr enriched phase decreases to 29.2% under
the dpa rate of 1.0� 10�4 dpa s�1. According to Fig. 10, at 973 K,
the width of the miscibility gap (Dc�eq) is 0.36 under the dpa rate
of 3.0 � 10�4 dpa s�1 in U–Nb alloy, while the width of the
miscibility gap decreases to 0.21 at the dpa rate of 6.0 � 10�4

dpa s�1. In U–Zr alloy, the width of the miscibility gap decreases
from 0.21 to 0.09 with the increase of dpa rate from 5.0 � 10�5

dpa s�1 to 1.0 � 10�4 dpa s�1. According to the simulated
results of spinodal decomposition, the tendency of composition
region to shrink in the present work coincides well with the
previous thermodynamic calculation,64–66 which shows that the
miscibility gap shrinks with the effect of irradiation. Therefore,
the atom mixing effect is most obvious at the interface at early
stage and then causes the change of composition inside g1 and
g2-phase under irradiation. When the effect of irradiation-
induced ballistic mixing and spinodal decomposition reaches
an equilibrium state, and the compositions of the two phases
no longer change.

5. Conclusion

In summary, the phase eld method coupled with CALPHAD
database and cascade mixing model have been employed to
study the spinodal decomposition of U–Nb and U–Zr alloys
under irradiation. The simulation results are helpful for
understanding the spinodal decomposition in U–Nb and U–Zr
alloys and the designing of metallic fuels working at high
temperature and irradiation. It provides a new study on the
behavior of U–Nb and U–Zr metallic nuclear fuels under
neutron irradiation conditions with following results:

(1) The spinodal decomposition in U–Nb and U–Zr alloys
could be inhibited with the increase of dose rates. The irradi-
ation slows down the speed of the spinodal decomposition and
reduces miscibility gap, which leads to the shrink of equilibria
composition in U-45 at% Nb and U-25 at% Zr alloys.

(2) The volume fraction of g2-phase increases with increasing
initial composition of Nb or Zr in U–Nb and U–Zr alloys under
the same conditions. The dose rate shows great inuence in the
equilibria composition in U–Nb and U–Zr. With the increase of
37622 | RSC Adv., 2021, 11, 37612–37623
dose rates, the volume fraction of Nb enriched phase in U–Nb
alloy decreases aer spinodal decomposition, while the volume
fraction of Zr enriched phase in U–Zr alloy increases.

(3) When applying irradiation effect on the equilibrium two-
phase microstructure of spinodal decomposition, the cascade
mixing can destabilize the g1 and g2-phase by driving the Nb or
Zr atoms back into solution till the effect local cascade mixing
and spinodal decomposition reach to a new equilibrium state.
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