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In this work we study peculiarities of spatial rearrangement of solute and vacancy concentrations in Zr-Sn alloy
at stages of both thermal treatment of solid solution and irradiation of annealed alloy under reactor conditions.
To this end, we exploit phase field modelling including reaction rate theory and CALPHAD method combined
in one generalized approach. Simulations were done in 3D in order to get a detailed information about rear-
rangement of solutes and defects in a bulk. We discuss the emergence of the secondary phase at the stage of
thermal treatment and its stability under neutron irradiation. We analyze an influence of the irradiation dose
onto statistical properties of the secondary phase particles.
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1. Introduction

Zirconium-based alloys are widely used as cladding and structural materials in nuclear reactors
due to their low neutron absorption cross-section, good corrosion resistance, and satisfactory mechanical
properties under extreme operating conditions [1,2]. During thermal treatment and irradiation, zirconium
alloys undergo complex microstructural evolution involving phase transformations, solute redistribution,
and precipitation of secondary phase (SP) [2, 13]. These processes strongly affect macroscopic properties
such as strength, corrosion resistance, and dimensional stability [1]]. In particular, precipitation phenomena
are governed by the interplay between thermally activated diffusion and irradiation-induced effects,
including radiation-enhanced diffusion and radiation-induced segregation [2}|4]]. Irradiation produces high
concentrations of point defects, such as vacancies and self-interstitial atoms, which significantly enhance
the atomic mobility and promote non-equilibrium phase transformations [2]. As a result, the kinetics of
nucleation, growth, and coarsening of precipitates under irradiation conditions can substantially differ
from those observed under purely thermal conditions [4]].

Tin is one of the principal alloying elements in zirconium alloys and plays a key role in phase stabil-
ity, diffusion kinetics, determining phase equilibria, microstructural evolution and precipitation [ |5 [6].
Experimental studies have shown that Sn affects the solubility limits, defect evolution, and irradiation
response in zirconium alloys [1} [3]. In technologically very effective systems such as Zircaloy-2 and
Zircaloy-4, tin contributes to the formation and evolution of second phase particles and influences corro-
sion resistance and irradiation growth [5,6]]. Phase diagram studies of Zr—Sn and related multicomponent
systems indicate the possibility of forming complex intermetallic phases [7,[8]. In particular, metastable
phases may arise due to supersaturation, rapid thermal processing, or irradiation-induced effects. SP
formation in Zr—Sn alloys is governed by invariant reactions and temperature-dependent solubility limits.
The intermetallic -phase (ZrsSns.,) forms at high temperatures via a eutectic reaction with 8-Zr and
congruently melts at ~ 2260 K, exhibiting a homogeneity range (0 < x < 1) [9]. At lower temperatures,
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a miscibility gap develops within this phase, leading to separation into compositions close to Zr;Snz and
ZrsSny (10} [11].

Of particular interest are A15-type intermetallic phases, characterized by a complex cubic structure
and typically described by the A3B stoichiometry. While A15 phases are well known in systems such as
Nb-Sn, experimental indications suggest that A15-like or structurally related metastable phases may also
emerge in zirconium-containing alloys [4, 8 [12]. The A15 phase emerges through a peritectoid reaction
between B-Zr and the n-phase [9]. Although initially described as Zr4Sn, it is now associated with a
cubic A15 structure exhibiting non-stoichiometry, attributed to Sn vacancies or Zr substitution [10]. A
limited compositional range of this phase has also been reported [11}[13]. At lower temperatures, a second
peritectoid reaction (8-Zr + A15 — a-Zr) reduces Sn solubility in @-Zr and promotes precipitation of the
A15 phase as a SP enriched by tin [9]. Despite some discrepancies in the reported solubility limits [ 13-
16], it is generally accepted that a decreasing temperature enhances SP precipitation. Precipitation of
A15 SP is typically associated with defect accumulation, enhanced diffusion, and local compositional
fluctuations. Despite these indications, the mechanisms governing the nucleation and growth of A15-
type phases in Zr—Sn alloys remain poorly understood, particularly under coupled thermal and irradiation
conditions. The interplay between radiation-induced defects, solute redistribution, and phase stability
presents a complex multiscale problem that requires advanced modelling approaches.

Mathematical modelling has become an essential tool for studying microstructural evolution in
irradiated materials. Classical approaches such as rate theory and cluster dynamics have been successfully
applied to describe the defect evolution and precipitation kinetics [2, 4]. However, these approaches are
limited in their capability to capture a spatially resolved microstructure and complex morphologies. In this
context, the phase-field method emerged as a powerful framework for modelling microstructural evolution.
Itenables the description of diffuse interfaces, complex morphologies, and the coupling between chemical,
elastic, and defect fields [[17, [18]. Phase-field models are effectively applied to precipitation and phase
transformation phenomena in various material systems [[19,[20]], including zirconium alloys [21H24]. At
the same time, the influence of irradiation onto stability of the complex intermetallic phases, including
A15-type structures, its morphology and statistical properties has received limited attention. Therefore,
there is a clear need for the development of a comprehensive phase-field model capable of describing the
dynamics of SP precipitation in Zr—Sn alloys under combined thermal treatment and irradiation. Such a
model should account for defect-mediated diffusion, non-equilibrium thermodynamics, and the coupling
between irradiation damage and phase evolution.

The present work aims at developing a phase-field approach for modelling the nucleation and growth
of tin-enriched SP precipitates (such as A15-type phase) in Zr—Sn alloys, with particular emphasis on
irradiation-induced effects and non-equilibrium kinetics. We provide 3D modelling of SP precipitation
during thermal treatment of the solid solution and analyze microstructure transformations and rear-
rangement of nonequilibrium defects in Zr—Sn alloy with stable precipitates subjected to a sustained
irradiation.

The work is organized in the following manner. In section [2| we discuss the phase-field model of
microstructure evolution in binary Zr-Sn alloys with point defects. In section [3] we present results of
numerical simulation. We conclude in the last section.

2. Phase field model of microstructure evolution in Zr-Sn alloys

By considering a binary alloy Zr—Sn with atoms of two sorts we operate with local atomic concentra-
tions for Zr and Sn as continuously evolving fields in space r and time ¢ denoted as x, (1, 1) = Ny (r,1) /N
with @ = {Zr, Sn}, where N, (r, ) is the number of atoms of the sort @, N is the total number of atoms
included in a cubic cell of the size £ < ¢, where ¢ is the interface width. Concentration of point defects
d = {i, v} (i, v correspond to interstitials and vacancies, respectively) we denote as c4(r, t) = Ny (r, 1) /N.
The system is considered in a fixed volume V with periodic boundary conditions.
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2.1. Gibbs energy formalism for Zr-Sn system

A total Gibbs energy
Gt =Gzrsn+ ) G @.1)
d

is composed of parts related to the atomic subsystem Gz;_s, and point defects subsystem ., ; G4. The
molar Gibbs energy for the atomic subsystem is given by

_ ref id ex
GZT*S“ - Gersn + Gersn + Zr—-Sn> (2'2)

where G‘ZerﬂSn is the reference Gibbs energy, Gizdrfsn denotes the ideal Gibbs energy contribution due to
random mixing of atoms, G

Zr_sn 18 the excess term defining a deviation from ideality. The reference
Gibbs energy is written in the standard form

Gyl g = Gyxze + G Xsn. (2.3)

Here, we consider zirconium in e-phase G)_ = G, and assume that pure tin G = G dissolved in
a-zirconium.
The ideal part relates to entropic contribution

GY o, = RT [xz: Inxz; + Xsn InXsn] , (2.4)
where R is the gas constant ant 7 is the temperature. The excess term has the form
GCZ);—Sn = XzrXsnLsn,zr 2.5)

where
Lsnzr= ) (tsn = Xz0)" L, (7). 2.6)
n

The coefficients Lg, ., are obtained from least-squares fitting of experimental data. They may be tem-

perature dependent: Lg , (T) = A + BT. Mainly regular interaction parameter relates to n = 0, and

sub-regular interaction corresponds to n = 1. They are used to define the excess Gibbs energy as:
0 1
Gr_sn = XzeXsn [ Lg, 7, + (¥sn = xz0) Lg, 7, - 2.7

For the defect subsystem, the contribution G4 for the d-type defect has the following form:
Gy =Gl +GYd+Go. (2.8)

Without loss of generality, one can define the formation energy of defects Gg through its formation

energies Gg’zr in pure Zr and G‘L’;’SH in pure tin, and the nominal concentration of zirconium Xz and tin
Xsp 1n the form s
,Zr— ,ON—
G’ = G175z + G 3% (2.9)

The entropic contribution is Gi; = RTc41n cy4. Interactions of point defects with zirconium and tin atoms
can be described by the Gibbs component:

int int int
G = cq |xzGY ,, +x5aGi' 5] - (2.10)
where for the defect-atom interaction energies we use:

Zr fiZr
Gint _ Gcoh + Gd

S f,Sn
B G+ Gy
d—Zr_T’ - -

i h
G, = —= ~ (2.11)

Here, Gf;;jsn denote the corresponding cohesive energies, Z relates to the coordination number.
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The corresponding Gibbs energy functional

1

includes gradient energy terms ko, k4. In further consideration we put ko = Lgn,erz /6, ka = kq/4; Vi
is the molar volume.

In multicomponent models, the mass conservation law },x, = 1 can be used to eliminate one
concentration field. In the considered system, one can express xz, through xs, as: xz; = 1 — x, where
X = xsp. By taking into account that tin atoms are capable of trapping vacancies due to the attractive
tin-vacancy interaction (see reference [25]) and assuming that interstitials with concentration ¢; < ¢,
are homogeneously distributed in a bulk, one can consider equilibrium vacancies as point defects only. In
such a case, the dynamics of the complete system in the equilibrium conditions is governed by equations

Gal{xal, {eal) + ). ka(Vea) + Y ka(Vea)? (2.12)
a d

1)
5,)( =V- Mxvé_g,

52 (2.13)
atcv = V . LUV N

ocy

where M, and L, are the mobilities of the atoms and vacancies, respectively. Here, we use the standard
relations My = x(1 — x) [xMz; + (1 — x)Msy,], where M, = D /RT is defined through the diffusivities
D?l of a-atoms, and and L, = ¢,D,/RT, where D, is the diffusivity of vacancies. In further consideration,
we assume D%r = Dycy0, where ¢y is the equilibrium concentration of vacancies. The system (2.13))
with (2.12)) can be used to modelize microstructure transformations in Zr-Sn alloys with vacancies at
equilibrium conditions (thermal treatment).

2.2. Irradiation influence onto microstructure evolution in Zr-Sn alloys

By considering the system under irradiation, one takes into account the ballistic mixing and radi-
ation enhanced diffusion of atoms. In this case, the evolution equation for the tin concentration (first
equation in equation (2.13)) is generalized by adding the term responsible for ballistic mixing, de-
scribing an interchange of atoms with a frequency I" on the average atomic relocation distance o [26]:
I'({x)o — x). Here, the average (x), is taken over a distribution w, (r) of ballistic exchange distances
under irradiation [27H31]]: (x), = fwg(r — r")x(r")dr’. In our modelling, we use the typical model
we(r)=(1/ 2mp?)e~"/¢ [24][32]. The atomic jump frequency I' = K Ay, is defined through the damage
rate K, computed according to the NRT standard [33], and a constant A;;; = 50 for neutron irradiation [34].

At irradiation the nonequilibrium point defects (both vacancies and interstitials) can be produced,
move to sinks and can recombine [35]. In such a case, the evolution equation for concentration of each
type of point defects becomes as follows

Oica=Ra—-V-Ja, (2.14)

where R, is the reaction term and J, relates to the diffusion flux of point defects of d-type. The
reaction part has the form Ry = K(1 —&4) — Dyk?*cq — a,cic,. Here, &4 is the efficiency of d-type defect
clustering, D is the point defect diffusivity. Here, we consider the network dislocations and both vacancy
and interstitial loops as major sinks of point defects. In order to simplify our description, we assume
that network dislocation density remains constant during irradiation, whereas vacancy and interstitial
loop densities evolve. The second term describes the absorption of point defects by sinks with strengths
k2 = ZNpN + Zipr + Zypy, where py is the network dislocation density, p; v relate to interstitial
and vacancy loop density. Bias factors defining the preference of the absorption of defects by sinks are:
Zn =1.0, Zy = 1.1, Z; = 1.2 [35]]. The third term corresponds to recombination of point defects with
the rate a, = 4nrqD;/Qo expressed through the defect recombination radius ro ~ (3 — 5)a (a is the
lattice constant) and the atomic volume .

In order to simplify the mathematical model, the following assumptions can be made. From the dy-
namical equilibrium condition D;c; ~ D,c,, one can relate concentration of interstitials to concentration
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of vacancies [36]] by taking into account fast migration of interstitials to sinks [37]] compared to vacancies.
The relation D; > D, yields V - J; = 0. In this case, one can focus only on the local rearrangement of
vacancies [22} 38]] with vacancy diffusion flux J,. In general, the diffusion flux J, is composed of the
thermodynamics related to the corresponding Gibbs energy via standard Onsager relation and the part
relevant to interaction of vacancies due to elastic deformation of the lattice [22, 139]]. In such a case, one
gets: J, = JI + Jin where J" = —L,V(6G/dc,) is governed by thermodynamics and

7501+v
3 1-v

EV,

U—'"V
3(1-2v)

1+

Jint =, V2 e

v

takes into account the interactions of vacancies through elastic deformation of the lattice [38-H43]]. Here,
E is the elastic modulus, v is the Poisson ratio, r,9 = (2 to 3)a denotes the mean square distance between
the produced defect and the atom of the matrix.

By taking into account radiation-enhanced diffusion, one canput D, = D% +D,{(c,), where D? relates
to atomic diffusivity under equilibrium conditions, {c,) denotes mean concentration of nonequilibrium
vacancies. The spatio-temporal evolution of atomic and defect subsystems is described by the following
coupled equations

Opx = V-MxV(;—g +T({x)o — x),
X

(2.15)
E r1
06 Vin v(1+L0 +sz)cv

(9,CU=V‘LDV— 31—y

' m a,D
a K, (1 —¢,) —D,k*c, — —2c2
oc,  3(1-2v) +%Ko(1 — &) — Dykyey c

. v
i

We describe dynamics of interstitial and vacancy loop densities p; v by using reaction rate theory with the
model proposed in reference [44], by taking constant values of the loop number densities for interstitial
and vacancy loops N. In our case, the governing equations for loop densities take the form [43145]]:

Bupr = —— (Kes - Zips [Dul(ca) - ciz) - Dilen)])
ror|b|

Bupy = —— (Keo - Zypy [Diles) - Dol(es) - o))
rov|b|

(2.16)

Here, |b| is the Burgers vector modulus, rog ({d = i,v}) denotes the initial interstitial/vacancy loop
radius; c47, denotes the equilibrium vacancy concentration near the vacancy and interstitial dislocation
loops, respectively, (c¢;) = (D,/D;){c,) is the mean interstitial concentrations. We take into account that
the vacancy loops start to grow after the dose 3 dpa [46| 47]. Equations (2.15) and (2.16) can be used to
modelize spatio-temporal evolution of the annealed Zr—Sn alloy under irradiation.

It should be noted that at extremely high irradiation doses and temperatures, interdiffusion processes
can certainly be important in the kinetics of nonequilibrium processes. In the present model, interdiffusion
is not introduced as an additional phenomenological flux term, but is inherently accounted for through
the variational thermodynamic structure of the model and the corresponding mobility by taking into
account both radiation-induced ballistic mixing and radiation-enhanced diffusion via vacancy dynamics.
Therefore, the combined thermodynamic and irradiation-driven mechanisms capture the essential physics
of interdiffusion in the system.

3. Results and discussions

In this work we consider the alloy Zr—10%Sn by fixing the nominal concentration of tin in Zr—Sn
alloy as Xs, = 0.1. We start with simulations of the phase decomposition in Zr—10%Sn model system
during thermal treatment of solid solution at fixed temperature. Finally, we discuss the influence of
the sustained irradiation onto microstructure of annealed Zr—10%Sn alloy at a fixed damage rate. In
order to perform numerical simulations, it is more convenient to move to dimensionless quantities:
r = r/C and ' = t/t, where T = ¢?/D,. Modelling procedure is provided on the square lattice

33601-5



V. O. Kharchenko, D. O. Kharchenko, A. V. Dvornichenko

N X N X N of the size N = 128Ax (Ax = 1) with the dimensionless time step 0.001 for insuring
the accuracy in the solving procedure. Boundary conditions are periodic. Initial conditions are defined
according to a specific problem of modelling. For thermal treatment of the solid solution we use the
random distribution of the concentration field x(r) around nominal value Xs,. At the stage of modelling
irradiation influence, the initial conditions are taken as a microstructure related to the final stage of
thermal treatment modelling. This choice of initial conditions for irradiation influence modelling allows
one to provide a detailed analysis of stability of the pre-irradiated microstructure of the alloy during
irradiation dose accumulation. The semi-implicit Fourier spectral method [48| |49]] was adopted to solve
the system of dynamical equations (2.13) at the stage of thermal treatment and (2.15) at the stage of
irradiation. All parameters used in simulations are collected in table [I]

Table 1. Material parameters used in simulations.

Parameter [ Value | Dimension [ Reference
Lattice parameters for Zr (a, c¢) (3.2,5.14) - 108 cm
Atomic volume (€2() 3.32-10723 cm?

Equilibrium vacancy concentration (c,() 0.54C_E'{ ks T at. fract. [36]
Vacancy formation energy (E ,{ ’Zr) 1.8 eV [36]
Vacancy formation energy (E ,{ ’Sn) 0.94 eV [150]

Cohesive energy (E%Z;h) 6.3 eV 1510
Cohesive energy (EC é‘h) 3.15 eV 152]
Reference Gibbs energy (G5) —7829 + 125.649T
—24.1618T InT — 0.0043779172 J/mol [53]
Reference Gibbs energy (G5 ) 8555 J/mol (53]
Interaction coefficient (Lgn,Zr) —79959.713 + 20.00604T J/mol 2]
Interaction coefficient (Lén,Zr) —99146.4844 J/mol [12]
Spatial scale (£) 6.0 nm This work
Sn diffusion coefficient in a-Zr (D, ) 3.12 x 1076¢=2-74eV/ksT m?2/s (54]
Diftusivity of vacancies (D) 2.2.1072¢70-93eV/keT cm?/s [155]
Diffusivity of interstitials (D) 3.5.10"%e0-00eV/ksT cm?/s 133]
Clustering efficiencies (&;, &y) 0.67,0.7 1241 138]]
Dislocation network density (on) 1010 cm™2 [133]]

3.1. Thermal treatment of solid solution

In order to perform numerical simulations of the phase separation process in the studied system Zr—
Sn with the nominal concentration xg, during thermal treatment of solid solution, we numerically solve
equations at a fixed temperature 7 = 550 K. For initial conditions, we use: {(x(r,z = 0)) = Xsp,
(co(r,t =0)) = o, ((6x(r, 1 = 0))?) = 0.01Xsy, {(Sc,(r,t = 0))?) = 0.1c,. Typical evolution scenario
of the thermal treatment of the solid solution is shown in figure[I] It is seen that starting from the totally
homogeneous configuration, new phase (domains related to A15-phase) emerges where concentration of
tin is larger than in the bulk. These domains grow in time by absorbing tin from the bulk.

The detailed information about the dynamics of the alloy component rearrangement can be studied by
considering the dispersions of concentration of tin and vacancies: ((6x)?) = {(Xsy — x)?) and ((6c,)?) =
((con — ¢u)?) shown in figure [2| Here, dispersions of the tin and vacancies are shown in the left-
hand and right-hand axis, respectively. The total computation time corresponds to 566 hours of real
time annealing according to the scaling used. The growing time dependence of the dispersion of the
corresponding concentration field means a spatial ordering of this field. In figure [2] one can issue
two main stages: (I) a growth stage and (II) a coarsening stage. The growth stage relates to the time
interval when both dispersions grow (around 80 hours of real time of annealing). Here, the dispersion
of tin concentration grows rapidly, meaning a fast rearrangement of atoms due to their interactions and
diffusion. An increase in the dispersion of equilibrium vacancies field means that the vacancies which
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Figure 1. (Colour online) Snapshots of the evolution of the system Zr—10%Sn starting from the quasi-
homogeneous solid solution.

were initially homogeneously distributed in a bulk, nucleate by forming areas of dense phase enriched
by vacancies. It means that rearrangement of tin concentration is strongly related to the rearrangement of
vacancies. At this stage, a new phase emerges by absorbing atoms from the bulk, and the domains of this
phase grow in size. At the coarsening stage, the growth speed of both ((6x)?) and ((Jc,)?) decreases.
Here, the dynamics of the system is described by interaction of domains of new phases. At the long-time
limit (over 550 hours of annealing), one has the quasi-stationary regime, when both dispersions do not
change. This means that all ordering processes have finished and the further annealing will not change
the spatial configuration of the alloy studied.

2] L1.2
107 [
i
] F1.0
= a4
2107 Log T
N S,
% L0.6 A
£ 10¢] L >
v 2
] 0.4 v
10®] 0.2

T

80 160 240 320 400 480

Real time t [hours]

Figure 2. (Colour online) Dynamics of dispersions of Sn concentration and equilibrium vacancy concen-
tration for Zr—10%Sn alloy annealed at 7 = 550 K.

In order to analyze the dynamics of the mean size of SP particles enriched by tin concentration,
we proceed in the following manner. By taking into account that A15 phase is associated with the
configuration Zr—xSn where x € [1/5,3/8] [10H12], we use the mean threshold x’” = 0.3 in order to
separate SP particles with x(r) > x’" from the matrix phase with x(r) < x’". Next here and thereafter
by exploiting the machine learning method, known as density-based spatial clustering of applications
with noise (DBSCAN) [56] with periodic boundary conditions, we calculate the volume V; of each SP
particle. Finally, by using the standard relation V; = 471',Rl.3 /3 we calculate the mean size R; (radius of
the sphere of the equivalent volume) of each particle of SP and find the mean linear size of particles
as (R) = (1/n) 3}; R; during simulations, where n is the total number of particles. The dynamics of
mean size of particles of the SP is shown in figure [3] It is seen that during the system evolution, the
particle size of SP enriched by tin concentration grows fast at early stage when spatial instability in
the system is essential. At late stages, its dynamics is slowed down. Here, slow coalescence regime
occurs when particles interact, and the growth of particles here is of diffusion character only. After 300
hours, the system attains a quasi-stationary regime and is characterized by a stable microstructure. The
corresponding distribution f(R/(R)) of SP particles over the sizes is shown in the inset in figure [3]after
long-term annealing. It follows that this distribution is slightly skewed with the longest tail at R < (R),
but remains of symmetric form and most of the particles are characterized by the size around the mean
value (R) ~ 32 nm with small dispersion. It follows that the Lifshitz—Slyozov—Wagner distribution in its
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original form [57, 58] does not fit directly the numerical data (see dash curve in the inset in figure [3).
A more accurate fitting (see solid curve in the inset in figure [3) is given by using Marqusee and Rose
approach [59]. The volume fraction of SP V, for the used threshold x’ h calculated as a ratio between the
whole volume of SP and the volume of the computational system gives V¢, = 16% which is close to the
result that can be obtained by analysing the experimental microstructure shown in reference [12]]. The
obtained value of the mean size at low temperature (7' = 550 K) is less than the experimental observations
provide (see reference [[12]) at a high temperature. This difference looks natural because the mean size
of precipitates increases with the increasing annealing temperature, as shown by phase field modelling
for Zr-Nb-Sn alloys [60] and Fe-Cr-Al alloys [61].

36

304

24+

Mean size of precipitates, <R> [nm]

1 (IJO ' 2(I)0 ' 3(I)0 ' 4I00 ' 560
Time, t [hours]
Figure 3. (Colour online) Dynamics of mean size of precipitate of Sn-enriched SP for Zr-10%Sn alloy

during thermal treatment at 7 = 550 K. Distribution of SP particles over sizes after 560 hours annealing
is shown in the inset.

The spatial configuration of SP particles after a long-term annealing, that corresponds to the f(R/(R))
in the inset in figure [3] is shown in figure fh. One sees that the domains of SP are of different shape
and of different size. In figure @b we show the combined configuration of two fields: concentration of
tin with x(r) > x’"* is shown with small opacity in red color, concentration of equilibrium vacancies is
shown by blue color. It follows that the equilibrium vacancies segregate mostly on the interfaces with
large curvature and inside the domains of SP. This is related to attractive Sn-vacancy interaction resulting
in trapping the vacancies by Sn atoms [50]]. The configuration shown in figure[d] will be used as a “target”
to perform numerical simulations of the microstructure transformations and spatial rearrangement of the
concentration of the alloying elements and non-equilibrium vacancies induced by the neutron irradiation
influence.

Figure 4. (Colour online) Typical snapshots of the annealed alloy Zr—Sn: a) domains of SP, enriched by
Sn atoms; b) distribution of concentration of equilibrium vacancies in the vicinity of SP domains.
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3.2. Irradiation of the annealed alloy

In order to modelize the microstructure transformations in the annealed alloy during the irradiation
action, we numerically solve the system (2.15) together with the equations for loops densities (2.16).
Irradiation of the annealed alloy under reactor conditions was simulated at a dose rate K = 1076 dpa/s
and temperature T = 550 K. The initial conditions for both fields x(r) and c,(r) are taken from figure @)

3.2.1. Spatial rearrangement of the atomic subsystem

Typical scenario of microstructure transformations caused by formation of structural disorder is shown
in figure[5] Dependencies of the mean size (the radius of the sphere of the same area) (R) and the volume
fraction of precipitates V., calculated as a ratio between the area of all precipitates and the volume of
the system, are shown in figure [6p,b, respectively. Distributions of SP precipitates over sizes at different
doses are shown in figure[7} It follows that with the irradiation dose accumulation, the native precipitates
of tin-enriched SP dissolve (see snapshots a and b in figure[5|at 1 dpa and 2 dpa). At these doses, the mean
size of precipitates and their volume fraction decrease (see figure[6]at doses up to 2 dpa corresponding to
the Stage I). This means that the concentration of homogeneously distributed tin in a bulk increases. The
corresponding distribution in figure [7a has a uni-modal form with the most probable size in the vicinity
of the mean size. Further irradiation results in a crucial change of the SP microstructure. Whilst the large
domains of native SP continue to decrease in size, the new irradiation-induced precipitates (IPs) of SP
particles of small size emerge (see snapshot in figure [5t). These effects result in a crucial decrease in
the mean linear size of SP precipitates (see Stage II in figure[6h). At the same time, the volume fraction
continues to decrease smoothly (see figure [6p). The microstructure of SP precipitates at dose 3 dpa is
characterized by the bi-modal distribution shown in figure [7b. At elevated doses (over 3 dpa), the IIPs
grow in size (see the snapshot in figure 5d): both the mean linear size of SP particles and the volume
fraction increase with the irradiation dose (see Stage III in figure [6)). Here, all SP particles tend to have
similar sizes as it follows from their distribution over sizes in figure[7c which fits well by the log-normal
distribution.

Figure 5. (Colour online) Snapshots of the rearrangement of the SP particles during a sustained irradiation
at dose: a) 1 dpa; b) 2 dpa; c) 3 dpa; d) at 5 dpa.
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Figure 7. (Colour online) Distribution of SP domains over sizes at different doses: a) 2 dpa; b) 3 dpa;
c) 5 dpa.

3.2.2. Segregation of nonequilibrium vacancies

First, let us consider the dose dependencies of the mean concentration of nonequilibrium vacancies
and loop density, produced during irradiation, shown in figure[8] From the obtained results it follows that
the mean concentration of vacancies in the alloy (dash-dot curve in figure [§) rapidly increases from the
equilibrium value 10~!7 towards 7.3 - 1077 at initial stages of the alloy irradiation due to their generation
in cascades of atomic displacements. The interstitial loop starts to grow at small doses (solid curve in
figure [6)); vacancy loops start to grow starting from the dose 3 dpa as it is shown by a dash curve.
Their growth leads to a decrease in the concentration of vacancies. The obtained results for the mean
vacancy concentration and loop density correspond to the data obtained in the framework of reaction rate
theory [46] and experimental observations [62H64].
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Figure 8. (Colour online) Dose dependencies of the mean concentration of nonequilibrium vacancies and
mean loop density, produced during irradiation.
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Figure 9. (Colour online) Snapshots of the rearrangement of the nonequilibrium vacancies with the
concentration ¢, (r) > cf)h during sustained irradiation at dose: a) 1 dpa; b) 2 dpa; c) 3 dpa.

Next, let us discuss the peculiarities of spatial distribution of nonequilibrium vacancies in the studied
Zr-Sn alloy under the irradiation action. It is known that in the irradiated systems, nonequilibrium
vacancies produced in cascades of atomic displacements can form small vacancy clusters and
voids [66} [69-71]]. Moreover, vacancies can be trapped by Sn atoms, meaning that the local vacancy
concentration is quite related to Sn rearrangement in a bulk. In order to visualize the spatial distribution
of nonequilibrium vacancy field with elevated concentration c,(r), next we use the threshold c!/* =
c!min) 4 0.85 [cf,‘“a") - cl(,min)] dependent on the accumulated dose. The distinguished vacancy enriched
domains with the ¢,(r) > ¢! together with the SP domains (shown with small opacity) at different
accumulated doses are shown in figure [9] by blue color. It follows that at small doses (see figure D at
1 dpa) the nonequilibrium vacancies are located mostly on the phase interface of SP particles with large
curvature, and the spatial distribution of vacancies does not crucially differ from the one of unirradiated
alloy (see the snapshot in figure ). It means that at small doses, the attractive Sn-vacancy interaction
plays a major role in spatial rearrangement of nonequilibrium vacancies. With the dose accumulation, one
part of nonequilibrium vacancies remains on the phase interfaces and another part starts to organize into
small vacancy clusters in a bulk (see snapshot in figure[Op at dose 2 dpa). These vacancy clusters absorb
tin from the matrix due to attractive interaction between Sn atoms and vacancies [23]]. These effects lead
to precipitation of small particles of tin enriched SP as it is seen from figure [5k. With further irradiation,
the number of small vacancy clusters increases and their mean size grows with dose (see snapshots in

figure [Ok,d).

7
_
T %\m 1
1.0 1.5 2.0
a) R/<R>

Figure 10. (Colour online) Snapshot of the rearrangement of the nonequilibrium vacancies with ¢, (r) >
cf,h (blue color) and with ¢, (r) > {c,) (light blue color) (a) and distribution of vacancy clusters with
cy(r) > c’Uh over sizes at dose 5 dpa (b).

The vacancy clusters in figure[9]are characterized by the elevated concentration of vacancies ¢,(r) >
'l In figure [IOh we show the spatial distribution of vacancy concentration field with ¢,(r) > (c,) in
blue color with small opacity with the distribution of tin concentration at dose 5 dpa. It follows that a part
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of vacancies is distributed at phase interfaces of SP particles, whilst the vacancy clusters with elevated
concentration are mostly located close to SP particles. We have calculated the distribution of the vacancy
cluster with the threshold c,(r) > c!/* over sizes, shown in figure . The mean linear size of these

clusters (R,) is approximately 7.2 nm, and the distribution is of a symmetric form around the mean size.

4. Conclusions

We have studied the dynamics of microstructural transformation and statistical properties of SP
particles in Zr—10%Sn alloy subjected to a sustained irradiation in the framework of numerical simulations
in a three-dimensional system.

It is found that in the unirradiated microstructure, obtained during thermal treatment of the corre-
sponding solid solution at a fixed temperature 7 = 550 K, the volume fraction of tin-enriched SP particles
with the linear size 32 nm is around 16% and their size distribution is close to Lifshitz—Slyozov—Wagner
type. The concentration of tin in SP corresponds to A15 phase with stable configurations ZrsSnz and
Zr4Sn, which correspond to the known experimental results [L0H12] and theoretical predictions [[72]. The
obtained microstructure of the annealed alloy qualitatively relates to the experimental observation [12],
and the volume fraction of A15 phase relates quantitatively with the one calculated for the experimentally
presented microstructure [[12].

It is found that with the irradiation dose accumulation, three different stages of the microstructure
transformations of atomic subsystem are realized. At small doses, dissolution of native particles with
accumulation of tin in a bulk results in a decrease in the mean size of SP particles and their volume
fraction. At intermediate doses, dissolution of native precipitates and irradiation induced precipitation of
new particles of SP provides a sharp decrease in the mean size of precipitates and bimodal distribution
of SP particles over sizes. At elevated doses, irradiation sustains the growth of tin-enriched domains
attaining the mean size up to 12 nm and their distribution over sizes is close to log-normal. It is shown
that the irradiation induced precipitation of new tin-enriched domains is caused by clusterization of
nonequilibrium vacancies produced in cascades in a bulk due to attractive tin-vacancy interaction.
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Phase field modelling of microstructure transformations in Zr-Sn alloy

®a30B0-N0J/IbOBE MOAEJIIOBAHHSA MiKPOCTPYKTYPHUX
nepeTBOpeHb Yy cnaBi Zr-Sn nig Yac onpoMiHeHHs

B. O. XapueHko™ /1. 0. XapueHkd®, A. B. lBopHNUeHKd2

L IHcTUTYT NpuknagHoi ¢isnkn HAH YkpaiHn, Cymu, 40000, Byn. Metponasniscbka, 58
2 Cymcbkuii gepxaBHuii yHiBepcuTeT, Cymm, 40007, Byn. XapkiBcbka, 116

Y uii poboTi 40CNiAKYETLCS NPOCTOPOBA €BOJOLA KOHLIeHTPAaLlill 010Ba y cnnagi Zr-Sn Ta BakaHCIil SK Ha CTagii
TepMiyHOi 06p06KMN TBEPAOro PO34UMHY, TakK i Nij Yac ioro oNPoOMiHeHHs1 B peakTOpHMX yMoBaXx. /15 Liboro 3a-
CTOCOBAHO y3aranbHeHWiA Nigxia $¢a3oB0-N01L0BOIr0 MOAENOBAHHS, L0 NOEAHYE TEOPItO LBUAKOCTE peakLil
i metog CALPHAD. JocnifkeHHs ANHaMIKU MiKpOCTPYKTYPHUX 3MiH MPOBeAeHO 3 BUKOPUCTAHHAM YMCIOBOIO
MOZeNBaHHSA Yy TPUBUMiIpHOMY npocTopi. Po3rsiHyTO npouec ¢opMyBaHHS BTOPUHHOI $pasmn Ha eTani TepMi-
YHOT 06pO6KYM, @ TAKOX JOCAIAXKEHO i CTiliKiCTb 3@ YMOB HeATPOHHOTo ONpoMiHeHHs. OkpeMy yBary npugineHo
aHanisy BNAUBY 4031 ONPOMIHEHHS Ha CTaTUCTUYHI XapaKTepucTUKy NpeuunitaTis BTOPUHHOI dpasu.

KnrwouoBi cnoBa: crniziasu Zr-5n, pa3oBo-nosiboBe Mo4eNt0OBaHHS, Pa3oBe po3LuapyBaHHS, ONPOMiHEHHS,
CTaTUCTUYHI BAaCTUBOCTI
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