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The Cluster Dynamics method was used to describe the early stage of "irradiation growth" of a zirconium single
crystal, allowing for the description of its microstructure evolution with the irradiation dose. The results of
numerical calculations of the dependence of point defects concentration on the dose in the absence of thermal

emission, the dependence of the growth deformation along the main axes of a single crystal (a), (c) and the

dependence of interstitial and vacancy loop concentrations of on their radii for doses up to 1 dpa and various

diffusion coefficients of point defects are given.

PACS: 62.20Dc; 62.20.Fc

INTRODUCTION

Irradiation growth (IG) phenomenon is radiation-
induced anisotropic deformation (RIAD) without an
external stress and without a noticeable change in the
volume of the material (as opposed to swelling). It is
inherent in hcp-metals, in particular, zirconium — the
structural material of fuel cell shells. This irradiation
growth is related to the elimination of point defects on
the different sinks (dislocations lines, surfaces, grain
boundaries) and also to their agglomeration in the form
of dislocation loops. But in zirconium and its alloys,
some aspects of dislocation loop microstructure
evolution under irradiation are rather unusual compared
to cubic metals, such as the growth of vacancy loops
[1-4].

The main theoretical concept of explaining most
RIAD phenomena is related to the assumption that
different sinks for point defects (PD), vacancies and self
— interstitial atoms (SIA) absorb them differently [5, 6].
In the theory, a so-called preference factor appears
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for the absorption of PD by the sink of
i

this type. If B >0, the sink absorbs more interstitial

atoms, if B <0 — more vacancies. As a result, different

sinks evolve differently, the initial optimal

microstructure of the material changes, the material is

deformed. And this, as a rule, is unacceptable. In

particular, zirconium single crystal expands in the (a) -
direction and shrinks along the(c)-axe during the
process of irradiation growth. This behavior is
associated with the evolution of so-called (a)-,(c)-

loops. The prismatic loops or (a) -loops: they have a

b=1/3<11§0> Biirgers vector (parallel to the (a)-
axis of the lattice structure). They are lying
approximately in the prismatic planes (1010) . In certain
situations, both vacancy and interstitial loops can
coexist. The basal loops or (c) -loops: they are lying in

the (0001) plane and their Biirgers vector has a
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component along the <c> -axis. These loops are almost
always vacancy type. They can be perfect loops
(b=(0001)) or imperfect loops (b=1/2(0001)).
During neutron irradiation (a)-loops form first, (c)-

loops formation is observed only above a certain fluence
(~2...3 dpa). It is this early stage that interests us at the
first stage of research. Regarding the physical
explanation of this fact, two options are currently being
considered: elastic interaction of PD with zirconium
dislocations and diffusion anisotropy of PD between its
planes. The fact is that the values Z, , of PD absorption
efficiency (i — interstitial atoms, v— vacancies) are
determined from the solution of the corresponding
diffusion problem of PD absorption by a specific sink,
taking into account either the elastic interaction between
them, or the anisotropic diffusion of PD. That is, the
physical mechanism of absorption is “laid” precisely in
Z, . And then numerical calculations using the method
of cluster dynamics. The goal is to compare the role of
both mechanisms and, in the future, to combine them in
the theory of IG of zirconium.

EQUATIONS SYSTEM

According to [7], the relative deformation &, along

the (a) -axis is given by the formula

e, =11200'=1/20(C,-C,), (1)
where O is the net quantity of SIA in the (a) -loops
expressed per unit volume; @ is the atomic volume;
C, ; is the number of vacancies (V) and SIA (i) per
unit volume of the crystal. A “large” annealed single

crystal of zirconium is considered, therefore absorption
by grain boundaries is not taken into account. The

relative strain &£, along the (c) -axis has the form [7]:
g.=-0C, V", )

Since there are no vacancy loops in the base plane at
the early stage of irradiation, it is assumed that the
deformation occurs due to the relaxation of vacancies.
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The relaxation volume is taken according to [8]

were carried out by the method of cluster dynamics [9].

V¥ =0.43 . Calculations of the evolution over time of ~ For PD concentrations we have:
PD concentrations C, ,, as well as their clusters C,
ddf = (K/w)-K,oCC,-2K, oC: +W,; (2)V,-D,Ck}; 3)
k>=27° me,+27zzw:Rnan +27ZZR v.zg (n);
=
W (n) =Wy (n) = 258,23 (1) D
d; =(K/w)-K,oCC,-2K,oC* +W, (2)I,-D,Ck’; )

k str lpS[V + 27[2 Rn]nZa

W (n) =Wy ()= 25,22 () D.C

where W,; (n) — growth rate constant of M-type loops

containing n lattice nodes; W, (n) — reduction rate
constant of M-type loops containing » lattice nodes;
P, — the density of dislocation lines (edge) before

irradiation; Z*

str,m

— the absorption efficiency of m-type
PD by a dislocation line; Zj, (n) — the absorption
efficiency of m-type PD by a loop containing » lattice
nodes. The right part of the equation is a rates of

formation of PD (K),
formation of a di-cluster from PD of the m-th tyhe

their recombination (K,),

(K,,,) and disintegration of a di-cluster ( ¥, — vacancy

loop, I, — interstitial loop), PD absorption by various

sinks (kv2 ). Only point defects are mobile, growth or

reduction of the loop occurs due to their individual
absorption. Thermal evaporation point defects is not
taken into account. Only dislocation lines ( o, ) and

)+ 27:2 RV.Z; (

prismatic loops of both types (7, ;1,) were taken into
account as sinks. Vacancy diffusion is assumed to be
isotropic (D, ), the diffusion of SIA is anisotropic
(D, =(D" DS)"; D is the SIA diffusion coefficient

along the (a) -axis; D; is the SIA diffusion coefficient

=nw/7b is a loop radius (a
0w~07-p=233 10" ¢
b=323-10"%cm is a lattice constant.

Interstitial loops creation begins with di-interstitial

creation. Interstitial loops distribution is formed due to
point defects absorption by interstitial clusters

dl,

along the <c -axis); R,

loop of =n atoms);

= K, 0C? - [ (2)+ W (2)]12+W;(3)13, ®)

i, .
L= (n-1)1

[ (n)+ W (m) 1, + W, (n+1)1,,,. (6)

n-1

A di-vacancy can form in the system, which initiates a chain of equations for the concentration of V-loops:

dVv,
dt

d?:W;(n—l)V

n-1

2= K, 0C | W (2)+W, (2) [V, +W; (3)V;, %

=W () + 10, (n) [V, + W, (n+1),,. ®)

For loops of size n>100 [10], using the Fokker-Planck’s differential equation for equations (6) and (8), we

write
d Im — VVI+ (nmfl )Imfl - I/VI-*— (nm )Im + VVI_ (nm+l )]m+1 - VVI_ (nm )Im (9)
dt Ax, Ax, ’
d Vm — WV+ (nm—l ) Vm—l - WV+ (nm ) Vm + WV_ (nm+1 ) Vm+1 WV_ (nm ) Vm (10)
dt Ax, Ax, ’
where each subsequent loop of 7 — size was determined by the following formula
n=1 n,=n,,+Ax,, 2<m<M,
L, 2<m<N,
Ax, = e =0.02. (11)
Ax, e, N<m<M,
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RESULTS

Calculations were carried out using the standard
LSODA program to n =800, which corresponds to the

radius of the loop R~10°nm. Input date are:
K =10"dpas™"; K, =D, =54-10"s";

B=4x(r, | ®)=54-10cm™ is a
K2m = zﬂDm ’

D, =10°cm*-s™";

volume

recombination
D, =3.0-10"cm*-s™";

p,, =10° cm™ . The results are presented in Figs. 1, 2.
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Fig. 1. Variation of point defect concentration on radiation dose: solid line is a self-interstitial atoms,
dashed line is a vacancies

As can be seen, point defects concentrations initially

grow uniformly. But after ~10° dpa C, decreases
quite sharply, while C, continues to grow to a

constant. It is related to a large difference in the value
of point defects diffusion coefficients. SIA are much

more mobile and they form prismatic loops earlier,
ensuring growth at an early stage of irradiation (see
Fig. 2). Vacancies are almost immobile at this stage but
due to their relaxation, we have a contraction

deformation ( &, , see Fig. 2).
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Fig. 2. Variation of deformation on radiation dose: solid line is £,, dashed line is &,

Fig. 3 shows the distribution of loop sizes calculated
by the cluster dynamics model for vacancy and
interstitial loops at a dose of 0.1 and 1 dpa for
D, =10"cm*-s™"; D,=10°cm’-s™'; D, =10"cm®-s';
D, =3.0-10"cm’-s™".

Fig. 3,a,b: dependence of the density of interstitial
loops on the radius is non-monotonic. It decreases,
reaching a minimum at the loop size of about 10 nm.
Then it grows to a maximum and decreases for large
sizes. With growth D,, the maximum shifts to larger
loop sizes. The density of the loops at the maximum
decreases with the growth of SIA diffusion coefficient
from10" to 10°cm™. The density of the minimum

decreases similarly, from 10'°to10°cm™ . For a dose of
1 dpa, the radii of the maxima of interstitial loops are
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twice as large as for a dose of 0.1 dpa for the
corresponding diffusion coefficients.

Fig. 3,c,d: the density of vacancy loops
monotonically decreases as their size increases. For a
dose of 1 dpa, the sizes of vacancy loops are generally
twice as large as for a dose of 0.1 dpa. The increase D,
leads to an increase in the average radius of the
interstitial loops, which is due to their higher growth
rate. On the other hand, the increase [_),_ leads to a

significant decrease in their density. Thus, the value D,
significantly affects the rate of radiation growth at an
early stage (below 1 dpa) due to the growth of
interstitial loops. At that time, the changes D, had
almost no effect on the size and density of vacancy
loops.
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Fig. 3. Dependence of the density of interstitial (a,b) and vacancy (c,d) prismatic loops on their radius for different
SIA diffusion coefficients (D,) at a dose of 0.1 dpa (a, ¢) and 1 dpa (b, d) D, =3.0-10""cm’ -5
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Fig. 4. Dependence of the density of interstitial (a, b) and vacancy (c, d) prismatic loops on their radius for different
vacancy diffusion coefficients (D,) at a dose of 0.1 dpa (a, c) and 1 dpa (b, d) D, =10"cm® -5~
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Fig. 4 shows the dependence of the density of
interstitial and vacancy loops on the radius at a dose of

01 and 1 dpa for D,=3-10"cm’-s"';
D,=10"cm?-s™"; D, =10"cm’-s™; 5,' =10°%cm*-s™".
As can be seen from Fig. 4,a,b the density and size

of interstitial loops practically do not change when the
vacancy diffusion coefficient changes. With growth D,

only for loops of large size a slight increase in their
density is observed. The density of vacancy loops
increases with growth D, (see Fig. 4,c,d).

If we look at the loop size distribution calculated by
the Cluster Dynamics Model for vacancy and interstitial
loops, we observe (see Figs. 3, 4) that at an early stage
interstitial loops grow whereas vacancy clusters of
significant sizes are practically not formed (only very
small vacancy clusters are predicted by the model). This
growth of interstitial prismatic loops is the reason for
the elongation of the crystals along the a-axis to 1 dpa,
while the contraction along the c-axis is due to the
relaxation of vacancies. At the beginning of irradiation,
prismatic dislocation loops absorb much more SIA than
vacancies, since D,C, >>D,C, (C,~C, and D, >>D,),
which corresponds to the rapid growth of interstitial
loops. Then the vacancy concentration increases until
D,C, it approaches D,C,. As a consequence, interstitial

prismatic dislocation loops absorb more and more
vacancies, which makes the growth rate lower and
lower. In the permanent regime (above 1 dpa), prismatic
dislocation loops absorb so many vacancies as SIA and
the crystals do not grow any longer (see Figs. 1, 2).

The studied effects of radiation growth can also be
used to explain the changes in mechanical
characteristics observed during simulation modeling of
the behavior of zirconium alloys under the influence of
nuclear fuel fission fragments [11].

SUMMARY

1. The dependence of point defects concentration
was calculated on the dose in the absence of thermal
radiation

2. The dependences of interstitial and vacancy loops
concentration on their radius were obtained for doses of
0.1 dpa and 1 dpa and different diffusion coefficients.

— The density and size of vacancy loops increase
with growth D, . Changes in vacancies diffusion

coefficient almost did not affect the size and density of
interstitial loops.

— D, affects the growth rate of internodal loops

during the early stage of “irradiation growth” of a
zirconium single crystal. (below 1 dpa). Changes in SIA
diffusion coefficient almost did not affect the size and
density of vacancy loops.

3. The dependence of growth deformation along the
main axes of single crystal (a) and <c> was obtained
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MOJIEJIOBAHHS PAHHBOI CTAI[IT SIBUIIA PAﬂIAHIﬁHOF O POCTY HUPKOHIIO
O.I. Tpouyenko, II.M. Ocmanuyk

Merox KkiacTtepHOi IUHAMIKM OyB BHKOPDUCTaHWH JUIS ONMCY pPaHHBOI cTafil «pamialifHOro pocTy»
MOHOKpHUCTAJy LHUPKOHIIO, HIO JO3BOJIE ONHMCATH EBOJIIOLII0 HOTo MIKPOCTPYKTYPH 3 JIO30K0 ONPOMiHEHHS.
HaBezneHo pe3ynbTaTd YHCENBHUX PO3PAXYHKIB 3aJIEKHOCTI KOHIECHTPALIl TOYKOBHX AC(EKTIB BiJ 03U 32 YMOBH
BiJICYTHOCTI TEIJIOBOTO BUIIPOMIHIOBAaHHS, 3AJIEXKHOCTI JedopMarii pocTy B3JOBK TOJOBHHX OCE MOHOKPHCTAITY

<a> , <C> 1 3aJIEXKHOCT1 KOHIICHTpaLii MKBY3€IbHUX 1 BAKaHCIHHUX METeNb Bij iX paaiyca ams 103 1o | 3Ha i pi3HuX

koedirieHTiB qudy3ii ToukoBUX AeDEKTIB.
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