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 A B S T R A C T

Understanding how light interstitials migrate in chemically complex alloys is essential for predicting defect 
dynamics and long-term stability. Here, we introduce a spectral sampling framework to quantify boron 
diffusion activation energies in Ni and demonstrate how substitutional solutes (Cr, Mo) reshape interstitial 
point defect transport in both the bulk and along crystallographic defects. In the bulk, boron migration energy 
distributions exhibit distinct modality tied to solute identity and spatial arrangement: both Cr and Mo raise 
barriers in symmetric cages but induce directional asymmetry in partially decorated environments. Extending 
this framework to a 𝛴5⟨100⟩210 symmetric tilt grain boundary reveals solute-specific confinement effects. Cr 
preserves low-barrier in-plane mobility while suppressing out-of-plane transport, guiding boron into favorable 
midplane voids. Mo, by contrast, imposes an across-the-board reduction in boron mobility, suppressing average 
diffusivity by two additional orders of magnitude at 800 ◦C and reducing out-of-plane transport by five orders 
of magnitude relative to Cr. Both elements promote segregation by producing negative segregation energies, but 
their roles diverge: Cr facilitates rapid redistribution and stabilization at interfacial sites, consistent with Cr-rich 
boride formation, while Mo creates deeper and more uniform segregation wells that strongly anchor boron. 
Together, these complementary behaviors explain the experimental prevalence of Cr- and Mo-rich borides at 
grain boundaries and carbide interfaces in Ni-based superalloys. More broadly, we establish spectral sampling 
as a transferable framework for interpreting diffusion in disordered alloys and for designing dopant strategies 
that control transport across complex interfaces.
1. Introduction

The migration of light interstitials through metal lattices plays a 
central role in microstructural evolution, defect chemistry, and per-
formance degradation in structural alloys [1,2]. In Ni-based systems, 
interstitial species such as boron and carbon are known to influence 
a wide range of properties, including grain boundary cohesion, creep 
resistance, oxidation tolerance, and susceptibility to embrittlement [2]. 
While their macroscopic effects have been widely documented [3–8], 
the mechanisms by which interstitials navigate the chemically and 
structurally heterogeneous landscapes of real alloys remains an active 
area of research.

Experimental and computational studies have provided valuable 
insights into both bulk and interfacial diffusion. Tracer-based measure-
ments have revealed alloy-specific trends and the impact of phase com-
position on boron mobility [9,10]. First-principles calculations have 
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clarified site preferences and migration pathways for various inter-
stitial species [11–13], often treating the host lattice as chemically 
and structurally uniform. Other studies have introduced substitutional 
dopants to explore how solute identity affects interstitial migration 
through lattice distortion or orbital interactions [14]. In parallel, a 
growing body of work has examined how extended defects such as grain 
boundaries alter interstitial behavior. Rajeshwari et al. [15] linked GB 
structure and complexion transitions to changes in diffusivity. Yang 
et al. [16] and Di Stefano et al. [17] found that the local atomic packing 
of symmetric and asymmetric 𝛴 boundaries governs their ability to 
trap or transmit interstitials. He et al. [18], Huang et al. [19], and 
Dong et al. [20] showed that certain GBs can serve as either barriers 
or high-diffusivity channels depending on crystallographic character 
and impurity decoration. These results point to a dual dependence 
of interstitial migration on both chemical coordination and defect 
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topology. Previous studies isolate either a fixed geometry with varied 
chemistry [14], or a fixed chemistry across different GBs [16,18], 
leaving open the question of how chemical heterogeneity modulates 
diffusion within specific interfacial structures. To address this, recent 
work by Xing et al. [21] introduced a neural network kinetics model 
capable of quantifying the full spectrum of vacancy migration barriers 
in chemically complex alloys. By leveraging local atomic descriptors 
and stochastic sampling, their approach revealed how site-to-site vari-
ability in chemical environment governs kinetic activation energies, 
leading to a rugged migration landscape even within a single phase. 
Importantly, this framework emphasizes that transport in disordered 
alloys is governed not by a single representative barrier, but by a 
distribution of pathways whose accessibility depends on local atomic 
identity and arrangement.

Building on the spectral migration barrier analysis of Xing et al. [21,
22], we extend this approach to interstitial diffusion and show how sub-
stitutional chemistry shapes point defect transport in both the bulk and 
along crystallographic defects. In Ni-based superalloys, boron is a cru-
cial micro-alloying element that promotes high-temperature mechan-
ical performance, exhibiting a strong and recurring association with 
Cr- and Mo-rich environments. Atom probe and electron microscopy 
studies consistently show boron preferentially localized within Cr–Mo-
based grain boundary borides, co-segregated with Cr and Mo at random 
high-angle grain boundaries, and enriched at Cr–Mo carbide interfaces, 
while remaining largely absent from chemically incompatible inter-
faces such as coherent twin boundaries or 𝛾∕𝛾 ′ interfaces [23–27]. 
More recent work under additive manufacturing and service-relevant 
creep conditions further demonstrates that boron released from ceramic 
reinforcements preferentially re-partitions into (Cr,Mo)-based borides 
anchored at grain boundaries, where these complexes stabilize bound-
ary structure, suppress deleterious Cr–Mo TCP phases, and correlate 
directly with enhanced high-temperature strength and ductility [28,
29].

While extensive studies confirm boron’s thermodynamic stability 
and precipitation mechanisms with Cr and Mo, the atomistic kinetic 
mechanisms, specifically how Cr and Mo locally perturb the potential 
energy landscape and alter the energy barriers and pathways for in-
terstitial boron migration, remain poorly resolved. Importantly, while 
the literature on B–Cr and B–Mo ordering in Ni-based superalloys 
is robustly supported by experimental observation, the corresponding 
computational work on boron diffusion, reviewed in the previous pas-
sage, is largely limited to pure Ni simulation systems. Atomistic studies 
that consider boron’s behavior in true alloy simulation environments 
are extremely limited [14,30–32]. Additionally, standard theoretical 
methods often focus on an average energy barrier, masking the under-
lying spectrum of site-to-site energy variations essential for long-range 
diffusion in chemically complex alloys.

To resolve this critical knowledge gap, we adopt a coordination-
resolved spectral framework in which boron migration barriers are 
computed using Nudged Elastic Band (NEB) calculations across a sys-
tematically varied set of atomic neighborhoods. We consider a different 
perspective: interstitial diffusion as a sampling problem over a distri-
bution of local environments. Specifically, we vary the number and 
arrangement of Cr or Mo atoms in the first-nearest neighbor (1NN) cage 
surrounding interstitial sites. This sampling approach is then extended 
to a grain boundary system representative of a common configuration 
in FCC alloys: the 𝛴5 ⟨100⟩ {210} symmetric tilt boundary [33–35]. 
By evaluating migration barriers in both bulk and interfacial environ-
ments, we assemble a high-resolution dataset that captures the coupled 
effects of local chemical coordination and grain boundary structure on 
interstitial transport in chemically complex Ni alloys.

2. Methods

2.1. Preparing the simulation environment

The bulk simulation cell was constructed as a pure Ni supercell in 
the face-centered cubic (FCC) structure (space group Fm3̄m), consisting 
2 
of 1372 atoms with a lattice parameter of 24 Å. The cell size was 
selected based on an analysis of the radial strain induced by boron 
insertion at the octahedral interstitial site, as well as the subsequent 
local distortion caused by Cr or Mo substitution in the first-neighbor 
cage (given in Fig. S1). This ensured that the computed migration 
energy barriers were converged with respect to cell size (full details 
are provided in the Supplemental Materials). The 𝛴5 ⟨100⟩ {210} grain 
boundary (GB) system was generated using Atomsk [37] and will be 
referred to as S5. The S5 simulation cell contained 4800 lattice atoms. 
The dimensions of the cell were selected to ensure that radial strain 
from boron insertion and Cr or Mo substitution decayed fully within the 
cell. The corresponding simulation cell dimensions are provided in Fig. 
1. The calculated GB energy was 𝛾S5 = 1.20 J/m2, which is consistent 
with literature values [17,35,38].

It is important to note that while the present study focuses on a 
low-energy symmetric tilt boundary for its structural simplicity and 
suitability for systematic spectral sampling, this boundary type rep-
resents only a minority fraction of boundaries in polycrystalline Ni-
based superalloys, where random high-angle boundaries dominate the 
network [33,38]. Nevertheless, the spectral sampling framework intro-
duced here is not restricted to this GB character and can be applied to 
any boundary geometry, including experimentally measured networks, 
by repeating the same local coordination-dependent sampling protocol. 
Although absolute segregation energies and diffusion barriers will vary 
with GB structure, the qualitative mechanistic distinctions identified 
here are expected to persist across a broad range of boundary types.

2.2. Computational details

All simulations were performed using the Large-scale Atomic Molec-
ular Massively Parallel Simulator (LAMMPS) [39] in conjunction with 
version 5.0.0 of the universal neural network potential (Preferred Po-
tential, PFP) [40], with D3 dispersion corrections applied via Mat-
lantis [41]. Structural relaxation was carried out using conjugate gra-
dient (CG) minimization, with an energy tolerance of 0.0 eV to ensure 
a force convergence of 1 × 10−5 eV/Å. Climbing image NEB calcu-
lations [42] were performed using the Atomic Simulation Environ-
ment [43], also employing the PFP potential. Each migration pathway 
was discretized into six images, connected by harmonic springs with a 
stiffness of 0.5 eV/Å, and relaxed to a force tolerance of 0.01 eV/Å. 
The accuracy and transferability of the PFP framework have been 
extensively validated by its developers and in our previous works. For 
ease of access and transparency, we have compiled a summary of key 
DFT-to-PFP validation results in Tables S2 and S3 of the Supplemental 
Materials.

2.3. Spectral sampling and analysis

For bulk sampling, a single boron interstitial was inserted at the 
center of the simulation cell. Each configuration was fully relaxed, and 
the six nearest-neighbor Ni atoms surrounding the interstitial site were 
iteratively substituted with up to six Cr or Mo atoms, selected based on 
their proximity to the boron atom. In all cases, boron relaxed into an 
octahedral interstitial site. For each Cr/Mo coordination number 𝑛, both 
the initial and final octahedral sites were independently relaxed prior 
to performing NEB calculations. In the bulk, boron migrated via the
direct interstitial pathway [1], as illustrated in Fig.  2. This pathway is in 
agreement with previous DFT-based studies on boron diffusion in FCC 
Ni [14,16,44]. For comparison, the octahedral–tetrahedral–octahedral 
(O–T–O) diffusion pathway is described in Fig. S3.

Interstitial migration within the GB region required a different ap-
proach due to disrupted lattice periodicity. For the S5 system, candidate 
interstitial sites were identified using a Voronoi-based void-finding al-
gorithm restricted to the bounded GB zone (Fig.  1b). Voids were filtered 
based on minimum radius and spatial location to ensure physically 
meaningful insertion sites. The resulting set of positions captured the 
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Fig. 1. Visualization of the simulation cell used for grain boundary (GB) diffusion analysis, rendered in OVITO [36]. (a) The pure Ni 𝛴5 ⟨100⟩ {210} symmetric 
tilt GB cell (S5) containing 4800 atoms. The out-of-plane dimension (𝑧̂) measures 17.62 Å. (b) Detailed view of the S5 interface structure with common neighbor 
analysis coloring. Predetermined interstitial voids are marked by the smaller atomic species. Green denotes ‘‘fcc’’ coordination, while white indicates ‘‘other’’. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Schematic of the face-centered cubic octahedral cage with a boron atom positioned at the pristine octahedral interstitial site. In contrast to the conventional 
octahedral–tetrahedral–octahedral (O–T–O) diffusion pathway, boron migrates via one of twelve available exits leading to neighboring octahedral sites by passing 
near, but not through, the tetrahedral site. Instead, boron ‘‘squeezes’’ between two lattice atoms (through the edge of the tetrahedral cage) following what is 
commonly referred to as the direct interstitial pathway. Depending on the direction of migration, boron can either ‘‘glide’’ (remaining within the same (111) atomic 
plane) or ‘‘climb’’ (moving into an adjacent (111) plane above or below the original site).

Acta Materialia 305 (2026) 121841 
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Fig. 3. Schematics and corresponding minimum energy pathways for a boron bulk diffusion event. (a) illustrates the event in the pure Ni system (𝑛 = 0 Cr), 
where the minimum energy pathway is symmetric (𝐸forward = 𝐸reverse). (b) shows the geometric distortion and boron occupancy for the same event in the alloy at 
𝑛 = 3 Cr, where the chemical decoration induces an asymmetric (or directionally biased) minimum energy pathway (𝐸forward≠𝐸reverse).
structural and chemical heterogeneity of the GB. Migration pathways 
were constructed by connecting neighboring voids within a 2.5 Å 
cutoff, producing a spatially resolved network of possible interstitial 
hops. The migration barrier spectrum was then computed for each 
unique local coordination environment, reflecting the energetic impact 
of both substitutional disorder and interfacial topology.

The activation energy barriers for boron diffusion in bulk Ni and the 
S5 GB are in good agreement with prior DFT-based studies [14,16,44]. 
Importantly, the values reported here were carefully converged with 
respect to simulation cell size. For smaller supercells (e.g., comparable 
in scale to those used in DFT calculations) the predicted barriers were 
slightly higher and aligned more closely with published DFT results. 
As the supercell dimensions increased, the migration barriers system-
atically decreased and ultimately converged to the values presented 
throughout this manuscript.

To quantify boron co-segregation with Cr or Mo at the S5 GB, 
segregation energies were computed relative to the undoped system: 

𝐸seg(𝑛) =
[

𝐸GB(𝑛) − 𝐸undoped
GB

]

−
[

⟨𝐸(𝑛)
bulk⟩ − 𝐸undoped

bulk

]

. (1)

Here, 𝐸GB(𝑛) is the total energy of the GB system with boron coor-
dinated by 𝑛 Cr or Mo atoms, and 𝐸undoped

GB  is the total energy of the 
corresponding undoped GB system. ⟨𝐸(𝑛)

bulk⟩ is the average energy of 
bulk configurations where boron is inserted with the same coordination 
number 𝑛, and 𝐸undoped

bulk  is the energy of the undoped bulk reference. 
This formulation enables a consistent comparison between bulk and GB 
configurations. When plotted against Cr or Mo enrichment, the vari-
ability in the spectra reflects how local short-range ordering modifies 
the energetic landscape for light interstitial segregation. A negative 
𝐸seg(𝑛) indicates that the GB configuration is more stable than its 
bulk counterpart at the same coordination level, signifying a favorable 
4 
segregation tendency. For 𝑛 = 0, this corresponds to the segregation 
energy of boron in pure Ni. For 𝑛 > 0, it represents the segregation 
energy of the B–Cr or B–Mo motif to the GB. The reported values of 
boron segregation energy to the various voids within the S5 GB are in 
good agreement with previously published DFT results [45].

3. Results and discussion

3.1. Activation energy spectra

Before conducting a detailed analysis of the spectral data, it is 
important to establish an intuitive understanding of the processes oc-
curring within the simulation environments. Fig.  3 has been provided to 
help anchor the discussion around the activation energy spectra. Firstly, 
Fig.  3a demonstrates the simplest boron diffusion event: migration 
between equivalent octahedral sites in pure Ni (𝑛 = 0 Cr). There 
is no cage distortion outside of the local strain induced by boron’s 
presence, and the result is a symmetric minimum energy pathway. 
Next, Fig.  3b demonstrates how boron diffusion is modified as a result 
of Cr alloying in the nearest neighbor shell (𝑛 = 3 Cr). Due to the 
B–Cr interaction, the boron atom is pushed off-center, resulting in a 
distorted interstitial configuration. Consequently, the minimum energy 
pathway for this event is asymmetric, or directionally biased, as a 
result of the B–Cr interactions. Additionally, Fig.  3 serves to define 
the directional nomenclature: walking from left-to-right represents the 
‘‘forward’’ event, while walking from right-to-left yields the ‘‘reverse’’ 
event. As chemical coordination scales from 𝑛 = 0 to 𝑛 = 6, the forward 
event is effectively boron diffusing into the chemically decorated cage, 
and the reverse event is boron diffusing away from the chemically 
decorated cage. Note that adjacent octahedral cages share two metal 
neighbors. This geometrical constraint means that the forward initial 
state (and reverse final state) can be partially decorated.
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Fig. 4. Activation energy spectra for boron diffusion via the direct interstitial pathway in bulk face-centered cubic Ni. The top panel shows the forward activation 
energy barriers as a function of Cr and Mo coordination in the octahedral cage, while the bottom panel presents the corresponding reverse barrier distribution. 
The colors correspond to the number of Cr or Mo neighbors in the final state octahedral cage.  (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)
The spectra for boron diffusion in the bulk are compiled in Fig. 
4. Peak amplitudes reflect the frequency with which distinct local 
motifs contribute to a given barrier height. A tall peak indicates that 
many sampled configurations share the same chemical and structural 
environment, whereas smaller peaks arise from less common motifs. 
Peak height should be interpreted as motif multiplicity rather than an 
intrinsic probability or transition rate. The observed bi- and tri-modal 
energy barrier distributions presented in Fig.  4 arise from distinct 
permutations by which Cr (or Mo) atoms decorate the octahedral cage 
surrounding the interstitial site. Initially, any of the six cage vertices 
are energetically equivalent, owing to the symmetric Ni lattice and 
the equidistant coordination of boron. Upon substitution, however, the 
boron atom tends to relax away from the nearest Cr neighbor due to 
the longer B–Cr bond length compared to Ni–B (Fig. S2). When a Cr 
atom occupies a lattice site along the diffusion pathway, specifically 
one of the two edge sites through which boron enters the octahedral 
cage, both the forward and reverse energy barriers increase. In this con-
figuration, Cr presents a steric and electronic obstruction that restricts 
boron’s movement. Conversely, when Cr resides on the opposite edge 
of the cage, boron relaxes off-center toward the entry point, effectively 
reducing the migration distance and barrier height. A third scenario 
arises when Cr sits at a lateral or off-axis position, neither aligned 
with nor directly opposing the migration direction. In this case, boron’s 
path is not fully obstructed, but the local distortion still perturbs the 
energy landscape. These configurations lead to intermediate barrier 
heights, completing the tri-modal distribution. This directional depen-
dence applies to both the ‘‘glide’’ and ‘‘climb’’ transition routes. Similar 
behavior is observed with Mo substitution, although the associated 
energy penalties are more pronounced due to Mo’s larger atomic radius, 
longer B–Mo bond length (Fig. S2), and the greater stability of B–Mo 
interactions relative to Ni–B. Notably, the highest migration barriers for 
both Cr and Mo are observed at 𝑛 = 2. This configuration corresponds 
to a symmetric case in which the two substitutional atoms are shared 
between the initial and final octahedral cages. As a result, both the 
5 
Table 1
Peak positions (in eV) in the activation energy spectra for boron migration 
through Cr- and Mo-decorated octahedral cages in bulk Ni.
 𝑛 𝐸forward  (eV) 𝐸reverse  (eV)  
 Cr (Bulk)
 0 1.484 1.484  
 1 1.460, 1.540, 1.769 1.086, 1.205, 1.770  
 2 1.463, 1.747, 2.054 0.894, 2.053  
 3 1.462, 1.639, 1.670, 1.884 0.830, 1.176, 1.790  
 4 1.561, 1.746 0.792, 1.443, 1.640  
 5 1.597, 1.767, 1.952 1.094, 1.391, 1.545  
 6 1.761 1.460  
 Mo (Bulk)
 0 1.484 1.484  
 1 1.364, 1.530, 2.196 0.871, 1.003, 2.197  
 2 1.349, 2.071, 3.038 0.597, 3.032  
 3 1.362, 1.858, 2.038, 2.137, 2.615 0.582, 1.219, 1.408, 2.577 
 4 1.700, 2.292, 3.007 0.611, 1.882, 2.492  
 5 1.733, 2.214, 2.569 1.354, 1.949, 2.359  
 6 2.137 2.240  

starting and ending positions of the boron atom are perturbed, yielding 
maximal energetic resistance to migration. Asymmetric variations of 
this case are the higher energy 𝑛 = 3 and 𝑛 = 5 peaks. Corresponding 
values for all peaks have been compiled in Table  1. The displacement of 
boron from the 𝑛 = 0 site as a function of Cr or Mo coordination is given 
in Fig. S6 of the Supplemental Materials. These observations reveal 
that the heterogeneity in the migration barrier spectrum is governed by 
geometric positioning and the chemical identity of neighboring atoms. 
The resulting energy landscape is thus shaped by a complex interplay of 
local structure and species-specific bonding, which directly influences 
interstitial mobility in chemically disordered environments.

Focusing on the activation energy spectra in Fig.  4 and Table  1, 
it is instructive to begin with the symmetric cases where 𝑛 = 0 and 
𝑛 = 6. In the figures, these configurations are denoted by blue and 
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black dashed lines, respectively, since they yield a single migration 
barrier rather than a distribution. The forward energy barrier (𝐸forward) 
in these cases reflects the energetic cost for boron to migrate from a 
predominantly Ni-coordinated octahedral cage into one fully decorated 
with Cr or Mo atoms. Owing to lattice symmetry, two atoms are always 
shared between adjacent cages. The introduction of Cr or Mo increases 
the barrier for forward diffusion, with values rising from 1.484 eV (for 
𝑛 = 0) to 1.761 eV (Cr, 𝑛 = 6) and 2.137 eV (Mo, 𝑛 = 6), respectively. 
However, the reverse barriers reveal a subtle but important asymmetry. 
For Cr, escape from the decorated cage is easier than entry, with 
𝐸reverse = 1.460 eV for 𝑛 = 6, compared to its forward barrier of 
1.761 eV. In contrast, Mo effectively traps boron relative to Ni or 
Cr, with a reverse barrier of 2.240 eV for 𝑛 = 6, exceeding even its 
forward value. This indicates that while both species impede entry into 
decorated cages, only Mo significantly inhibits escape as well.

Moving beyond the symmetric extremes, the asymmetric cases (1 ≤
𝑛 ≤ 5) introduce a more complex distribution of migration barriers. 
These reflect the varied local geometries and chemical environments 
encountered during interstitial motion. Most configurations with partial 
decoration elevate the forward barrier, inhibiting entry into Cr- or Mo-
containing cages. Yet, in several cases, the reverse barrier drops below 
that of the pure Ni case, suggesting that certain motifs promote boron 
escape. This behavior can be broadly interpreted as a leftward shift 
in the reverse barrier spectrum relative to the forward one; that is, 
many reverse events resemble their forward counterparts but with a 
systematically lower energy. This shift reflects the directional asym-
metry imposed by the nonuniform decoration of neighboring cages. 
Only in cases where the chemical configuration is symmetric about 
the forward and reverse paths (e.g., 𝑛 = 0 or 𝑛 = 6) do the forward 
and reverse barriers coincide exactly. For example, at 𝑛 = 3, Cr-
decorated configurations exhibit reverse barriers as low as 0.830 eV, 
despite forward barriers ranging as high as 1.884 eV, indicating that 
certain asymmetric motifs promote easier escape than entry. A similar 
trend is observed for Mo, where reverse barriers reach as low as 
0.582 eV at 𝑛 = 3, again underscoring the energetic asymmetry. The 
higher reverse barrier values within the same 𝑛 group, which closely 
match their forward counterparts, correspond to more symmetric local 
environments and thus serve as exceptions to the broader trend. These 
directional asymmetries are critical for understanding interstitial mo-
bility in chemically complex systems where light interstitials traverse 
a disordered landscape of partially decorated cages. In such systems, 
the relative decoration of the ‘‘gaining’’ and ‘‘losing’’ cages effectively 
serves to either push or pull the interstitial along its trajectory.

The distinction between Cr and Mo substitutions further complicates 
the energetic landscape. Mo consistently induces broader and more 
extreme energy spreads, with forward barriers spanning 1.349 eV up 
to 3.038 eV and reverse barriers ranging from 0.582 eV to 3.032 eV. 
Notably, the upper end of this range corresponds to a nearly symmetric 
configuration at 𝑛 = 2, where the forward and reverse pathways are 
chemically equivalent. Due to its larger atomic radius and longer bond 
length with boron (Fig. S2), Mo also exhibits stronger directional asym-
metry than Cr. In configurations that facilitate escape, Mo-decorated 
cages offer reverse barriers as low as 0.582 eV (at 𝑛 = 3), compared 
to 0.830 eV for Cr. Conversely, in trapping configurations, Mo’s re-
verse barriers far exceed those of Cr, confirming its superior ability 
to confine boron. Even under full decoration (𝑛 = 6), Cr slightly 
promotes boron escape relative to the undistorted Ni cage, while Mo 
more effectively suppresses it. These findings underscore how local 
chemical environment, coordination asymmetry, and elemental identity 
collectively shape the potential energy landscape for light interstitials 
in disordered metallic alloys.

Before presenting the full analysis of boron migration at the S5 GB, 
it is instructive to visualize the diffusion events using the displacement 
vector map shown in Fig.  5. As one moves from left to right, beginning 
with boron diffusion in pure Ni, then in environments with six nearest-
neighbor Cr atoms, and finally with six nearest-neighbor Mo atoms, 
6 
the color of the vectors progressively shifts toward warmer tones. 
This gradient provides a clear visual indication that Mo significantly 
suppresses boron mobility in all directions. The highest energy barriers 
correspond to diffusion events away from the GB midplane, while low-
energy diffusion is observed along the GB midplane. Vectors pointing 
toward the GB midplane correspond to circle-marked barriers in Fig. 
6, those parallel to the GB midplane correspond to diamond-marked 
barriers, and those pointing away from the GB midplane correspond 
to ‘‘x’’-marked barriers. For clarity, the B–Ni vector map corresponds 
to the 𝑛 = 0 forward energy barrier spectra shown in Fig.  6a,b (blue 
curves). The B–Cr vector map corresponds to the 𝑛 = 6 spectrum in Fig. 
6a (pink curve), and the B–Mo vector map corresponds to the 𝑛 = 6
spectrum in Fig.  6b (pink curve).

The boron migration energy barrier spectra for the S5 GB structure 
are compiled in Fig.  6, with panel (a) presenting the B–Cr results and 
panel (b) showing the B–Mo results. Forward and reverse barriers are 
plotted side-by-side for each case to highlight directional asymmetry. 
In these spectra, peak amplitudes reflect the frequency with which 
distinct local motifs contribute to a given barrier height. A tall peak 
therefore indicates that many sampled configurations share the same 
chemical and structural environment, whereas smaller peaks arise from 
less common motifs. Peak height should thus be interpreted as mo-
tif multiplicity rather than an intrinsic probability or transition rate. 
Chemically complex environments, such as those with 𝑛 = 5 or 𝑛 = 6
solute neighbors, naturally give rise to a larger number of distinct local 
motifs, which appear as multiple smaller peaks distributed across the 
spectrum. As a reminder, forward barriers correspond to the energetic 
cost of entering the decorated void, while reverse barriers indicate the 
cost of leaving it.

Owing to the compounded effects of structural disorder and chemi-
cal complexity, these spectra exhibit substantially richer features than 
their bulk counterparts. One consistent observation is that, relative to 
the bulk distributions (Fig.  4), boron migration within the GB region 
involves substantially lower energy barriers for in-plane diffusion (di-
amond markers). This trend reflects the enhanced mobility associated 
with planar defects, where disrupted atomic packing facilitates inter-
stitial transport along the boundary. Such behavior aligns with the 
physical expectation that planar defects act as fast diffusion channels 
(diffusivity profiles provided in Fig.  7b).

The correlation between in-plane migration and lower energy bar-
riers holds particularly well for a distinct set of stable interstitial sites 
near the GB midplane. These sites yield the lowest 𝐸forward values, 
typically at or below 0.5 eV, and are labeled as the ‘‘low-energy 
region’’ in Fig.  6a (diamond markers). A second group of in-plane sites, 
located within the box labeled ‘‘central region’’, exhibits slightly higher 
forward barriers in the range of 1.0–1.5 eV (also indicated by diamond 
markers). By contrast, the upper end of the spectra is dominated by 
out-of-plane migration events, which involve transitions to sites located 
further from the GB midplane. These events are labeled with ‘‘x’’ mark-
ers in Fig.  6. Representative configurations for each of these voids are 
provided in Fig. S5 of the Supplemental Materials. Overall, the results 
reinforce the notion that in-plane voids, particularly those aligned with 
well-defined GB channels, serve as kinetically favorable pathways for 
interstitial diffusion. The peaks of the spectra are compiled in Table  2.

Having established the general trends in Fig.  6, now begins a more 
detailed examination of the B–Cr spectra presented in Fig.  6a. Starting 
with a chemically homogeneous GB environment (𝑛 = 0, blue curve), 
the kinetic landscape is broadened into an almost continuous low-
energy distribution, with notable peaks near 1.169 and 1.708 eV. 
Within this spectrum, the in-plane diffusion events (diamond markers) 
occur at a much lower barrier, 0.187 eV, compared to the bulk coun-
terpart of 1.484 eV, highlighting the efficiency of midplane pathways 
in the absence of solute decoration. Introducing a single Cr neighbor 
(𝑛 = 1, orange curve) sharpens the low-energy region into a prominent 
peak near 0.241 eV. This region shows a combination of in-plane 
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Fig. 5. Displacement vector map of forward energy barriers for boron diffusion events at the 𝛴5 ⟨100⟩ {210} (S5) grain boundary (GB), compiled from the same 
dataset used to generate the spectra in Fig.  6. The GB midplane is indicated by the dashed black line. From left to right, the panels show boron diffusion in pure 
Ni (𝑛 = 0), with six Cr atoms decorating the gaining cage (𝑛 = 6), and with six Mo atoms decorating the gaining cage (𝑛 = 6). Directional markers are overlaid to 
aid interpretation: diamonds represent in-plane diffusion along the GB midplane, circles denote diffusion toward the midplane, and ‘‘x’’ markers indicate diffusion 
away from the midplane.  (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Table 2
Peak locations in the forward and reverse energy spectra shown in Fig.  6. The 𝑛 = 0 datasets represent undoped configurations with no Cr or Mo atoms within 
the boron first-nearest neighbor shell.
 𝑛 𝐸forward  (eV) 𝐸reverse  (eV)  
 Cr (S5 GB)
 0 0.187, 0.398, 0.61, 0.88, 1.111, 1.169, 1.708 0.186, 0.61, 0.88, 1.207, 1.496, 1.592, 1.708  
 1 0.241, 0.298, 0.867, 0.943, 1.095, 1.133, 1.171, 1.38, 1.703 0.147, 0.595, 0.848, 1.198, 1.334, 1.451, 1.49, 1.568, 1.821  
 2 0.337, 0.429, 0.873, 1.132, 1.391, 2.242, 0.151, 0.501, 0.831, 1.065, 1.24, 1.298, 1.434  
 3 0.282, 0.321, 0.350, 1.154, 1.299, 1.357, 2.191 0.165, 0.469, 0.598, 0.617, 0.783, 1.013, 1.161, 1.714, 1.982  
 4 0.243, 0.302, 0.479, 0.972, 1.080, 1.258, 1.395, 1.543, 2.183 0.272, 0.585, 0.644, 0.761, 1.054, 1.270, 1.485, 1.524, 1.798, 1.886, 2.042, 

2.189
 

 5 0.187, 0.222, 0.303, 0.477, 0.650, 0.836, 0.986, 1.056, 1.172, 1.241, 1.334, 
1.392, 1.496, 2.469

0.177, 0.679, 0.970, 1.037, 1.126, 1.450, 1.585, 1.640, 1.674, 2.154, 2.177, 
2.378

 

 6 0.148, 0.316, 0.436, 0.532, 0.641, 0.893, 1.061, 1.193, 1.229, 1.313, 1.746, 
2.515

0.073, 0.792, 1.109, 1.256, 1.414, 1.719, 1.755, 1.865, 2.426, 2.475  

 Mo (S5 GB)
 0 0.187, 0.398, 0.61, 0.88, 1.111, 1.169, 1.708 0.186, 0.61, 0.88, 1.207, 1.496, 1.592, 1.708  
 1 0.513, 0.686, 0.898, 0.975, 1.033, 1.072, 1.149, 1.284, 1.65 0.394, 0.923, 0.982, 1.1, 1.158, 1.237, 1.276  
 2 0.329, 0.686, 0.933, 1.094, 1.131, 1.760, 1.785, 1.822, 2.759 0.152, 0.175, 0.214, 0.567, 0.693, 0.756, 0.803, 0.897, 0.975, 1.697  
 3 0.207, 0.450, 0.620, 1.190, 1.275, 1.627, 1.651, 2.173, 2.598 0.220, 0.409, 0.521, 0.685, 0.763, 0.987, 1.168, 1.625, 1.918  
 4 0.318, 0.82, 1.006, 1.136, 1.415, 1.564, 1.787, 2.345, 2.643 0.355, 0.815, 0.907, 1.165, 1.404, 1.515, 1.901, 2.122  
 5 0.671, 0.738, 0.898, 0.965, 1.032, 1.420, 1.580, 1.620, 1.915, 2.102, 2.155, 

2.235, 2.302, 2.383, 3.305
0.834, 0.899, 0.984, 1.042, 1.075, 1.094, 1.127, 1.172, 1.497, 1.725, 1.822, 
2.056, 2.076, 2.102

 

 6 0.589, 0.875, 1.175, 1.298, 1.325, 1.557, 2.116, 2.252, 2.279, 2.470, 3.274 0.678, 0.837, 0.985, 1.081, 1.113, 1.271, 1.684, 1.928, 2.437, 2.659, 2.765  
diffusion events (diamonds, 0.241 eV) and boron transfer from out-of-
plane voids into the GB midplane (circles, 0.298 eV), indicating that 
even minimal Cr decoration alters the partitioning between in-plane 
and out-of-plane migration. As Cr coordination increases to 𝑛 = 2 (green 
curves), the forward barrier spectrum for out-of-plane migration (‘‘x’’ 
markers) exhibits a sharp rise, continuing to escalate through 𝑛 = 4
and reaching 2.515 eV at 𝑛 = 6. This terminal value substantially 
exceeds the bulk counterpart of 1.761 eV for the same Cr coordination, 
signifying that Cr effectively suppresses boron escape from the GB 
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midplane. By contrast, the low-energy in-plane diffusion barriers (dia-
mond markers) remain relatively stable across all 𝑛, suggesting that the 
thermodynamically favored midplane voids retain kinetically accessible 
pathways even under heavy Cr decoration. Meanwhile, the low-barrier 
events marked by circles show a steady increase with 𝑛, indicating that 
Cr progressively impedes boron from accessing midplane voids from 
out-of-plane sites.

In contrast to the bulk behavior, the 𝐸reverse spectrum for B–Cr at 
the S5 GB exhibits a more nuanced and spatially dependent evolu-
tion. A significant fraction of reverse barriers shift downward with 
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Fig. 6. Activation energy spectra for boron diffusion in the 𝛴5 ⟨100⟩ {210} (S5) grain boundary (GB). (a) Forward and reverse activation energy barriers as 
a function of Cr coordination in boron’s nearest-neighbor shell. (b) Same, as a function of Mo coordination. Colors indicate the number of Cr or Mo atoms 
surrounding the final-state GB site. Boxed regions correspond to the GB sites labeled in Fig.  7a. Symbols denote the type of diffusion event underlying each peak; 
for example, diamonds represent hops between two voids located on the GB midplane, while ‘‘x’’ markers indicate diffusion away from the GB midplane. Note 
the inverse relationship between forward and reverse energy barrier spectra when interpreting the data.  (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)
increasing Cr coordination, but unlike in the bulk, this shift is non-
uniform across the GB region. The circle-marked barriers shift upward, 
indicating that diffusion from void sites along the GB midplane back 
to out-of-plane voids becomes more costly, which is consistent with 
the thermodynamic preference for midplane occupancy. By contrast, 
the diamond-marked barriers shift slightly downward, suggesting, as 
8 
in the bulk, a modest bias for boron to migrate away from the Cr-
decorated void more easily than toward it, although the effect is 
far less pronounced at the GB. Out-of-plane migration events (‘‘x’’ 
markers) show a substantial drop in reverse barrier energy. Under the 
reverse-barrier interpretation, this corresponds to a reduced cost for 
boron to transition away from decorated out-of-plane voids back into 
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the GB midplane, where midplane sites are energetically preferred. 
Consistently, migration into out-of-plane positions is associated with 
high forward barriers (‘‘x’’ markers in the 𝐸forward spectra) and high 
reverse penalties (circle markers in the 𝐸reverse spectra), reinforcing 
the chemical and geometric disfavorability of boron escape. These 
results suggest that Cr-rich GBs act as effective sinks for boron: they 
support relatively fast in-plane diffusion while imposing steep out-of-
plane barriers that suppress migration into the surrounding grains. This 
directional asymmetry underscores the dual role of Cr as a kinetic 
guide and a moderate thermodynamic stabilizer, with implications 
for GB-mediated transport, dopant confinement, and long-term boron 
retention in chemically complex alloys.

The energy barrier landscape for B–Mo diffusion (Fig.  6b) differs 
markedly from that of B–Cr, largely due to the stronger local distortion 
imposed by Mo atoms. This distinction is most apparent in the fact 
that circle-marked diffusion events have lower barriers than diamond-
marked events. Unlike Cr, which promotes diffusion along the GB 
midplane, Mo reduces boron mobility along the GB midplane. Instead, 
boron more readily accesses low-energy void cages via diffusion from 
out-of-plane positions. This provides clear evidence that Mo presents a 
substantial steric hindrance to boron motion along the GB midplane. 
Interestingly, once 𝑛 = 5 or 𝑛 = 6, the trend reverses and diamond-
marked events again correspond to the lowest barriers. This indicates 
that heavily Mo-coordinated void cages along the GB midplane are most 
accessible through diffusion confined to the GB midplane itself. The 
distinction between the ‘‘low-energy region’’ and the ‘‘central region’’ 
is also less apparent in the case of Mo. This arises because Mo uniformly 
raises the forward migration barriers at the GB, shifting a large fraction 
of events into the 0.5 eV to 2.0 eV range for both low-energy and 
central void sites.

As with Cr, the highest forward energy barriers in Fig.  6b corre-
spond exclusively to out-of-plane migration events, but in the case of 
Mo these values are larger by approximately 0.76 eV. This confirms 
that Mo surpasses Cr in its ability to trap boron at the GB. In addition, 
unlike Cr, Mo raises the forward energy barrier for boron to enter 
the thermodynamically preferred midplane void cages, with the lowest 
diamond-marked barrier reaching 0.589 eV at 𝑛 = 6 compared to only 
0.148 eV for 𝑛 = 6 Cr. Taken together, these results show that Mo 
exerts a dual influence on boron transport. It increases the barriers 
for in-plane diffusion into stable midplane sites while simultaneously 
imposing even steeper penalties on out-of-plane migration. The com-
bined effect is that Mo not only confines boron more strongly to the 
GB region, but also suppresses its overall mobility within the midplane, 
reinforcing Mo’s role as both a kinetic and thermodynamic trap for 
interstitial boron.

Similar to the B–Cr spectra, the B–Mo reverse spectrum exhibits a 
variable shift relative to its corresponding forward barrier distribution. 
In the case of B–Mo, the diamond-marked barriers shift substantially 
toward lower energies, indicating a strong kinetic bias that makes it 
easier for boron to diffuse back into undecorated midplane voids. A sim-
ilar trend is observed for out-of-plane migration events (‘‘x’’ markers), 
where the reverse process back to the midplane is energetically favored 
relative to the forward event. However, the 𝑛 = 6 Mo off-plane void is 
an interesting example (‘‘x’’ marked reverse event in the pink spectrum 
of Fig.  6b), as it exhibits the highest reverse migration barrier within 
the 𝑛 = 6 Mo spectrum. This is starkly different from pure Ni or 𝑛 = 6
Cr. This penalty arises because the symmetric, bulk-like coordination of 
this off-plane void site, combined with the large atomic radius of Mo, 
creates strong steric hindrance. Meaning that specific off-plane void is 
very difficult to both get into (high forward ‘‘x’’ barrier) and get out of 
(high reverse ‘‘x’’ barrier) when it has 6 Mo atoms making up the cage. 
The local trapping mechanism at this off-plane void is so dominant 
that the reverse barrier becomes the highest barrier observed. This 
agrees well with the bulk diffusion findings for Mo, where it proved a 
strong trap against reverse boron migration events while Cr and pure Ni 
did not. Moving beyond this point, the circle-marked diffusion events 
9 
shift upward in the reverse spectrum, indicating that diffusion away 
from midplane voids becomes increasingly difficult with higher Mo 
decoration. At 𝑛 = 6, the high-barrier circle-marked peaks for both B–
Mo and B–Cr confirm that these midplane voids act as effective traps. 
However, the B–Mo barrier is approximately 0.5 eV higher than that 
of B–Cr, underscoring that Mo is the more proficient trapping agent for 
boron at the GB.

Overall, these spectra reveal that the migration landscape is not 
only directionally anisotropic but also highly sensitive to chemical 
decoration of the GB void cages. In the chemically homogeneous case 
(𝑛 = 0, blue curves in Fig.  6), the spectrum is comparatively simple: 
two diamond-marked peaks, four circle-marked peaks, and a single 
‘‘x’’-marked peak. This limited set of features indicates that geometric 
disorder alone produces only a few kinetically distinct migration path-
ways. With the introduction of solutes, however, the number of distinct 
peaks increases dramatically. At 𝑛 = 6, the spectrum still retains the 
two diamond-marked peaks and the single ‘‘x’’-marked peak observed 
at 𝑛 = 0, showing that the original midplane and out-of-plane pathways 
remain accessible. In addition, the spectrum now contains nine separate 
circle-marked peaks for Cr and six for Mo, reflecting new nonequivalent 
events for migration into the chemically decorated GB void cages. This 
proliferation of discrete features demonstrates that chemical hetero-
geneity introduces a richer set of migration pathways than geometry 
alone. Moreover, chemical decoration enhances forward–reverse asym-
metry, where barriers for leaving chemically decorated sites often differ 
substantially from those for entering them. In this way, the transition 
landscape evolves from only structurally defined at 𝑛 = 0 to complex, 
chemically discriminated, and directionally biased at higher 𝑛. These 
findings highlight the importance of solute identity and placement 
in shaping interstitial mobility, and motivate a closer examination of 
segregation energies as the thermodynamic counterpart to the kinetic 
constraints revealed in the migration spectra.

3.2. Diffusivity and macroscopic transport implications

To translate the site-specific migration barriers identified in the 
spectra into macroscopic transport properties, we employ an Arrhenius-
type relation [1]: 

𝐷 = 𝐷0 exp
(

−
𝐸𝑎
𝑘𝐵𝑇

)

(2)

where 𝐷0 = 𝜈𝑎2 is the pre-exponential factor [1], 𝐸𝑎 is the activation 
energy (eV), 𝑘𝐵 is the Boltzmann constant, 𝑇  is the temperature, 𝜈 ∼
1013 s−1 is the attempt frequency, and 𝑎 = 3.52Å is the lattice parameter. 
This yields 𝐷0 = 1.24 × 10−6m2∕s, consistent with typical interstitial 
diffusion prefactors in metallic systems [9]. Using the forward (𝐸forward) 
and reverse (𝐸reverse) migration barriers, an effective activation energy 
was defined as 

𝐸a =
⟨𝐸forward⟩ + ⟨𝐸reverse⟩

2
, (3)

where the angle brackets denote an average over 𝑛 = 5, 6 for Cr- 
or Mo-coordinated environments. This formulation approximates the 
collective aggregation of diffusional behavior that would be observed 
experimentally. The resulting effective barriers were then used in con-
junction with Eq. (2) to construct macroscopic diffusivity profiles for 
boron in the bulk (solid black lines in Fig.  7b) and at the S5 GB (dashed 
black lines). The semi-transparent lines trace the ensemble of individual 
B–Cr and B–Mo diffusivity curves, each derived from a distinct effective 
activation energy, which were averaged to yield the bold macroscopic 
trends.

Macroscopically, Fig.  7b shows that Mo reduces boron diffusivity 
by approximately two orders of magnitude compared to Cr, both in the 
bulk and along the S5 GB at 800 ◦C. Relative to pure Ni (blue lines), Mo 
suppresses boron mobility more severely than Cr. At the atomistic level, 
the semi-transparent lines reveal that boron retains access to ‘‘high-
speed’’ transport pathways in low-barrier regions to and along the GB 
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Fig. 7. (a) Visualization of the void network (smaller atoms) within the 𝛴5 ⟨100⟩ {210} grain boundary (S5 GB), with key spectral regions labeled. Out-of-plane 
voids are unlabeled unless situated directly beneath visible Ni lattice atoms. (b) Macroscopic diffusivity profiles for boron in Ni–Cr and Ni–Mo systems, computed 
using Eqs.  (2) and (3). Bold black lines represent the average boron diffusivity across 𝑛 = 1 to 6 coordination levels in transition metal (TM)–decorated bulk (solid) 
and S5 GB (dashed) environments. Bold blue lines show boron diffusivity in pure Ni. Semi-transparent curves trace individual diffusivity trajectories derived from 
the full activation energy spectrum. A vertical line marks 𝑇 = 800 ◦C.  (For interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)
midplane for Cr (𝐷 ∼ 10−6 m2/s), but less so for Mo (𝐷 ∼ 10−8 m2/s). 
While both Cr and Mo inhibit boron egress from the S5 GB, Mo is 
significantly more effective at kinetically trapping boron (e.g., 𝐷GB ∼
10−20 m2/s at 800 ◦C) relative to Cr (e.g., 𝐷GB ∼ 10−15 m2/s at 
800 ◦C), a trend that also holds in the bulk. Additionally, the wide 
spread of individual diffusivity trajectories underscores how substi-
tutional solutes create highly heterogeneous diffusion environments 
for mobile interstitials capable of direct interstitial migration. These 
computational findings are consistent with experimental observations 
by Tytko et al. [24], who reported co-segregation of boron and Mo 
at GBs and at the interfaces of Cr- and Mo-rich M23C6 carbides, and 
further identified boron substituting for carbon within Mo-rich M23C6. 
Complementing these results, Kontis et al. [25,27] demonstrated that 
boron preferentially partitions into Cr-rich M5B3 borides along GBs, 
serving as the dominant boron reservoir with negligible amounts in 
solid solution. A deeper analysis of trapping behavior is provided in 
the following section on the segregation energy spectra.

3.3. Segregation energy spectra

The segregation energy spectra are presented in Fig.  8, which 
provide complementary thermodynamic insights into boron–solute in-
teractions at the GB. In the B–Cr system, a clear trend is observed: as 
Cr atoms are incrementally introduced around the boron site (progress-
ing from blue to pink curves), the segregation energy 𝐸seg becomes 
increasingly negative. This indicates that replacing B–Ni bonds with B–
Cr bonds has a net stabilizing effect on boron incorporation at the GB, 
regardless of the specific site. The most negative 𝐸seg values correspond 
to thermodynamically preferred voids along the GB midplane. These 
are the same sites that exhibited low forward diffusion barriers and 
elevated reverse barriers, promoting boron retention. In contrast, the 
intermediate values reflect less stable midplane voids, while the least 
negative 𝐸  values correspond to sites out of the GB midplane.
seg
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In the B–Mo system, 𝐸seg stabilization is more pronounced than in 
the B–Cr case. As with Cr, the most negative 𝐸seg values correspond 
to GB midplane voids. A clear ‘‘downward’’ trend from blue to pink 
curves reflects the systematic stabilization of boron with increasing Mo 
coordination. A particularly notable feature emerges at 𝑛 = 6: unlike the 
broader energy distributions observed at lower coordination numbers, 
the 𝐸seg spectrum at full Mo coordination exhibits a sharp, delta-like 
peak. This suggests that once boron is fully coordinated by Mo in the 
S5 GB region, its thermodynamic stabilization becomes largely inde-
pendent of the specific void it occupies. Supporting this interpretation, 
Fig. S4b shows that boron samples a wide range of spatially distinct 
𝑛 = 6 B–Mo configurations, all yielding nearly identical stabilization 
energies.

While both Cr and Mo promote directional anisotropy in boron 
diffusion at the GB, their trapping strengths diverge. As shown in the 
activation energy spectra and diffusivity profiles (Figs.  6 and 7b), Cr 
facilitates fast in-plane migration while presenting high barriers to out-
of-plane diffusion, whereas Mo produces an overall reduction in boron 
mobility. The 𝐸reverse spectra further confirm that boron is consistently 
‘‘pushed’’ back toward the GB midplane, with escape from out-of-plane 
sites becoming increasingly unfavorable as solute coordination rises.

These findings indicate complementary roles for Cr and Mo in 
governing boride formation through the coupling of segregation ther-
modynamics and interfacial transport kinetics. Cr-rich GB sites act as 
kinetic guides, facilitating rapid in-plane boron migration along the 
boundary and discouraging escape into the surrounding matrix. At the 
same time, Cr provides a favorable thermodynamic environment for 
boron segregation, consistent with the frequent observation of Cr-rich 
borides in Ni alloys. Mo-rich sites build on this effect by not only 
suppressing redistribution through higher migration barriers, but also 
acting as particularly strong thermodynamic anchors: their segregation 
wells are consistently deeper and more site-insensitive than those of 
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Fig. 8. Segregation energy spectra for boron at the 𝛴5 ⟨100⟩ {210} (S5) grain boundary (GB) as a function of Cr or Mo coordination. Color corresponds to the 
number of solute atoms coordinated to the boron site.  (For interpretation of the references to color in this figure legend, the reader is referred to the web version 
of this article.)
Cr. As a result, both Cr and Mo promote boron enrichment at GB sites, 
with Cr enhancing delivery and local stabilization and Mo reinforcing 
long-term retention. This accumulation of boron, as demonstrated in 
our previous work [30], lowers the GB energy 𝛾GB, thereby reducing 
the thermodynamic driving force for boundary migration.

In classical nucleation theory [46], increasingly negative 𝐸seg for 
B–Cr, and especially for B–Mo, combined with their kinetic trapping 
tendencies, enhances the local supersaturation, 𝑆, of boron and its pre-
ferred metallic partners. This increases the magnitude of the volumetric 
free energy change, |𝛥𝐺𝑉 |, thereby reducing both the critical radius, 

𝑟∗ =
−2𝛾
𝛥𝐺𝑉

, (4)

and the nucleation barrier, 

𝛥𝐺∗ =
16𝜋𝛾3

3(𝛥𝐺𝑉 )2
𝑆(𝜃), (5)

where 𝛾 is the interfacial energy between the boride precipitate and ma-
trix, and 𝛥𝐺𝑉  is the volumetric free energy change driving nucleation, 
and 𝑆(𝜃) is a geometric factor accounting for heterogeneous nucleation, 
which depends on the wetting angle 𝜃. Because boron is highly mobile 
along clean and Cr-decorated GB midplanes, it can rapidly sample 
available interstitial sites. Trapping therefore depends on the slower 
vacancy-mediated diffusion of substitutional solutes into the GB envi-
ronment. Faster Cr diffusion [47] enables efficient delivery of traps, 
whereas Mo diffuses more slowly [48,49] but generates deeper thermo-
dynamic wells that strongly retain boron once encountered. Together, 
these effects favor nucleation of stable borides such as Cr5B3, Cr2B, and 
Cr(BMo)2 [25,26,28,29,50–54]. Importantly, the competition between 
Cr-only borides and mixed Cr/Mo borides is highly sensitive to the Mo 
concentration in the Ni-based superalloy matrix: low-Mo alloys stabilize 
Cr-rich phases such as Cr5B3, whereas higher Mo contents favor mixed 
Cr(BMo)2 structures through enhanced B–Mo co-segregation. When the 
boron content is below the supersaturation threshold for nucleation, 
elemental boron instead co-segregates at Cr- and/or Mo-rich M23C6
𝛾/carbide phase boundaries [24].
11 
Once formed, GB-anchored borides impede high-temperature redis-
tribution by reducing the effective vacancy flux along the boundary. 
As given in Fig.  8a, Cr- and Mo-rich environments stabilize B at the 
GB (𝐸seg < 0). These motifs reduce B mobility, with Mo producing 
system-wide slowdowns and both Cr and Mo strongly suppressing out-
of-plane loss (Fig.  7b). We take these trends as proxies for a stiffer, 
more bonded GB network that very likely raises vacancy formation and 
migration barriers for GB self-diffusion, thereby lowering the effective 
𝐷GB relative to pure Ni. According to the Coble creep relation [55], 

𝜀̇ ∝
𝐷GB 𝜎 𝛺
𝑘𝐵𝑇 𝑑3

, (6)

a reduction in 𝐷GB directly suppresses the vacancy-mediated grain-
boundary sliding that drives Coble creep. Holding 𝜎, 𝑇 , and 𝑑 fixed, 
a one to two order-of-magnitude decrease in 𝐷GB translates to a com-
mensurate reduction in 𝜀̇. In addition, the presence of stable boride 
particles at GBs exerts a Zener pinning force, expressed as a pinning 
pressure [56], 

𝑃𝑍 =
3𝑓𝛾
2𝑟

, (7)

where 𝑓 is the particle volume fraction and 𝑟 is the particle radius, 
further reducing GB mobility and contributing to grain refinement. This 
synergy between Cr-mediated delivery of boron and Mo-driven thermo-
dynamic retention produces a GB environment that is both kinetically 
and thermodynamically optimized for boride nucleation, structural 
stabilization, and creep resistance in Ni-based superalloys [6,25,27,29].

While this study focuses on interstitial migration, the same inter-
play between thermodynamic traps and kinetic pathways identified 
for B–Cr and B–Mo also applies to substitutional solutes [21,22]. In 
substitutional systems, additional factors such as larger atomic radii, 
bonding character, and solvent–solute interactions can further amplify 
migration heterogeneity. This heterogeneity is explicitly captured in the 
activation energy barrier spectra (Fig.  6) and diffusivity profiles (Fig. 
7b). These reveal a wide spread in boron mobility even at fixed solute 
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coordination levels, arising from local structural asymmetries and site-
specific energetics. Recent studies by Wagih et al. demonstrated that 
substitutional solutes exhibit site-specific segregation energy spectra 
at GBs, underscoring the thermodynamic variability imposed by local 
structural and chemical environments [57,58].

These insights, combined with the present findings, support a
broader reinterpretation of diffusion in chemically complex systems 
such as high-entropy alloys (HEAs). The concept of ‘‘sluggish’’ diffusion 
was originally proposed as a core effect, attributing reduced atomic 
mobility to severe chemical disorder [59–62]. This hypothesis has been 
examined through experimental tracer diffusion studies and averaged 
activation energy analyses, which often report suppressed diffusivities 
relative to conventional alloys [63]. However, such interpretations 
can obscure the underlying heterogeneity of diffusion pathways. For 
instance, Chen et al. observed reduced interdiffusion rates for Al, 
Co, Cr, and Ti in an Al–Co–Cr–Fe–Ni–Ti HEA, yet reported enhanced 
diffusion for Fe, highlighting the element-specific nature of migration 
kinetics [64]. Similarly, Dąbrowa et al. questioned the universality 
of the sluggish diffusion effect, showing that certain HEA systems 
exhibit normal or even accelerated diffusion depending on temperature 
and composition, emphasizing the decisive role of local chemical 
environments [65]. Such observations further support the need for 
spectrum-based approaches, as employed here, to resolve the full 
distribution of migration barriers rather than relying on single averaged 
values.

The present spectral analysis captures this heterogeneity directly, 
showing that diffusivity in chemically complex and structurally asym-
metric systems is not uniformly suppressed but instead governed by 
a rugged, site-specific potential energy landscape. Diffusion does not 
proceed through a single representative barrier, but rather across a 
distribution of local transition states shaped by solute identity and 
coordination asymmetry. This framework connects atomistic mecha-
nisms to macroscopic transport and provides a transferable model for 
interpreting diffusion in disordered alloys, consistent with recent stud-
ies on vacancy-mediated migration [21,22]. In substitutional systems, 
vacancy-mediated migration pathways are likewise highly sensitive to 
the surrounding chemical and structural environment, further broad-
ening the spectrum of possible barriers. These results demonstrate 
that spectrum-based approaches are essential for accurately resolving 
diffusion kinetics in complex alloys, and they caution against oversim-
plification into a single averaged activation energy when interpreting 
migration mechanisms or designing new alloy chemistries.

4. Conclusion

This study introduces a spectral framework for analyzing light inter-
stitial diffusion in chemically complex Ni-based alloys, revealing how 
local Cr and Mo coordination shapes the activation energy landscape 
for boron migration. By systematically sampling atomic environments 
in both bulk FCC Ni and a 𝛴5 ⟨100⟩ {210} grain boundary, we con-
struct migration barrier spectra that capture the coupled influence of 
structural topology and chemical disorder. The results demonstrate 
that interstitial diffusion is not governed by a single representative 
energy barrier, but instead by a chemically and spatially heterogeneous 
spectrum of transition states.

In the bulk, migration energy distributions for boron exhibit dis-
tinct modality tied to solute identity and spatial arrangement. Both 
Cr and Mo raise migration barriers in symmetric configurations but 
induce directional asymmetry in partially decorated cages. At the grain 
boundary, Cr preserves low-barrier in-plane mobility while raising out-
of-plane barriers that confine boron to midplane voids, whereas Mo 
imposes an across-the-board reduction in boron mobility. Macroscopic 
diffusivity analysis shows that both Cr and Mo reduce boron transport 
in Ni. On average, Mo suppresses boron diffusivity by an additional two 
orders of magnitude compared to Cr at 800 ◦C. Moreover, Mo confines 
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boron to the grain boundary much more strongly than Cr, reducing out-
of-plane boron diffusivity by roughly five orders of magnitude relative 
to Cr.

Both Cr and Mo promote boron segregation to grain boundaries by 
producing negative segregation energies, thereby creating thermody-
namically favorable environments for interstitial trapping. Cr facilitates 
rapid in-plane boron migration while simultaneously stabilizing boron 
at GB sites, consistent with the prevalence of Cr-rich borides reported 
in Ni alloys. Mo builds on this effect by providing deeper and more uni-
form segregation wells across all coordination levels, establishing itself 
as a particularly strong thermodynamic anchor. Together, these results 
establish that substitutional solutes fundamentally reshape interstitial 
point defect diffusion spectra, controlling mobility in both bulk Ni and 
along crystallographic defects. This highlights a general paradigm in 
which substitutional chemistry dictates point defect kinetics at multiple 
length scales.

These findings explain experimental observations of elemental
boron segregation to Mo-rich carbide phase boundaries, Cr-rich grain-
boundary–anchored borides, and (Mo,Cr)-rich grain-boundary–
anchored borides in Ni-based superalloys. They also highlight how 
elemental identity governs the balance between mobility and retention 
at interfaces. More broadly, the spectral approach developed here pro-
vides a transferable methodology for capturing migration heterogeneity 
in disordered systems, with natural extensions to substitutional diffu-
sion and chemically complex alloys such as HEAs. By treating diffusion 
as a sampling problem over a rugged energy landscape, this work es-
tablishes a foundation for predictive modeling of transport phenomena 
and for designing alloys in which diffusion spectra, rather than average 
barriers alone, are engineered for high-performance applications.
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