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We extend reaction rate theory to study dislocation loops growth and associ-
ated radiation growth in binary Zr–Sn alloys under neutron irradiation at 

reactor conditions. A model to describe experimental data for loops’ number 

density is proposed. We discuss dose dependences of dislocation loop radii, 

their densities and growth strains and analyse an influence of irradiation 

temperature and sinks’ strengths on statistical properties of loops. A compe-
tition between the interstitial and vacancy <a>-type loops is studied. Local 
loops distribution inside grains is analysed. Estimation of hardening of ma-
terial is provided. Obtained results are compared with experimental observa-
tions. 
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hardening. 

Узагальнено теорію швидкости реакції для вивчення росту дислокацій-
них петель і пов’язаного з цим радіяційного розпухання в бінарних сто-
пах Zr–Sn, опромінених нейтронами в реакторних умовах. Запропонова-
но модель для опису експериментальних даних стосовно густини дисло-
каційних петель. Обговорюються дозові залежності радіюсів дислокацій-
них петель, їхніх густин і ростових деформацій, а також аналізується 

вплив температури опромінення та потужностей стоків на статистичні 
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властивості петель. Вивчається конкуренція між міжвузловими та вакан-
сійними петлями <a>-типу. Проаналізовано розподіл локальних петель 

всередині зерен. Зроблено оцінку твердости матеріялу. Одержані резуль-
тати порівняно з експериментальними даними. 

Ключові слова: цирконійові стопи, дефекти, дислокаційні петлі, ростові 
деформації, зміцнення. 
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1. INTRODUCTION 

As known, zirconium-based alloys used in modern reactors as cladding 

materials contain less than 2% of alloying elements such as tin, niobi-
um, and others to improve mechanical properties and corrosion re-
sistance of these materials [1, 2]. High-energy ( 1 MeV) neutron irra-
diation of these materials induces a development of dislocation struc-
ture resulting in a dimensional change of materials without applied 

stress known as radiation growth. This phenomenon is controlled by 

fluence, temperature, and material microstructure [3–7]. 
 As usual, at neutron irradiation under reactor conditions (with tem-
perature range (530–570) K and dose rate 10−7

 dpa/s) the size of <a>-
type loops (of interstitial and vacancy character with the Burgers vec-
tor 1/ 3 1120 )   is around 10 nm. They emerge and grow from point 

defect clusters at extremely small doses  10−3
 dpa (displacements per 

atom). Loops of <c>-type lying in basal plane with Burgers vectors 

1/2<0001> or 1/ 6 2023   are of vacancy character. They emerge 

after critical dose of 3 dpa from two-dimensional vacancy platelets as 

loops precursors when their size overcomes a critical value [8]. These 

platelets have been observed in very particular conditions. It is possi-
ble that small impurity clusters are the form of basal platelets can act 

as nucleation sites for these loops [9, 10]. As was pointed out in [5] 

<c>-type loops appear as straight-line segments, they nucleate in colli-
sion cascades [11]. A size of these loops can exceed 200 nm. The num-
ber density of <c>-type loops is around 1015

 cm−3
 that is of one order 

less than one observes for <a>-type loops [3, 5]. 
 From results of jointly conducted experimental and theoretic stud-
ies it was stated that radiation growth depends not only on irradiation 

conditions, but also on microstructure parameters: texture, grain size, 

point defect traps, defect mobility their diffusion anisotropy, and in-
tra-granular effect (see review [7] and citations therein). A study of 

this phenomenon remains actual during several decades to predict a 

behaviour of cladding materials at different irradiation conditions. 
 As usual, in corresponding theoretical modelling one uses data ob-
tained at different hierarchical levels allowing to capture main mecha-
nisms, governing studied phenomenon and provide multi-scale or hy-
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brid simulations including several methods operating on different lev-
els of description. In order to get energetic parameters governing in-
teraction of point defects and clusters with alloying elements and ex-
tended defects (dislocation lines, loops, grain boundaries) one usually 

exploits calculations from first principles [14–20]. Molecular dynam-
ics and object kinetic Monte Carlo (OKMC) simulations (extending the 

time and length scale of molecular dynamics) give information about 

primary radiation damages and properties of defect clustering at ele-
vated temperatures [21–26]. Cluster dynamics is used to receive data 

for cluster number density dynamics, mean cluster size and cluster 

growth speed at different irradiation regimes [27–29]. Phase field 

modelling allows one to describe defects rearrangement and phase sta-
bility based on thermodynamic approaches and reaction rate theory [6, 

25, 30–38]. 
 However, despite a progress in studying radiation growth, there are 

some discrepancies between experimental data and results coming 

from growth prediction models [7]. Mostly it is related to mean field 

approximation by neglecting some microstructural properties and sta-
tistical correlations between micro- and macrostructures. Moreover, 

most of the results were obtained for single crystals, whilst real mate-
rials are poly-crystalline and loops can be locally arranged inside 

grains due to grain boundary effect on migrating defects. Additional-
ly, it was shown recently that both kinds of point defects in zirconium-
based alloys manifest diffusion anisotropy that results in continuous 

development of this approach to get more accurate results predicting 

materials behaviour [36, 37, 39]. 
 In this paper, we focus our attention on a further development of the 

rate theory by studying dynamics of dislocation loop and radiation 

growth in Zr–Sn systems under neutron irradiation at reactor condi-
tions. We generalize the rate theory for radiation damages in Zr–Sn 

alloys based on previously derived models [6, 35–37, 40, 41]. The nov-
elty of the model is in the using a continuous dynamic of both <a>- and 

<c>-type loop number densities by exploiting main mechanisms of 

cluster dynamics [27–29] with verification of obtained results. Com-
paring to previously used approach [35, 36] the proposed model admits 

a continuous change of growth rates of loop number densities by in-
cluding physically based mechanisms and experimental data. Moreo-
ver, a small set of fitting parameters can be used to relate experimen-
tally observed data with results of modelling at different irradiation 

conditions. Here we take into account production biased model and ef-
fect of domains inside grains resulting in loops growth rate change to-
gether with local description of loop increase inside grains. The pro-
posed model allows one to describe local distribution of growth strains 

inside grains at different irradiation conditions and sink strengths. It 

will be shown that both interstitial and vacancy <a>-type loops com-
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pete with each other and govern growth strains dynamics. By using ob-
tained data, we study dose and parametric dependences of the radia-
tion-induced hardening. 
 The paper is organized in the following manner. In Section 2, we de-
scribe generalized mathematical model for loop radii and growth 

strains dynamics. In Section 3, we discuss dose dependences of main 

studied quantities and provide comparison with experimental data. 
We conclude in Section 4. 

2. MODEL 

2.1. Rate Equations 

We start from the standard model describing point defects dynamics 

discussed in [40], where for time-dependent point defect concentra-
tions we use a notation ci,v, where subscripts i and v relate to intersti-
tials and vacancies, respectively. As far as tin atoms serve as traps for 

vacancies, next we introduce cvT as a concentration of trapped vacan-
cies. In our study, we take into account that defect clusters can emerge 

simultaneously together with Frenkel pairs. Concentration interstitial 
and vacancy clusters we denote by q cl

,
jc  where q = {i, v}, j is the crystal-

lographic direction (j = {m, c}, m = {a1, a2, a3}). Generally, these clus-
ters can be sessile and glissile and are able to emit point defects. Such 

clusters are embryos of loops and can govern dynamics of their growth. 
We admit that an efficiency of absorbing clusters by grain boundaries 

depends on a distance between clusters and grain boundaries. Rate 

theory equations for point defect concentrations should be accompa-
nied by equations describing dynamics of glissile cluster concentration 

as follows [6, 40]: 

 

2

i i i i i i0 r v i e(i) cl

2 T

v v v v v v0 r v i e e(v) cl

2 2 T

vT v vT v i iT i vT e

g

q

q cl q cl q cl q cl eq cl

q q

( ) ,

( ) ,

,

( ) .

t

t

t

j j j j

t

c K D k c c c c K

c K D k c c c c K K

c D k c D k c c K

K
c D S l c K

d n

 = − − −  +

 = − − −  + +

 = − −


 = − −

 (1) 

Here, Kq = K(1 − q) relates to production rate of the corresponding 

point defects due to irradiation, where K  KNRT(1 − r), KNRT is the dose 

rate defined according to the NRT standard [42], r relates to cascade 

recombination efficiency, (1 − q) denotes the fraction of free (unclus-
tered) point defects,  =  + g s

q q q
, g

q  and s

q  are efficiencies of genera-
tion of glissile and sessile clusters, respectively. The second terms in 

first two equations are responsible for point defects annihilation at 
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sinks of strength 
2

q
,k  Dq corresponds to defect diffusivity, cq0 denotes 

the equilibrium defect concentration, as usual. Processes of defects 

recombination are governed by the rate constant r = 4r0(Di + Dv)/, 
where r0 and  are recombination radius of point defects and atomic 

volume, respectively. In the equation for trapped vacancies, one con-
siders their production when vacancies find traps (the first term), re-
combination with free interstitials (second term) and emission of free 

vacancies from traps with the rate e

TK  (the last term). Such emission 

increases a number of free vacancies (see the fourth term in equation 

for cv). Quantities 
2

vT
k  and 

2

iT
k  describe the corresponding trap sink 

strengths. In the equation for clusters dq is the number of directions 

along which i/v-clusters can be formed; nq is the number of defects in 

the corresponding cascade-produced mobile cluster; q cl

jD  relates to dif-
fusivity of clusters; q cl

( )
jS l  is the corresponding sink strength depend-

ing on a distance from the grain boundary, l. Terms eq cl eq cl

j

j
K K=   

describe contribution from defects due to their emission from clusters. 
 We assume that all sinks are smeared over the whole system, not lo-
calized. For sink strengths one can write: 

2 2 2 2 2

q qN GB q T qL
.k k k k k= + + +  

The quantity 
2

qN qN N

j j

j
k Z=   is related to network line dislocations 

with the density N

j  in each crystallographic direction j and efficiency 

qN qN

jZ Z=  of dislocations to absorb defects of each sort. The sink 

strength 
2 2

GB GB GB
/

n njn
k Z=   describes an effect of grain bounda-

ries, where n GB is the grain size in one of three Cartesian directions 

n = (x, y, z). Bias coefficient GB

nZ  is taken according to the definition 

noted in Refs. [6, 36, 43]. Next, for simplicity, we assume n GB = GB 

resulting to GB GB
.

j

n n
Z Z=  Sinks strengths 

2

iT
k  and 

2

vT
k  are taken from 

[44]: 
2

qT qT T Zr
4 ;k Z r N=   the corresponding bias coefficients take the 

form: 
3

iT T T
/ [( / ) ],Z c f r b f= +  

3

vT T T
(1 ) / [1 ( / ) ],Z c f r b f= − + −  where 

traps are assumed as spherical substances with mean capture radius rT 

comparable with the Burgers vector value b, NZr is the atomic number 

density of zirconium (as matrix element), f = cvT/cT is the trap occupa-
tion probability. As assumed, vacancy relax the accumulated energy at 

the trap and hence, they are captured with a binding energy 
B

T
.E  

Thermal emission of vacancies is defined through the rate: 
2 B

e v vT v T
[ / (1 )] exp( / ),

TK D k f f E T=  − −  v = 7.0 is the geometric factor 

[40, 44]. As shown, the upper limit for the trap occupation probability 

for Zr–1.5% Sn can be obtained if at least  6% of traps are occupied 

with concentration of solute-trap complexes  0.1% [40]. As far as Sn 

atoms serve as traps it means that one relates concentration of Tin, cSn 

to the concentration of traps cT as cT = 0.06cSn. Sinks strengths 
2

iL
k  and 

2

vL
k  are related to dislocation loops of different type. We take into ac-
count that interstitial loops are possible only in m = {a1, a2, a3} direc-
tions, whereas vacancy loops can be observed in all j = 4 crystallograph-
ic directions. Moreover, <c>-type vacancy loops are possible only at 

doses exceeding 3 dpa. For these sink strengths one can write 
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2 m m m m c c

qL qI I qV V qV V
( ) .

m
k Z Z Z=  +  +   For loop densities one has the stand-
ard definition I,V I,V V

2 ,
j j jR N =  , where I,V

jR  and I,V

jN  denote the corre-
sponding loop radius and loop number density, respectively. In the 

considered model we use functional dependences of bias factors 

q, q,
( )

m m mZ Z R
  

=  according to [6, 45, 46], where {I, V}, =  

GB iI iV vI vV iN vN
,

m j m j j j

n
Z Z Z Z Z Z Z       iN

1.1,
jZ =  vN

1.0.
jZ =  

 We take into account that the sink strength of defect clusters q cl

jZ  

depends on the distance l from the grain boundary as follows [6, 41]: 

2 1

q cl q cl q q q cl GB
( ) 2( / 2) , 2( (2 )) ,

j j j jZ l r r l l −=    =  +   −  

where rq cl is the capture radius of loops for mobile clusters, 

N V I
,

j j j j =  +  +   with 
c

I
0 =  (no interstitial loops are possible in basal 

plane). 
 To obtain dynamical equations for interstitial/vacancy (I/V)-loop 

size I,V

jR  one uses the standard technique [6] and gets 

 

I I iI i i vI v v iL

2

i cl ig vg I

I

i i cl v v cl I

V V vV v v vL iV i i

2

v cl vg ig V

v v cl i i cl V

[ ( )

( )
],

2 ( ) ( ) 2

[ ( )

( )

2 ( ) ( ) 2

m m m m m m

t

m m m
m

tm m m

m m m m m m

t

m m m

m m m

b R g Z D c Z D c c

K r b R
N

d S l d S l N

b R g Z D c c Z D c

K r b R

d S l d S l N

 = − − +

    
+ − −  

 
 

 = − − +

    
+ − −  

 
 

V

2 c c c
v cl vgc c c c c c cV

V V vV v v vL iV i i Vc

v v cl V

],

( )
[ ( ) ].

2 ( ) 2

m

t

t tc

N

K r b R
b R g Z D c c Z D c N

d S l N

  
 = − − + − 

 (2) 

 For concentration of vacancies, which are in equilibrium with va-
cancy- and interstitial-type loops, one exploits the standard definition 

[6]. 
 In equations for loop radii, we introduce growth scaling functions 

gI,V(t) to take into account a transformation of evolving dislocation 

loops into a low-energy cellular dislocation structure according to dis-
cussions given in [47]. As known, this structure forms domains of the 

size 
0 1/2

d d N
( ) ,

j jL L −=   where 
0 1/2

d
( / ( )) ,

A
L C C f v


=   CA = 3, C  1, 

( ) (1 / 2) / (1 )f v v v= − −  [48]. For growth scaling functions one admits 
1/2 0

I,V I,V I,V d
1 2 ( ) / .

j j jg R L= −   It is able to prevent loop size growth up to 

sizes exceeding domain size. It allows one to describe processes of loops 

annihilation with dislocation network of cellular structure by delaying 

corresponding dynamics. 
 To get a close loop system one needs to know an equation for the loop 

number density NI, V modelling loop nucleation processes. To this end, 
one can use the experimental observation for nucleation of loops. As 
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known, <a>-loops nucleate from beginning of irradiation and reach 

typical values  1016
 cm−3

 after several dpa, whereas vacancy <c>-loops 

nucleate above a critical dose  3 dpa and attain density  1015
 cm−3

 [49, 

50–52]. A simplest model for evolution of the loop number density was 

proposed in [35]. Its modification by fitting experimental data from 

OSIRIS reactor was done in [36]. The simplest model can adequately 

explain experimental data for loops nucleation but cannot describe 

temperature dependences of measured quantities. 
 In our approach, we use a dynamical model based on propositions 

discussed in [47]. To describe the loop number densities in <a>-
directions one can use an equation of the form: 

 
2

v v Ii I i i

I 2 5/3 2/3

I I I

( , ) 2
.

( (0)) 2

m mm
m

t m m m

b D c NK T K N D c
N

b R R


 = − + −

     
 (3) 

Here, first two terms are responsible for short time dynamics. The 

first one is related to cluster production in cascades with initial cluster 

size 
1/2

I i0
(0) ( / ) ,

m

m
R n b=    where ni0 is the number of defects in the 

cluster at loop creation. The function (T, K) gives temperature and 

dose rate fit of experimental data and is responsible for maximal val-
ues of I

.
mN  As was shown in [53] the temperature dependence of loop 

number density for zirconium alloys can be described as (T, K) = 

= N0(K)/(1 + 7.21018exp(−Qa/RT)), where Qa = 55320 cal/mol is the ac-
tivation energy for self-diffusion, N0(K) is the fitting parameter de-
pending on the dose rate. The second term corresponds to the cluster 

life-time I d I
/ 2 ,

m m mL v =  where the cluster growth speed is defined in 

the standard way as I iI i i vI v v
( ) / .

m mv Z D c Z D c b= −  By considering so-
called relaxation regime one gets 

2

q q q q
/D c K k  that leads to approxi-

mation: 

00 2

v vI iNi iI i

I 2 0 2

i vNi iN iI v

1 ,
m

m

K Z ZK Z k
v

K Zb k Z Z k

 
= − 

 
 

where 
0

qI
Z  is calculated for the clusters of the size I

(0).
mR  In this re-

gime one can consider dislocations as main sinks of point defects, i.e., 

one can put N I
.

m m    Last two terms in Eq. (3) are responsible for long 

time dynamics: creation of clusters by interaction of interstitials and 

loss of loops due to absorption of vacancies, where the mean loop radius 

is I I
3 .

m

m
R R =   This formalism can be used to describe vacancy 

cluster formation in m direction. Next, we put I V

m mN N=  for simplici-
ty. 
 For the number of vacancy loops in <c>-direction one can use a mod-
el described in [35]. Generally, the model for <c>-type loop number 

density is quite complicated, here one can issue several stages in its 

dynamics: incubation stage at doses up to 3 dpa, growth stage and qua-
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si-stationary stage. From the other hand, one can use experimental da-
ta to get a dose-fitting curve. Some simplification of that model can be 

done by using so-called dose-response (DoseResp) curve with variable 

hill-slope (belonging to a set of logistic type functions) allowing to fit 

experimental data for <c>-type loops number density at different dos-
es and irradiation conditions. By using standard definition of this 

function, one can get dynamical equation of the form 

 
c, max *

c V

I * * 2

( ) exp[( ) / ]
,

(1 exp[( ) / ])

m
t

m

N T K
N

 −  
 =

 +  −  
 (4) 

where  = Kt/(1 − r) is the accumulated dose, m is the dose related to 

the centre of the slope, *
 defines the hill slope, 

c, max

V
( )N T  controls the 

maximal value of the loop number density. This model gives good ap-
proximation for experimental data [54]. 
 To compute strains associated with loop growth in all directions we 

calculate the climb velocity as a function of the net flux of defects ar-
riving at dislocations [35, 36] and use the Orowan relation to get equa-
tions for strain rates in each crystallographic directions in the form: 

 

2vi

GB GB v v 0v i i N vN v v 0v

iN i i I vI v v iL iI i i V vV v v vL iV i i

c c 2 c cv

GB GB v v 0v i i N vN v v 0v

[ ( ) ] [ ( )
3 4

] [ ( ) ] [ ( ) ],

[ ( ) ] [ ( )
4

m m m m

t n

n

m m m m m m m

t n

n

e K Z D c c D c Z D c c

Z D c Z D c c Z D c Z D c c Z D c

K
e Z D c c D c Z D c c

Z

−

−

 
 = − −  − − −  − − 

 

− −  − − −  − −


 = − −  − − −  − −

−




c c c c

iN i i V vV v v vL iV i i
] [ ( ) ].D c Z D c c Z D c−  − −

 (5) 

 The derived formalism for loop radii dynamics and growth strains 

calculations generalizes approaches discussed in works [35, 36, 55] for 

calculation radiation growth in zirconium based alloys by taking into 

account bias coefficients for each kind of loops, grain boundaries and 

distance from the grain boundaries. By using formalism described in 

[35, 36] one gets strains and dislocation densities in Cartesian axes. 
 Dislocations, dislocation loops, grain boundaries act as obstacles to 

dislocation motion resulting in dispersed-barrier hardening of irradi-
ated materials. The change in shear stress tot required to unpin dislo-
cations from obstacles defines the yield strength Y = MZrtot, where 

MZr = 3.5 is the Taylor factor [56]. The total hardening from all obsta-
cles is described by the change in the shear stress [57]: 

2 1/2

tot
( ) ,


 =   where the sum is taken over all obstacles: network 

of dislocations ( = N), grain boundaries ( = GB), dislocation loops of 

both <a>- and <c>-types 
c

I V I
( , , ).L L L  =  =  =  

 A contribution from network of dislocation is [57] 
a 1/2

N d N
( ) ,b =     where 

a 2

N N
( / )

j j

j
b b =   is the total dislocation 

density,  is the shear modulus, and d = 0.2 is the dislocation-
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dislocation interaction parameter that determines the strength of the 

barrier to dislocation motion. Grain boundaries effect is expressed as 

follows [56]: 
1/2

GB Zr Zr GB
( / ) ,C M − =   where CZr = 200 MPam1/2

 is tak-
en for pure zirconium [58]. Dislocation loops hardening is described by 

the dispersed-barrier hardening model [59]: 
a 1/2

(2 ) ,m m

m m

L L
b R N

 


 =      c
V

c c c c 1/2

L V
(2 ) ,

L
b R N =      where 

computations are provided by considering mean dislocation radius 

{}
.

jR   The corresponding barrier strengths mL

  and 
c

L
  are loop size 

dependent functions as was discussed in [59]. Here we consider a mixed 

case of screw and edge dislocations. 

2.2. Assumptions Used at Modelling 

In this study we assume that traps are immobile (Sn atom is oversized 

comparing to atom of matrix) and diffusion of point defect is described 

mostly by diffusivities of point defects in pure Zr with corrections 

caused by traps presence. Therefore, further, without loss of generali-
ty, one can assume 

Zr

i i
,D D  and for the vacancy diffusivity, we use 

formula obtained in [63]: 

Zr Sn

v i

Sn v0 d

1 ,
exp( / )

c
D D

c c E T

 
= − 

− + − 
 

where for vacancy-solute complex dissociation energy we put 
B

d T
.E E  

 As known, the point defects diffuse anisotropically in pure Zr and in 

Zr-based alloys [15, 39, 60, 61, 63, 64]. The significance of the diffu-
sion anisotropy was confirmed by OKMC simulations [39] to describe 

radiation growth. At the same time, a question about anisotropic dif-
fusion of point defects remains debatable in literature and the most of 

theoretic reaction rate models incorporates assumptions of isotropic 

vacancy diffusion and anisotropic interstitials diffusion. 
 In our approach, we use so-called Diffusional Anisotropy Difference 

(DAD) model [60], which is still popular within the scientific commu-
nity probably because of its simplicity and its explanatory capacity. It 

allows us to relate our results to previously published [35, 36]. Their 

accuracy depends of course on a set of other microscopic parameters 

(defect clustering efficiencies), fitting parameters and limitation of 

model when one considers defect cluster concentration instead of in-
troducing dynamics of di-, tri-, tetra-, and, at least, penta-defect clus-
ters. The main idea here is to capture main results able to describe lo-
cality of loops distribution inside grains by using data for loop number 

densities from experiments. 
 Generally, one can consider the mean diffusion coefficient for point 

defects as =Zr Zr 2 Zr 1/3

q qa qc
([ ] )D D D , where 

Zr

qa
D  and 

Zr

qc
D  are diffusion coef-

ficients along a and c axis [65, 21, 22]. Following DAD model [28, 60] 
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diffusivity anisotropy will be measured by the correction factor 
* 2 6

( 3 ) / 3Z u u u−= + +  with 
Zr Zr 1/6

ic ia
( / ) ,u D D=  where in further cal-

culations we put =* *

iI iI

j jZ Z Z , =* *

vI vI

j jZ Z Z , and drop asterisk for con-
venience (to get more accurate description one can use vacancy diffu-
sivity anisotropy in a manner similar to interstitial diffusion anisotro-
py). 
 In further calculations, we consider an Zr–1.5% Sn alloy as the main 

object to study. We vary irradiation temperature, sink strengths, and 

consider local loops distribution inside grains. The model parameters 

are taken from a fitting of experimental data of neutron irradiation of 

Zy-2 discussed in [36, 54]. Material parameters and fitting constants 

used in simulations are shown in Table 1. In further computation we 

put r = 0.95 and use following values of defect clustering efficiencies: 
 =s

i
0.5 ,  =g

i
0.17 ,  =s

v
0.55 ,  =g

v
0.05  [34–36, 40, 63]. We take ex-

perimental value for network dislocation density equals to dislocation 

number density (0.1–1.0)1010
 cm−2

 in each crystallographic direction. 
The grain radius GB we vary from 4 m up to 10 m. A distance from 

grain boundary is measured in dimensionless units  = l/ GB. Irradia-
tion temperature varies in the interval 540–570 K. For the damage 

rate at irradiation by neutrons we take value KNRT = 10−7
 dpa/s accord-

ing to experimental data [54]. 

TABLE 1. Material parameters used in simulation. 

Parameter Value Dimension Ref. 

Lattice parameters for Zr (a, c) (3.2, 5.13)10−8 cm  

Atomic volume () 3.3210−23 cm3  

Equilibrium vacancy concentration (cv0) 
1.8eV/

0.54 Bk T
e−

 at. fract. [66] 

Equilibrium interstitial concentration 

(ci0) 
4.0eV/ Bk T

e−
 at. fract. [40] 

Thermal diffusivity of vacancies 
Zr

v
( )D  

2 0.93eV/
2.2 10 Bk T

e− −  cm2/s [28] 

Diffusivity of interstitials in c-direction 
Zr

i
( )

c
D  

4 0.15eV/
4.7 10 Bk T

e− −  cm2/s [28] 

Diffusivity of interstitials in a-direction 
Zr

i
( )

a
D  

4 0.06eV/
3.5 10 Bk T

e− −  cm2/s [28] 

Trap-vacancy binding energy 
B

T
( )E  0.3 eV [40] 

Stacking fault energy SF SF
( , )

a c   
9.051013, 
1.2421014 

eV/cm2 [67] 

Maximal number density 
c,max

V
( )N  81015 cm−3  

Fitting parameter N0 (KNRT = 10−7
 dpa/s) 5.610−4   

Fitting parameters (m, *) 1.9, 15.0   
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3. RESULTS 

3.1. Dose Dependences Analysis 

We start from dose dependences of loop number densities in both <a>- 
and <c>-directions obtained from the experimental data fitting shown 

in Fig. 1 (it is assumed that I V
).

m mN N=  It follows those curves for both 

<a>- and <c>-type loop densities manifest saturation behaviour with a 

dose accumulation and relate well to experimental data [53, 54, 69]. 
Here one needs to note that data shown in [53, 69] correspond to the to-
tal loop number density, whereas in our case one gets the loop number 

density in one of equivalent directions as one-third of the total loop 

number density. Moreover, corrections caused by temperature increase 

result in a decrease in the number of <a>-type loops. By considering a 

case of negligibly small amount of <c>-type loops one finds that ob-
tained dependences are comparable with those discussed in [34–36]: a 

transition to saturation regime for <a>-type loops occurs at doses 

around 4 dpa, whilst for <c>-type loops one has the transient behaviour 

at doses around 15 dpa with growth of 
c

V
N  from the critical dose of 3 dpa 

[5]; the difference only in values of both I

aN  and 
c

V
N  dictated by experi-

mental observations [54]. 

 

Fig. 1. Loop number densities in both <a>- and <c>-directions (solid, dashed 

and dash-dot curves) and experimental data ([53, 69] filled and empty squares 

for <a>-type loops and [54] empty diamonds for <c>-type loops). 
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 Computed values of loop radii in each direction are shown in Fig. 2, 
a. It follows that interstitial loops emerge together with vacancy loops 

in <a>-direction (cf. solid and dash curves), whilst <c>-type loops 

grow above the critical dose 3 dpa from a cluster of the size not less 

than 5 nm. 
 At small doses (see insertion in Fig. 2, a) interstitial loops emerge 

first, vacancy loops appear after some incubation dose and grow faster 

than interstitial ones. At further dose accumulation one observes de-
creasing dynamics of <a>-type vacancy loop radius meaning metasta-
bility of these loops, interstitial loop size manifests increasing charac-
ter only. A local decrease of <c>-type loops size is observed at doses re-
lated to transient regime of 

c

V
N  (see Fig. 1). The same behaviour of 

<c>-type loop radius was observed in previous theoretical studies, 

where different model for loop number density was used [34–37]. It 

follows that <a>-type loop size does not exceed value of 5 nm at doses 

up to 1 dpa that relates well to the most of studies of Zr-based alloys at 

neutron irradiation at the same temperatures (see [5, 53]). A coexist-
ence of vacancy and interstitial loops relates well to experimental ob-
servations (see [7, 8, 53, 69, 73]). By comparing <a>-type loop size at 

different doses one finds a difference in values up to 2–3 times, but the 

order of loop sizes is the same. The same is observed for <c>-type loop 

size. One needs to note that our model describes loop sizes in the same 

range as experiments. It relates mostly to different alloy compositions 

  
a b 

Fig. 2. Dose dependences of dislocation loop radii (a) and loop densities (b) (sol-
id, dashed and dash-dot curves) and experimental data from [54, 69, 70–72] 
(empty and semi-empty markers). Recalculated data from experimental obser-
vations from [54] are shown with crosses and snowflakes. Square markers be-
long to <a>-type loops, diamond markers correspond to <c>-type loops. Re-
sults are obtained at cSn = 1.5%, T = 570 K, GB = 7 m, 

10 2

N
0.7 10 cm ,

j − = 
 = 0.5. 
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and processing history, and possible synergetic effects of minor pro-
cesses, which we neglect: emission of defects by loops, formation of de-
fect complexes, their mobility, etc. The analogous situation is realized 

by considering values for loop densities shown in Fig. 2, b. Here, we 

obtain loop densities by using the standard definition 2 .
j j jR N
  

 =   

 In experiments (see empty markers from [54]), loop size, loop densi-
ty and loop number density were measured that leads to differences in 

computed and measured values (see cross and snowflake markers in 

Fig. 2, b). This evidence is well seen by computing loop density by using 

experimental values for both loop size and loop number density. It re-
sults in a good correspondence with values obtained by our modelling. 
At the same time, obtained values for loop densities relate well to ex-
perimental data from [71]. 
 Next, let us consider dose dependences of growth strains shown in 

Fig. 3. It follows that growth speeds in all Cartesian directions and val-
ues of ex,

 
y,

 
z
 is practically the same that predicts volume conservation. 

Generally obtained dependences relate well to data shown in [36]. In the 

top inset, one can observe that growth strains in X (Y) and Z directions 

differ at small doses. This effect is strongly related to an emergence of 

<a>-type vacancy loops, promoting deformation in Z direction. A strain 

induced by traps was computed as follows T v
(3 2 ) / 6 ,e V=  −    where 

Vv is relaxation volume [40]. The corresponding dose dependence is 

 

Fig. 3. Dose dependences of growth strains (experimental data are taken from 

[74]). 
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shown in the right inset in Fig. 3. It follows that effect of traps is negli-
gibly small comparing to other mechanisms governing radiation growth 

phenomena. Values of growth strains are higher by absolute value than 

experimental data for single crystals [74]. This difference is caused by 

the presence of <a>-type vacancy loops giving a contribution to growth 

strains from one hand and grain boundaries effect resulting in addition-
al contribution to growth strain rates, from the other one. Experimental 
studies of radiation growth in polycrystalline materials illustrate the 

same high values for growth strains (see, for example, [75, 76]). One 

should note that dose dependences of growth strains depend on texture 

[7, 75–77] that can explain a difference in the corresponding values. In 

our case, the texture is not considered, but a good agreement with exper-
imental data is observed at doses up 6 dpa. 

 

 

a b 

  
c d 

Fig. 4. Temperature dependences of loop radii (a), dislocation loop density (b), 
dose dependences of growth strains (c), and growth strains (d) at different 

doses. Results are shown at cSn = 1.5%, GB = 7 m, 
10 2

N
0.7 10 cm ,

j − =   

 = 0.5. 
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 From dose dependences shown above one concludes that a set of fit-
ting parameters and main assumptions used in simulations are rele-
vant to most of experimental data and theoretical models used previ-
ously to describe loops growth and radiation growth phenomena. 

3.2. An Influence of Irradiation Temperature 

By using protocols for dose dependences of all measured quantities, 

one can analyse the temperature influence onto dynamics of loop size, 
loop densities and growth strains. From results shown in Fig. 4, a it 

follows that an increase in the irradiation temperature results in 

growth of the interstitial loop size and decrease in the vacancy loop 

size. This effect becomes essential with dose accumulation, cf. panels 

at different doses in Fig. 4, a. An increase of the loop size with temper-
ature was reported in experimental studies (see Refs. [5, 7, 51, 53, 69, 

73, 78]). From Figure 4, b, one finds that the interstitial loop density 

increases with temperature, whilst vacancy loop densities of both <a>- 
and <c>-type loops decrease with temperature independently on dose. 
Dose dependences of growth strains at different temperatures illus-
trate a small difference in values of ez

 at the temperature increase, 
whilst a difference in values of ex,

 
y
 increases (see Fig. 4, c). This effect 

is caused by the corresponding dynamics of loop sizes. By considering 

temperature dependences of growth strains at different doses (see Fig. 
4, d) it follows that at small doses there is no essential changes in lat-
tice deformations. Observable changes are realized for growth strains 

in X and Y direction only at elevated doses. 

3.3. An Effect of Grain Size 

From obtained dose dependences shown in Fig. 5 one finds that an in-
crease in grain size promotes growth of interstitial loop size associated 

with a decrease in <a>-type vacancy loop radius. It is related to a com-
petition between interstitial and vacancy loops. By assuming that glis-
sile interstitial clusters have a diffusivity comparable to diffusivity of 

self-interstitials one finds that the time scale for these clusters to at-
tain grain boundaries as main sinks increases. It results in a growth of 

total network flux of defects to interstitial loops and an effective de-
crease of defect flux to <a>-type vacancy loops. At the same time, <c>-
type loops grow faster in large grains. 
 From dependences of loop radii on grain size at different doses one 

finds that both kinds of <a>-type loops tend to the same value of 4 nm 

at small doses. With further dose accumulation the difference in loop 

radii increases up to 2.5–4 nm. The size of <c>-type loop increases 

with the grain size up to 10 nm at doses around 10 dpa. With further 
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dose accumulation the loop size difference decreases down to 10 nm 

(see data for 15 dpa). At large doses there is no essential difference in 

loop radii. The corresponding loop densities shown at 10 dpa and 

15 dpa indicate that interstitial loop densities manifest growing de-
pendences with grain size growth, whereas vacancy <a>-loop density 

decreases and their density remains similarly the same, independently 

on accumulated dose (cf. lines with empty and filled circles). The densi-
ty of <c>-type loops slightly increase with grain size at elevated doses 

only. 
 By considering dose dependences of growth strains (see Fig. 6, a) one 

finds that values of ex,
 
y,

 
z
 are lower in large grains at small doses. At 

elevated doses, one gets larger values of ex,
 
y
 in large grains. The grain 

strain in Z direction remains small in large grains. The same results 

were observed experimentally [75]. One should note that such dynam-
ics is affected by a prehistory of material and texture parameters. 
From Figure 6, b one finds that grain size dependences of growth 

strains in X (Y) directions are different at different doses: at small 
doses ex,

 
y
 decay with the grain size. With the dose accumulation these 

growth strains manifest non-monotonic behaviour: a decrease in small 
grains and increase in large ones. It follows those values of growth 

strains in Z-direction increase monotonically with the grain size. 

3.4. Loops Distribution inside the Grains 

From physical viewpoint, grain boundaries are extremely powerful 

  
a b 

Fig. 5. Grain size dependences of loop radii (a) and loop density (b) at different 

doses. Results are shown for cSn = 1.5%, T = 570 K, GB = 7 m, 
10 2

N
0.7 10 cm ,

j − =    = 0.5. 
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sinks comparing to other ones due to they contain large amount of dis-
location cores as separated sinks of point defects and their clusters. 
This effect is enforced by grains disorientation resulting in grain en-
ergy increase. Therefore, loops of different sizes will be located at dif-
ferent distances from grain boundaries. In our study, we consider the 

simplest case of grain characterized by one liner size GB and study lo-
cal distribution of loops inside grains by computing loop radii in dif-
ferent segments of grains located at dimensionless distance  = l/GB  0 

from a grain boundary (the dimensionless distance  cannot take zero 

value (in close proximity to the grain boundary); mathematically it is 

related to a divergence −1/2
 of clusters sinks.). By using an initial loop 

size 
min

I,V
(0) 0.65 nmR   to scale the space, one can estimate the minimal 

value for the dimensionless distance as 
min min

min I,V GB
(0) / ,R =   where 

min

GB
4 m. =   

 Dose dependences of loop radii in different segments of grains are 

shown in Fig. 7, a. It follows that loops grow with different speeds and 

have different sizes depending on their location. In the grain centre 

  
a b 

Fig. 6. Dose dependences of growth strains at different grain sizes (a) and 

grain size dependences of growth strains at different doses (b). Results are 

shown at cSn = 1.5%, T = 570 K, 
10 2

N
0.7 10 cm ,

j − =    = 0.5. 
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(solid lines at  = 1) interstitial loops are characterized by elevated val-
ues comparing to those located closer to grain boundaries (see dotted 

lines obtained at  = 0.02). The opposite picture is observed for <a>-
type vacancy loops. In general, <c>-type loops manifest the same be-
haviour as interstitial loops: they are bigger in the grain centre seg-
ments and manifest complex growth dynamics. Loops of <c>-type are 

smaller in a vicinity of grain boundaries. 
 An essential difference in loop sizes (more than 1 nm) is observed 

only in a vicinity of the grain boundary at distances around 70% from 

the grain centre that is well seen from Fig. 7, b. Here, interstitial loops 

are of extremely small sizes due to fast diffusion of interstitials and 

their clusters toward grain boundaries (see curves with square mark-
ers). A lack of interstitials in these segments of grains makes possible a 

growth of <a>-type vacancy loops having larger size comparing to 

their size in the grain centre. Obtained results for local <a>-type loops 

distribution inside grains correspond well to data reported in experi-
mental studies (see, for example, [79, 80]). In grain boundary seg-

  
a b 

Fig. 7. Dose dependences of loop radii in different segments of grain located 

at distances  from a grain boundary (a). Plots (b), (c) and (d) relate to local 
distribution of loop radius, loops densities and growth strains at different 

doses, respectively. Results are shown at cSn = 1.5%, T = 570 K, GB = 7 m, 
10 2

N
0.7 10 cm .

j − =   
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ments the most of vacancies are captured by large <a>-type vacancy 

loops, therefore, <c>-type loops are characterized by smaller size com-
paring to already formed <a>-type loops. Out of grain boundaries they 

grow fast and the most of <c>-type loops attain equal size. The size of 

both kinds of <a>-type loops becomes equal with further dose accumu-
lation; at elevated doses the size of interstitial loops exceeds vacancy 

loop size. In most of experimental studies it is reported that loop size 

distribution at doses around (10–15) dpa is mostly homogeneous (see, 

for example, [54]). 
 We have shown that this situation realized mostly in regions located 

outside grain boundaries. Such local description of loop growth results 

in a conclusion of local distribution of loop density as it is shown in 

Fig. 7, c. Here loop density in X (Y) direction manifests decreasing de-
pendences with distance from the grain boundary. The difference in 

loop densities in the vicinity of grain boundary and grain segments is 

around 20% at 5 dpa. With the dose accumulation loop densities in-
crease but a difference in their values remains around 20%. At elevat-
ed doses (see plot at 30 dpa) one finds only a decreasing character of 

corresponding dependences. Such a decrease in a vicinity of the grain 

boundary results to a decrease in <a>-type vacancy loop size. One gets 

  
c d 

Continuation of Fig. 7. 
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an increasing character of the <c>-loop density at small doses. With 

the dose accumulation values of Z
 increase. A decreasing dynamic is 

observed in segments closer to grain boundaries (see plot at 30 dpa). 

The difference in loop densities inside the grain is around (10–15)%. 
Therefore, generally, one can operate with mean values with some er-
rors suitable for experimental observation, but local loop sizes distri-
bution results in local change of loop densities. Discussed locality in 

loops distribution over grain results in local deformation of grain at 

radiation growth. The corresponding dependences of growth strains on 

distance from grain boundary are shown in Fig. 7, d. Here elevated 

values of strains in X (Y) direction and low values of ez
 in a vicinity of 

grain boundaries are caused by a presence of large vacancy loops of 

<a>-type. With a distance  increase a competition of interstitial and 

vacancy loops promotes a decrease in ex,
 
y
 and an increase in ez

 by abso-
lute value. Growth strains remain practically of the same value around 

grain centre segments. 

3.5. Estimation of the Hardening 

All defects formed and developed at irradiation serve as obstacles to 

free motion of dislocations resulting in an increase in hardening. 
Hence, in computations of the hardening as macroscopic characteristic 

one operates with averaged quantities (mean dislocation loop size) over 

the whole system. By using protocols of dose dependences of all com-

 
 

a b 

Fig. 8. Dose dependences of the hardening change caused by different kind of 

loops (results are obtained at cSn = 1.5%, T = 570 K, GB = 7 m, 
10 2

N
0.7 10 cm )

j − =   (a). Dependences of total hardening change on tempera-
ture at GB = 7 m (filled triangles markers) and grain size at T = 570 K (empty 

triangle markers) at the accumulated dose 15 dpa (b). 
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ponents of the hardening, one can get parametric dependences of hard-
ening at fixed doses to elucidate an influence of main parameters con-
trolling mechanical properties change of the studied alloys. The corre-
sponding dose dependences of main components of the hardening and 

the total hardening are shown in Fig. 8, a. A growth of total hardening 

with dose accumulation is due to permanent growth of interstitial 
loops and <c>-type vacancy loops compensating a corresponding de-
crease induced by metastability of <a>-type vacancy loops. 
 Temperature and grain size dependences of total hardening shown in 

Fig. 8, b illustrate an increase in values of the yield strength with tem-
perature and a slight decrease with grain size. Both these effects are 

strongly related to behaviour of mean loop sizes. 

4. SUMMARY 

We have generalized rate theory model to describe an evolution of de-
fect structure and associated effects of radiation growth and harden-
ing change during neutron irradiation in Zr–Sn alloys under reactor 

conditions. The model allows one to consider an influence of point de-
fect clusters onto loop growth dynamics according to results of theo-
retical studies discussed in [6, 34–36]. We proposed a model for loop 

number densities evolution by taking into account mechanisms gov-
erning loops formation, nucleation and growth according to experi-
mental data. A set of fitting parameters is related only to maximal 
values of number densities and their crossover dynamics. By consider-
ing dynamics of loop size a loops nucleation with network of disloca-
tions is taken into account by considering an influence of domains lo-
calizing dislocations. 
 As shown, interstitial loops emerge at low doses, whereas vacancy 

<a>-type loops grow after small incubation dose. These loops attain 

the size of 5 nm at doses up to 1 dpa and coexist competing with each 

other at the studied temperature range. Interstitial loops manifest 

permanent grow (up to 20 nm at doses up to 30 dpa), whilst vacancy 

<a>-loops are metastable with maximal size around 10 nm. Loops of 

<c>-type emerge after critical dose of 3 dpa with minimal radius 

around 4–5 nm that is correlated with experimental data shown in [8]. 
They grow up to 50 nm at dose of 30 dpa. Obtained results relate well to 

experimental observations at small doses and correlate with novel ex-
perimental data at elevated doses [5, 53, 54, 69, 70–72]. 
 It was shown that interstitial loops grow in size with temperature, 

whereas vacancy loops size decreases with temperature that relates 

well to experimental observations [5, 7, 51, 53, 69, 73, 78]. This effect 

determines temperature behaviour of growth strains: elongation in 

X (Y) directions and decrease of crystal shrinking in Z direction with 

temperature growth. 
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 It was shown that large interstitial loops are realized in large grains 

(the same effect is observed for <c>-type loops), whereas vacancy <a>-
type loops decrease in size in large grains due to competition in defect 

net flux to interstitial and vacancy loops of <a>-type. It was shown 

that growth strains behave in nonmonotonic manner with varying 

grain size and this behaviour depends on the accumulated dose. Ob-
tained results are comparable with experimental data shown in [7, 75]. 
 The proposed model is exploited to study local distribution of loop 

sizes inside grains. It was shown that a decrease in interstitial loop size 

and increase in <a>-type vacancy loop size in the vicinity of grain 

boundaries relate to a difference in mobility of corresponding point 

defects and their clusters and, therefore, in a competition between de-
fect fluxes to these kinds of loops. As shown, homogeneous loop size 

distribution is observed out of grain boundaries. These results relate to 

discussions of experimental data [79, 80]. It was shown that local dis-
tribution of loops results in local deformation of the crystal. 
 By estimating mechanical properties change we have shown that the 

hardening grows with temperature and decrease with the grain size. 
Results of our modelling correlate well to the most of experimental da-
ta [7, 71, 75–77] and relate well to theoretical predictions [6, 28, 34–
37]. 
 We hope that obtained results correlated with experimental works 

will be useful to predict materials behaviour at different radiation 

conditions. 
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