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Abstract

Irradiation growth of single-crystal Zr is modeled with a reduced set of
cluster dynamics equations. Nucleation and growth of basal and prismatic
dislocation loops are both accounted for in the model. Equations are
developed for the time evolution of single point defects, a limited number
of point defect clusters, interstitial and vacancy loop nucleation rates, as
well as for the growth of vacancy loops on basal planes and interstitial
loops on prismatic planes. Reduction of the usual infinite hierarchy of
cluster dynamics equations to the simple set studied here is justified on the
physical basis of the stability of small loops once nucleated. This simplified
cluster dynamics model with a small number of adjustable parameters
avoids the complexity of explicit representation of higher order point defect
clusters. The model shows consistency with experimental observations of
the following aspects: (1) The growth rates of Zr crystals along the a-
and c-axes; (2) the onset dose for breakaway irradiation growth; (3) the
saturation dislocation loop densities of vacancy and interstitial loops; (4)
the effects of cold work and temperature on irradiation growth.
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Zr Irradiation Growth (Li & Ghoniem)

1. Introduction

Irradiation growth is a phenomenon that describes dimensional changes
without an applied stress. The phenomenon is found in irradiated HCP
metals, especially zirconium, and is characterized by an expansion along
the a-axis and contraction along the c-axis of hexagonal crystals. Experi-
ments have shown that irradiation growth of annealed Zr crystals consists
of three distinct stages [1]. Stage I exhibits a steep strain increase from ~ 0.1
to ~ 1 displacements per atom (dpa). Stage II displays a very low strain
rate, often recognized as a strain plateau and lasts up to ~ 3 dpa. Stage III
at high dose is referred to as the breakaway stage, accompanied with an
accelerated growth strain rate. These different growth strain behaviors are
believed to be strongly correlated with the formation and growth of both
prismatic {(a)- and basal (c)-dislocation loops. In cold-worked materials
however, the strain rates are relatively high from the very beginning, and
no strain plateau is formed [2, 3]. Irradiated Zr and its alloys develop a
highly complex and dynamical defect microstructure, characterized by a
mixture of mobile and sessile defects of both interstitial and vacancy types.
The development of the defect network leads to a variety of changes in the
macroscopic mechanical properties, including irradiation growth. The in-
fluence of such changes in the microstructure is generally deleterious, and
is associated with a degradation in the longevity of the fuel cladding in
Light Water Reactors (LWR), potentially compromising their safety. Ex-
perimental data for irradiation growth of Zr-based materials have been
extensively summarized recently by Adamson [4].

A number of theoretical models have been developed to study the
irradiation growth since the early 1960s, primarily based on a rate-theory
approach (the reader is referred to more dedicated reviews [4-6]). Some
early models assumed that only interstitial loops were formed during
irradiation and growth occurred due to an excess of vacancies absorbed by
grain boundaries [7, 8]. Transmission electron microscopy observations of
irradiated Zr samples, however, revealed the co-existence of interstitial and
vacancy-type (a)-loops, and the formation of vacancy-type (c)-loops [9]. A
significant step in understanding irradiation growth was achieved by Woo
and Gosele, who introduced the concept of intrinsic interstitial anisotropic
diffusion, or known as the Diffusion Anisotropy Difference (DAD) [10, 11].
DAD provided a means of having variable bias differentials according
to the orientation of the sinks, and thus explains the opposite defect flux
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toward a- and c-axes, as well as the crucial role of {c)-loops in the breakaway
growth of annealed crystals. Another achievement was made by Holt et
al. [12] by introducing the Production Bias Model (PBM). In the PBM, an
attempt was made to account for differences in the production rates (hence
bias) of cascade-induced interstitial and vacancy clusters.

Recent progress in modelling the irradiation growth based on the rate
theory approach was achieved by Christien et al. [13], Choi et al. [14],
and Barashev et al. [15]. By means of cluster dynamics accounting for
the DAD concept, Christien et al. [13] have successfully reproduced the
irradiation growth of single crystal zirconium. However, their model as-
sumed that only point defects are mobile whereas all clustering defects are
sessile. Such an assumption is not consistent with experiments and atomic
simulation results, where small SIA clusters are highly mobile and migrate
one-dimensionally along close-packed directions in Zr [16]. They also hy-
pothesized that vacancy-type (c)-loops nucleate on small iron clusters with
an initial radius. Choi et al. [14] have then developed a mean-field rate
theory based model. Incorporating the bias differentials for different sinks,
the model has been extended to study the irradiation growth in polycrys-
tal zirconium. Unfortunately, only point defects were considered in their
model and c-axis growth strain was not shown. In contrast, Barashev et
al. [15] proposed a reaction-diffusion model based on the PBM concept.
Specifically, a-axis growth in their model was contributed from the 1D mi-
grating SIA clusters. However, the interactions between different mobile
species, such as the interstitial-vacancy recombination were neglected. In
addition, their c-axis growth strain was two times larger than experimental
data. More importantly, the nucleation rates of both {a)- and {c)-loops in
two latter models were fitted rather than modeled for the sake of reproduc-
ing experimental results. A physical and detailed description on the loop
nucleation and growth, as well as their influence on the irradiation growth
is still missing. Under this circumstance, a cluster dynamics model with a
reduced set of rate equations is developed, which accounts for the mobile
point defects, the mobile SIA clusters and the nucleation and growth of
interstitial and vacancy loops. The model specifically avoids heavy com-
putations of brute force cluster dynamics with traditionally large numbers
of Ordinary Differential Equations (ODEs), and large-scale Monte Carlo
stochastic cluster dynamics simulations.

We first describe a proposed hybrid model that accounts for both nu-
cleation and growth of dislocation loops in single-crystal Zr in the next
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section, where key features associated with experimental observations of
irradiation growth in Zr are summarized in subsection 2.1. The proposed
cluster dynamics equations representing single point defects and their clus-
ters are presented in subsection 2.2. Stages of dislocation loop nucleation
and growth are discussed in subsection 2.3, and the experimental data and
model parameters are given in subsection 2.4. Results of the model are
then presented in section 3, where comparison with experimental data is
given and the influence of key model parameters is discussed. Finally, a
general discussion and conclusions of the study are presented in section 4.

2. Model Description

2.1. Irradiation Growth Mechanisms

Dislocation loops created by neutron radiation damage are the domi-
nant source of irradiation growth in single crystal zirconium. These loops
are either (a)- or (c)-dislocation loops, lying on the prismatic and basal
planes, respectively [17-20]. Experimental observations have confirmed
the co-existence of both perfect vacancy and interstitial type (a)-loops with
Burgers vector b = 1/3(1120). The ratio of vacancy-to-interstitial loop den-
sity strongly depends on the irradiation temperature. By contrast, only
vacancy-type (c)-loops have been observed on the basal planes, which are
either faulted with Burgers vector b = 1/2(0001) and b = 1/6(2023) or per-
fect with b = (0001). Additionally, (a)-dislocation loops are formed during
stages  and II of irradiation, whereas (c)-dislocation loops can be observed
during stage III only, after an incubation dose of several displacements per
atom (dpa).

Irradiation growth of Zr is then associated with the interaction between
small radiation defects and nucleated dislocation loops. A large amount
of point defects, i.e., vacancies and interstitials are generated during stage
I. The migration energy of interstitials is much lower than their vacancy
counterpart. The difference in the diffusivity of vacancies and intersti-
tials and the bias due to elastic interaction with interstitials induces a net
interstitial flux towards the (a)-dislocation lines and loops lying on the
prismatic plane, which results in an early expansion along {a) directions.
This concept is well established in the Ball’s work [21].

During the transient regime of early irradiation (below a few dpa),
interstitials are continuously absorbed by various dislocation-type sinks
until quasi-equilibrium is achieved. At this middle stage, the net flux of
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point defects to interstitial loops decreases or is nearly to zero, which leads
to the formation of a irradiation growth plateau. Although recent Molec-
ular Dynamics (MD) simulations [22] show a new possible mechanism
that the remaining vacancies agglomerate into {a)-vacancy clusters during
stage II and compensate the expansion due to {a)-interstitial clusters, the
basic idea remains the same — the dynamic balance between the vacancy
and interstitial fluxes.

Along with the formation of (a)- and (c)-dislocation loops in prismatic
and basal planes during stage III, there is a “bias” towards interstitials
due to the elastic interaction between dislocations and point defects. This
“bias” results in the net accumulation of interstitial or vacancy point de-
fects at dislocation loop sinks with different orientations. The continuous
growth of these loops finally results in what is known as “breakaway
growth” behavior, where the growth rate is nearly constant.

For the sake of reproducing the aforementioned three stages of irradia-
tion growth, a proposed model should be able to characterize the evolution
of defect concentrations as a function of radiation dose, the nucleation of
dislocation loops, and their subsequent growth. In addition, the model
should consistently describe a wide range of experimental observations.
In next section, a cluster dynamics model with limited rate equations is
introduced.

2.2. Cluster Dynamics Equations

Four major microstructure features are taken into account in the present
model. These are (a)- and {c)-edge dislocation lines, interstitial type (a)-
dislocation loops and vacancy type {c)-dislocation loops. Assuming that
the dislocation line density does not change during irradiation, dislocation
loops grow or shrink by absorbing mobile defects. The total dislocation-
type density of sinks for mobile defects is thus expressed as

Prot = Py + Py + Py + P (1)
= pg + pg + 27’(1’?11\]3 + ZHrEZN;,

where pf and p¢ are edge dislocation densities, and pf, and p¢, are interstitial
and vacancy dislocation loop densities, with Burgers vectors along a and
c directions, respectively. 7} and r¢, are the mean radii of interstitial and
vacancy type loops, and Nj and N, are number densities of interstitial and
vacancy type loops. Vacancy type (a) dislocation loops are not considered
in this study.
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The mean-field rate theory is based on the concept that all sinks are
homogeneously distributed in space and that they receive an identical mo-
bile defect flux [23-25]. Prismatic dislocations along the three equivalent
directions al, a2, and a3 have three-fold symmetry as a result of hexago-
nal crystal symmetry, and are thus represented together as a-dislocations.
Moreover, vacancy- and interstitial-type prismatic loops of larger enough
size have almost the same efficiency for absorbing mobile defects [6].
Hence, they cannot grow at the same time in the clusters dynamics frame-
work. Neglecting vacancy loops on the prismatic plane would therefore
not cause any problem. This rationale has been widely demonstrated by
several investigators [13-15]. Additionally, recent MD simulations have
further confirmed this assumption. It is revealed that the vacancy type
(a) clusters are usually formed during stage II, and that they are quickly
annihilated at high dose due to the bias diffusion of interstitials. Accord-
ing to MD simulation results [22], newly-generated vacancy loops during
stage III are (c)-component loops lying on the basal plane. Modelling the
co-existence and growth of both vacancy- and interstitial-type prismatic
loops is further discussed in section 3.3.

MD simulations have shown that the majority of defects produced in
displacement cascades of Zr consists of point defects and small-size clus-
ters containing several number of point defects [26]. The model developed
in the current work therefore accounts for mobile point defects, mobile di-
interstitial and tri-interstitial clusters, and sessile vacancy clusters lying on
the basal plane as the primary damage in cascades. The generated point
defects exhibit 3D isotropic diffusion in the lattice, while di-interstitials
and tri-interstitials are considered as one-dimensional (1D) mobile Self-
Interstitial Atom (SIA) clusters migrating along a directions [27]. The
system then evolves due to reactions involving diffusion of mobile de-
fects, and the nucleation and growth of both vacancy and interstitial loops.
Interstitial clustering is assumed to result from diffusional migration of
interstitial atoms, and these interstitial prismatic loops grow or shrink by
interacting with point defects and mobile SIAs clusters. On the other hand,
vacancy loop formation is taken to result from the athermal collapse of col-
lision cascades [6, 28], and these vacancy basal loops can interact with
point defects only, namely single interstitials and single vacancies.

The evolution of defect concentrations (per unit volume), C, of single
vacancies (subscript v), single SIAs (i), di-interstitals (2i) and tri-interstitals
(3i) is obtained from the following mass conservation rate equations
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dC, GNRT e v v v
dt :T(l - evff) - Rivcvci - ptotDUC’U - ,BZjCZiCZi - ﬁg,l'CvCBi (2)
dC; GNRT . .
PR (1 — €2 — €3i) + 5,CoCai + 205, Coi + a3, G 3)
— RwCoCi = pioeDiCi = 2B3,CiC; — B, CiCor — B1,CiCs
dCz,‘ GNRT €r; i i v
7 = 0 7 + ﬁlinCi + a3i¢3i + ‘331-CUC31' (4)
— K2D2iCoi — ab,Cai — B5,CiCai — B5,CoCai
dCy GMfTey i i )
—2 = = + By CiCoi — KD5Cs; — al,Cai — B5,CiCai — B5C.Cai - (5)
dt Q 3
where GMRT is standard dose rate in dpa/s and Q is the atomic volume. €y,

and e5; are the fraction of SIAs produced in the form of mobile di-interstitial

and tri-interstitial clusters. €7/ is the effective fraction of vacancies pro-

duced in vacancy clusters, depending on the vacancy loop number density.
Pl = PZL + pSZL + piZl + Qpt,Z! is the effective total dislocation sink
strength which accounts for the bias factor Z, of point defects (j = i,v)
for k-type of sinks (k = da,dc,il,vl). Moreover, Q is an effective absorp-
tion efficiency for vacancy loops that accounts for the limited absorption
of stacking fault tetrahedra (SFT5s) of single vacancies. D; is the diffusion
coefficient of j-type monomers (j = i,v,2i,3i). And Ry, = 4nri(D; + D,) is
the recombination rate of point defects characterized by the recombination
radius r;, [13]. '

In Egs. (2)-(5), ﬁ; ; represents the reaction frequency at which a n-size
SIA cluster reacts with a point defect of type j, a! . the interstitial emission
frequency for a n-size SIA cluster. The reaction rate for spherical interstitial-
interstitial aggregation is written as [29, 30]

,Bﬁz- =4n(r; + r;)D; (6)

173, . . . . .
where r; = (%) is the point defect radius. Discarding 1D-1D reactions

between interstitial clusters, the reaction between 3D diffusing point de-
fects and 1D migrating SIA clusters is decomposed into two parts:
io— glim 4 g 7)

ni ni ni(im)
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where ﬁi(iim) is the reaction rate of 1-D migrating SIA cluster of size n

interacting with an immobile point defect (j = 7,v), and ,8,]1 iim) 18 the rate for

a 3D diffusing point defect interacting with an immobile SIA cluster [30].

w = (Y DuC; ®)
I = 27'U’m'D]'

ni(im)
1/2
where r,; = (n’lll%) is the radius of n-size SIA clusters. Next, because
of the low probability of point defect emission from small-size interstitial
clusters, we only consider the thermal dissociation of di-interstitials, while
all larger clusters are thermally stable. The thermal dissociation rates are
then given as [31]:

i i Egi
ay; = B exp _kBT )
a. =0 (n>3)

where EJ. is the binding energy of di-interstitials.

The positive terms in the right-hand sides (RHSs) of Egs. (2)-(5) account
for the production of point defects and SIA clusters, while the negative
terms account for the loss due to their interaction and absorption. The sink
strength for 1D migrating SIA clusters, k? is then given by [15, 32, 33];

e=2(5) (0

where r; is the capture radius of dislocations and loops for mobile SIA
clusters and p” = pf + pf is the density of the dislocations in the prismatic
plane, including both dislocation lines and dislocation loops.

2.3. Nucleation & Growth of Sessile Loops

We turn our attention now to the development of nucleation rate equa-
tions for sessile vacancy and interstitial dislocation loops. It should be
noted that not much is known about the nucleation of loops, especially
on the basal planes. In this reduced cluster dynamics framework, the
nucleation of these sessile loops takes place only if the net flux of the cor-
responding mobile defects is positive. Since 4-SIAs clusters are arranged
in the form of perfect (a) loops, as seen in MD simulations [27], the critical
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nucleus size for SIA loops is therefore taken as 4 interstitials. Although
small clusters acquire high 1D mobility in MD simulations, the diffusivity
of SIA clusters consistent with experimental observations is always much
smaller [34]. This may be associated with the presence of atomic size traps
(i.e. impurities). Moreover, it will be shown that the interstitial loop den-
sity reaches a quasi-steady state (i.e. slow variation with dose) in less than
1072 dpa. Following references [28, 35, 36], all SIA clusters larger than
four interstitials are thus considered as sessile loops over the long-time
scale. For more details related to the assumptions that allow truncation of
the cluster dynamics hierarchy, the reader is referred to our earlier works
[36, 37]. On the other hand, the nucleation of vacancy {c) loops is charac-
terized by collisional rather than diffusional atomistic events, as shown in
[38]. Accordingly, the nucleation rate equations for interstitial and vacancy
loops are given as:

N
ke B5.CiCsi (11)
NS, GNRTe,

1-V; N¢

dt - nriucl |bc|( cap vl) (12)

where 1, is a characteristic size for vacancy cluster nuclei. Based on
atomistic simulations, the vacancy clusters generated in cascades consists
only several vacancies and are generally immobile [26]. The characteristic
radius of the loop nucleus is taken to be that of a tetra-vacancy, 7,4 = 74,.
€, is the fraction of vacancies produced in vacancy clusters within one free

cascade, which holds the relation ef,f f = €y (1 = VNG ,). And the last term

cap

(1 - VgapN;l) on the RHS of Eq. (12) accounts for the overlap effect of va-
cancy loops; V¢, = 1/N;,,, being the effective loop volume for coalescence,
and N, is the saturation density of (c) vacancy loops. Note that a compre-
hensive dose-dependent nucleation description generally requires a large
number of cluster dynamics equations, one for each cluster size. How-
ever, in next section we will show that the present reduced cluster dynamics
model with a small number of rate equations can qualitatively reproduce
all experimental observations, including the temperature dependence of
the steady-state loop densities. It also shows a great capacity in emulating
the irradiation growth of single crystal Zr, which is intimately related with
the sink strength (or dislocation density) rather than solely the density of
loops.
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Then using the mean-size approximation, the sessile loop radii can be
expressed in terms of the loop density and the total number of defects in
the interstitial or vacancy type loops S? and Sj

st

2\ o 2 _ !
() ~ () = N (13)

¢ : 5
(057) = ) = 7 |be| N, .

where b* and b° are Burgers vectors along a and c directions. The growth
and shrinkage of sessile loops are characterized by interstitial or vacancy
absorption. The change rates of total numbers of defects (per atomic site)
in the loops are therefore expressed as

Q78" = =2nrNY(Z3DoCyy — Z4,DiCy) + 2Kk5,D2:Co; + 3k

ila

Ds;;iCs; (15)

Q718 = Q2nr N<(Z8,D,C, — Z D,C;) (16)

The rate of change of interstitial loops comprises point defect absorption
(tirst term) and the contribution from the 1-D migrating SIA clusters (sec-
ond and third terms). The partial sink strengths k> of sessile interstitial
loops for these mobile clusters are given by [15, 32, 33]

CMYW%

2— _
Kia =2 2 ) 33

ila (17)
The factor 1/3 in the above equation means that SIA clusters interact with
dislocations in the same migrating directions only, namely one of three
a directions. We emphasize that Eq. (17) accounts for the interaction of
mobile SIA clusters with sessile prismatic dislocation loops of the same
Burgers vector only, excluding the absorption of di- and tri-interstitials by
edge dislocations. Only in the case of low edge dislocation density where
p" ~ pj, this partial sink strength is approximately equal to the total sink
strength k2.

According to experimental observations, basal vacancy-type loops are
formed at high dose only. And some recent atomistic simulations have
revealed that the agglomeration of vacancies is in the form of stacking fault
tetrahedra (SFTs) at low dose, which in turn collapse into vacancy loops
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beyond a critical size/dose, resulting in a jump of binding energy for the last
vacancy (EZ.. — EY in Fig. 11 of [39]). As expressed in Eq. 16, the growth
rate of vacancy type loops is entirely ascribed to point defect absorption.
In a bid to account for such vacancy loop formation mechanism and the
discontinuous increase in the binding energy, a parameter Q characterizing
the absorption efficiency of vacancy (c) loops is introduced hereof. In
other words, if the size of the vacancy loop is smaller than a critical value,
ie. 75 < Ty, Q = Cy4 < 1 is adopted to represent the lower stability
(smaller absorption efficiency) of the vacancy clusters. And if 7, > 7., the
vacancy clusters are considered as fully developed vacancy loops with the
absorption efficiency Q = 1. It thus gives
Co <1 7, <Terig
Q= { 1 7,2 1o (18)

where Cy; can be estimated from the ratio of exp(—E?, /ksT)/ exp(—E%../ksT).
More complicated expressions of Q for each cluster size can be imple-
mented by using atomistic simulation results. In the next section, we will
show that even this simple set could well reproduce the vacancy loop for-
mation mechanism and that this parameter plays a key role in the onset of
breakaway irradiation growth. Another way to understand this parameter
is that it can be regarded as the fraction of {c) vacancy clusters. Some other
MD simulations disclosed that the (c)-component loops are energetically
more favorable only if their radius is larger than a critical value 7, > 7.,
and that {(a) and {c) lack a dislocation character at low dose [22].

Finally the irradiation growth and shrinkage rates (axial inelastic strains
along the a and c directions) can be obtained by computing the net number
of SIAs accumulated by dislocations and sessile loops in different direc-
tions, which gives;

Q7'ér = - Ap%(Z4D,C, — Z,DiC;) — A"p%(Z5, DoCyy — Zi, DiCy) (19)

+ 2Aakng2iC2i + 3Auk?lD3iC3i
QO7'e = — A°QpS (28, D,C, — Z,DiC)) — A°p(Z5.D.Cy — Z D,C)  (20)
where €” and €° are the irradiation growth strain along a and c directions.
A" and A° are the corresponding average strain factors for sinks lying in

prismatic and basal planes, associated with the hexagonal structure of
single crystal Zr. For more details, please refer to references [7, 14, 15, 40].
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Note that unlike its counterpart in the a direction, the growth strain rate
in c is only caused by the accumulation of single vacancies on the basal
plane.

2.4. Parameters and Experimental Data

We consider here a comparison with experimental data and assessment
of parameter sensitivity at a temperature of 553 K unless stated otherwise.
The magnitude of the Burgers vectors for {c) loops is taken to be the same
as (a) loops, where |b¢| = [b%| = 3.23 x 1078 cm [41]. A reference bias factor
of unity is used for interstitials absorbed on {a) loops, Zflaz 1.0, and for
vacancies absorbed by edge dislocations and loops, Z¢ , 29 ,Z¢ ,Z°, = 1.0
[6]. The displacement damage rate is taken from experiments, GN}T =
1077 dpa/s [42-44]. Other parameters used in this work are summarized
in Table 1. According to atomic simulations, the diffusivity of small 1D
mobile SIA clusters is as high as that of single interstitials on the basal
plane [27, 45]. Thus, the same pre-factor Dy is used, for simplicity. Indeed,
different diffusion coefficients for small SIA clusters would not significantly
influence the final result of irradiation growth, since the flux of these
clusters towards sinks is proportional to the flux of D,;Cy; or D5;,Cs; (more
details can be found in references [13, 15]).

Table 1: Model parameters used in the present calculations.

Definition Symbol Value Reference/Comment
Di-interstitial binding energy 33 142eV [27,31]
Diffusion coefficient of single interstitials D; 8.1882 x 10~® exp (—0,'{2?’) cm?/s  [13,14]
Diffusion coefficient of vacancy D, 4.9639 x 10~% exp (—OgeTV) cm?/s  [13,14]
Recombination radius Tiv 1.0x107 cm [46]
Capture radius of prismatic loops for SIA clusters Ted 6.0x 1078 cm [15, 32, 33]
Critical radius for (c) loops Terit 4.0%x107 cm [22, 39]
Density of (a) dislocations ol Single crystal: 7.25 X 10® cm™ [14, 44]
Density of (c) dislocations 5 Single crystal: 2.25 X 10° cm™ [14, 44]

Bias factor of interstitials for (a) dislocations Z, 1.56 [11, 14]

Bias factor of interstitials for (c) dislocations and loops  Z},, Z;, 0.586 [11, 14]
Average strain factor in (a) direction A® 0.5 [71

Average strain factor in (c) direction A° 1.0 [7]
Diffusion coefficient of small SIA clusters D»;, D3 8.1882 x 10°° exp (—%ﬂ#) cm?/s E from [45]
Absorption efficiency for {c) loops Q 0.2 (Toe < Terit) Assumed
Fraction of interstitials produced as SIA clusters €2, €3 35x107* Assumed
Fraction of vacancies produced as clusters € 33x10°® Assumed
Saturation density of {c) loops N 4x10" cm™® Assumed

Thelast four assumed parameters are calibrated by matching the steady-
state loop density determined by the nucleation rate equations (Egs. (11)-
(12)) to experimental data. It is worth to note that these four parameters
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are sensitive to radiation conditions, e.g. the dose rate and the radia-
tion temperature. Further discussion of these parameters could be found
in section 3.3. Qualitative radiation-induced loop information has been
described in section 2.1. Available quantitative experimental data for irra-
diated pure Zr are summarised in Table 2.

Table 2: Experimental data of radiation induced dislocation loops in pure Zr.

Irradiation source  Temperature Particle fluence Loop density Mean size Ref.
300 °C 38x10%m™?2 12x10%m> 9 nm [47]

Zr (Encutron > IMeV) 11x10m2 50x102'm= 18.6nm [48]
350 °C 20x10%m?2 80x10"m=2 <10nm [47]

53x10%m2 27x10%m®  23nm  [47]

400 °C 33x10%m2  70x10°m=  33nm  [49]

1.0x10%m2 85x10°m= 54nm  [17]

450 °C 13x10%m=2 1.0x10®8 m™= - [50]

400 °C 126 x10®¥ m=2 23x102?m™3 6.9 nm [51]

Zr (Ezr+ = 0.5MeV) 450 °C 126x10%m2 1.6x102m= 105nm [51]
450°C (+)' 126x10¥m™2 14x10%"m™= 199nm [51]

450 °C 1.8x10°m2 7.0x10°m™> - [51]

Zr (B = IMeV) 28%x10m2 81x10°m™3 - [51]
36x105m2  8.0x10° m- - [51]

500 °C 28%x105m2  41x10° m™ - [51]

36x105m2  45x10° m- - [51]

600 °C 46x10%m2  0.9x10° m-3 - [51]

36x105m2  1.1x10%° m= - [51]

1 (4): After annealing treatments.

It is obvious that the loop density and mean radius show high sensi-
tivity to the irradiation source and conditions. At the same conditions,
and compared to the neutron source, radiation by self-ions causes much
higher loop density, whereas a contrary trend is found for electron irradi-
ation. Whatever the irradiation source, increasing the radiation temper-
ature generally induces a decrease in the loop density but a larger loop
size. In summary, the total density of dislocation loops ranges from 10%°
to 102 m™, depending on the irradiation source, dose and temperature.
Moreover, most the loop population is {(a)-component loops, which nucle-
ate from the very beginning of irradiation. However, (c) vacancy loops
do not appear to nucleate prior to a dose of ~ 3 dpa, and magnitude of
their density is generally one order of magnitude smaller than {(a) loops. In
the next section, we will show that this incubation dose for vacancy loops
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can be naturally reproduced by introducing the absorption efficiency Q
for {c) vacancy loops. Combining with the results reported in [6, 14, 52],
the density of (a) interstitial loops N%(dose = 0.1 dpa) ~ 10! m™ and (c)
vacancy loops N¢,(dose = 4.0 dpa) ~ N;,,.(~ 10* m~) are used to calibrate
our assumed parameters. The corresponding evolution of the density of
loops is presented in the following section.

3. Results

All rate equations in section 2 are solved using a Matlab ODE solver
for stiff ODEs [53]. The results for single crystal Zr are examined in terms
of defect concentrations, dislocation loop density, loop mean radius, and
the irradiation growth strain components. The effect of the absorption
efficiency Q on irradiation growth will be further examined. Finally, the
irradiation growth strain of cold-worked zirconium and its temperature-
dependency are evaluated and compared with available experimental data.

3.1. Single Crystal Zr with Low Dislocation Density

Defect concentrations display typical low-sink-density behavior in sin-
gle crystal zirconium, as shown in Fig. 1. Initially, the concentrations
increase because of the low reaction probability of defect recombination
or interaction. Then, due to the high diffusivity of interstitials and small
SIA clusters, the concentrations of single, di- and tri-interstitials begin to
decrease, whereas the vacancy concentration increases at around 1078 dpa.
More interestingly, the concentrations of di- and and tri-interstitials both
present fluctuations in the range of 10® — 10~* dpa. This behavior indicates
the nucleation of interstitial loops, and therefore the sink density contin-
uously increases by absorbing more interstitials and SIA clusters. Finally,
the concentrations of all defect types reach a steady state at around 0.5 dpa,
which means that defect production is compensated by their loss to sinks.

Fig. 2a shows the evolution of the loop density using the model de-
scribed in section 2.3. Itis seen that for interstitial (a) loops, the loop density
steeply increases due to the high diffusivity of single interstitial and SIA
clusters, and then achieves a quasi steady-state value beyond ~ 0.5 dpa.
It is noted that the defect concentrations change very slowly at high dose.
By contrast, the vacancy loops are formed only after ~ 0.3 dpa, where
the net vacancy flux towards (c) loops becomes positive. As described in
section 2.1, the interstitial fluxes towards (a) and {(c) directions are both
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Figure 1: Concentrations of point defects, di-interstitials and tri-interstitials in single
crystal zirconium at 553 K.

positive at stage I due to the high diffusivity of intersititials. Hence, there
is no surviving vacancy clusters at very low dose. This result is consistent
with MD simulations [22]. Lastly, the density of vacancy loops reaches the
final N}, around ~ 4 dpa. It is noted that the distribution of loop density
with different sizes was given by Christien et al. at some discrete doses
using cluster dynamics [13]. It is also seen that the density of small size
clusters remains nearly constant beyond ~ 0.3 dpa, while the density of
large clusters continues to increase. Unfortunately, the dose-dependency
of loop density was not presented in their work. Therefore, it remains a
considerable challenge to bring the loop nucleation mechanisms on par
with atomistic simulations.

The dose dependence of interstitial and vacancy loop average radii is
shown in Fig. 2b. First, the obtained value of ~ 10 nm is in good agreement
with the experimentally observed radius for interstitial (a) loops at low
dose [18, 19]. For vacancy (c) loops, a much larger value is obtained at
high dose, which again correlates well with experimental observations.
Moreover, the effect of the absorption efficiency Q for vacancy (c) loops is
distinct, that is the change of the increase in slops at 3 dpa. It means that
at lower dose (< 3 dpa), vacancy clusters with small radius are in the form
of SFTs rather than fully-developed real loops. This may thus explain why
vacancy {c) loops are never observed at low dose irradiation. It is also
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worth noting that even with such a simplified nucleation model, similar
evolution of the loop radii is obtained and compares well with full-fledged
cluster dynamics simulations (Fig. 12 of [13]).
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Figure 2: (a) density, and (b) mean loop radius of interstitial and vacancy loops in single
crystal zirconium at 553 K.

Next, the calculated irradiation growth of single crystal zirconium is
compared to experimental measurements for both iodide and zone refined
crystals, and shown in Fig. 3. The (a)-axis growth strain is in excellent
agreement with experimental data for all three stages. The experimental
values of the (c)-axis shrinkage is higher than the calculations at the early
irradiation stages I and II. This discrepancy at lower dose may be explained
as follows. First, atomistic simulations indicate that SIA clusters on the
prismatic plane will cause a shrinkage of the lattice in the c-direction and
therefore results in the (c)-axis contraction. Second, other vacancy type
defects, for instance bubbles and small nano-voids are not considered in
this model, and may result in {c)-axis contraction at low dose. Finally, the
volume change due to the collapse of the SFTs, which takes place at a dose
below ~ 3 dpa, is not taken into account in the present model. It is also
important to note that the onset dose ~ 3 dpa for the breakaway growth
is intrinsically reproduced by our model, rather than setting an incubation
dose for vacancy loop nucleation.

For single crystal zirconium with lower initial dislocation density, the
major contribution to irradiation growth is from the nucleation and growth
of dislocation loops. The results are therefore determined by the properties
of these loops, in terms of the defect flux and the dislocation density. Under
this circumstance, the absorption efficiency Q plays an important role in
our model. In the following, the effect of this parameter is investigated.
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Figure 3: Comparison of the calculated growth strain with experimental measurements in
single crystal zirconium at 553 K. Closed and open squares are for iodide and zone-refined
purity zirconium [44], respectively.

It is noted that the nucleation of interstitial and vacancy loops is almost
independent of this parameter Q. The loop density with different absorp-
tion efficiency remains the same as the previous case (Fig. 2a). Next, the
loop radius evolution for two extreme conditions with Q = 1and Q = O are
presented in Fig. 4. Q = 0 means that the vacancy loops can not absorb any
mobile defects, therefore the loop radius for vacancy loops remains zero
throughout the simulation. After a dramatic increase during the transient
stage, interstitial (a) loops can no longer grow due to the considerable re-
maining vacancies. On the other hand, for the case Q = 1, the radii of {(a)
and (c) loops keep on increasing at a steady-rate.

The corresponding irradiation growths are shown in Fig. 5 and com-
pared to the experimental data, as well as the case Q = 0.2. For the case
Q = 0, no breakaway behavior is observed. And for the case Q = 1, the
breakaway stage subsequently follows the stage I. It is therefore obvious
that higher parameter Q induces stronger breakaway growth. In conclu-
sion, the absorption efficiency, or the formation of the real vacancy loops is
responsible for the breakaway behavior of single crystal Zr. Similar results
were obtained by Christien et al. [13]. In their model, pre-existing iron
clusters were assumed to be the nucleation sites for vacancy clusters. In
our approach, the onset dose of breakaway irradiation growth is correlated
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with the formation of vacancy loops rather than their density [6, 11].

3.2. Effect of Cold Work and Irradiation Temperature

In cold worked crystals, dislocation lines become the dominant sinks for
mobile defects, and the irradiation growth strain becomes nearly linearly
dependent on the dose [3, 44, 54]. Accordingly, we can directly estimate the
growth strain rate at the steady state of the system, where pf +pf > pf +p?.
Omitting the production of the vacancy and interstitial clusters, solution
to the rate equations gives

_ GMT/Q - Ry CiC,

Dvcv ~ v A v AC (21)
25,05+ 2405
NRT /(Y _ R. (.
DG; = ET/Q = ReCy )
24P+ 2.0y
Substituting Egs. (21)-(22) in Egs. (19)-(20) yields;
70 5 Zz' a
e~ _Aa(GNRT _ QRivCin)( 5 adapdv c T adupdi c) (23)
ZabPa+ZaPy  Zypy+Zypg
Zv c Zi c
€€ ~ _AC(GNRT _ QRivCiCU)( > adcpdv i udcpdi c) (24)
ZabPa+ZaPa  Zy 05+ Z P
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Figure 5: Effect of the absorption efficiency Q on irradiation growth.

Hence, in cold-worked materials, the growth strain rates depend only
on the dislocation densities and defect generation and recombination rates.
Taking the dislocation density p + p§ ~ 10" cm ™2, calculated defect con-
centrations show typical high-sink density behavior, as shown in Fig. 6.
Compared to single-crystal zirconium of low dislocation density, defect
concentrations reach the steady-state at lower dose, around 107 dpa. In
addition, transients in SIA cluster concentrations, namely the nucleation of
interstitial loops, are not observed because defects are primarily absorbed
by dislocation lines. These results are consistent with the fact that disloca-
tion lines in cold-worked materials are dominant, and hence it is difficult to
form new dislocation loops in a material with saturated dislocation density.

Fig. 7 presents the corresponding irradiation growth in cold-worked
zirconium at 553 K. The a-axis growth strain obtained from the simulation
(solid line) and the approximate analysis of Eq. (23) (dashed line) are com-
pared with the experimental results of 25% cold-worked zircaloy (closed
circles) [44]. The fitted dislocation line density of ~ 10 m™2 agrees well
with experimental measurements [44]. Moreover, the irradiation growth
of cold-worked zirconium is accurately predicted by Eq. (23). It is obvious
that an increase of the dislocation densities by an order of magnitude re-
sults in a steep linear dependence of growth strain on dose, with a slope of
~ 1073 dpa~!. Note that the growth strain is about ~ 10 times larger than
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Figure 7: Irradiation growth in cold-worked zirconium at 553 K. Experimental results of
25% cold-worked (CW) zircaloy are from [44].

what is observed in single crystal Zr with low dislocation density. This
is again in agreement with the maximum value observed for swaged Zr
crystals [54].

Next, the effect of temperature on irradiation growth is examined. In
the current model, several parameters are temperature-dependent, includ-
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Figure 9: Effect of temperature T on irradiation growth.

ing the diffusion coefficients and the reaction rates of various species.
Therefore small temperature variations (AT = 30 K) are considered on the
premise that other parameters remains unchanged. Fig. 8 shows the loop
density and mean radius of interstitial and vacancy loops at different ir-
radiation temperatures. Globally, the experimentally observed irradiation
temperature effect is successfully reproduced using the current nucleation
model, where a higher temperature results in a lower loop density and a
larger loop size. Particularly, an increase in the irradiation temperature
favors the nucleation of vacancy (c) loops due to the higher diffusivity of
mobile defects, which is also consistent with experimental observations
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[55].

Fig. 9 shows the temperature effect on irradiation growth. The trend is
consistent with experiments, where a higher temperature leads to stronger
breakaway growth (see Fig. 3-26 in reference [4]). It again demonstrates
that the irradiation growth is intimately related to the formation of {(c)-
component vacancy loops on the basal plane.

However, the temperature effect on irradiation growth of Zr-based
materials has been rarely modeled due to its complexity. Numerous factors
are generally involved, including chemical compositions, manufacturing
processes, microstructure, and so on. For instance, polycrystal zircaloy
exhibits the opposite temperature dependency below and above ~ 580 K
[56], which appears to be associated with the temperature effect on DAD.
A detailed description on the temperature effect therefore requires further
efforts on understanding the loop nucleation mechanism and the sink
strength under different conditions.

3.3. Discussions

Due to the lack of experimental data for irradiation growth of single
crystal zirconium [4], all above calculations are performed for a given
radiation condition with four free parameters, i.e. given dose rate and
temperature. We therefore discuss the feasibility of modelling irradiation
growth under different radiation conditions using this reduced cluster dy-
namics model hereafter. Indeed, the basis of irradiation growth in annealed
zirconium is the nucleation and growth of interstitial and vacancy loops as
described in section 2.1. Consequently, if the dose-dependent evolution of
the loop number density and loop size can be reproduced for a given irra-
diation condition, it would naturally give rise to the accurate growth strain.
As shown in the previous section, the temperature-dependent evolution of
radiation-induced loop density and size is in qualitative agreement with
experimental observations even without adjustment of the four free pa-
rameters. It is thus believed that the developed model in this work is
applicable to a wide range of irradiation conditions. However, in light of
MD simulation results of displacement cascades in metals, the four free
parameters introduced in the current model should be taken as function
of dose rate and radiation temperature [26, 57, 58]. Hence, in order to ulti-
mately achieve quantitative prediction of irradiation growth in any other
conditions, an alternate approach would be needed by fitting functions of
these parameters to reproduce defect evolution obtained from full cluster
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dynamics models. Moreover, it should be also pointed out that fractions
of interstitials and vacancies produced in clusters used in this work are
much smaller when compared to MD simulation results. This disparity
may be caused by the over-estimated bias factors of dislocation loops for
mobile defects and the uncertain nucleation mechanisms for dislocation
loops, particularly for vacancy loops. It is therefore worth to review the
bias factors in Zr and to establish a more comprehensive nucleation model
with the aid of theoretical analysis and atomistic simulations.

Another challenge encountered with cluster dynamics modelling of
irradiation growth in Zr is the incorporation of vacancy-type prismatic
loops. Recent literature shows two primary rate-theory models describing
irradiation growth in zirconium, i.e. DAD-based [11, 13, 14] and PBM-
based [12, 33] models. These models are endowed with different pros and
cons vis-a-vis modeling irradiation growth, but neither one can fully re-
produce experimental observations. For DAD based models, irradiation
growth is the result of the biased diffusion of point defects and the bias
differential of various sinks [11, 13, 14]. Prismatic-type sinks preferably
absorb interstitials, while basal-type defects are generally preferable sinks
for vacancies. This bias difference always leads to a positive flux of in-
terstitials towards prismatic directions. Hence, only interstitial-type loops
can survive on prismatic planes in this framework. On the other hand, for
PBM based models, defect clusters play a crucial role in irradiation growth
[12, 33]. Although the presence of vacancy-type (a) loops in one of three
prismatic directions have been successfully emulated in this type of mod-
els by using anisotropic initial conditions along the a-axes [15], neglecting
the bias differential of sinks induces a fast annihilation of all vacancy pris-
matic loops at very low dose. Recent Monte Carlo calculations [59], which
take into account the large vacancy and interstitial clusters created in-
side the cascade and the bias absorption of sinks, have demonstrated the
simultaneous growth of both vacancy and interstitial loops at a dose of
~ 0.1 dpa. Stochastic cluster dynamics accounting for the DAD and PBM
concepts may be an appropriate alternative to ultimately demonstrate the
co-existence and growth of vacancy and interstitial prismatic loops.

Lastly, interstitial prismatic loops associated with the a-axis growth al-
ways pose less problems compared with basal loops. According to atom-
istic simulations, stable SFTs, faulted (c)-loops, perfect {c)-loops and {c+a)-
loops are all observed using different potential energies [22, 39, 60-62]. A
slight anisotropic diffusivity variation of vacancies will strongly influence
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their clustering behavior [63]. It has been shown that the nucleation of the
basal loops directly affects the breakaway growth of annealed zirconium.
Further efforts are therefore needed for the sake of better understanding
and modelling of vacancy loop nucleation.

The model developed in this work is an attempt to couple loop nu-
cleation in a simple way to DAD and PBM ideas. It thus sheds light on
the full development of cluster dynamics, which can account for DAD,
one-dimensional migrating clusters (PBM), as well as a more physical nu-
cleation theory for both interstitial and vacancy loops.

4. Conclusions

Irradiation growth of single-crystal zirconium is modeled with a re-
duced set of cluster dynamics equations, accounting for the simultaneous
nucleation and growth of dislocation loops. Nucleation of interstitial-type
prismatic loops and vacancy-type basal loops is clearly described for in
the model, together with consideration of the sessile loop growth behav-
ior, based on the mean-size approximation. A small number of parameters
(on the order of four parameters) is fitted to available experimental data.
The resultant evolution of the loop density is consistent with experimental
observations. Moreover, the calculations reproduce the observed irradia-
tion growth stages, including the growth rate along a- and c-axes, the onset
dose for breakaway growth, the effects of cold work, and the influence of
temperature. The crucial role of basal loops has been examined by varying
the absorption efficiency of vacancy loops. It is confirmed that the onset
dose for breakaway growth is determined by the formation of vacancy-
type basal loops. Finally, the effects of cold work and temperature on
irradiation growth are investigated, which are both in agreement with ex-
perimental observations. The current study is therefore an important step
towards the full development of rate-theory based models for irradiation
growth in zirconium.
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