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Abstract: The microstructure evolution responsible for significant change of mechanical properties during low-temperature aging of

U-Nb alloys was investigated by phase-field method. Results show that spinodal decomposition may occur at the early stage only

when its thermodynamic condition is satisfied. Possibilities of general precipitation widely exist at low-temperature region, where the

Nb content difference between the stable nucleus and the matrix can be significantly small, no matter the matrix of aging is cubic-like

phase or in the orthorhombic-like phase, because the alloy composition is close to the critical composition of structural transition. At

low diffusion rate and the relatively high mobility of phase interface, the Nb content of growing precipitates is far away from

equilibrium composition. It is suggested that the Nb redistribution caused by phase decomposition may be responsible for the low-

temperature aging hardening effect in U-NDb alloys.
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As-quenched U-Nb alloys are widely used in nuclear
industries due to their outstanding properties of corrosion
resistance and ductility .
feature of Nb supersaturation may result in unacceptable
performance degradation after long-term natural or artificial
aging. Therefore, the low-temperature aging of U-Nb alloys
has received abundant attention for the last two decades. It is
reported that the yield and ultimate strengths of U-14Nb (at%)
alloy increases after 20 a of natural aging, but the tensile
elongation does not decrease™. Hackenberg et al® obtained a
series of tensile data about the influence of aging temperature
(from 373 K to 573 K) and time (from 10 min to 5 a) on the
mechanical properties of as-quenched U-13.2Nb and U-
17.6Nb alloys. On the whole, the strengths increase and the

However, the corresponding

ductility decreases with aging time. The rate of property
change increases with increasing temperature, indicating that a
thermally activated phase decomposition mechanism may be
responsible for the aging effect. Nano-scale Nb redistribution
was observed by atom probe tomography in U-13Nb alloy
aged at 573 K for 70 d, but no evident Nb segregation was
observed when aged at 473 K for 70 d'*. For the later con-
dition, the increase in first-yield strength is higher than 500
MPa, and the elongation has decreased from 0.2 to <0.05".
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Therefore, the detailed phase decomposition process, which is
responsible for the aging strengthening effect of U-Nb alloys,
is still unclear and needs to be further confirmed.

Compared to numerous experimental studies, insufficient
theoretical analysis of low-temperature aging effect in U-Nb
alloys can be found in the literature. Clarke et al' analyzed
the possibility of spinodal decomposition via a relatively
simple thermodynamic model, and the results indicate that
spinodal mechanism is unlikely for U-13.2Nb alloy aged at
temperatures lower than 573 K. They also calculated the
characteristic diffusion length based on the phenomenological
activation energy, and the results do not support the idea of
diffusion-driven decomposition mechanism. Considering that
only simple thermodynamic and diffusion calculations were
made, their conclusions may be questionable and need further
validation. Currently, several researchers” "' reported their
thermodynamic and kinetic diffusivity models for U-Nb
system by means of CALPHAD (calculation of phase
diagrams). Nevertheless, these models have not yet been
applied to investigate the issue of low-temperature phase
decomposition.

Although the phase diagram can provide the information of
ultimate decomposition products, sometimes it cannot
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correctly predict the decomposition mechanism when the
system is far away from the equilibrium state. This problem
has been largely overcome by the development of phase-field
simulation, which is widely used to theoretically investigate
the microstructure evolution of solidification and solid-state
phase transformation'*"”'. Phase-field modeling belongs to the
mesoscopic continuum methods of materials computation, and
the phase interface is treated as diffuse, rather than sharp. The
temporal microstructure evolution is controlled by the
principle of Gibbs free energy minimization. With the funda-
mental thermodynamic and kinetic information as the input,
phase-field method is able to simulate the formation process
of transformation products. Duong et al"”' successfully applied
the phase-field method to simulate the reaction of discon-
tinuous precipitation in U-Nb alloys. Wang et al"” used the
phase-field model to elucidate the effect of Nb content on the
morphology of spinodal decomposition in Zr-Nb alloys. Liu et
al'"® developed a phase-field model to simulate the homo-
geneous and heterogeneous formation of precipitates in Al-Cu
alloys.

In this study, we carried out phase-field simulations to
reveal the possible mechanism of phase decomposition during
low-temperature aging in U-13.2Nb alloy. In detail, two aging
temperatures, 573 and 423 K, were investigated. Several
factors that influence the formed microstructure were
analyzed, including the chosen thermodynamic data set, the
nucleation rate, the diffusion coefficient and the intrinsic
interface mobility.

1 Phase-Field Model

During rapid cooling from the solid-solution temperature to
room temperature, the bce p phase starts to transform into y°© at
about 590 K for U-13.2Nb alloy, and this diffusionless
transformation will complete within 20 K™, The y° phase is a
tetragonally distorted version of y. The y° — a” martensitic
transformation starts at around 450 K, and will finish at
around 400 K. The a” phase is a monoclinically distorted
version of the orthorhombic a phase. Unfortunately, the
CALPHAD method has not been used to calculate the
metastable phase diagram of U-Nb system, and thus the
thermodynamic data for «” and y° phases is currently absent.
Considering the similarity of crystal structure, the o and y°
phases are approximately treated as the o and y phases,
respectively.

According to the thermodynamic model of Liu et al"”, the
Gibbs free energy vs composition curves at 573 K are shown
in Fig. la. As the intersecting point indicates structural
transformation, the derived relationship between transfor-
mation temperature and Nb content (Fig. 1b) is not consistent
with experimental results"”. In order to offset this dis-
crepancy, a modification of the Gibbs free energy of a phase
Nb is follows:

'Giy = "Gl + (67100 — 23.8T) (1)

Apparently, the a phase is more stable on the low Nb side,
the y phase is more stable on the high Nb side, and the free
energy curve of a is simpler than that of y. After modification,
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Fig.1 Curves of Gibbs free energy vs Nb content at 573 K (a) and
Gibbs free energy vs temperature of U-13.2Nb alloy (b) for y

and o phases based on Liu's"”! thermodynamic data

the start temperature of structural transformation between a
phase and y phase derived from the Gibbs free energy curves
is consistent with the experimental results of M from y° phase
to a" phase!"”.

In general, the phase-field model of phase decomposition
should take both the composition and structure fields into
account. Here, we assumed a strong correlation between
composition and structure, which means that the crystal
structure is only dependent on the composition. Then, only the

evolution of composition field needs to be described, which is

governed by:
dc(ryt) _ OF
ot UMV D) 2)

where ¢ is the composition field, i.e. Nb content, M is the
atomic mobility coefficient, and F is the total free energy of
the system. In solid-state phase transformations, F usually
includes the chemical energy (f,), the gradient energy (f,) and
the elastic strain energy (f,):

F= | (futfur 107 &)
The chemical energy is a piecewise function to composition:
Jon =min (G, (¢),G,(c)) “4)

where G is the Gibbs free energy, obtained from the
CALPHAD model. Smoothing of f, is applied in order to
guarantee its first-order continuity. The gradient energy is
expressed as:

fu =5 (vey’ )

where £ is the gradient coefficient. The elastic strain energy is
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dependent on the composition difference between the
decomposed products and the parent phase!”, and is given as:

fa=n'(c—c,VEV, (6)
where 7 is the fractional change in lattice parameter per unit
composition change; E'=E/(1-v), E is the elastic modulus and
v is the Possion’ s ratio; ¥, is the molar volume; ¢, is the
initial Nb content. M is is given as”

M = eyey (eaMy + cyMy,) 7

Based on the CALPHAD framework, the atomic mobility
of element £ is given as

oM, = %ewﬂ ®)

where @, is dependent on composition and temperature!”. For
U-Nb system, the atomic mobility coefficients of y’ are
available in the literature, but those of a are absent. The self-
diffusion data indicate that the intrinsic diffusivity in a is
obviously lower than that in y*”
structure (m,) is added.

Due to high computational cost for three-dimensional

, and thus a factor of crystal

simulation, we carried out two-dimensional simulations, with
200%200 grids. The corresponding real length of a grid cell
was chosen as 0.2 nm. Finite difference method was used to
numerically solve the above phase-field equation, and the
boundary condition was set as periodic. The input parameters
are given in Table 1.

2 Results

2.1 Aging of y phase at the spinodal region

According to the classical theory of phase transformation,
the phase separation region of the y phase can be divided into
the metastable region and the unstable region. In the unstable
region, the thermodynamic condition is satisfied, which means
that there is no barrier for nucleation and spinodal
decomposition occurs. In the metastable region, the classical
nucleation-growth process is the decomposition mechanism.
Furthermore, taking the elastic strain energy, resulted from the
coherent lattice misfit between Nb-rich and Nb-lean regions,
into account, the spinodal region can be further divided into
the chemical and coherent spinodal regions. Based on two

independent thermodynamic data sets”™"

, apparent difference
is found between the calculated regions, as shown in Fig. 2.
According to the calculated results, different thermodynamic
data sets will result in different decomposition mechanisms at
573 K. Based on Liu’s data, coherent spinodal is the me-
chanism at the early decomposition stage. However, based on

Duong’s data, spinodal decomposition will not occur. The first

Table 1 Input parameters for calculation'*'
Parameter Value
B/x10° J-m* 1
E/GPa 68.9
Y 0.35
" 0.074
V_/x10° m’-mol” 1.28
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Fig.2 Divided decomposition regions of U-Nb alloy based on
different thermodynamic data sets from Liu”' (a) and
Duong™ (b)

case is used in this section, and the second case is considered
in the following section. Therefore, U-13.2Nb alloy is kept as
y phase at 573 K, and located in the coherent spinodal region.

Firstly, it was assumed that no structural transformation
occurs during the decomposition process, i.e. the o phase was
ignored. Random composition fluctuation was used as the
initial condition, and Fig. 3 shows the simulated results of
microstructure evolution aged at 573 K. The classical spinodal
decomposition process can be found (Fig.3b), i.e. the “uphill”
diffusion results in Nb redistribution, and the Nb difference
between Nb-rich and Nb-lean regions increases with time
(Fig.3c). After aging for 2 s, the largest Nb difference is about
2.7%. The change rate towards the Nb-lean side is higher than
that towards the Nb-rich side, due to the asymmetry of the
free energy curve. For the maximum composition difference
between the Nb-lean and Nb-rich regions, its change rate
increases with time, because of increasing chemical driving
force. After aging for 2.58 s, the maximum difference is about
10% (Fig.3d).

Then, the structural transformation from y into o in the Nb-
lean region was considered, and m_ was set as 1.32x10°. Fig.4
shows the simulated results of microstructure evolution. Two
distinct evolution stages are found. The first stage presents
classical morphology of spinodal decomposition (Fig. 4a).
When the lowest Nb content is lower than about 0.115, the Nb-
lean domains will transform into o (Fig.4b), i.e. turning into
the second stage. As the free energy derivative of a phase is
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Fig.3 Simulated results of Nb content distribution for aging at the
spinodal region (573 K): (a) =0 s, (b) =1.8 s, (c) =2.36 s,
and (d) =2.58 s
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Fig.4 Simulated results of Nb content distribution at the spinodal
region (573 K) when considering the precipitation of a phase:
(a) =2.13 s, (b) =3.15 s, (¢) =2.35 s, and (d) =2.55 s

largely higher than that of y phase (Fig.1a), the reduction rate
of Nb content in a phase is larger, and the evolution manner is
similar to the nucleation-growth mode. The formed «

precipitates grow with time, at the meantime, new o

precipitates continuously occur (Fig. 4c). It is noted that
spinodal decomposition is beneficial to the subsequent
nucleation of a precipitates, and thus high nucleation rate is
obtained (Fig.4d).
2.2 Aging of y phase at the miscibility gap region

As we cannot determine which thermodynamic model is

B et al is

more accurate, the thermodynamic data set of Duong
applied in this section. Based on Duong’s model, U-13.2Nb
alloy aged at 573 K is located in the region of coherent
miscibility gap (Fig. 2b), which means that small Nb
fluctuation cannot trigger Nb segregation, and the
decomposition manner should belong to the classical
nucleation-growth mode. Therefore, we put an embryo in the
system center as the initial condition. By changing the Nb
content of the embryo, it is found that the maximum Nb
content for stable nucleus is about 0.119, only 0.013 lower
than the matrix composition. At 573 K, the critical Nb content
between a and y phases is 0.122, which indicates that only the
embryo of a phase can successfully turn into the growth stage.
It is noted that this nucleation behavior is largely different
from that of general precipitation. In well-known aging-
hardening alloys, e.g. Al-Sc alloy”" and Fe-Cu™ alloy, the
precipitate composition is largely different from the matrix.
Obviously, small composition change is beneficial to the
reduction in nucleation barrier and the increase in nucleation
rate. Fig. 5 shows the simulated results of growth process.
Following growth of the a precipitate, the Nb content of the
adjacent matrix increases, and the precipitate composition also
changes with time. At the steady growth stage, the

composition change rate becomes almost constant. However,
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Fig.5 Simulated results of Nb content distribution during the
nucleus growth process at the miscibility region (573 K):
(a) =0, (b) +=0.1 s, (c) =1 s, and (d) =3 s
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the growth rate decreases with time, which may be influenced
by the Nb diffusion efficiency in the precipitate and the
matrix. After cooling back to room temperature, the Nb-rich
domains may still maintain y, and will not transform into o.

By introducing the seeding algorithm to the phase-field

@1 the concurrent nucleation and growth of «a

model
precipitate were simulated, and the results for different
nucleation rates are shown in Fig. 6. The growth feature of
individual precipitate is similar to that in Fig.5. However, the
precipitation kinetics is greatly influenced by the nucleation
rate. The number of precipitates increases with nucleation
rate, and the increased

correspondingly. In addition, the segregation degree of Nb

transformed fraction 1is also

content is seldom influenced by the nucleation rate. The
overall transformation kinetics is controlled by both the
nucleation and growth rates. For the present simulations, the
kinetics seems approximately linear to time.
2.3 Aging of a phase

With decrease in aging temperature, the parent phase would
transform from y to a, e. g. 423 K for U-13.2Nb alloy.
According to the free energy curve (Fig.1a), there is no doubt
satisfy the condition of spinodal
decomposition. For simplicity, the atomic mobility of a is set

that o does not

as the same as that of y. Liu’s thermodynamic model was used
in this section, and the Nb content of nucleus was set as 0.17.
As the matrix phase at 423 K is a phase, it can be determined
from its thermodynamic curve that spinodal decomposition
will definitely not occur. Therefore, the selection of
thermodynamic data set will not influence the decomposition
mechanism, but will influence the decomposition kinetics.
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Fig.6 Simulated results of Nb content distribution for concurrent
nucleation and growth at the miscibility region (573 K) (N*=
1.25x10" m™>s™)

Three cases of different nucleation rates are simulated, and the
results are shown in Fig.7. Similar to the precipitation reaction
at the y phase (Fig.5), the composition difference between the
stable nucleus and the matrix is relatively small, smaller than
0.04 in the present case. The precipitates belong to the y
phase, their Nb content increases with time, and they are
surrounded by Nb-lean domains. The transformation kinetics
is greatly dependent on the nucleation rate. Besides lower
decomposition kinetics influenced by temperature dependence
of Nb diffusion rate, the microstructure evolution process is
similar to that in Fig.6.

3 Discussions

3.1 Nb content of precipitate

In general precipitation reactions, the composition of the
precipitate is usually constant after formation of stable
nucleus, and the following equilibrium condition of chemical
potential is satisfied for binary system:

1 = Wy 1 = )
where u is the chemical potential. Obviously, our simulated
results do not satisfy this condition (Fig.6 and Fig.7). For the
case in Fig.6, Nb should diffuse from a to y. Therefore, the
microstructure evolution did not violate the rule that the atoms
diffuse from high potential region to low potential region, but
the growth of the precipitates has already occurred before the
equilibrium condition is established. This phenomenon is also
observed in other metallic materials, e.g. the well-known para-
equilibium condition between austenite and ferrite in alloyed
steels, which is resulted from the quite difference of atomic
mobility between substitutional element and carbon™ >, One
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Fig.7 Simulated results of Nb content distribution for aging at the o
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of the reasons why the nucleus with small composition diffe-
rence from matrix is stable is that there is a structural transfor-
mation (y°<>o) around the temperature range of aging, which
means that a small composition change will result in the
appearance of another new phase. In general precipitation
reactions, this special condition does not usually exist.

In phase-field simulations, the interface migration is
controlled by the term of gradient energy. The influence of
gradient coefficient and the atomic mobility coefficient on the
growth process was analyzed, and the results are shown in
Fig.8. It can be found that with increasing gradient coefficient,
the growth rate will increase, and the Nb difference is
reduced. The growth rate also increases with higher
coefficient of atomic mobility. However, the relationship
between precipitate size and Nb difference is slightly affected
by this parameter. Therefore, when the atomic diffusivity is
low, e.g. at low temperatures, the Nb content of the precipitate
will be largely influenced by the migration rate of the phase
interface.

3.2 Influence of nucleation rate

As nucleation is the prerequisite for phase decomposition
when the condition of spinodal decomposition is not satisfied,
the nucleation rate plays an important role in the
transformation kinetics. The case of high nucleation rate and
high interface mobility was simulated, and the results are
shown in Fig.9. At the early stage, the density of precipitates
sharply increases, while the precipitate size is small enough.
At the later stage, the nucleation rate is low because of
saturation of nucleation sites, and the main change is the
growth of the precipitates, following the Nb content reduction
of the precipitates. After aging for 24 s, almost half regions
has transformed into the o phase, but the maximum Nb
difference is still low, i. e. smaller than 0.07. For the
subsequent stage, the microstructure morphology changes a
little, and the Nb partitioning between the Nb-lean precipitates
and the Nb-rich matrix is the dominant process. This is the
“uphill” diffusion between different structural phases. After
cooling back to room temperature, the Nb-rich regions will
not transform into the a phase. The obtained microstructure is
very similar to the products of spinodal decomposition.
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Fig.8 Distribution of Nb content after aging at 573 K for 1 s with
different combinations of gradient coefficient (g*) and atomic

mobility (M*) based on Duong’s thermodynamic model

Therefore, sometimes it is hard to determine the detailed
decomposition mechanism, i.e. spinodal or nucleation-growth.
3.3 Estimation of strengthening mechanism

One of the peculiarities of low-temperature aging effect in
U-Nb alloys is that the mechanical behavior is significantly
changed when no obvious microstructure change can be
observed™”
small degree of Nb redistribution will largely raise the

resistance of dislocation motion, which is responsible for

. One of the possible reasons is that relatively

plastic deformation. There are many precipitate-strengthening
mechanisms, such as chemical, modulus-mismatch,
coherency, stacking-fault and atomic-order strengthening. As
there is no intermetallic compound for U-Nb system, the
contributions of chemical, modulus-mismatch and atomic-
order strengthening will be limited. In addition, it is suggested
that coherency strengthening is the main strengthening
mechanism. Before reaching over-aged state, the relationship
between precipitate and matrix is coherent. The coherent
stress, which is resulted from the dependence of lattice
parameter with the solute content, is an effective obstacle to
dislocation motion. The magnitude of coherent stress is
approximately equal to #AcE'. Based on the parameters in
Table 1, the influence of Nb redistribution on the coherent
stress can be obtained, i.e. 0,=7.84Ac, which means that 1%
composition difference will result in 78.4 MPa coherent stress.
Compared to the critical resolved shear stress of slip and
twinning modes, this level of nano-scale coherent stress will
lead to obvious increase in the plastic strength without doubt.
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Fig.9 Simulated results of Nb content distribution (573K) for
high nucleation rate and high interface mobility (N=3.3x10"
m?s?, f=2x10"° J/m’): (a) =2.4 s, (b) =12 s, (c) =24 s, and
(d)=36s
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For classic precipitation transition, the composition of
precipitate is constant, thus the strengthening magnitude is
mainly dependent on the size and amount of precipitates.
However, for the non-classic precipitation transition in U-Nb
alloys, the composition of precipitate will change with aging
time. Taking high nucleation rate in the low temperature aging
range, the strengthening magnitude will be mainly dependent
on the composition difference between precipitate and matrix.
The above analysis indicates that the plastic strength may be
very sensitive to the Nb redistribution in U-Nb alloys.

3.4 Limitations of the present simulation

The present simulations mainly focus on the decomposition
mechanism of low-temperature aging in U-Nb alloys, and the
decomposition kinetics cannot be accurately described. Firstly,
the thermodynamic curves of y° and a” phases cannot be ob-
tained, and they are approximately treated as y and o phases,
respectively. The thermodynamic data will influence the
decomposition mechanism, driving force, nucleation barrier
and elastic strain energy. For example, the spinodal decom-
position mechanism highly relies on the thermodynamic
curve, Liu’s thermodynamic data support spinodal decomposi-
tion, but Duong’s thermodynamic data does not support it. It is
noted that despite spinodal, non-classic nucleation-growth is
the alternative mechanism, especially when aging at the o”
phase. Because the aging temperature is close to the structural
transformation temperature, the composition difference
between precipitate and matrix can be relatively small, which
is the main reason why non-classic precipitation transition can
occur in U-Nb alloys. In addition, some kinetics related
parameters cannot be accurately determined, such as atomic
diffusion rate, intrinsic interface migration rate and nucleation
rate. Therefore, the present simulation is relatively limited on
the decomposition mechanism, and the actual decomposition
kinetics cannot be accurately established.

4 Conclusions

1) Compared with general precipitation, the Nb difference
between stable nuclei and matrix can be relatively small in the
U-13.2Nb alloy, no matter aging at the y or a phases.

2) Competition between the intrinsic interface mobility and
Nb diffusion can result in local non-equilibrium condition,
and the precipitate will start to grow when its Nb content is far
away from the equilibrium composition.

3) With relatively high nucleation rate and interface
mobility, the decomposed microstructure is mainly nano-scale
precipitates with small Nb difference from matrix, and the
aging strengthening effect will be significant, even though the
composition difference between Nb-lean and Nb-rich regions
is relatively small.
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U-Nb & &8 5 BRI =5

B, M FE, MO, RN, R
(P E TEYEG R MR, I T 621907)

M OE: (RN R E R EU-ND & S0 772 R R A B2 o, AR 0 T PR R AT LA O AL S . B RER T, 7R
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