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ABSTRACT
A reaction-diffusion model of the radiation growth (RG) of zirconium (Zr) is presented. It takes
into account the features of cascade damage: intra-cascade clustering of self-interstitial atoms
(SIAs) and their one-dimensional (1-D) diffusion, which occurs under neutron or heavy-ion
irradiations. It reproduces all the RG stages observed in neutron-irradiated pre-annealed pure Zr
and Zr alloys, such as high strain rate at low, strain saturation at intermediate and breakaway
growth at relatively high irradiation doses. It accounts for the striking observations of negative
strains in prismatic direction and co-existence of vacancy- and SIA-type prismatic loops. It
reveals the role of cold work in RG behavior and the reasons for alignment of vacancy-type
loops and voids along the basal planes. The maximum strain rates are estimated.
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1. INTRODUCTION
The RG of Zr-based materials is one of the main concerns for the safe operation of thermal
nuclear reactors, such as PWA and BWA. The experiments demonstrated that the deformation
takes place via formation of SIA-type dislocation loops on the prism planes, vacancy loops on
the basal planes, and vacancy annihilation at dislocations and grain boundaries.

The first theoretical model of RG was proposed by Buckley about 50 years ago [1] and several
other models have been published since then (see, e.g. [2] for a review). A common assumption
of the models is that the primary damage is produced in the form of point defects (PDs): single
vacancies and SIAs both migrating 3-D. This contradicts molecular dynamics (MD) simulations
on intra-cascade clustering of defects and 1-D diffusion of SIA clusters, which are similar in the
hcp and cubic metals [3,4]. The work by Holt et al. [5] is the only exception: it takes into
account defect clustering but assumes that all the clusters are immobile. Such an unrealistic
framework leads to unphysical assumptions when fitting to observations. So, the dislocation bias
factor was taken to be equal to 200% in [5], that is about two orders of magnitude larger than
those estimated experimentally in [6,7] and an order of magnitude higher than those calculated
using the elasticity theory (see, e.g. [8]). Even with this assumption, the model fails to reproduce
many experimental observations.

The situation described is similar to what it was in the research of void swelling in the bcc- and
fcc-type metals ~20 years ago [9], the time when the research of RG and void swelling deviated
from each other. Since then the theory of void swelling has made significant progress to account
for all observations and become consistent with modeling results (see the Production Bias Model
(PBM) in its modern form [6,9-11]). The distinguishing features of PBM, as compared to older
models, are in including (i) the cascade-production and (ii) 1-D migration of SIA clusters (small
interstitial-type dislocation loops). The PBM succeeds in explaining many striking observations,
e.g. the grain boundary effect in swelling and void lattice formation (see [11] for a review).

The displacement cascades in hcp Zr are found to be similar to those in cubic crystals; hence the
PBM should provide a realistic framework for the hcp metals. The basal-plane alignment of
vacancy loops [4] (Fig. 1) and voids [12] (Fig. 2) observed in hcp metals irradiated at low and
high temperature, respectively, is analogous to void ordering in cubic metals. This and other
similarities give reasons to expect that, with certain modifications for the features of the hcp
crystal structure, the PBM will be capable of describing RG. The aim of the present work is to
develop such a model.
1
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The paper is organized as follows. In Section 2, the RG is characterized in more details.
Sections 3 and 4 describe the background of the new model and give an analysis of the RG. A
summary of the work is presented in Section 5.

Fig. 1. Alignment of c loops in bands parallel with the basal planes in neutron-irradiated Zr
(from [16]).

Fig. 2. Alignment of voids in bands parallel to the basal planes in electron-irradiated high purity
Zr (from [12]).
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2. PROBLEM CHARACTERISATION
The RG in Zr and Zr alloys at temperatures T ≤ 300°C produces an expansion along a- and
contraction along c-axis. In an annealed Zr, a typical strain behavior is characterized by three
distinct stages (see, e.g. [13]). Stage I lasts for ~0.1-1.0 displacements per atom (dpa, NRT
standard [14]) and exhibits high strain rate. Stage II lasts for ~3 dpa and demonstrates a very
low strain rate, which is often interpreted as saturation. The strain rate during the stage III
increases with increasing irradiation dose and may reach values as high as ~10-3 dpa-1, which is
about the maximum value observed. This stage is usually referred to as the breakaway growth.
Transmission electron microscopy (TEM) reveals formation of prismatic loops with

(1/ 3)

1120 Burgers vectors during the stages I and II, and c-loops during the stage III. The

papers published so far have all failed to account for the following observations:
1. Preferential absorption of vacancies by c and c+a dislocations, which have larger
Burgers vectors and, hence, higher capture efficiency for single SIAs than a dislocations.
This is a major failure of the models where point defects are the only migrating species.
2. High strain rates during stage I and strain saturation during stage II.
3. The breakaway growth and its dose dependence during stage III.
4. Coexistence of vacancy- and SIA-type prismatic loops of similar size and density.
5. Observations of smaller values of the c than a strain and negative a strains.
6. The absolute value of the strain in c direction may be smaller than that in a direction, as it
can be seen on Fig. 3.

Fig. 3. Dose dependence of growth strain in neutron-irradiated pre-annealed single Zr crystals
(from [23]). Note that the absolute values of the c strain are smaller than that in a direction.

3
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3. THE NEW MODEL
3.1. Basic framework
The new model proposed here is an extension of the PBM (see [11] for a review) to the anisotropic
case of hcp crystals. More specifically, the following framework is used:
1. The microstructure consists of a- and c-type edge dislocations. Different prismatic
directions are treated independently, and the partial densities of dislocations, ρ j (

j = a1 , a 2 , a 3 , c ), with the Burgers vectors parallel to a1 , a 2 and a 3 prismatic directions
(see Fig. 4), respectively, may in general be unequal.
2. Mobile SIA clusters and PDs are steadily produced in displacement cascades.
3. The PDs execute 3-D random walk, whereas each SIA cluster migrate 1-D along the
direction of its Burgers vector, which is one of the close-packed 1120 directions along the
basal planes.
4. Dislocation bias factor for PDs and mutual recombination of PDs are neglected.
5. No repulsive interactions between defects are considered.

Fig. 4. Main crystallographic directions in hcp crystals.
3.2. Equations
In the framework of the model formulated, the equations for concentrations, C, of single vacancies
(subscript v), single SIAs (i) and SIA clusters (cl) are as follows

dCv
=
G − DvCv ∑ ρ j ,
dt
j
dCi
= G (1 − ε ig ) − DiCi ∑ ρ j ,
dt
j

(j=
a1 , a 2 , a 3 , c )
( j = a1 , a 2 , a 3 , c )

(1)

(2)
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dCclm
εg
=
G i − DclCclm km2 ,
dt
3n

(m =
a1 , a 2 , a 3 ) ,

(3)

=
G GNRT (1 − ε r ) is the defect production rate, GNRT being the NRT standard rate and ε r the
where
fraction of defects recombining in cascades; ε ig is the fraction of SIAs clustered in cascades; n is
the mean number of SIAs in a cluster; Dv,i are the vacancy or SIA diffusion coefficients; km2 is the
sink strength for SIA clusters migrating along m direction. The factor 1/3 on the right-hand side
(RHS) of Eq. (3) accounts for the equality of the production rates of SIA clusters in a1 , a 2 and a 3
directions. The first terms on the RHSs of Eqs. (1)-(3) stand for the production rates of
corresponding defects, while the second terms describe their loss at dislocations, including
dislocation loops.

The sink strength km2 in Eq. (3) is given by (see, e.g. in [11])
2

π

k = 2  ∑ r j rjm  ,
2 j

2
m

(4)

where rjm is the capture radius of dislocations with the Burgers vectors along j direction for the SIA
clusters with the Burgers vectors along m direction. In general, all the interaction radii are nonzero,
but the strongest interaction is for dislocations and SIA clusters with parallel and the weakest with
perpendicular Burgers vectors (an analysis of this can be found in Appendix). For simplicity, we
assume that SIA clusters interact only with dislocations with parallel Burgers vectors:
rjm = r0δ jm ,

(5)

where r0 is the capture radius and δ jm is the Kronecker delta. Eq. (4) for km2 is then reduced to

km2 = 0.5π 2 r02 r m2 .

(6)

The defect steady-state fluxes are found by equating the time derivatives in Eqs. (1)-(3) to zero:

DvCv =
DiCi =

GNRT (1 − ε r )

r

,

GNRT (1 − ε r ) (1 − ε ig )

r

(7)

,

(8)
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2 GNRT (1 − ε r ) ε i
,
3n
π 2 r02 r m2
g

DclCclm =

(9)

where m = a1 , a 2 , a3 and ρ = ∑ ρ j is the total dislocation density. The cluster flux in c direction
j

is equal to zero.

The dislocation climb rates, Vm, are defined through the net SIA fluxes to corresponding
dislocations as

 n DclCclj k 2j DvCv − DiCi
,
−

ρj
bj
bj
Vj = 
− 1 D C − D C ) ,
i i
 bj ( v v


j=
a1 , a 2 , a3 ,
(10)

j=
c,

where b j is the Burgers vector of j type dislocation. The strain rate, ε a , due to the climb of
prismatic dislocations in a particular a direction is calculated by summing contributions from
dislocations with different Burgers vectors (m = a1 , a 2 , a3 ) :

dε a
=
dt
=

ρ V b cos ϕ
∑=
2

m m m

m

m

∑ nDclCclm km2 − ρm ( DvCv − DiCi ) cos2 ϕm ,

(11)

m

where ϕ m is the angle between a and b m . The strain rate in c direction is given by

dε c
=
− ρc ( DvCv − DiCi ) .
dt

(12)

By substituting Eqs. (7)-(9) into Eqs. (11) and (12), one finally obtains

dε a
1 ρ 
=
c ∑  − m  cos 2 ϕm ,
dφ
ρ 
m 3

d ε χχ
ρ
= −χ ,
dφ
ρ

(13)

(14)

where φ = GNRT t is the irradiation dose and χ= (1 − ε r )ε ig is a parameter characterizing the
cascade damage. Note that χ =0 for non-cascade conditions, e.g. for irradiation with ~MeV
electrons, since the model neglects contribution of the point defects to the RG.
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In a Cartesian coordinate system where x-axis is along a1 , y along a 2 − a3 , and z along c , Eqs.
(13)-(14) take the following form
 ρ y ρz 1 
dε x
 1 ρx 
= χχ
+
− ,

 − =
dφ
ρ 2
2 ρ 
 ρ

(15)

dε y
1 ρ 
= χ  − y ,
dφ
2 ρ 

(16)

dε z
ρ
= −χ z ,
dφ
ρ

(17)

ρ x =ρa + ( ρa + ρa ) cos 2 (π / 3) ,

(18)

where
1

=
ρy

(ρ

2

a2

3

)

+ ρa3 cos 2 (π / 6 ) ,

(19)

ρ z = ρc .

(20)

The second form of Eq. (15) is obtained using the definition for the total dislocation density

ρ = ρ x + ρ y + ρ z ≡ ρa + ρa + ρa + ρc .
1

2

3

(21)

Note that Eqs. (15)-(17) satisfy the condition of zero total strain rate, independently of the
distribution of dislocation Burgers vectors over different directions:

dε x dε y dε z
+
+
=
0,
dφ dφ dφ

(22)

which is the volume conservation for pure growth process in the absence of swelling.

Finally, Eqs. (15)-(17) describe the strain rates in a single hcp crystal under cascade damage
conditions. The main predictions of the model are described in the next section.

7
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4. MODEL PREDICTIONS
Two basic features of the model follow from Eqs. (15)-(17) and are as follows.
1. The RG is governed by the production of SIA clusters in displacement cascades and
their 1-D migration in the close-packed directions along basal planes. Correspondingly,
the strain rates are proportional to the parameter χ determined by the cascade properties,
similarly to void swelling (see, e.g. [9]).
2. Sharing of the vacancy- and SIA- type defects in irradiated hcp crystals is asymmetrical:
the vacancies interact with all a- and c-type dislocations proportionally to their densities,
whereas the SIA clusters are mainly absorbed by a dislocations. The strain rates are
determined by corresponding fractions of dislocations: ρ x / ρ , ρ y / ρ and ρ z / ρ ,
rather than by absolute values of dislocation densities.
The model allows explaining, in particular, the following observations.

4.1. Stage I of RG in pre-annealed materials
0
0
0
ρ=
ρ=
1/ 3 .
For simplicity, consider isotropic initial distribution of dislocations: ρ=
x / ρ
y / ρ
z / ρ

As can be seen from Eqs. (15)-(17), in this case, the initial strain rates are large: χ / 6 and − χ / 3
for a and c strain rates, respectively, and do not depend on the dislocation densities. This explains
the high strain rates observed during stage I.

4.2. Stage II of RG in pre-annealed materials

To understand the strain saturation during stage II, one must take into account that with
increasing irradiation dose the initial distribution of dislocations is changed due to the cascade
production and subsequent growth of a dislocation loops. This leads to an increase of the total
dislocation density in a directions: ρ=
ρ x0, y + 2π Rx , y N x , y , where R and N are the radius and
x, y
number density of corresponding loops. Assuming that the distribution of dislocation Burgers
vectors along a directions is still isotropic, i.e. ρ x = ρ y , one can find from Eqs. (15)-(17) that all
the strain rates are directly proportional to the density of c dislocations

dε x dε y χ ρz
= =
,
2 ρ
dφ
dφ

(23)

dε z
ρ
= −χ z .
dφ
ρ

(24)
8
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If ρ z / ρ is very small, as usually observed in annealed materials and realized if

2π Rx , y N x , y >> ρ x0, y ,

(25)

the strain rates may decrease to a level which can be treated as saturation (see arrows on Fig. 5).
In other words, the stage II corresponds to a very small but nonzero strain rate.

Fig. 5. Dependence of a and c strain rates on fraction of c dislocations.

4.3. Stage III of RG in pre-annealed materials: breakaway grows

The occurrence of breakaway growth is known to correlate with the nucleation of c-dislocation

ρ z0 + 2π Rz N z
loops (e.g. [15]). Hence, the total density of c dislocations should increase as ρ=
z
, which will lead to an increase of the ratio ρ z / ρ and, consequently, of the strain rates, as
defined by Eqs. (23) and (24). Note also that similarity of the strain rates during stage I with
relatively low and stage III with much higher total dislocation density (including dislocation
loops) is explained by the fact that the strain rates are determined by the fractions of dislocations
of different Burgers vectors: ρ x / ρ , ρ y / ρ and ρ z / ρ , rather than their absolute values.
9
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4.4. Effect of cold work

As discussed above, the strain saturation during stage II occurs due to nucleation and growth of a
dislocation loops, which increases the total dislocation density in a directions. The condition for
occurrence of this stage, Eq. (25), is readily achieved in annealed materials with low initial
0
0
dislocation density, ρ x,y
, whereas in cold-worked metals ρ x,y
is not low and the condition may
not be satisfied, hence the strain rate may not saturate.

4.5. Negative a strains

According to Eqs.(15)-(17), the c-strain rate, d ε z / dφ , is always negative, which is in accordance
with observations. In contrast, the strain rate in a direction can be positive or negative depending on
the distribution of dislocation Burgers vectors: ρ x , ρ y and ρ z , thus explaining observations of
negative a strains, e.g. in [13]. The a strain rates in x and y directions may have different signs.
This can be seen in Fig. 6, where the dependence of strain rates on distribution of dislocations with
different Burgers vectors are presented, as given by Eqs.(15)-(17).

Fig. 6. Dependence of strain rates in a and c directions on distribution of dislocation Burgers
vectors, as described by Eqs. (15)-(17).
10
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4.6. Coexistence of vacancy and SIA loops

In older models it was believed that all a directions are equivalent. In this case, the coexistence of
vacancy and interstitial loops is problematic. One type of the loops must be kinetically more stable,
due to approximately the same net interstitial flux to both types of the loops. In the present model,
the a directions may differ because of the non-isotropic distribution of dislocations. This gives
possibility to explain observations by assuming that vacancy and SIA loops occupy different
equivalent prismatic planes. In this case, obviously, the Burgers vectors of vacancy loops must be
along such a direction for which d ε a / dφ < 0 and vice versa. Experimental data for a strains are
not well characterized, as for now, to verify this idea, but necessary experiments can be designed.

4.7. Alignment of vacancy-type defects

A planar alignment of the vacancy-type loops and voids in c-planes observed in neutronirradiated hcp metals [16,17] is analogous to void ordering in cubic metals and must have the
same origin, which is due to interaction of vacancy defects with the SIA clusters diffusing 1-D
along close-packed crystallographic directions (see, e.g. [18]).
At high temperature
corresponding to the void swelling regime, the void alignment in hcp metals must be driven by
the SIA-cluster-void interactions. At low temperature, the alignment of c-type vacancy loops
must also be due to the interaction with the SIA clusters, but the exact ordering mechanism is not
yet clear. There are at least two possibilities: (a) via complete annihilation of unaligned loops or
(b) by the loops repulsion by moving SIA clusters. Modeling by MD may clarify the issue.

4.8. On the planar alignment of vacancy-type defects in Zr under electron irradiation

The planar alignment of the vacancy type defects was found in Zr under irradiation with 1 MeV
electrons as well neutrons [12]. This is quite different from cubic crystals, where the void
lattices never form under electron irradiation. As yet, the only reasonable explanation proposed
for the alignment of vacancy defects is the interaction with interstitial defects with reduced 1- or
2-D migration mode. Since the primary damage in Zr irradiated with 1 MeV electrons is in the
form of single vacancies and SIAs, it is reasonable to expect 1- or 2-D diffusion of single SIAs
along basal planes in this metal. Ab initio calculations [19,20] predict octahedral to be the most
11
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stable SIA configuration in Zr, however, and this should migrate 3-D. The resolution of this
discrepancy is important for understanding general physics and constructing interatomic
potentials for MD simulations, and is discussed in a forthcoming publication [21].

5. ESTIMATES OF THE MAXIMUM STRAIN RATES

5.1. Absolute maximum

It follows from Eqs. (15)-(17) that the absolute values of strain rates increase with increasing ρ z
and take maxima at ρ z / ρ → 1 (hence ρ x , y → 0 ), which are determined by the cascade properties:

 dε y 
 dε x 
χ
,
=

=

 dφ max  dφ max 2

(26)

 dε z 

 = −χ .
 dφ max

(27)

To make numerical estimates, one needs values for the parameters ε r and ε i . There is no
systematic MD and experimental studies of the cascade properties in Zr, so we use data for neutronirradiated fcc copper: ε r =0.9 and ε ig =0.2 [6], for which χ =2×10-2, since the cascade damage is
not drastically sensitive to the type of the lattice. With these data, the maximum strain rates in a and
c directions defined by Eqs. (26) and (27) are equal to 10-2 dpa-1 and -2×10-2 dpa-1, respectively.
The maximum rates found experimentally are an order of magnitude smaller, ~10-3 dpa-1. This large
difference is because the condition ρ z >> ρ x , ρ y , used to derive Eqs. (26) and (27), is never
realized. In fact, the density of c-dislocations is always significantly lower than that of adislocations.

5.2. Isotropic distribution of dislocations

For isotropic distribution of dislocation Burgers vectors: ρ=
ρ=
ρ z , Eqs. (15)-(17) give
x
y

12
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 dε y 
 dε x 
χ
,
=

=

 dφ max  dφ max 6

(28)

 dε z 
χ

 = − .
3
 dφ  max

(29)

These strain rates are three times smaller than the absolute maximum values given by Eqs. (26) and
(27), but still about three times higher than the maximum observed. Usually ρ z < ρ x , ρ y , hence the
strain rates predicted by the model are close to reality, which is encouraging. Note also that the
absorption of the SIA clusters by c dislocations is expected to be insignificant and is ignored in the
model, but may also contribute to decreasing strain rates.

5.3. High strain rates at small density of c dislocations

The two cases considered above give positive a strain rates. According to Eqs. (15) and (16), this
occurs in the region of dislocation densities, defined as

 1 ρz  ρ y 1
2− ρ ≤ ρ ≤ 2 .



(30)

Outside this region, the strain rates in x and y directions have different signs. In this case, the
maximum a strain rates of the order of those given by Eq. (26) may be achieved even at small
values of c dislocation fraction. So, if ρ x , ρ z << ρ y then d ε x / dφ = χ / 2 (cf. Eq. (26)),

d ε y / dφ = − χ / 2 , and d ε z / dφ = 0 (see also in Fig. 6).

13
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6. SUMMARY
An RG model of hcp materials irradiated at temperatures below that of the swelling regime
(<300°C for Zr) has been developed, which takes into consideration correct nature of the cascade
damage as revealed by the ab initio and MD calculations. In the model, the RG is governed by
the production of SIA clusters in displacement cascades and their 1-D migration in the closepacked directions along basal planes, while the main effect comes from asymmetrical sharing of
the vacancy- and SIA-type defects: vacancies interact with all dislocations proportionally to their
densities, whereas SIA clusters are mainly absorbed by a dislocations. This is because the cascades
produce SIA clusters with the Burgers vectors along a directions, hence interact more strongly with
a dislocations. This allows all important observations to be accounted for. In particular, the
model gives explanation to the following observations:
1. High strain rate at low irradiation doses in pre-annealed materials (stage I of RG).
2. Saturation of strain at intermediate doses in pre-annealed materials (stage II of RG).
3. The breakaway growth at high enough doses in pre-annealed materials (stage III of RG).
4. Coexistence of vacancy- and SIA- type prismatic loops.
5. Higher absolute values of the c strain than those for perfect correspondence to a strain.
6. Negative a strains.
7. Absence of stage II (strain saturation) in materials with high dislocation densities.
8. Alignment of vacancy type defects, dislocation loops and voids, along the basal planes.
In addition, the maximum strain rates have been estimated.

The theory proposed resolves the major failure of the older models where the point defects are
the only migrating species; namely that the vacancies are absorbed preferentially by c or c+a
dislocations, which have larger Burgers vectors and, hence, higher capture efficiency for single
SIAs than a dislocations.

The theory proposed predicts positive total prismatic strain, when negative a strain is observed.
This result, hence the validity of the model, can be verified experimentally. The success of the
model in explaining all main observations indicates that a practical theory of irradiation growth
is possible, where the critical processes and, hence, the ways of improving materials properties,
may be elucidated.
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APPENDIX
The interaction between a dislocation loop and an edge dislocation depends strongly on their
mutual orientation. This was analyzed by Makin [22] using infinitesimal loop approximation in
the framework of the isotropic elasticity theory. The corresponding interaction energy can
readily be obtained with the aid of Eqs. (1) in [22] for the components of the stress tensor, σ ij , as

E = A∑ i , j σ ij bi n j ,

(A1)

where bi is the component of the cluster Burgers vector on j direction and An j is the area of the
loop resolved onto a plane perpendicular to the i direction. The result is as follows.

Consider a Cartesian coordinate system with x1, x2 and x3 axes and a straight edge dislocation
with its line along x3 direction (line sense) and the Burgers vector along x1 (see Fig. A1), and
distinguish two cases. The first case represents an a-type dislocation with the Burgers vector ba;
the SIA cluster moves in the plane perpendicular to x3 direction, hence containing x1 and x2
vectors and its Burgers vector is at an angle α to the dislocation Burgers vector and x1. The
interaction energy in this case is defined by the following equation:

Fig. A1. Orientation of prismatic loops near dislocation line.
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Ea
=

(x

E0ba n

2
1

)

2 2
2

+x

2
2
2

+ 2 x1 ( x12 − x22 ) cos sin + x2 ( x12 − x22 ) sin 2  , (A2)
 − x2 ( 3 x1 + x2 ) cos aaaa

µΩ / 2π (1 − ν ) ; µ is the shear modulus, ν is the Poisson ratio, Ω is the atomic
where E0 =
volume, and n is the number of SIAs in the loop, which enters via the relationship Ab = Ωn .

The second case corresponds to the c-type dislocation with the Burgers vector bc. In this case,
the SIA cluster moves in the plane perpendicular to x1 direction, hence containing x3 and x2
vectors, and its Burgers vector is at an angle β to the dislocation line and x3 (see Fig. A1). The
interaction energy in this case is given by
=
Ec

(x

E0bc n

2
1

)

2 2
2

+x

 x2 ( x12 − x22 ) sin 2 bnb
− 2 x2 ( x12 + x22 ) cos 2  .


(A3)

The interaction energy of a and c dislocations with a 10 SIA cluster at 573K is presented on Fig.
A2 as a function of the distance along the cluster Burgers vector direction for different impact
factors: the closest distance between the cluster and dislocation line. The red curves on this
figure correspond to α = 0 in Eq. (A2), when the Burgers vectors of an SIA cluster and an a
dislocation are parallel to each other, hence are described by the following equation:

Fig. A2. Interaction energy of a 10 SIA cluster with a and c dislocations calculated using Eq.
(A2). The red curves correspond to the case α = 0 , the blue ones to β = π / 2 .
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Ea (a = 0 ) = − E0ba n

x2 ( 3 x12 + x22 )

( x12 + x22 )

2

.

(A4)

The blue curves correspond to the case β = π / 2 in Eq. (A3) for the cluster interaction with c
dislocation:

x2 ( x22 − x12 )
π

Ec  b =  = − E0bcd n 2
.
(A5)
2
( x1 + x22 ) 2

The calculations were performed with µ = 33GPa, ν = 0.34, Ω= 2.58x10-29 m-3, for which E0
=1.15 eV.

Fig. A3. Trapping zones of a and c dislocations for a cluster of 10 SIAs.

Fig. A3 shows the trapping zone boundaries of a and c dislocations for a 10-SIA cluster at 573K
for the same cases as on Fig. A2 (i.e. α = 0 and β = π / 2 ). These are defined by the equality of
the binding energy and the thermal energy kBT (kB being the Boltzmann constant, T the absolute
temperature): –Ea,c=kBT, and are described by the following equations for a and c dislocations,
respectively:

=
x1 x2

( 3 f a − 1) ± ( 3 f a − 1) − (1 − f a )
2

,

(A6)
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=
x1 x2

( f c − 1) ± ( f c − 1) − (1 + fc )
2

,

(A7)

 / x , and E = nE / 2k T . The dashed lines on Fig. A3 show the
 / x , f = Eb
where f a = Eb
a
2
c
c
2
0
B

positions of the minimum interaction energy (maximum attraction):

x1 = x2 / 3E ,

(A8)

x1 = x2 3E ,

(A9)

for a and c dislocations, respectively.

As can be seen from the figures, there is a qualitative difference between the cluster interaction
with a and c dislocations: in the first case, the clusters are attracted at any distance, whereas, in
the latter case, there is a repulsion area around the dislocation core and attraction beyond this
area. Hence, the absorption of clusters by c dislocations should probably not happen. Also, as
can be seen in Fig. A3, the clusters should spend much of their time near c as well as a
dislocations in the areas, where –Ea,c>kBT. So, one may expect that the decoration of c
dislocations, as well as a dislocations, with the SIA clusters should takes place.
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