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ABSTRACT

The production of extended and mechanically highly consequential defects are investigated under concurrent driving forces of irradiation and stress. By using two-
temperature model to account for realistic exchange of energy between the electronic subsystem and the atomic subsystem during cascades, and by controlling
mechanical loading in the principal stress space to remove the dependance on a specific coordinate system, we build stress sensitivity maps for various types of
irradiated dislocations. Frank loops are discovered to be dictated by volumetric strains, while Shockley partials are sensitive to volume-conserving shear loads. By
tracking the microstructural evolutions during coupled irradiation and external loading, and by scrutinizing the temporal-spatial variation of local von Mises stresses
near the center-collision region, the underlying mechanisms responsible for those different responses/sensitivities are elucidated. The implications of these findings
in regard to a new strategy to control microstructural defects and materials performance are also discussed.

1. Introduction

Understanding microstructural development in materials under
coupled aggressive environmental conditions is of crucial importance.
For example, the next generation of nuclear reactors — a key role in the
future low-carbon clean energy landscape — requires that materials can
withstand for longer lifetime while being exposed to more extremes of
particles flux (i.e. irradiation), stress, chemistry, temperature, etc.
[1-3]. Over the past few decades, tremendous progresses have been
made in uncovering the critical degradation modes caused by irradiation
(e.g. swelling, embrittlement, hardening, etc.) [4-11]. In spite of these
advances, the production of irradiated defects and their subsequent
microstructural evolutions in the presence of multiple concurrent
driving forces are way more complex and remain far less understood. For
example, it is observed [12,13] that the same materials perform very
differently under in-reactor environments, where they are exposed
simultaneously to irradiation and external stress, as compared to
post-irradiation test, where the two driving forces are applied sepa-
rately. The dearth of a mechanistic understanding on materials’ per-
formance under coupled extremes is mainly due to the scarcity of
available experiments, since it is very challenging to precisely control
multiple drivers in real irradiation measurements and to conduct the
relevant data acquisition in a time effective manner. As a result, most
existing models are developed based on post-irradiation studies or
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theoretical hypotheses, and there is hence a pressing need to obtain a
fundamental understanding and predictive capability for the micro-
structural development under combined driving forces [14].

In this work, we restrict our scope to the defects production in alloys
under coupled irradiation and external stress. Because, as the very initial
stage in the multiscale microstructural evolution, defects generation
plays a critical role in shaping the system’s overall microstructural
development and concomitant properties changes. During high-energy
collision cascades both small defects (e.g. vacancies, interstitials, and
their small clusters) and extended defects (e.g. various types of dislo-
cation loops) can be generated [10,15-19]. Here in the present study, we
focus on the latter for the following two considerations: (1) Compared
with point defects generation [20,21], the knowledge on the production
of extended defects in the condition of coupled irradiation and stress, to
the best of our knowledge, remains almost entirely blank; (2) Compared
with small defects clusters, dislocations can cause more direct and
profound impact to material’s deformation [22-24] and other func-
tionalities [25], and they are thus more consequential to system’s
overall performance.

By systematically imposing different stress states amid displacement
cascade simulations - from in-plane tension/compression to pure shear
and arbitrary mixtures — we scrutinize the variations of the two most
populated extended defects created by irradiation, the faulted Frank
loops, and the Shockley partials, respectively. We discover that their
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formation mechanisms, as well as their sensitivities to stresses, are
remarkably different. The nucleation of Frank loop is found to be
dictated by the formation energy of plate-shape interstitials cluster,
which is volumetric strain sensitive. As a result, the density of irradiated
Frank loops is unaffected by shear stress but exhibits strong dependence
on normal stress in an asymmetrical manner: boosted under tension and
suppressed under compression. In contrast, the nucleation of Shockley
partial is modulated by the von Mises stress gradient and its relaxing rate
near the interface between the center region of collision cascades and
the matrix. The slower its relaxation, the higher chance dislocation
partials can be formed and sustained. As a result, the density of irradi-
ated Shockley partials is significantly boosted under shear stress than
under normal stress. Since various types of defects play different roles in
materials’ microstructural evolution and their concomitant properties
changes, our findings in the present study may thus enable a new way to
design alloys, namely, to strategically combine irradiation and me-
chanical loading parameters to manipulate desired defects and hence to
achieve desired performance of materials.

2. Materials and methods

The defects generation induced by primary knock-on atom (PKA) are
investigated through molecular dynamics simulations. To realistically
capture the energy evolution during displacement cascades, in partic-
ular the electronic-atomic subsystems energy exchange, here we employ
the two-temperature model (TTM) to account for the energy dissipation
in the electronic subsystem, the electron-phonon coupling, and the
electronic stopping effect [26-28]. More specifically, the system’s heat
diffusion is described by:

oT,

Cog = V(kVT,) - g,(T. — T.) + &T, @

where k, and C, are the electronic thermal conductivity and the heat
capacity, respectively. The right two terms represent the energy source
terms due to electron-lattice exchange (with coefficient g,) and electron
stopping (with constant g), respectively. T, and T, are the temperatures
for electronic and atomic subsystems, respectively, while T, represents
the kinetic energy-equivalent temperature of those atoms involved into
the electronic stopping process — namely the atoms with velocity higher
than a critical value v.. The two coupling constants can be expressed as:
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where N° represents the number of the subset atoms mentioned above
involved in the electronic stopping, and m; represents atom mass. y, and
y, are friction terms due to electron-phonon coupling and electronic
stopping, respectively, which are related to their corresponding relax-
ation timescales 7, and 7;, respectively:

m;
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In this study 7, is taken as 0.6 ps [26], while g, is chosen as 1.68 x
10'® Wm 3K "1, which corresponds to the value at electronic tempera-
ture of 300 K [29,30]. The electron thermal conductivity k. is given as
21.0 Wm k! [31]. The heat capacity of electron, which is a function of
T, is calculated by the expression below using the density of states in-
formation [29,30]:
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The parameters Cy, ao, a;, az, a3, a4, and A are fitted as 1.65 x 1074
eV/K/electron, —1.62 x 10™* eV/K/electron, 1.94 x 10> eV/K?/elec-
tron, —1.81 x 10~° eV/K3/electron, 6.24 x 108 eV/K*/electron, —1.06
x 1072 eV/K>/electron, and 4.76 x 1072 K ~ 1, respectively.

3. Results and discussions

3.1. Coupling of irradiation and mechanical loading in principal stress
space

Here we consider a NiFe-based alloy model, not only because
computationally there are reliable interatomic potentials [32], but also
because experimentally high-quality single crystals can be synthesized
for such a system [10,33], which would ease the future validations of the
hereby-obtained key modeling results and insights. To systematically
examine how external stresses couple with irradiation, here we control
two principal stresses in the plane normal to PKA’s incident direction (e.
g. Fig. 1.a), while keeping all other parameters the same (e.g. sample
size, crystallography, PKA energy, chemical composition, etc.). By
independently changing/combining the two principal stresses, all sce-
narios of stress environments —shear, normal, or mixed states — can be
covered (illustrated in Fig. 1.b) without relying on a specific coordinate
system, which allows one to quantitatively map out the variations of
different types of irradiated defects under various stress states. And to
restrain our focus on the stress-irradiation coupling, the main results in
this work are for a conventional alloy NigpFey at random solid solution
state, while the more complex chemical/compositional effects (e.g. local
chemical orders, clustering/segregations, or high-entropy effects, etc.)
will be rendered to a separate study in the future. The simulation box is
with dimension of 40 x 40 x 40 nm® with periodic boundary conditions
applied, consisting of 5.8 million atoms. Prior to irradiation, the system
is first equilibrated under isothermal-isobaric ensemble at 300 K and
prescribed principal stresses (61, 62) in x-y plane. The collision cascade is
triggered by a PKA with 50 keV kinetic energy, and as noted above in
Section 2 the displacement cascades are modeled using TTM simulation.
Upon irradiation, NVE ensemble is applied to the lattice subsystem with
adaptive time stepping between 10~7-1072 ps, to avoid the particles
being travelled by too long distance during collision cascades (in
particular in the very early stage). A Langevin thermostat at room
temperature is applied on a layer of the computational box boundaries
with 1 nm thickness, to mimic the energy dissipation from the collision
center to the bulk [26]. To reduce statistical errors, at each prescribed
stress condition 10 independent simulations are performed.

3.2. Production of extended defects and their stress sensitivity maps

Fig. 1.c shows a typical microstructural evolution during collision
cascades under an imposed stress (67 = 2 GPa, 65 = —3 GPa). Note that,
as shown in Supplemental Materials, such a stress level is still well
located in elastic regime for the same single crystal model. In addition to
the production of simple defects such as interstitials, vacancies, and/or
their clusters, various types of extended defects are also generated under
irradiation at different stages. The displacement cascade reaches its peak
at around 1 ps, when Shockley partials 1/6112 start to nucleate at the
interface between the liquid region near collision center and the solid
region in the bulk. The liquid region is solidified after about 5 ps, since
when other types of extended defects start to form, including Frank loop
1/3111, stair-rod dislocation 1/6110, perfect dislocation 1/2110, and
Hirth dislocation 1/3100. There are no significant microstructural
changes after 20 ps in simulations, and we allow the system to further
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Fig. 1. Design of coupled irradiation-stress simulations and typical results. (a) Schematics of cascade simulations under controlled principal stresses of 6; and c5. (b)
Various stress environments in 6;-65 space (c) A typical cascades simulation under 6;=2 GPa and 6,=—3 GPa. Atoms in red color represent HCP environments, while
gray-colored atoms belong to liquid phase or other defective environments. Perfect dislocations, Shockley partials, Stair-rods, Hirth dislocations, and Frank loops are
colored dark blue, green, pink, yellow, and light blue, respectively. (d) Fractions of different types of defects in principal stress space. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Contrast of stress sensitivities on the production of Frank and Shockley dislocations. (a) Raw data on the variations of Frank loops and Shockley partials in
principal stress space. (b) Refined pixel maps after TPS processing. (c) Relative changes in densities of (c1) Frank dislocations and (c2) Shockley partials at different
principal stresses.
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evolve for another 10 ps before we quantify the fractions of various types
of defects at 30 ps. As shown in Fig. 1.d, while the fractions of different
types of defects vary at different stress conditions, Shockley partials and
Frank loops are the two dominant ones, which together contribute to
more than 80% of total extended defects with dislocation features. We
therefore restrain our scope below to these two types of extended
defects.

Fig. 2.al and a2 show the variations of defect densities in the prin-
cipal stress space for Frank loops, and Shockley partials, respectively. It
is evident that both types of defects exhibit strong sensitivities to the
applied global stresses, although their quantitative dependence patterns
are remarkably different. For example, the production of Frank loops is
enhanced near the top-right corner (i.e. in-plane tension); while the
Shockley partials are proliferated near top-left and bottom-right corners
(i.e. pure shear environments). Given the expensive computational
costs, the interval in the principal stress space is selected as 1 GPa, and
thus noticeable pixel-to-pixel fluctuations exist due to the stochastic
nature of high-energy cascades. To mitigate the statistical noises, we
employ thin plate spline (TPS) algorithm (details in Supplemental Ma-
terials) to interpolate the raw data in Fig. 2.a into more refined pixel
maps in Fig. 2.b, based on which a more quantitative analysis can be
conducted. Fig. 2.c shows the relative changes of irradiated defects
densities at different stresses, defined as A = [p,(61,62) — pp(0,0)] /pp(0,
0). Each thin line with markers represents a horizontal scan of Fig. 2.b at
a controlled o,, while thick lines represent special loadings under certain
constraints. More specifically, red lines correspond to the pure shear
loading scenario with 61 + 62 = 0, and green lines correspond to the in-
plane tension/compression with o; — 65 = 0. The production of Frank
loops is observed to be suppressed under compression, promoted under
tension, and almost unaffected under shear. In stark contrast, the pro-
duction of Shockley partials is mostly sensitive to shear loading. These
results indicate very different formation mechanisms for the two types of
defects, which are discussed below.

3.3. Frank loops production mechanism and stress sensitivity origin

Fig. 3.a illustrates a typical formation process of Frank loops, which
consist of a bundle of parallel interstitials. We then calculate the for-
mation energy of interstitial plate in the presence of different global
stresses. More specifically, we first prepare a reference system — a pris-
tine single crystal NigoFey( alloy at random solid solution state, which is
then subjected to energy minimization at controlled principal stress (61,

(@)
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02). Then a (111)-oriented hexagonal plate consisting of 19 atoms is
inserted into the single crystal reference system to artificially create an
interstitial loop. The size of so-inserted cluster is chosen according to the
average size of Frank loops observed in the irradiation simulations. A
new energy minimization is then performed again to obtain the energy
of the defective system, Ere, qnitbre. Here a and b denote the numbers of
inserted Ni and Fe atoms, respectively, whichissetasa=15and b =4 to
keep the consistency in NiggFeyo composition. The formation energy of
the Frank loop can thus be estimated as:

E' = E,yanispre — Ery — aExi — bEr, (@]

where Ey; and Ege represent the average energy per Ni and Fe atom in the
NiggFeyo random solid solution reference system, respectively.

Fig. 3.b shows the so-calculated E under different combinations of 61
and o5. The formation energy reaches its minimum/maximum under in-
plane tension/compression while essentially keeping invariant under
pure shear. This naturally explains the key features observed in Fig. 2.c1,
namely why the density of irradiated Frank loops exhibits strong
dependence on normal stress in an asymmetrical manner: boosted under
tension and suppressed under compression, and why its density is not
significantly affected by shear stress. Admittedly, compared with the
curves in Fig. 3.b, the actual variations of Frank loops density in Fig. 2.c1
exhibit finer features and are less smooth, which may be attributed to
the complex local stress environments arisen from other irradiated de-
fects nearby. Nevertheless, the overall trends in the two figures are in
good agreement with each other, suggesting that formation energy of
interstitials plate is the determining factor of Frank loops generation
under concurrent stress and irradiation.

3.4. Shockley partials production mechanism and stress sensitivity origin

In what follows we probe the formation of irradiated Shockley par-
tial, which exhibits a qualitatively different stress sensitivity from what
Frank loop does. As briefly discussed above in Fig. 1.c, Shockley partials
start to form in the very early stage of collision cascades, primarily at the
liquid-solid interfaces. Here we thus focus on the local stress evolution
near the central collision regime. Specifically, Fig. 4.a and b map out the
temporal and spatial evolution of local von Mises stress under the
controlled global stresses of (6; = 3 GPa, 62 = —3 GPa), and (67 = 3 GPa,
o2 = 3 GPa), respectively. The local von Mises stress is defined as the
averaged atomic-level shear stress within a cut-off radius of 5 A, namely:

Fig. 3. Formation mechanism of Frank loops.
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where o, represents atom i’s stress tensor components, and Q represents
the total number of atoms within the local region ‘71 - H‘ < 5A.

By overlaying the Shockley partials (i.e. green segments) on the
hereby-constructed local stress maps, it is clear that the nucleation of
Shockley partials is most likely to occur at the location of large stress
gradient, namely the interface between the liquid region near collision
center and the surrounding solid region. And by comparing Fig. 4.a and
b it is evident that such a formation mechanism of irradiated Shockley
partials is the same, regardless of the globally imposed stress states. In
spite of such consistent formation mechanism, we find the temporal and
spatial evolution of (oyy (7)) significantly differ from each other under
different combinations of 67 and o3, which eventually lead to different
densities of residual Shockley partials after irradiations. More specif-
ically, within the first picosecond the (cyy (7)) evolutions are similar in
terms of both the size of the central collision region and the local von
Mises stress magnitude inside, while significant bifurcation occurs af-
terward. For global shear loading scenario (i.e. Fig. 4.a, 6; = 3 GPa, 65 =
—3 GPa), the local von Mises stress decays much slower than that in
global in-plane tension scenario (i.e. Fig. 4.b, 61 = 3 GPa, 62 = 3 GPa). As
aresult, there is better chance that the nucleated Shockley partials could
retain and stabilize, leading to a higher survival density in the end.

To be more quantitative, in Fig. 4.c1 and c2 we scrutinize the time
evolution of irradiated Shockley partial dislocations density, and the
average von Mises stress in the central collision region, respectively. As
shown in Fig. 1.c, the atoms belonging to liquid phase or other defective
environments form a region that the volume increases due to collision
cascades and then decreases during solidification. The maximum vol-
ume varies among different systems and contains around 5 x 10* - 8 x
10* atoms. To illustrate the decay of the von Mises stress, we define the
region with the maximum volume as the central collision region, and
plot the time evolution of von Mises stress averaged over this fixed re-
gion (Fig. 4.c2). As mentioned earlier, 10 independent simulations are
performed under each prescribed stress condition, and the data points in

(a)

2.01 ps

(b)

1.09 ps 2.09 ps

2 2
(o—at,) + (o, —0L) + (0. =) +6(02 +02 +02) /Q

the plots are the collection of all those independent runs. Despite the
stochastic nature-induced data scatteredness, it is clear beyond standard
deviations that, under the imposed global shear (red data in Fig. 4.c), the
local von Mises stress can sustain at a relatively higher level after the
first picosecond, which leads to a statistically higher density of survival
Shockley partials. In stark contrast, in the presence of global normal
loading (blue data in Fig. 4.c), the local von Mises stress decays much
faster and correspondingly leads to less amount of residual Shockley
partials. Such a quantitative measure is in good agreement with the
structural analysis in Fig. 4.a and b, and it explains why the density of
irradiated Shockley partials is significantly boosted under imposed shear
loading than under normal loading.

4. Conclusions

To summarize, we have utilized an extensive array of simulations to
investigate the production of extended defects under the concurrent
stimuli of irradiation and mechanical loading. By tuning/combining two
independent principal stresses in the normal plane to PKA direction,
various stress sates — ranging from pure shear to normal and mixtures —
are systematically implemented. Among the multiple types of defects,
faulted Frank loops and Shockley partials are observed as the two most
populated ones across the entire parameter space probed in the present
study. However, they exhibit fundamentally different sensitivities to the
applied stresses. More specifically, the concentration of irradiated Frank
loops is found insensitive to shear loading (61 = — o2) but instead
strongly dependent on normal loading in an asymmetrical manner:
boosted under tension (67 = 6 > 0) and suppressed under compression
(61 = 03 < 0). We further demonstrate that such a behavior of stress
dependence originates from the variation pattern of formation energy of
plate-shape interstitials cluster, which is volumetric strain sensitive and
minimizes (maximizes) under tension (compression). Note that this is
reasonable and corroborates the trend observed in earlier studies on the
formation energy of small point defects (e.g. Frenkel pair) under a few
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Fig. 4. Effect of external loading on local von Mises stress evolution and Shockley partial formation. Tempo-spatial evolution of local von Mises stress under
controlled global (a) shear loading scenario (6;=3 GPa, 6,=—3 GPa) and (b) in-plane tension scenario (6;=3 GPa, 6,=3 GPa), respectively. Shockley partial dis-
locations are represented by green lines. (c¢) Time evolution of (c1) Shockley partials density and (c2) average von Mises stress in the central collision region. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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different stress loading scenarios [21,34].

In stark contrast, the generation of Shockley partials is governed by a
qualitatively different mechanism and heavily relies on the capability of
maintaining a high local von Mises stress gradient near the interface
between the center region of collision cascades and the matrix. In
particular, in the presence of a global shear loading (i.e. 67 = — 03), the
post-cascade relaxation of local von Mises stress inside the alloy takes
place at a much slower decaying rate than that under a tension/
compression loading scenario (i.e. 61 = 02). As a result, it allows more
time for the produced Shockley partials in the very early irradiation
stage to stabilize and retain, which leads to a much higher density of
survival Shockley partials in the top-left and bottom-right corners of
Fig. 2.a2 than in other parameter space. To the best of our knowledge,
this is the first time the mechanism of Shockley partials production
under coupled irradiation and stress has been unveiled in a quantitative
manner. To further examine the validity of this newly discovered
mechanism, we consider a different alloy model with more complex
chemistry, NiFeCr, a ternary alloy at equiatomic composition. As shown
in Supplemental Materials (Fig. S2), a similar pattern preserves, indi-
cating the universality of such a stress-irradiation coupling effect. On the
other hand, ex/in-situ transmission electron microscopy would be
helpful to further validate our prediction and offer a more comprehen-
sive understanding in the future. Previously, diffraction contrast TEM
imaging [35] and high resolution (HR) TEM [36] have been applied to
image faulted dislocation loops and Shockley partials. While these
methods are limited by a small field-of-view in the past, the recent
development of machine learning based automatic defect classification
methods [37,38] and “self-driving” [39] of TEMs may be leveraged to
enable high-throughput statistical analysis over a large area.

It is worth noting that, the ability to control various types of defects is
crucial to harnessing the system’s mechanical properties and other
functionalities. For example, recent experiments show that Shockley
partials can significantly affect material’s photocatalytic performance
[25]. Another study on CrMnFeCoNi high-entropy alloys show that,
pre-strain treatments first at low temperatures could endow the samples
with much better strength-ductility synergy than being directly
rendered to room-temperature mechanical tests [40]. Because the excess
of nano-twins introduced in the pre-strain treatments could effectively
block the motion of dislocations at later stage, causing a so-called dy-
namic Hall-Petch effect and thus providing more endured hardening
rate. Bearing the similar spirit, we believe our key findings in the present
study - the essentially opposite responses of Frank loops and Shockley
partials variations to external stress loadings — may have important
implications, because the two types of defects play different roles in
material’s mechanical performance. More specifically, as one of the
most prevalent slip systems in FCC lattice, Shockley partial dislocations
can serve as immediate and direct plasticity carriers. By contrast, Frank
loops are more likely to shape the system’s overall mechanical behaviors
at a longer timescale due to its sessile nature and in an indirect manner
by interacting with other dislocations to trigger twinning deformation
[41,42]. Therefore, by following the guidance in Fig. 2 and strategically
tuning irradiation and mechanical loading parameters, this study may
offer an orthogonal route to manipulate desired defects in alloys at
proper time or deformation stage, hence achieving desired materials
properties.
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