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Abstract

The asymmetric distribution of geometrically equivalent defects is a longstanding problem in
materials science. In this study, we investigate the preferential nucleation of interstitial dislocation
loops in specific planes in stressed aluminum, commonly observed experimentally, and seek to clarify
the underlying mechanism. For this purpose, we consider a structural change in the geometry of
defects, specifically the transformation of 3D compact A15 clusters into 2D Frank loops. Using
object kinetic Monte Carlo and ab initio calculations, we show that a symmetry breaking in the
transformation of A15 clusters significantly impacts the dislocation loop distributions, resulting
in the emergence of a preferential orientation when the material is under stress. This discovery
not only calls for a critical revision of established theories but also has tangible applications for

materials under extreme conditions.

Secondary phase precipitates and self-defect clusters are known to profoundly affect ma-
terial properties. In many materials, these defects have an anisotropic shape and exhibit
several variants, which form evenly if the matrix is isotropic. If a stress is applied, some
variants may form preferentially [1, 2]. This asymmetric distribution of defects provides
interesting properties to functional materials [3H6], but can also be a source of undesired de-
formation for structural materials [7]. Although the driving force for preferential formation
of variants, namely the minimization of elastic energy, is often invoked, the fundamental
mechanisms explaining this phenomenon are still unclear. In particular, kinetic aspects may
be crucial in the selection of atomic processes leading to anisotropic microstructures [g].

Here we focus on the phenomenon of interstitial dislocation loop alignment under stress
and irradiation, which has been widely reported in the literature [9-I15]. This anisotropic
formation of loops has been shown to give substantial deformation [I6-18] and may explain,
at least partially, the primary stage of irradiation creep [7, 19, 20]. It also contributes to
anisotropic deformation of thin films irradiated with ions, a phenomenon sometimes called
“anisotropic swelling” [21] 22]. Over the last 60 years three main theories have been put for-
ward to explain the alignment of dislocation loops, but none of them appears satisfactory.
The first one, known as stress induced preferred nucleation (SIPN) [10] 23], relies on the
classical nucleation theory for dislocation loops [24] and leads to loop densities proportional
to Boltzmann factors depending on the normal stress on the loop planes. However it was

shown that owing to the high stability of small interstitial clusters, nucleation of loops does



not occur through a classical nucleation mechanism, at least at moderate temperatures [25].
This flaw in the SIPN model led to the development of another model, based on the reorien-
tation without migration of small interstitial clusters under stress [20], 27]. Although little
is known about the dynamics of interstitial clusters under stress, anelastic measurements in
aluminum have indeed shown that small clusters may reorient [28]. A tri-interstitial config-
uration was proposed as the candidate for this reorientation, but the small energy difference
between the tri-interstitial configurations under applied stress would induce only a weak
loop alignment, inconsistent with experimental results [26]. Finally, a model of differential
loop growth under stress, known as stress induced preferred absorption (SIPA), has been
proposed to explain anisotropy of loop distributions [29]. In this model, favorably oriented
loop variants would grow, while the others would shrink and eventually disappear. However,
object kinetic Monte Carlo (OKMC) simulations could not confirm any appreciable effect

of SIPA on loop behavior [30].

Recently, a new mechanism of loop formation has been evidenced in fcec metals, relying on
3D interstitial clusters with A15 Frank-Kasper phase structure [31]. Although these clusters
are metastable in aluminum, they easily form by the successive agglomeration of (100) dumb-
bells, prior to the formation of dislocation loops. The complex interaction between kinetic
and entropic effects seems to drive the formation mechanism of these compact clusters. Yet,
it is unequivocally established that A15 clusters grow under irradiation and, when they reach
a critical size, transform into %(111) Frank loops. In aluminum, this transformation occurs
when A15 clusters contain 7 self-interstitial atoms (SIAs), through a (111) screw mechanism
involving the collective rearrangement of a few tens of atoms (see Fig. [l and Ref. [31]).
In the present letter, we investigate the role of this transformation mechanism in the loop
alignment under stress. By combining Density Functional Theory (DFT) and OKMC cal-
culations, we show that the transformation of A15 clusters into %(111) loops under stress
provides an explanation for the experimentally observed anisotropic loop distributions.

Previous OKMC simulations of dislocation loop growth under stress and electron irradia-
tion [30] do not deal with loop nucleation mechanisms in depth. In this study, we introduce
A15 clusters and their possible transformation into loops in the OKMC model, with relevant
parameters obtained from DFT calculations performed with the VASP code [32), 33]. The
full parameterization of OKMC simulations and the DFT simulation setup are provided in

the Supplemental Material [34]. We only give here salient features of the model related to
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A15 clusters.

The elastic stress field generated by A15 clusters leads to the preferential absorption of
SIAs and to the growth of these clusters. A15 clusters can be seen as inhomogeneous Eshelby
inclusions [35], which generate a strain field with only a dipole component (in 1/r%) when
they are spherical. DFT values of elastic dipole tensors of A15 clusters from I3 to [219,
obtained with the stress method [36], are given in Table [l Although only 2% is perfectly
isotropic, other clusters have nearly isotropic dipole tensors. Therefore we consider them as

spherical from an elastic point of view and we use the strain field generated by an isotropic

elastic dipole.

TABLE I. Elastic dipole tensor of various cluster configurations

Configuration  Elastic dipole (eV)  Configuration Elastic dipole (eV)

3502 0 —3.56 8462 0. 0.
I 0 3222 0 M 0. 81.92 0.
356 0 33.67 0. 0. 84.85
4752 0 0.37 9351 0. 0.
I3 0 4763 0 I 0. 9351 0.
037 0 48.90 0. 0. 9351
60.25 0.33 —0.33 98.88 22.22 22.22
JALS 0.33 60.25 —0.33 A 99.92 08.88 22.22
—0.33 —0.33 60.25 92.92 22.22 98.88
70.23 —2.06 0. 97.97 7.40 7.40
A1 206 7313 0. | IAB oM 1740 97.97 7.40
0. 0. 74.36| (saddle point) | 7.40 7.40 97.97

The transformation barrier 2% — ]§111>’ calculated with the climbing image nudged
elastic band (CI-NEB) using 7 images, is shown in Fig. [lta. The starting configuration
was the path calculated with an EAM potential in Ref. [31], which was itself found from a
systematic exploration of the energy landscape with the Activation-Relaxation Technique

nouveau (ARTn) method [38]. Although DFT and EAM paths are virtually the same,
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FIG. 1. Energy barrier of the I3 — 1;111) transformation. Atomic structures of defect clusters
along the transition path are also shown. Atoms are colored according to the magnitude of the
distortion score d [37]. Structures are viewed along the (111) axis. The symmetry of the associated
elastic dipole tensor P;; is schematically represented under each configuration. The size of black
circles is proportional to the magnitude of components, and equal components are connected with
each other. Empty circles refer to components equal to zero. Values of non-zero components are

given in Table[l]

they differ in two respects: the relative stabilities of the initial and final states are reversed,

(111)
7

namely [. is lower in energy than I*'® by 0.55 eV; the transformation barrier from DFT is

almost twice as low as that from EAM (0.28 eV vs 0.53 eV). Based on our DFT simulations,
we expect that the forward transformation [215 — ]7<111> occurs easily at room temperature,
whereas the reverse transition should be much less frequent.

In the OKMC simulations, we assume that all STAs first agglomerate as A15 clusters, as
suggested in Ref. [31]. These clusters grow or shrink depending on the type of point defects
absorbed. Once an A15 cluster has 7 SIAs, it may also transform into one of the four (111)
loop variants (Fig. [2h). Transformation events are handled as other KMC events, so their

probability of being selected depends on the transformation rates. For a transformation of

X into Y, the transformation rate reads (summation over repeated indices is implied)

EX=Y — 5ij<P‘j v Pﬁ))

)

kgT

Ppx oy =Toexp (‘ (1)

where T is an attempt frequency, set to 10" Hz, e;; is the local strain field (sum of the
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applied strain and the strain due to other defects in the simulation box), EX7Y is the

transformation barrier without any effect of stress, as shown in Fig. , P and P are

the elastic dipoles of configuration X and saddle configuration X <> Y, respectively.

(a) (b) 100 nm oo A
(111 ———— = 7 —Tree surface_—] ~ Pl
2 3 4 5 ej 8 9 2
(o]
_ n
[47] ———— T2 _ §
2 3 45 6\7 89 3 ° o s ‘-
n B - ~Ir——
A15 FH——+——+—+— = 200 nm °
3456 7 8 9 s <’I>
(=2l ,
- n g (111)
f f f f 1(_ 1_)1 } E lz D
2 3 45 6|7 89 e 0-0MPa dx AlS
. e | /.
S S + [111)and [117], 0=100 MPa (001] |—free surface [001] N
> 3 456 7 8 9 -0.6 1 [T11]and [111], o= 100 MPa —[110]
0.0 0.2 0.4 0.6 0.8 1.0 L, [010] [100]

Reaction coordinate

FIG. 2. Schematic representation of OKMC simulations. (a) SIA clusters and transitions between
these clusters considered in the present work. n is the number of SIAs in clusters. Five populations
are considered: A15 clusters and the four variants of Frank loops. Some transitions are represented
with gray, green and orange arrows. SIAs agglomerate as I. 2A15 clusters and transitions to and from
(111) loops are only possible for n = 7. The associated energy barrier under stress (¢ = 100 MPa)
is shown for the different variants on the right. (b) Simulation box containing A15 clusters and
(111) loops. The direction of applied stress is s, so the stress tensor is 0;; = 0s;5;. The orientation
of {111} planes and associated loops with respect to the box axes is schematically represented on

the right.

Figure [2b schematically depicts the simulation box used in OKMC simulations. Periodic
boundary conditions are imposed along [110] and [110], whereas free surfaces are used along
[001]. A stress of magnitude o = 100 MPa is applied along [110] and the defect generation
rate is 5 107° dpa/s. This simulation setup aims to be representative of electron irradia-
tions described in Ref. [30], performed on an aluminum thin foil. For the considered stress
orientations, the two loop variants [111] and [111] (denoted as “type A” and shown in green
in Fig. 2b) are lower in energy by 0.085 eV than [111] and [111] loops (“type B” loops,
shown in orange). Likewise, the energy barrier from I#1° to I7<m> is lower by 0.028 eV for
a transition to the two low energy variants (Fig. 2h).

Cluster distributions obtained from 500 simulations are presented in Fig. [3| from 0.1 s

to 100 s of irradiation time. Clearly, A15 clusters appear and grow at very short times



(t < 0.1 s), owing to the high diffusion coefficient of SIAs. At these times, A1l5 clus-
ters already transform into (111) loops. The transformation of I into loops is so fast
(the transformation frequency is around 10° Hz) that the concentrations of I2'® and larger
clusters are negligible. This absence of large A15 clusters is at variance with Frenkel pair
accumulation (FPA) simulations performed with an EAM potential [31]: the larger trans-
formation barrier of I (0.53 eV, corresponding to a transformation frequency of around
5 10* Hz), together with a much larger irradiation flux, may explain this difference. After 1s
of irradiation, the transformation process of A15 clusters is nearly over. The concentrations

of type A and type B loops are clearly different (Fig. ,C).
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FIG. 3. Particle size distributions for A15 and (111) clusters as a function of time, calculated over
500 simulations. (a) A15 clusters (b) [111] and [111] loops (c) [111] and [111] loops. For loops, the

radius is represented instead of the number of SIAs in the loops.



To provide a more quantitative insight into the loop alignment process, we represent
the proportions of the various clusters in Fig. [l After a short transient corresponding to
the formation of A15 clusters and their transformation into (111) loops, the proportion of
clusters remains nearly constant over time, with about 77 % of type A loops and 23% of
type B loops. This large imbalance is not so far from the experimental one [30]: type A
and type B loops account for 90% and 10% of the loops, respectively. It is also significantly
larger than the values obtained with FPA simulations, namely 65.7 % of type A loops and
34.3% of type B loops.

1.0
experiments

o
o
I

—6—  A15 clusters
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©
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FIG. 4. Proportions of A15 and (111) loops as a function of time. Experimental results at 0.11 dpa

are represented by dotted lines and FPA results at 0.03 dpa are represented by dashed lines [30].

As a first approach, one may explain the loop alignment by the different transition rates
of I#1 to type A and type B loops. From Eq. [} it can be shown that for a uniaxial stress

of magnitude o applied along [110], the ratio of transition rates is simply

FI%415_>I’[7111],[111] PO-
T o =P\ T ) (2)
14415_”;111],[111] URB




where g is the shear modulus of Al (1 = 26 GPa) and P is the off-diagonal component
of the dipole tensor at saddle position, expressed in the crystal basis (P = 7.40 eV). We
obtain that there should be around 3 times as many type A loops as type B loops, i.e. loop
proportions of 75%/25%. These values are close but not equal to those obtained in OKMC
simulations.

Actually some reverse transitions [;111> — I2M5 may also occur. Such events are rare for

];111>

two reasons: the energy barrier is large, and once a grows by absorption of SIAs, its

transformation into an A15 cluster becomes impossible in our model. If we assume that

Iélm clusters do not grow over the average time required for a transformation into an A15

cluster, an equilibrium between _77<111

) and I populations is established. The ratio of loop
concentrations is then given by Eq. [2 where P now refers to the off-diagonal component
of the dipole tensor at stable position (P = 22.22 eV). This leads to a proportion of type
A and type B loops equal to 96% and 4%, respectively. In practice, equilibrium between
loop variants could only be obtained in a very low irradiation flux experiment, where loop
growth is extremely slow. Indeed, additional calculations with a flux ten times lower lead
to 84 % type A loops and 16% type B loops at the same irradiation dose. Even with the
high irradiation flux considered here, we observe that not all loops grow in our simulations
(Fig. ) and a few reverse transformations [7<1H> — IZ occur, leading to the increase
of loop alignment (77%/23%) with respect to the rough estimate based on saddle point
considerations (75%/25%). Indeed individual loop growth speeds depend not only on the
irradiation flux, but also on the local neighborhood of loops through the overlapping of
diffusion fields, which are affected by elastic fields produced by A15 clusters and loops.
OKMC inherently includes these aspects and thus provides a convenient way to predict loop
proportions, beyond simple approximations such as Eq. .

In many experiments, the loop proportion of a given variant was shown to increase with
the normal stress on the loop plane ¢, = 0;;n;n;, where n is the normal vector [L0-13], 15} [30].

This correlation gave support to the SIPN model, which postulates that the loop density

should be correlated to the interaction energy of a loop at critical size [39, 40]
E = _Pijgij = ijklskbl&'j, (3)

where Cjji; are the elastic constants, § = Sn is the surface vector and b is the Burgers

vector (b = —bn for a pure prismatic interstitial loop). This energy can be simply rewritten
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as [41]

FE = alekbl B —UnSb. (4)

Our OKMC results, performed with a specific stress orientation, agree with the experimental
trend, without requiring any SIPN argument. We have shown that when loops are produced
by transformation of A15 clusters, key quantities to explain the anisotropic distribution of
loops are interaction energies at saddle positions, not stable positions. But since dipole
tensors of saddle configurations are similar to those of loops to which they are related
(see Fig. |1] and Table , the present model is expected to behave similary to SIPN and
give larger densities for loops with larger normal stresses. This is exactly the case in the
framework of isotropic elasticity: for both (111) stable and saddle configurations, dipole
tensors can be written as P;; = Fyd;; +3Pin;n;, and the only difference in interaction energy
between variants is contained in the term —3Pyn;n;e;;, or equivalently —3Pyn;n;o;;/2pn =

—3P10n/2u.

Our simulations unambiguously demonstrate that accounting for the transformation of
A15 clusters into (111) loops results in a remarkable loop alignment under stress, and ex-
plains experimental observations. In the experimental conditions investigated in this work,
loop alignment is ascribed mostly to the unequivalent forward transitions from A15 clusters
into (111) loops, so it depends mostly on the elastic properties of the saddle configuration.
Other mechanisms may be active, especially in other fcc metals where the transition between
A15 clusters and loops is more complex [31], so generalizing our result would require further

study.

This study provides perspectives on other crystal structures where 3D clusters have been
identified as precursors of dislocation loops and loop alignment has been observed. This
is the case, for example of iron with compact C15 Laves phase clusters [15, 42H44] and
silicon carbide [45] [46]. More generally, it highlights the importance of kinetic barriers on
the formation of non equivalent variants of clusters under applied stress. The methodology
developed in this work, which achieves atomic resolution in the description of elementary
processes while taking account of collective effects on experimental spatial and temporal

scales, could be useful for other kinds of systems.
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