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Abstract
Nanocrystalline (NC) metals (mean grain sizes d ≤ 100 nm) have enhanced mechanical strength
as compared to coarse-grained metals (d ≥ 1 µm), and thus, are a promising alternative as
structural materials for future high energy nuclear reactors. However, during extreme conditions,
the NC microstructure has been found to be thermodynamically unstable, thereby limiting its
applicability. Further, for materials with average grain size < 10 nm, the triple junctions (TJs)
have been observed to have a significant contribution on the mechanical behavior and
microstructural stability. Moreover, at the atomic-scale, the region surrounding the TJ
demonstrates unique physical properties, such as rapid diffusion, non-equilibrium segregation
and increased dislocation activity. Therefore, in this work, we systematically assess the role of
TJs on the structural stability and the solute binding behavior in α-Fe. Using atomistic
simulations, we show that the TJ resolved line tension is strongly correlated (inversely) with the
mean activation energy for self-diffusion along the TJ, i.e., the thermodynamically unstable TJs
demonstrated a lower activation energy barrier for self-diffusion along TJs with higher line
tension. Next, we demonstrated that the strain energy evolution around the TJ can provide
insights into the distinct binding behavior of point defects and solute atoms. In other words, the
examination of solute binding behavior revealed a localized region of stable sites around the TJs
which aids in accommodation of high solute concentration at high temperatures. In summary, our
findings quantify the distinct role of TJs on the defect (vacancy, self-interstitial and solute atom)
binding and migration behavior and these findings are necessary for designing future structural
materials for extreme environments, including those needed in aerospace, naval, civilian and
energy sector infrastructures.
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1. Introduction
The next generation of nuclear reactors requires structural materials that can withstand the
combined effects of high radiation dosage, elevated temperature and corrosive environment for
an extended period of time. These demands necessitate the development of new avenues in
material design/processing technology [1–3]. For example, the continuous production of He as a
result of the transmutation reactions (,α) increases the susceptibility of He bubble formation
along the grain boundaries (GBs) thereby degrading the material strength. Thus, tailoring
microstructural features such as grain or cell boundaries along with triple junctions (TJs) and free
surfaces which act as sinks for the radiation induced defects (point defects, solute-point defect
clusters) [4,5] is critical in development of new structural alloys for nuclear applications. Recent
development of advanced materials such as nanoporous [6,7], nanocrystalline (NC) [8–12], and
nanocomposite materials [13,14] show promise for use as structural materials in extreme
environments [9,10]. However, the grand challenge with broader applicability of such
nanostructured materials has been the stability of the non-equilibrium microstructure during
processing and deformation [15–19]. This significant degradation in properties of nanostructured
materials is in part due to an increase in the large volume fraction of GBs along with TJs, which
lack long-range crystalline order leading to diffusional processes such as sliding and/or rotation
[20]. Further, in nanostructured materials, such as NC metals, as the mean grain size decreases
below 10 nm, the percent microstructure constituted by GBs and TJs increases and can be in
excess of 50% [21,22]. Thus, due to the large volume fractions of non-equilibrium defects, NC
metals exhibit altered physical responses to deformation, temperature, and radiation [15–19], i.e.,
the structural stability of NC materials is driven by GBs (planar defects), TJs (line defects), and
their underlying structures [23,21]. Hence, a fundamental understanding of the relationship
between the line/planar defect structures and the associated properties is highly relevant to
develop stable, interface-dominant materials. Further, the role of TJ atomic structure on mass
transport or diffusional processes, which directly control the stability of NC materials, is a
critical open question, especially for nuclear applications [1,3].
Radiation induced segregation can cause void swelling, phase transformation, precipitation,
and compositional changes in structural materials [24–26]. Irradiation by high energy particles
produces a large quantity of point defects throughout the material, and hence, the migration of
these defects towards dislocations, free surfaces, GBs, TJs, and other microstructural sinks
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creates a defect flux [27–29]. Therefore, quantifying how point defects interact with defect sinks,
such as GBs/TJs, is also important for understanding the strength of interfaces in high radiation
environments. Furthermore, during irradiation, the flux of solute and impurity elements is highly
coupled with the flux of vacancies and interstitials giving rise to radiation induced segregation.
As point defects diffuse and bind to microstructural sinks, solute and impurity atoms are spatially
redistributed in the vicinity of these sinks [30]. The net result is an accumulation or a depletion
of elements at these defect sinks, which can have deleterious effects on material properties and
stability [31]. Atomistic and electronic simulations are increasingly being utilized as tools for
investigating such fundamental mechanisms associated with defect segregation/binding behavior.
It has been shown that impurity segregation to GBs can have a profound effect on the mechanical
behavior, i.e., a significant beneficial effect [32–34] or a significant detrimental effect [35–40].
For example, Solanki et al. [41] found that segregation of certain H defects is favored at -Fe
GBs resulting in a reduction of grain boundary cohesive strength. On the other hand, Yamaguchi
[34] has shown that the segregation of boron and carbon to GBs can actually be beneficial by
strengthening grain boundary cohesion. These results indicate that the segregation behavior of
these elements plays an important role in grain boundary embrittlement or strengthening
behavior. Moreover, the TJ and associated GB structures can influence the segregation behavior.
Recently, Adlakha and Solanki [22] used atomistic simulations to show how the local TJ
structure affects the sink strength for vacancy and self-interstitial point defects in Al, Ni, and Cu.
Yin et al. [42] quantified the solute concentrations near a TJ and found that it far exceeded the
concentrations observed along the constituent GBs. Therefore, in the case of NC materials,
understanding the behavior of solute atoms and point defects in the vicinity of TJs becomes
highly relevant.
In this work, for the first time, we systematically investigate the structural stability of TJs and
the solute concentration in α-Fe using atomistic simulations along with the nudge elastic band
(NEB) method [43]. A range of special TJs that involve the Σ3 GB (these TJs have been shown
to occur frequently [44–46]) were investigated. Further, the role of the atomic structure
surrounding the TJ on the binding energetics of point defects, (vacancy and self-interstitial atom)
and various solute atoms (H, He, P, and V) was assessed. The paper is organized as follows. The
next section describes the computational methods and GB/TJ generation procedures employed.
Then, we discuss the TJ resolved line tension, the TJ strain energy evolution behavior and their
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implications on the structural stability and binding energetics. For instance, we show that the TJ
resolved line tension is strongly correlated (inversely) with the mean activation energy for selfdiffusion along the TJ. In other words, the thermodynamically unstable TJs (i.e., comparatively
higher resolved line tension) demonstrated a lower energy barrier for self-diffusion along TJs.
Further, the TJ strain energy evolution was found to accurately predict the binding behavior of
point defects and solute atoms (i.e., beneficial effect or a significant detrimental effect). This,
together with the resolved line tension, provides the necessary length-scale parameters for
engineering radiation resistant NC materials with a favorable population of TJs (similar to the
GB/interface engineering).

2. Computational methods
Molecular dynamics simulations using LAMMPS [47] and MOLDY [48] were employed to
investigate the role of TJs on various phenomena that occur under radiation damage.
Specifically, various intrinsic properties were quantified to correlate the diffusion kinetics of
point defects and the radiation induced segregation behavior of H, He, P, and V atoms in the
vicinity of various TJs. Atomistic simulations were performed using semi-empirical embedded
atom method (EAM) potentials to accurately describe various Fe-solute interactions [49–52]. In
all of these EAM potentials, the Fe-Fe interactions were based on the Fe EAM potential of
Mendelev et al. [53] which compares well with Chamati et al. [54]. In the case of Fe-He, a
modified version of the MOLDY code was used [55,56]. These EAM potentials were
parameterized using an extensive database of energies and configurations from density
functional theory calculations and have been used to accurately predict different material
properties such as cohesive energy, surface energies, generalized stacking fault energies and
solute-defect interactions (for details, see Refs. [41,49,56–60]). The cohesive energy predicted
by all the potentials for α-Fe was approximately 4.01 eV/atom, which compares well with 4.2
eV/atom reported by Bhatia et al. [61] using density functional theory.
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Figure 1: a) Schematic showing construction of a GB TJ configuration. The GBs were
minimized separately and a wedge was carved out along the {001}/{011} planes represented by
dashed lines. b) The initial configuration of the substitutional solute atom (red atom) before
energy minimization in a BCC Fe (blue atoms) unit cell. c) An example of a starting instantiation
of an interstitial solute atom that lies within a radius of √3/2

around the

atomic site.

In this work, the TJs were constructed using <110> symmetric tilt grain boundaries (GBs)

(see Table 1). These GBs were characterized using the structural unit method [62,63]. As with
past work [41,64–68], an atom deletion criterion, multiple initial configurations and various inplane rigid body translations were utilized to accurately obtain an optimal minimum energy GB
structure via the conjugate gradient energy minimization process. Circular wedges were then cut
from the GBs along the stitch plane, i.e., {001}/{011} planes (see Figure 1a) [22,69,70]. Next,
the GBs labelled 2 and 3 were rotated by

and

respectively about the GB tilt axis, as shown

in Figure 1a. The three circular wedges were brought together, the overlapping atoms were
removed, and the energy minimization was carried out using an energy and force convergence
criteria of 1e-25. Lastly, the TJ structure was relaxed again at 300 K using the canonical ensemble
5

(NVT) for 1 ns. Afterwards, the intrinsic properties relevant to stability for the TJs were
examined and will be discussed in detail later.
Table 1. Details of grain boundary triple junctions along with the CSL and the misorientation
angle (θ) for each GB interface.
Triple Junction

GB #1 (Σ, θ)

GB #2 (Σ, θ)

GB #3 (Σ, θ)

Σ3-Σ3-Σ9
Σ3-Σ9-Σ27
Σ3-Σ11-Σ33
Σ3-Σ19-Σ57
Σ3-Σ27-Σ81
Σ3-Σ33-Σ99

Σ9 (114), 38.94°
Σ27 (552), 148.41°
Σ33 (225), 58.99°
Σ57 (558), 82.95°
Σ81 (447), 77.88°
Σ99 (7710), 89.42°

Σ3 (112), 70.53°
Σ9 (221), 141.06°
Σ11 (113), 50.48°
Σ19 (116), 26.52°
Σ27 (115), 31.59°
Σ33 (118), 20.05°

Σ3 (112), 70.53°
Σ3 (112), 70.53°
Σ3 (112), 70.53°
Σ3 (112), 70.53°
Σ3 (112), 70.53°
Σ3 (112), 70.53°

The role of the atomic structure surrounding the TJ on the binding energetics of point defects
(vacancy and self-interstitial atom) and various solute atoms (H, He, P and V) were assessed by
calculating the formation/binding energies. The solute atoms studied in this work represent both
the interstitial (H and He) and substitutional (P and V) impurities for α-Fe. The substitutional
solute atom (P and V) was introduced by replacing an Fe atom at the atomic site Figure 1b).
The substitutional defect (vacancy, P and V) formation energy at the site  can be expressed in
the following manner:
(1a)
Here,

and

are the total energies of the TJ simulation cell with and without the

substitutional defect, respectively. The

and

and the solute atom (in the case of a vacancy,

terms are the cohesive energies of the Fe
0), respectively. It is useful to compare the

substitutional defect formation energy in the vicinity of the TJ configuration
bulk
The

,
,

.
,

,

,

to that in the

(1b)

for vacancy, V and P were 1.75, -0.58 and 2.05 eV, respectively, see [65,71]. In the

case of an interstitial solute atom (H and He), a slightly different methodology was employed.
Since a single instance may not obtain the minimum formation/binding energy, thirty six
different starting positions were randomly selected within a sphere of radius √3/2

(

is the

lattice parameter) around the atomic site . The formation and binding energies for an interstitial
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defect (SIA, H and He) at the atomic site β in the vicinity of the TJ (Figure 1c) can be expressed
in the following manner:
(2a)

where,

∑

,

,

is the cohesive energy of the solute atom and

(2b)
is the total energy of the TJ

simulation cell in the presence of an interstitial atom. A similar methodology was employed by
Tschopp et al. [72] to obtain the statistical information regarding the binding energetics of a He
cluster around Fe GBs. In order to study the effect of the TJ atomic arrangement on the vacancy
migration behavior, the NEB method [43] was employed. The variation in the diffusion of the
vacancy was examined for all the atomic sites within a radius of 5 Å of the TJ (i.e.,
approximately 25 NEB simulations for each TJ). This was carried out by the creation of two
distinct TJ structures that serve as the initial and final atomic positions for the vacancy migration
along the TJ line. The quick-min optimization scheme (refer [73] for more details) with a force
tolerance criteria of 1e-3 and 12 intermediate images were employed to find the minimum energy
pathway (MEP) for the migration of a vacancy along the TJ line.

3. Triple junction atomic structure and thermodynamic properties
Understanding the role of TJs on the structural stability and solute binding behavior is critical
in engineering NC materials resistant to grain growth and radiation induced segregation. Hence,
we focus on characterizing the TJ atomic structures by measuring the hydrostatic stress field and
the variation in the potential energy due to the formation of TJs. These structural properties
provide a basis for defining other intrinsic properties, such as the TJ strain energy evolution and
the resolved line tension that are critical in understanding the structural stability of the TJ. For
instance, the hydrostatic stress field is further used to compute the resolved line tension acting at
the TJ, and the TJ strain energy evolution provides a measure of the energy localization around
the TJ. Note that we have also computed other thermodynamic variables such as the excess
energy and volumetric strain due to the formation of the TJ, see Appendix A for further details.
The atomic distribution of the hydrostatic stress fields for the various TJs provides an
assessment of the stress buildup and outlines the dislocation structure of the GBs intersecting at
the TJ (Figure 2). The hydrostatic stress accumulated near the Σ3-Σ3-Σ9 TJ (Figure 2a) was
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higher when compared to the stress accumulated near the Σ3-Σ9-Σ27 TJ (Figure 2b). This clearly
highlights the importance of the local atomic arrangement surrounding the TJ compared to the
constituent GBs. For instance, the magnification of hydrostatic stress near the Σ3-Σ3-Σ9 TJ
(Figure 2a) far exceeded the maximum hydrostatic stress observed along the GBs. On the other
hand, in the case of the Σ3-Σ9-Σ27 TJ (Figure 2b), there was no change in the hydrostatic stress
distribution near the TJ when compared to the behavior observed along the constituent GBs.
Similarly, the stress accumulation far exceeded the stress observed along the constituent GBs in
the Σ3-Σ11-Σ33 TJ (Figure 2c). A plausible explanation for this behavior can be the intersection
of high energy interfaces (Σ11 and Σ33 GBs) that causes a significant change in the nature of the
TJ behavior resulting in a GB dominated behavior. On the other hand, the stress buildup for the
Σ3-Σ27-Σ81 TJ and other TJs (see Figures 2d, e and f) was found to be far lower when compared
to the constituent GBs. The variation in atomic hydrostatic stress near the TJ was further utilized
to characterize the resolved line tension. The approximate resolved line tension ( ) acting at the
TJ was calculated as:
where,

∑

(3)

is the length of the unit vector tangential to the GB plane and the surface tension for

the intersecting GBs (

was estimated by averaging the normal and tangential stresses acting

over a region of ± 20 Å normal to the interfaces. The line tension at the TJ acts as a driving force
for the grain growth [74]. In other words, a higher resolved line tension at the TJ results in
greater mobility of the NC material, as the overall microstructural mobility is greatly weighed by
the TJ behavior. Therefore, quantifying the resolved line tension across various TJs is vital in the
attempts to engineer NC material with improved structural stability. Figure 3a shows the
resolved line tension trend for a majority of the TJs, which was found to vary within 0.5 to 1
N/m, except for the Σ3-Σ33-Σ99 TJ (2.4 N/m). In the case of the Σ3-Σ33-Σ99 TJ, the
significantly higher resolved line tension can be attributed to the intersection of high energy
interfaces at the TJ. From a microstructure stability point of view, the physical ramifications of a
higher line tension suggests a higher TJ mobility, i.e., TJs with a high line tension will result in a
loss of structural stability [74].
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Figure 2: The minimized atomic configuration of: a) Σ3-Σ3-Σ9, b) Σ3-Σ9-Σ27, c) Σ3-Σ11-Σ33, d)
Σ3-Σ19-Σ57, e) Σ3-Σ27-Σ81 and f) Σ3-Σ33-Σ99 TJs. Atoms in the perfect BCC lattice are
depicted as green, while the defected atoms along the GB and the TJ are colored according to the
variation in hydrostatic stress.
Next, the strain energy evolution at the TJ as a function of radial distance

was

calculated using the following expression:

where,

ln

is the TJ core energy,

(4)
is the magnitude of the Burger’s vector

111 ,

is a constant that depends on the elastic properties of the material, r is the radius of the cylinder
and

is the sum of excess energies (calculated by subtracting the cohesive energy

contribution) of all the atoms that lie within a radius of r from the TJ. This metric can be
employed to assess the strain energy localization around the TJ, similar to that of an individual
dislocation core [75]. Due the elastic anisotropy [76,77] and the breakdown of continuum
elasticity near the defect core, the core energy term was introduced in Equation 4 (refer to [75]).
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Figure 3b shows the TJ strain energy evolution as a function of the radial distance for a few
selected TJs. As shown in Figure 3b, the Σ3-Σ3-Σ9 and Σ3-Σ11-Σ33 TJs have the highest strain
energy localization around the Burger’s vector length

, i.e., at the TJ core (also refer to

Table 2). Further, the approximate slope (m) of Figure 3b computed for r > b indicates the degree
of constituent GB contributions towards the total strain energy evolution. In other words, a high
m value corresponds to a significantly high contribution of the strain energy from the constituent
GBs as compared to the TJ. For instance, in the case of the Σ3-Σ3-Σ9 TJ, the rate of strain energy
accumulation (slope of the curves (m) in Figure 3b) reduces drastically with increasing distance
from the TJ

, suggesting a reduced GB contribution. On the contrary, the rate of strain

energy accumulation for the Σ3-Σ11-Σ33 TJ remained high consistently with increasing distance
from the TJ, therefore a strong GB contribution can be inferred. In summary, the strain energy
evolution helps in understanding the following issues: a) the strain energy distribution due to the
formation of a TJ (i.e., due to the localized TJ structure) and b) the competition between TJ and
GB dominated energetics.

Figure 3: (a) The resolved line tension at the TJ and (b) the evolution of the TJ strain energy as a
function of the logarithmic distance from the TJ for a few selected TJs.
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Table 2. The TJ core energy,

and the average slope, m obtained from the TJ strain energy

evolution curve as described in Figure 3b for the various TJs.
Triple Junction

TJ core energy,
, ( 10-15 mJ)

Σ3-Σ3-Σ9
Σ3-Σ9-Σ27
Σ3-Σ11-Σ33
Σ3-Σ19-Σ57
Σ3-Σ27-Σ81
Σ3-Σ33-Σ99

0.99
0.67
0.89
0.60
0.49
0.61

Slope of the TJ strain energy
versus ln(r/b),
, ( 10-15 mJ)
0.52
1.16
0.85
0.46
1.00
1.07

4. Correlating the triple junction thermodynamic properties to point defects binding
energetics
Radiation damage creates lattice point defects, which can alter the physical and mechanical
properties of the material through the nucleation of defects such as defect clusters, defectimpurity complexes, voids and defect-solute clusters. Thus, quantifying how point defects, such
as vacancy and SIA, interact with defect sinks (TJ and the constituent GBs) is critical. For
instance, the stability of a nuclear structural material relies on its effectiveness in absorbing point
defects through various microstructural sinks (GBs and TJs). Further, vacancies and SIA’s play
an important role in the solute kinetics behavior in the vicinity of the TJs and their constituent
GBs. Therefore, before turning our attention to solute atom (H, He, V and P) energetics per se,
we first focus on the vacancy and SIA binding behavior near the TJ.
The spatial variation in the vacancy binding energy (

) near TJs is shown in Figure 4. For

the sake of brevity, the vacancy binding energy of Σ3-Σ3-Σ9 and Σ3-Σ33-Σ99 TJs are presented
herein. The effect of TJs on the binding tendency for atomic sites within the grain interior was
found to be negligible, i.e., the atoms further away from the TJs and constituent GBs are colored
white (0 eV vacancy binding energy), indicating that there is no difference in formation energy
compared to the pristine BCC lattice (see Figure 4). Further, the atomic sites with higher vacancy
binding energy were found to be clustered near regions of high atomic hydrostatic stresses
(Figures 2 and 4). Also, as shown in Figure 4, there is a clear difference in the numbers of
preferred binding sites (

0) in the vicinity of the TJ between the Σ3-Σ3-Σ9 and the Σ3-

Σ33-Σ99 TJs. The Σ3-Σ3-Σ9 TJ has preferred vacancy sites concentrated in a very small region
around the triple point within a 3 Å radius, indicating the extent of the TJ elastic strain field. On
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the other hand, the Σ3-Σ33-Σ99 TJ has more stable vacancy sites (
along the constituent GBs (Figure 4b).

0) away from the TJ

Figure 4: The atomic variation in vacancy binding energy near a) Σ3-Σ3-Σ9 and b) Σ3-Σ33-Σ99
TJs. The atoms were colored based on the vacancy binding energy at each site. White atoms
correspond to the bulk binding energy (~ 0 eV) and black atoms represent the minimum vacancy
binding energy of 2.5 eV.
To quantify the spatial extent of the vacancy and SIA binding energies relative to the bulk,
we focus our attention on the mean vacancy

and SIA

binding energies as a

function of radial distance from the TJ, i.e., the mean binding energy for all the atomic sites that
lie within small concentric regions (2 Å intervals) from the TJ. A total of 10 concentric bins were
defined (
and SIA

) up to a distance of 20 Å from the TJ. Figure 5 plots the mean vacancy
binding energies as a function of radial distance from the TJ. Here, the

computed mean binding energies are used to comprehend the interplay between the GB and TJ
on the binding strength of point defects. For example, the vacancy and SIA mean binding
energies for a majority of the TJs converged to the bulk formation energy at a length of
approximately 15 Å from the TJ (where,

= 1.75 eV), i.e., the length scale over which there

is a significant influence of the TJ on the point defect binding energetics. Further, there appears
to be a correlation between the variation in the mean binding energies (vacancy and SIA) as a
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function of radial distance from the TJ and the evolution of the TJ strain energy, compare
Figures 5 and 3b. For example, the Σ3-Σ3-Σ9 TJ had a highly localized TJ core energy (Figure
3b) and, hence, a high preference to accommodate a vacancy near the TJ core (within 5 Å
radially). On the other hand, the Σ3-Σ33-Σ99 TJ has lower concentration of energetically
favorable sites near the TJ, which is in part due to an increasing influence of the constituent GBs
on the TJ strain energy (Figure 3b). Further, similar behavior was observed in the case of SIA
(Figure 5b). However, there was a higher preference for accommodating SIA in contrast to
vacancies around the TJs, which is in agreement with previous simulations, e.g. Ref [78].
Subsequently, there is a corresponding larger energetic driving force for SIA to bind around the
TJ in α-Fe over vacancies. Overall, the binding energetics of point defects highlights the critical
interplay between the GB and TJ dominated behavior.

Figure 5: The mean (a) vacancy and (b) SIA binding energies as a function of radial distance
from the TJ. A total of 10 concentric bins were defined (

) up to 20 Å from the TJ.

5. Vacancy migration behavior along the triple junction
During radiation, the impact of high energy particles on the structural material induces a large
number of defects and the GBs and TJs act as sinks for these defects. The increased volume
fraction of grain boundaries in a NC material allows for the effective absorption of defects at the
interface, lowering the probability of aggregation of defects, thereby, improving the resistance to
radiation damage over coarse grained materials [2,8,79,80]. However, the increased volume
fraction of the TJs in NC material can significantly alter the material behavior [42,81–83].
Further, as mentioned earlier, the microstructural stability is critical for broader applicability of
NC materials. Therefore, it is critical to evaluate the role of TJs and their constituent GBs on the
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structural stability and material behavior. The effect of the interplay between a GB and the TJ on
the grain growth has been discussed in previous work [84,85]. For example, it has been shown
that below a certain critical grain size, the immobile TJs can create a drag effect to the
microstructural growth. Here, we characterize the mass transport properties of the TJs by
quantifying the activation energy for self-diffusion, i.e., the sum of vacancy formation and
migration energies for various TJs:

where,

,

and

,

,

,

(5)

are the vacancy formation and migration energies in the vicinity of the

TJ, respectively. A large degree of site to site variation was observed in the activation energy for
vacancy migration along the TJ. Thus, the probability density function (PDF or probability
density of events) was quantified to understand the likelihood of observing various vacancy
activation energy (Figures 6a-f) for the TJs examined here. Examining the PDF of activation
energies reveals that some of these differences are a clear consequence of the atomic structure of
the TJ, see Figures 6a-f. To further statistically quantify the scatter in the activation energy, we
focused on the full width half maximum (FWHM), i.e. the spread in the activation energy across
which the probability density falls to half its peak value (Figures 6a-f). This indicates statistically
relevant vacancies of activation energies for the various TJ, as the probability of occurrence is
high (~68%). Furthermore, in this work the trend between the mean activation energy for
diffusion and the resolved line tension (Figure 6g) was examined to provide a measure of the
mass transport behavior for a NC material. Figure 6g clearly highlights the inverse dependence
of the mean activation energy for vacancy diffusion on the resolved line tension at the TJ (Figure
6g). In other words, the TJ with a higher line tension will thermodynamically be more unstable.
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Figure 6: a-f) The vacancy diffusion activation energy probability density function for various
TJs; and g) the variation in the mean activation energy for diffusion against the resolved line
tension quantified earlier for the TJs.
6. Solute (H, He, V and P) binding behavior
In order to engineer next generation radiation tolerant material, it is imperative to understand
the energetics associated with segregation of solutes (H, He, V and P) around defects, such as
GBs and TJs. Therefore, probing the binding behavior for a variety of TJs can provide a
fundamental understanding of the relationship between the binding energetics and the atomic
structure. Hence, we first studied the spatial variation in binding energies at two TJs as a function
of different impurities. This helps in qualitatively assessing the propensity of the TJ and their
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constituent GBs to the various impurity atoms both at the substitutional and interstitial
configurations. The Σ3-Σ3-Σ9 and Σ3-Σ11-Σ33 TJs were chosen to highlight the difference
between the binding energetics for the various substitutional and interstitial impurity atoms. As
discussed earlier, for an interstitial element, such as a H or He atom, a single instance is not
sufficient to understand the formation/binding energy behavior. Therefore, thirty-six different
starting positions were randomly selected within a sphere of radius √3/2

(

is the lattice

parameter) around each atomic site in the vicinity of the TJ (Figure 1c).

Figure 7 illustrates the site to site mapping of the binding energy for the Σ3-Σ3-Σ9 and Σ3-

Σ11-Σ33 TJs for the various solute atoms (H, He, P and V). For all the impurity atoms, the
binding energy was found to rapidly diminish towards 0 eV as we moved away from the TJ and
into the bulk lattice. A few key observations can be drawn from Figure 7: (1) in the case of both
H and He atoms, a highly localized region (< 5 Å) of extremely stable binding sites were found
in the vicinity of the TJs, indicating that H and He prefer to bind around the TJs compared to the
constituent GBs; (2) in the case of an interstitial H and He atom, the most energetically favorable
binding sites were found to be clustered near regions of high hydrostatic stresses, compare
Figures 2 and 7; (3) the order of binding behavior at the Σ3-Σ3-Σ9 and Σ3-Σ11-Σ33 TJs listed
from highest to lowest is Fe-He, Fe-P, Fe-V and Fe-H, respectively; (4) in the case of P which is
known to cause temper embrittlement in steel [86], the TJs show a strong affinity for P to bind
near the TJ core with a small fraction of binding sites away from the TJ core and (5) in the case
of the substitutional V atom, only a small number of sites around the TJs were energetically
favorable for the impurity atom to bind. Interestingly, along the constituent GBs, the V atom had
negligible energetic preference (in agreement with previous simulations, e.g. Ref [60]). Overall,
a low number of energetically favorable binding sites near the TJs were observed for both the P
and V atoms compared to other impurities studied here. A plausible explanation could be that the
large atomic size of these substitutional atoms limits the number of preferable binding sites
around defects.
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Figure 7: The atomic variation in solute binding behavior was examined for the Σ3-Σ3-Σ9 and
Σ3-Σ11-Σ33 TJs for (a-b) hydrogen, (c-d) helium, (e-f) phosphorous and (g) the Σ3-Σ3-Σ9 TJ for
vanadium. The white atoms correspond to the bulk binding energy (~ 0 eV) and the black atoms
represent the maximum solute binding energy. In the case of hydrogen, it was 0.75 eV and 2.5
eV for the remaining solute examined here. Positive binding energies imply a favorable binding
behavior, thus the sites of maximum binding energy would act as the sink sites for solute atoms.
Next, we investigate the binding behavior of various impurities around the TJ and their
constituent GBs by computing the mean binding energy for all the sites that lie within a small
radial region, refer to Figure 8. These binding energies as shown in Figure 8 suggest that (1) The
Σ3-Σ3-Σ9 TJ was found to possess the highest binding strength for all the interstitial and
substitutional impurity atoms among the TJs examined here; (2) similarly, the Σ3-Σ9-Σ27 TJ
exhibits the least binding characteristics as compared to the various TJs examined herein; (3) a
strong correlation between the solute binding behavior and the evolution of the TJ core energy
was found (refer to Figures 3b and 8); (4) in the case of the Σ3-Σ3-Σ9 TJ, the mean binding
strength for all the solute atoms examined here was found to decay rapidly with increasing
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distance from the TJ core, which is in agreement with the trend for the TJ strain energy (Figure
3b); (5) in general, the mean binding strength for all the solute atoms across the various TJs was
found to converge towards 0 eV around a distance of 10-15 Å and (6) for the Σ3-Σ27-Σ81 TJ, the
mean binding energy remained high ( > 0 eV) with an increasing distance from the TJ, due to
the availability of stable binding sites along the constituent GBs.

Figure 8: The mean binding energy as a function of radial distance from the TJ for the following
solute atoms: a) Hydrogen; b) Helium; c) Phosphorous and d) Vanadium. A total of 10
concentric bins were defined (

) up to 20 Å from the TJ.

7. Implications of solute binding behavior around the TJ region
The length scale over which the TJ influences the solute binding behavior was examined for
the Σ3-Σ3-Σ9 and Σ3-Σ11-Σ33 TJs (Figure 9). This was determined by measuring the distance
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from the TJ along the constituent GBs and the three {110} planes intersecting the TJ core where
a distinct change in the solute binding behavior was observed. This is because the atomic sites
that lie within the envelope of the TJ influence may not necessarily observe an equal influence
on the solute binding strength. For instance, the atomic sites that lie along the Σ3 GB plane and
the {110} planes further away from the TJ exhibit a small energetic preference, but the solute
binding strength along these planes noticeably increases upon approaching the TJ. In the case of
the Σ3-Σ3-Σ9 TJ (Figures 9a-d), it was found that the TJ influence on solute binding behavior
extended furthest along the Σ9 GB, followed by a nearly symmetric influence along the Σ3 GBs.
This behavior can be explained on the basis of the higher interface energy/excess volume of the
Σ9 GB as compared to the Σ3 GBs; whereby, the Σ9 GB offers a lower resistance path for the
release of the strain energy due to the formation of the TJ. Furthermore, across the various
solutes examined here, a sharp increase in the solute binding energy (almost twice the Σ9 mean
binding energy) was observed for sites along the Σ9 GB within a distance of 4-5 Å from the TJ
(Figure 9a-d). For the Σ3-Σ3-Σ9 TJ, the largest region of TJ influence was observed for the
interstitial hydrogen atom, this can be explained on the basis of the small atomic size of the
hydrogen atom and the partially filled s orbital enabling the preferential binding across a large
selection of sites around the TJ. The size of the region over which the Σ3-Σ3-Σ9 TJ exerts
influence on solute binding behavior was found to be inversely related to the atomic size of the
solute atom (H < He < P < V). However, in the case of the Σ3-Σ11-Σ33 TJ (Figure 9e-h), the TJ
influence extended over a smaller region in comparison to the Σ3-Σ3-Σ9 TJ (except for the V
atom) and was found to be insensitive to the type of solute atom.
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Figure 9: A comparison of the length scale over which for (a-d) Σ3-Σ3-Σ9 and (e-h) Σ3-Σ11-Σ33
the probability of finding sites near the TJ with large binding energies for H, He, P and V atoms
is high.
8. Triple junction versus grain boundary: Solute segregation profile
Previous studies [42,87] have observed that the TJ demonstrates a greater tendency for the
aggregation of solute atoms in a NC material as compared to the GBs. Therefore, using the solute
binding behavior around the TJ quantified earlier, we compare the variation in solute
concentration around the TJs and their constituent GBs using the Langmuir-McLean relationship
[88] (refer to Figure 10), described in detail in Appendix B. To understand this behavior, we
chose the Σ3-Σ3-Σ9 TJ as it had the highest localization of TJ core energy (Figure 3b and Table
2) and also showed the highest sink efficiency for the point defects and solute atoms examined
here (Figure 8). Specifically, the concentration profile for H and V in the vicinity (

5 Å) of the

Σ3-Σ3-Σ9 TJ were compared against the constituent GBs for a wide-range of temperature, see
Figure 10. In the case of H (Figure 10a), the TJ had a 100% sink efficiency up to a temperature
of 500 K. Beyond this temperature the sink efficiency decreases to 40% for a temperature of
1000 K (Figure 10a), indicating that at higher temperatures the solute atoms have sufficient
activation energy available to diffuse away from the TJ. Further, the solute concentration within
±10 Å of the GB plane for the Σ3 and Σ9 GBs were examined individually with the help of the
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mean binding energy for the interstitial H atom [41]. The H concentration profiles for these
constituent GBs were distinctly different when compared to the Σ3-Σ3-Σ9 TJ. For instance, the
ability of the Σ3 GB to act as a preferred site for aggregation of H atoms was found to diminish
rapidly with increasing temperature (Figure 9a). Additionally, the Σ9 GB showed a limited
thermodynamic drive for the segregation of H along the GB.
In the case of a substitutional V atom, the concentration around the Σ3-Σ3-Σ9 TJ drops
sharply to almost 20% sink efficiency around room temperature (Figure 9b). Further, using the
values for binding energy from the work of Rajagopalan et al. [60] it was found that the V atoms
had close to 0% probability to accumulate along the constituent GBs across a wide-range of
temperature (Figure 9b). These findings clearly demonstrate that despite limited potency of the
constituent GBs, the TJs can have significantly higher sink efficiency for solute aggregation
(Figure 10). Therefore, these atomic-scale insights provide the motivation for future studies
examining the role of TJs on structural stability and sink efficiency which are key aspects in the
engineering of radiation resistant NC materials.

Figure 10: The distinct solute concentration in the vicinity of the TJ is highlighted by comparing
the concentration profile across a wide range of temperature using Equation S3 (
and

0.28%

0.08%) for a) H and b) V in the vicinity of the Σ3-Σ3-Σ9 TJ and its constituent GBs.

9. Conclusions

In this work, the role of TJs on the structural stability and the solute binding behavior was
examined using atomistic simulations in α-Fe. The key goals of this work were: a) systematically
quantify the thermodynamic quantities at the TJ pertinent to the structural stability of NC
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material; b) examine the distinct role of the atomic arrangement surrounding the TJs on the point
defect and solute atom binding behavior; c) measure the activation energy for vacancy diffusion
along the various TJs and d) highlight the distinct role of the TJs on solute aggregation by
comparing the concentration profile around the TJ and the constituent GBs using the LangmuirMcLean relationship [88]. The significant findings of this work are as follows:
1. The evolution of the TJ strain energy was found to clearly explain the point defect and solute
atoms binding for all the TJs examined (refer Figures 3b, 5 and 7). For instance, the Σ3-Σ3Σ9 TJ had the highest TJ core energy, consequently both the point defects and solute atoms
found several energetically stable binding sites in the immediate vicinity of the Σ3-Σ3-Σ9 TJ.
2. The SIA was found to be energetically preferred over a vacancy defect in the vicinity of the
TJs (Figure 4 and 5). Furthermore, the length scale over which the TJ exerted an influence on
the binding behavior of SIA was much larger when compared to the vacancy binding
behavior (Figure 4 and 5). However, for both the SIA and vacancy, a greater driving force to
bind near the TJ was observed when compared to the constituent GBs. This clearly highlights
the role of TJ as a strong sink for the accumulation of point defects that are formed by
radiation damage. Understanding this is a key aspect in the engineering of radiation resistant
NC material.
3. To comprehend the ramifications of the vacancy formation/binding behavior on the mass
transport properties of NC material, the variation in the energy barrier for vacancy migration
along the TJs was quantified using NEB calculations (Figure 6). The mean activation energy
for vacancy diffusion along the TJ was found to have a strong inverse dependence on the
resolved line tension measured at the various TJs. In other words, a TJ that had a large
resolved line tension due to the intersection of GBs is thermodynamically less stable and was
consequently found to result in a lower activation barrier for vacancy diffusion.
4. Finally, with the help of the Langmuir McLean relationship, we compared the solute
concentration profiles for the Σ3-Σ3-Σ9 TJ and its constituent GBs and it was found that the
solute concentrations in the vicinity of the TJ can be much higher than the GBs (Figure 10).
Physically, understanding solute concentration in the NC materials around the TJ can help in
effectively decreasing the probability of crack nucleation around the TJ due to the
embrittlement effect of solute atoms.
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In summary, it can be concluded that the physical properties exhibited at the TJ can be
remarkably different from the constituent GBs. For instance, the Σ3-Σ3-Σ9 TJ is formed by the
intersection of two low energy Σ3 GBs but has the highest localization of TJ strain energy
(Figure 3b). This leads to the presence of energetically stable sites for the aggregation of point
defects and solute atoms around the Σ3-Σ3-Σ9 TJ. Interestingly, our findings reveal that the Σ3Σ3-Σ9 and Σ3-Σ27-Σ81 TJs had a high energy barrier for self-diffusion (Figure 7). This makes
them an ideal candidate for tailoring radiation resistant microstructures, as they can effectively
retard grain growth during irradiation. Atomistic studies are inherently limited to the finite length
and time scales; therefore, a future study with a higher length scale modelling tool (e.g. phase
field modeling) is necessary to further comprehend the TJ role on the microstructural stability.
Nevertheless, our findings can guide future synergistic efforts that combine modelling and
experimental approaches (such as the work by Beyerlein et al. [89–92] on bulk nanocomposite
material) to advance the development of thermodynamically stable NC materials for nuclear
applications.
Acknowledgement
The authors gratefully acknowledge support from the Office of Naval Research under contract
N000141110793.

23

Appendix A. Quantifying thermodynamic properties for the TJ
The net change in volume due to the formation of a TJ (∆

) was computed using the

following relation:
∑

∆
where,

(A1)

is the radius for the TJ assumed to be the maximum length of the unit vector

tangential to the GBs intersecting at the TJ
of

∆

from the TJ,

, n is the number of atoms lying within a distance

is the atomic volume in a pristine BCC lattice at 0 K, and ∆

is the

volume expansion along the GB plane per unit of the GB area for the ith interface. This
expression for the ∆

is indirectly related to the amount of misfit strain induced during

formation of the TJ [93]. Figure A1a shows the net change in volume which was found to clearly
increase with an increase in the Σ value of the GBs involved. This suggests that the high Σ GBs
would form a more diffused TJ. In general, the volume change for TJs was found to follow an
exponential relationship. Similar trends have been observed in previous studies on TJs in Si [93]
and FCC materials [22].
The total excess energy due to the formation of the TJ was computed with respect to the
energy of the pristine BCC lattice using the following relation:
where,

∆

∑

⁄

is the energy of the defected atoms within the TJ and GBs,

energy of a single α-Fe atom at 0 K, and

(A2)
is the cohesive

is the GB formation energy per unit area for the ith

interface. The net excess energy was normalized by the line length ( ) of the TJ. These results
were found by the summation of atomic energies within a distance of 190 Å from the TJ. Figure
A1b shows the net excess energy of the various TJs in α-Fe. The net excess energy is found to be
maximum at the Σ3-Σ9-Σ27 TJ (5.25x10-8 J/m) and minimum at the Σ3-Σ3-Σ9 TJ (3x10-8 J/m).
For a few TJs studied in the open literature using atomistic methods [44,93,94] and experimental
work [95], the excess energies computed here were found to be in close agreement. This
computed excess energy is the measure of additional elastic work required to bring together the
three interfaces. Therefore, the excess energy directly provides a sense of the free energy that
needs to be decreased either by the migration of the TJ or the emission of vacancies into the
bulk.
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Figure A1: (a) The net change in volume at the TJ. In general, a clear trend can be observed that
high CSL GB TJs underwent large volume change during formation of the TJ. (b) The excess
energy due to the formation of the TJ.
Appendix B. Solute concentration profile around the triple junction
To gauge the physical ramifications of the atomic arrangement surrounding the TJs on the
binding behavior for solute atoms, the Langmuir-McLean [88] relation was examined for the
various TJs. Here, the normalized solute concentration at the TJ (
of the nominal bulk concentration of the solute (
in the vicinity of the TJ (

where,

) can be expressed in terms

, the binding energy for various solute atoms

and the temperature ( ) in the following manner:
1 1

exp

/

is the Boltzmann constant. The mean binding energy (

(B1)
) for all the atomic sites that

lie within a radius of 5 Å from the TJ was used in the Langmuir-Mclean relation (Equation S3)
as the binding energy (

). A temperature of 300 K (T) was chosen to examine the concentration

profile for solutes surrounding the various TJ (Equation B1). In the case of H and He atoms, it
was found that the vast majority ( 100%) of the nominal bulk concentration (

0.28 % and

0.3 %) preferred to reside around the various TJs examined here (Figure B1). In the case

of the substitutional P atom, the concentration profile around the TJ (refer Figure B1) was found
to be directly related to the magnitude of hydrostatic stress localization at the TJ (Figure 2). To
elaborate, the Σ3-Σ3-Σ9 (σm = 3.78 GPa), Σ3-Σ11-Σ33 (σm= 5.20 GPa) and Σ3-Σ27-Σ81 (σm= 2.05
GPa) TJs had large stress localization (< 5 Å) compared to the other TJs (Figure 2), thereby
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acting as the driving force for high concentrations of P ( 100% of the

0.1 %) around these

TJs. However, in the case of V there was a limited tendency for localization of high
concentrations around the TJs (Figure B1). This observation can be attributed to the large size of
the substitutional V atom compared to the P atom (rV ~ 1.4rP), thereby decreasing the probability
of finding large concentrations of V in the vicinity of the TJs.

Figure B1: The solute concentration for the various TJs in terms of nominal solute concentration
of the solute in the bulk (

0.28 %,

0.3 %,

0.1 % and

0.08 %) at 300 K.
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