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A B S T R A C T 

Understanding interstitial segregation in chemically complex alloys requires accounting for chemical and structural heterogeneity of interfaces, motivating approaches 
that move beyond scalar descriptors to capture the full spatial and compositional spectra of segregation behavior. Here, we introduce a spectral segregation framework 
that maps distributions of segregation energies for light interstitials in Ni as a function of local Cr coordination. Boron exhibits a broad, rugged energy spectrum 
with significant positional flexibility whereas carbon remains confined to a narrow spectrum with minimal displacement. At the free surface, Cr-rich coordination 
destabilizes both interstitials (e.g., positive segregation energies), in sharp contrast to the stabilizing role of Cr at the GB. This inversion establishes a natural 
segregation gradient that drives interstitials away from undercoordinated internal surfaces and toward GBs. These results underscore the limitations of single

valued segregation descriptors and demonstrate how a distributional approach reveals the mechanistic origins of interstitial–interface interactions in chemically 
heterogeneous alloys.

The segregation of light interstitials such as boron and carbon to 
internal interfaces critically influences the thermomechanical perfor

mance of structural alloys. In steels, carbon strengthens the matrix via 
solid-solution hardening and forms carbides that impede grain bound

ary sliding and cavity nucleation [1--9]. Boron, though typically added 
in trace amounts, exhibits strong grain boundary a�inity, enhancing co

hesion, transformation control, and hydrogen resistance [10--17]. These 
behaviors illustrate how local chemistry and coordination at interfaces 
can dictate macroscopic performance under creep, fatigue, and em

brittlement. In high-entropy alloys (HEAs), carbon enhances strength, 
twinning activity, and transformation behavior in both FCC and BCC 
systems [18--21]. Meanwhile boron improves grain boundary cohesion 
at ppm levels and promotes boride precipitation, dynamic recrystalliza

tion, and eutectic structures [22--31]. These findings highlight the need 
to resolve how local coordination environments modulate the thermo

dynamic roles of light interstitials in chemically complex systems.

Ni-based superalloys provide an ideal platform to address this ques

tion. Boron was among the first interstitials introduced to improve grain 
boundary cohesion and suppress intergranular fracture, even at levels 
below 50 ppm [32,33]. In cast systems such as IN-100 and Udimet 
500, boron improved creep life and ductility, while modern strategies 
leverage its effects through co-segregation, additive manufacturing, and 
boride stabilization [34--41]. Carbon, in contrast, has traditionally been 
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employed as a carbide former, precipitating as MC and M23C6 carbides 
that impede grain boundary sliding and dislocation motion [32,42]. 
While finely distributed carbides enhance creep life, coarse or continu

ous films degrade ductility [33]. Recent studies have expanded carbon’s 
role into fatigue resistance, deformation control, and in situ carbide for

mation during additive processing [43--49]. These results underscore 
the contrast between carbon’s rigid bonding and phase-forming tenden

cies versus boron’s more chemically sensitive and structurally flexible 
behavior.

Classical segregation models such as McLean’s isotherm [50] treat 
segregation as a scalar energy difference between bulk and interface 
sites. While conceptually useful, this simplification fails to capture the 
chemical and structural heterogeneity of real interfaces in chemically 
complex alloys. Recent work has addressed this complexity through 
spectrum-based frameworks that quantify a distribution of segregation 
energies [51,52]. They reveal that grain boundaries comprise a range 
of atomic environments with distinct a�inities for solutes, and that seg

regation behavior is best described statistically. Here, we extend the 
spectral segregation concept to interstitial solutes, introducing a frame

work that maps segregation energy distributions as a function of local 
chemical coordination. We focus on Cr substitution in a model Ni-based 
alloy because Cr is a principal constituent of most Ni-based superalloys, 
is known to influence grain boundary chemistry, and readily forms sta

https://doi.org/10.1016/j.scriptamat.2025.116974

Received 29 June 2025; Received in revised form 20 August 2025; Accepted 2 September 2025 

Scripta Materialia 271 (2026) 116974 

1359-6462/Published by Elsevier Inc. on behalf of Acta Materialia Inc. 

http://www.ScienceDirect.com/
http://www.journals.elsevier.com/scripta-materialia
http://orcid.org/0000-0003-1279-7881
http://orcid.org/0000-0001-8523-2916
mailto:tyler.dolezal.1@us.af.mil
mailto:rodrigof@mit.edu
mailto:liju@mit.edu
https://doi.org/10.1016/j.scriptamat.2025.116974
https://doi.org/10.1016/j.scriptamat.2025.116974


T.D. Doležal, R. Freitas and J. Li 

Fig. 1. Simulation cell used for spectral segregation analysis. The full bicrystal is shown on the left, with a magnified view of the grain boundary (GB) on the right. 
Atoms are colored according to OVITO’s common neighbor analysis [55]: green indicates FCC-coordinated atoms, white indicates ``other'' coordination, blue indicates 
BCC, and red indicates HCP. The GB region is dominated by non-FCC-coordinated atoms. (For interpretation of the colors in the figure(s), the reader is referred to 
the web version of this article.)

ble borides and carbides at grain boundaries [34,36--39,44,45,53,54]. 
By systematically varying the number of Cr atoms surrounding a boron 
or carbon atom, we resolve how Cr coordination modulates their segre

gation energy at a grain boundary and free surface.

The grain boundary (GB) structure was constructed from pure Ni 
(Fm3̄m) using Atomsk [56]. The top grain and bottom grain had crystal

lographic orientations such that the 𝑧̂ axis was aligned perpendicular to 
the (111) and (001) surfaces, respectively (Fig. 1). Relaxation of the GB 
structure was performed using vacancy insertion and molecular dynam

ics annealing, followed by conjugate gradient minimization. Spectral 
segregation energies were calculated by inserting a single boron or car

bon interstitial at sites spanning the bulk, GB, and free surface regions. 
For each interstitial site, we systematically modified the local chemical 
environment by progressively substituting Ni atoms in the first-nearest 
neighbor coordination shell of the light interstitial with Cr atoms, one at 
a time, until the shell was predominately Cr-occupied. This procedure 
ensures that each increase in 𝑛 replaces a direct interstitial–Ni bond with 
an interstitial–Cr bond, enabling a controlled assessment of how local Cr 
coordination affects the energetics and structure of the interstitial site. 
Total energies were recorded at each coordination level to generate spa

tially resolved segregation spectra. The segregation energy at each site 
was defined as:

𝐸seg(𝑛) =𝐸interface(𝑛) − ⟨𝐸
(𝑛)
bulk⟩, (1)

where 𝐸interface(𝑛) is the total energy of the Cr-decorated interstitial con

figuration at either the GB or free surface and ⟨𝐸(𝑛)
bulk⟩ is the mean bulk 

reference energy at the same Cr coordination level 𝑛. This definition 
measures the relative stability of a given interstitial–Cr motif at the in

terface compared to the bulk, not the intrinsic binding energy between 
the interstitial and Cr. A negative 𝐸seg indicates that the interface stabi

lizes that specific motif more than the bulk. All calculations employed 
the Matlantis implementation of the Preferred Potential (PFP) [57,58] 
with LAMMPS [59]. Full methodological details are provided in the Sup

plemental Materials.

The 𝐸seg data for boron and carbon at the GB are compiled in Fig. 2. 
Key regions within the GB are labeled 1, 2, and 3, linking specific spec

tral features to their spatial origin. The raw 𝐸seg values for 𝑛 = 0--5
Cr neighbors are shown in Fig. 2b as a function of the interstitial’s 𝑧

position, providing a spatially resolved view of the energetic landscape. 
Boron (blue) samples a broader range of GB sites than carbon (gold), in

cluding low-energy positions offset from high-symmetry planes where 
undercoordination and free volume enable favorable relaxation. These 
excursions, evident in Fig. 2b--c, yield pronounced minima reaching 
𝐸seg ≤ −2.0 eV in region 1, indicating a strong driving force for segrega

tion into specific interfacial environments. Boron’s spectrum is also more 
volatile: while deeply negative values are found in region 1, regions 2 
and 3 exhibit highly unfavorable values exceeding +1.0 eV. Increasing 
Cr content in the first coordination shell systematically shifts boron’s 
spectrum toward more negative values in region 1, consistent with the 
formation of favorable Cr–B coordination motifs at the GB (Fig. 2d, pro

gressing upward). In contrast, Cr addition destabilizes boron in region 3, 
mirroring its bulk behavior. The breadth and variability of boron’s spec

trum reflect its larger atomic radius compared to carbon [60], which 
amplifies the bond-length mismatch between Ni–B and Cr–B. In the 
structurally compliant GB environment, these longer Cr–B bonds are 
accommodated through larger positional relaxations, enabling boron to 
stabilize a wide variety of distinct local environments.

Carbon’s 𝐸seg distribution is markedly narrower (Fig. 2b,d), reflect

ing strong site selectivity and a preference for near-perfect octahedral 
coordination. Its lowest energies occur in region 1, with weaker sta

bilization in regions 2 and 3. Across the GB region, carbon’s energies 
are tightly clustered, showing little of the large positive or negative 
excursions observed for boron. Increasing Cr content produces only a 
modest downward shift in region 1 and little change in regions 2 and 
3, suggesting that any energetic benefit from Cr-rich environments is 
quickly saturated regardless of carbon’s geometric environment. This 
limited adaptability stems from carbon’s smaller atomic radius [60] 
and the correspondingly smaller bond-length mismatch between Ni–C 
and Cr–C, which minimize geometric relaxation even when Cr occupies 
first-neighbor positions. As a result, carbon shows little variability in its 
positional data (Fig. 2b,c) in regions 1 and 2, suggesting it cannot ac

cess the diverse bonding environments that stabilize boron at the GB. 
Boron’s broad, widely distributed spectrum indicates a rugged PES with 
many local minima and maxima, reflecting its ability to explore and sta

bilize diverse coordination environments at the GB. In contrast, carbon’s 
narrow spectrum corresponds to a smoother PES dominated by a single 
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Fig. 2. (a) Magnified rendering of the GB structure, with key atomic planes labeled 1, 2, and 3; these correspond to the zones marked throughout this figure. Atoms are 
colored according to OVITO’s common neighbor analysis: green indicates FCC-coordinated atoms, white indicates ``other'' coordination, blue indicates BCC, and red 
indicates HCP. The GB region is dominated by non-FCC-coordinated atoms. (b) Segregation energy for boron (blue) and carbon (gold) as a function of 𝑧-coordinate, 
compiled across all Cr decoration levels (𝑛= 0−5), showing the position of the interstitial relative to the GB. (c) Three-dimensional scatter plot of boron and carbon 
positions from the sampling dataset. (d) Segregation energy spectra for boron (left) and carbon (right) at the GB, with each curve corresponding to a distinct number 
of Cr atoms in the interstitial’s first-nearest-neighbor shell, highlighting the dependence of segregation energetics on local chemistry. For clarity, the region associated 
with each peak is annotated above it.

preferred coordination state, consistent with its rigid site selectivity and 
limited structural adaptability.

The 𝐸seg data for boron and carbon at the free surface are compiled 
in Fig. 3. Key regions are labeled 1, 2, and 3, with region 1 corresponding 
to adatom sites atop the surface. Moving into subsurface voids (regions 2 
and 3), the 𝐸seg distribution collapses toward zero or moderately neg

ative values (Fig. 3b,d), reflecting increased coordination and partial 
screening of the vacuum interface. In region 2, boron samples a broader 
energetic range than carbon and accesses substantially more negative 
states, despite this region being embedded within the surface atomic 
plane and not yet fully coordinated as in region 3. The positional data 
in Fig. 3c corroborate this, showing many configurations sampled by 
boron that are inaccessible to carbon. These results suggest that partially 
coordinated surface sites can provide favorable bonding environments 
for boron, whereas carbon remains constrained to well-ordered, high

symmetry configurations. Unlike the broad, multi-peaked spectra at the 

GB, free-surface spectra cluster into a few discrete states, reflecting the 
reduced geometric complexity of the surface environment.

At the free surface, 𝐸seg for both boron and carbon increases with Cr 
content in the first-nearest-neighbor shell in regions 1 and 2, indicating 
destabilization relative to the subsurface region 3. The effect is stronger 
for carbon, reflecting truncated Cr coordination that disrupts the ex

tended Cr–C bonding network required for stability. Cr–C bonding is 
highly coordination-dependent: stable carbides such as Cr3C and Cr7C3

exhibit well-hybridized Cp--Crd states, whereas Cr23C6 shows broader 
states and partial Crd occupation at the Fermi level [61]. In contrast, Ni

rich carbides (e.g., Ni3C) display bonding states fully below the Fermi 
level [62,63], consistent with complete bond saturation; similar trends 
are found in Ni–B systems [63]. Ab initio calculations further show that 
clean Ni (111) surfaces maintain a filled 𝑑-band, whereas Cr substitution 
introduces partially filled, reactive 𝑑-states that are especially destabi

lizing at undercoordinated sites [64]. This electronic mismatch explains 
the observed 𝐸seg trends and underpins the thermodynamic preference 
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Fig. 3. (a) Magnified rendering of the free surface region, with key atomic planes labeled 1, 2, and 3; these correspond to the zones marked throughout this figure. 
Atoms are colored according to OVITO’s common neighbor analysis: green indicates FCC-coordinated atoms and white indicates ``other'' coordination. (b) Segregation 
energy for boron (blue) and carbon (gold) as a function of 𝑧-coordinate, compiled across all Cr decoration levels (𝑛= 0 − 5), showing the position of the interstitial 
relative to the free surface. (c) Three-dimensional scatter plot of boron and carbon positions from the sampling dataset. (d) Segregation energy spectra for boron (left) 
and carbon (right) at the free surface, with each curve corresponding to a distinct number of Cr atoms in the interstitial’s first-nearest-neighbor shell. For clarity, the 
region associated with each peak is annotated above it.

for boron and carbon to segregate to GBs rather than internal free sur

faces without adsorbates.

Considering both GB and free-surface segregation, these results in

dicate a thermodynamic driving force that pulls interstitials away from 
internal surfaces and toward grain boundaries. At the surface, Cr-rich 
coordination destabilizes both boron and carbon, raising 𝐸seg and lim

iting the number of favorable configurations. In contrast, the same Cr 
environments at the GB permit greater bonding flexibility, strain accom

modation, and charge redistribution. This is especially true for boron, 
which stabilizes a wide variety of sites, including low-symmetry posi

tions inaccessible to carbon. This inversion reflects the shift from elec

tronically frustrated, undercoordinated surface sites to chemically ac

commodating GB environments. The resulting energetic contrast estab

lishes a natural segregation gradient, driving interstitials from higher

energy internal surfaces (e.g., voids, microcracks) toward lower-energy 
GB sites. Importantly, this intrinsic behavior differs from that at ox

idized surfaces, where boron and Cr co-segregate in the presence of 
oxygen [65]. In the absence of adsorbates, segregation is governed by 

local metallic coordination and bonding flexibility rather than oxide

driven stabilization.

The bottom row of Fig. 4 shows that adding Cr atoms to the first coor

dination shell of a light interstitial imposes a substantial energy penalty 
in the bulk. The total energy rises by approximately 0.6 eV per Cr atom 
around carbon and 0.84 eV per Cr around boron. These positive val

ues reflect the chemical mismatch in the Ni-rich bulk, where Cr–C and 
Cr–B bonding is electronically frustrated. At the GB this penalty is par

tially mitigated (top row of Fig. 4). In regions 1 and 2, boron’s energy 
cost decreases towards 0.6 eV per Cr atom, whereas carbon shows lit
tle improvement. This divergence indicates that Cr-rich environments 
at the GB are more accommodating for boron than carbon. Although Cr 
addition remains energetically costly overall, the relative reduction for 
boron aligns with its broader, more negative segregation spectrum and 
its ability to stabilize a wider variety of GB configurations.

It is important to emphasize that 𝐸seg (Eq. (1)) measures the rela

tive favorability of a Cr–interstitial configuration at the GB compared 
to the bulk, not its absolute formation energy. Even when Cr addition 
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Fig. 4. Change in total energy for boron (left) and carbon (right) as a function of Cr coordination, shown for grain boundary sites (top) and bulk sites (bottom). For 
direct comparison, carbon curves are overlaid with reduced opacity on boron panels, and vice versa.

near boron is costly in both environments, the GB stabilizes the system 
through relaxation, charge redistribution, and strain relief unavailable 
in the bulk lattice. A negative 𝐸seg thus indicates that the GB converts 
a locally frustrated configuration into a globally favorable one. This ef

fect is most pronounced for Cr–B interactions in region 1 of the GB, 
where 𝐸seg becomes increasingly negative with Cr content despite lo

cal penalties, reflecting boron’s ability to exploit undercoordinated and 
asymmetric sites (Fig. 2). In contrast, Cr–C interactions remain costly 
and structurally constrained, consistent with carbon’s narrower 𝐸seg
distribution and limited site diversity. These results show that GBs act 
not merely as sinks for solutes but as chemically transformative envi

ronments that stabilize bonding motifs inaccessible in the bulk. This 
interpretation aligns with our previous finding that B–Cr co-segregation 
to a Ni–Cr GB reduces 𝛾GB [66], underscoring the role of such motifs in 
GB stabilization.

While the present study focuses on a low-energy GB for its structural 
simplicity and suitability for systematic spectral sampling, this bound

ary type represents only a minority fraction in polycrystalline Ni-based 
superalloys, where random high-angle boundaries dominate the net

work [67,68]. The spectral segregation framework introduced here is 
not limited to a specific GB character and can be applied to any GB 
geometry. Although absolute segregation energies will vary with GB 
structure, the underlying picture that emerges, a broad and rugged spec

trum of energetics rather than a single-valued quantity, is expected to 
persist. The very complexity of the spectra highlights the chemical and 
structural heterogeneity of GBs, where interstitials encounter a diverse 
landscape of favorable and unfavorable sites. Notably, Cr-based borides 
and carbides are among the most frequently observed GB-anchored pre

cipitates in Ni-based superalloys [34,36--39,44,45,53,54], underscoring 
the practical relevance of Cr–B and Cr–C interactions to GB chemistry.

This work reframes light interstitial segregation as a distributional 
response shaped by local chemistry and interfacial structure. Extending 
the spectral approach originally developed for substitutional solutes, we 
show that carbon remains confined to narrow, sharply peaked states 
with minimal displacement, whereas boron explores a rugged ener

getic landscape with greater positional flexibility. The contrast between 
destabilizing Cr environments at free surfaces and stabilizing Cr environ

ments at GBs establishes a natural segregation gradient that drives in

terstitials toward boundaries. The complexity of the spectra reflects the 
true heterogeneity of interfacial PES landscapes rather than noise. Spec

tral sampling provides a high signal-to-noise method for resolving these 
environments and can be coupled with Monte Carlo, kinetic, or machine 
learning approaches to generate site-specific, finite-temperature segre

gation models. Such datasets offer a pathway to alloy design strategies 
that leverage interfacial chemistry to improve cohesion, creep resis

tance, and oxidation tolerance.
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