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Complementary thermodynamic
mechanisms of boron and carbon
segregation at grain boundaries in
nickel alloys
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Grain boundary stabilization by light interstitials is central to the performance of Ni-based superalloys,
yet the thermodynamicmechanisms governing their interactions with substitutional chemistry remain
poorly resolved. Here, we use hybrid Monte Carlo molecular dynamics simulations to quantify how
boron and carbonmodify the thermodynamic, structural, and chemical ordering of grain boundaries in
Ni-Cr alloys. By analyzing interfacial state variables, site-resolved segregation spectra, local chemical
ordering, and structural evolution, we show that boron and carbon stabilize grain boundaries through
complementary pathways. Carbon drives saturation-controlled stabilization by recruiting Cr and
conditioning boundary chemistry, while suppressing temperature-driven structural transformations of
the boundary. In contrast, boron stabilizes grain boundaries through a selective mechanism that
lowers the interfacial grand potential via localized ordering while permitting gradual structural
evolution. These effects arise from coupled interactions between interstitial segregation and Cr
redistribution, which together regulate site accessibility, chemical competition, and the range of
accessible interfacial states. This work provides a thermodynamic framework for grain boundary
engineering and suggests design principles for leveraging interstitial-substitutional interactions in
alloys.

Light interstitial elements boron and carbon are added to nickel-based
superalloys to strengthen grain boundaries and improve high-temperature
mechanical performance1–3. However, their thermodynamic behavior at
grain boundaries remains incompletely understood, leading to contra-
dictory experimental observations4–9. Boron exhibits dual character: at low
activities it segregates elementally to grain boundaries and enhances cohe-
sion, while at higher activities it interacts with elements like Cr to form
borides10–13. Carbon shows similar complexity, forming discrete MC car-
bides and continuous Cr-based M23C6 films depending on processing
conditions10,11,14,15. The thermodynamic conditions governing the transition
between elemental segregation and compound formation, and the compe-
titive interactions between boron and carbon at grain boundaries, remain
unmapped. This gap limits rational grain boundary chemistry design in
high-temperature structural alloys, requiring precise interfacial control for
creep resistance and long-term stability.

Resolving these contradictions requires treating grain boundaries as
distinct thermodynamic phases with their own stability criteria rather than
static structural defects. Early theoretical models predicted that solute seg-
regation could induce two-dimensional phase transformations within grain
boundaries, creating interfacial analogues of bulk phase transitions16. Sub-
sequent atomistic simulations confirmed that such transformations can
occur well below the melting temperature, revealing that grain boundaries
possess independent thermodynamic states governed by temperature,
composition, and local structure17,18. The complexion framework19 for-
malized this picture by extending Gibbsian thermodynamics to internal
interfaces, providing a foundation for constructing interfacial phase dia-
grams. Subsequent simulations demonstrated that variations in solute
concentration can trigger first-order transformations between distinct
boundary structures20, while direct imaging experiments confirmed the
coexistence of multiple grain boundary phases in elemental metals21. These
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developments established that grain boundaries undergo structural and
chemical phase transitions governedby the same thermodynamicprinciples
as bulk systems, creating a framework within which interstitial segregation
behavior can be systematically analyzed.

Within this framework, segregation-driven stabilization has been
extensively studied for substitutional solutes. Theoretical analyzes showed
that solute adsorption can reduce the grain boundary energy γ to zero,
eliminating the driving force for grain growth and enabling thermodynamic
stabilization of nanocrystalline structures22–24. Atomistic and Monte Carlo
simulations linked segregation and short-range ordering to substantial
reductions in interfacial energy25, while thermodynamic and statistical
models established the conditions for nanocrystalline stability through
segregation enthalpy26,27 and identified solute combinations capable of
achieving this stabilization through favorable segregation energetics28. Sta-
tistical mechanics treatments further revealed that grain boundaries exhibit
a spectrum of metastable states forming a continuous energy band29, while
machine-learning and evolutionary-search methods uncovered extensive
polymorphism across the misorientation space of elemental metals30. More
recent theoretical work unified kinetic and thermodynamic descriptions of
interface stability31,32, while experimental studies confirmed that solute
segregation can directly trigger grain boundary structural transformations,
linking chemical decoration to enhanced cohesion and thermal stability33.

However, these advances have focused almost exclusively on sub-
stitutional solutes in elemental or simple binary systems, leaving the role of
light interstitials in substitutionally complex alloys critically underexplored.
Unlike substitutional solutes, interstitials occupy distinct crystallographic
sites and exhibit strong short-range interactions with specific substitutional
species. In Ni-based superalloys, boron and carbon segregation is mediated
by Cr, the primary substitutional alloying element that governs carbide and
boride phase formation10,11. Whether boron and carbon compete or coop-
erate at grain boundaries, and how Cr modifies their segregation thermo-
dynamics, has not been systematically established. Prior computational
studies have examined boron or carbon segregation in pure Ni or Fe
matrices, but these cannot capture the concentration-dependent competi-
tion and synergy that emergewhenmultiple interstitial species interact with
substitutional chemistry. Furthermore, existing experimental observations
reveal dual regimes (elemental segregation versus compound formation)
without establishing the thermodynamic criteria that govern transitions
between these states or the conditions underwhich cooperative stabilization
becomes favorable. Light interstitial elements are known to alter cohesion,
diffusivity, and high-temperature performance in both steels34,35 and Ni-
based superalloys2,36, yet the thermodynamic mechanisms underlying these
effects, and their dependence on substitutional alloying, remain unresolved.

Here,we usehybridMonteCarlo (MC) andmolecular dynamics (MD)
simulations to quantify how light interstitials modify the thermodynamic
state of grain boundaries in Ni–Cr alloys. By varying temperature
(300–1200 K) and global Cr content (10–25 at.%) at fixed, experimentally
relevant chemical potentials for boron and carbon, we track the evolution of
interfacial state variables across both ordered (Σ5[001](210) symmetric tilt)
and disordered (high-angle) grain boundaries. This approach resolves how
interstitial identity, substitutional chemistry, boundary character, and local
chemical ordering jointly govern interfacial stability, segregation behavior,
and structural response, including temperature- and composition-
dependent transitions between distinct grain boundary configurations.

We demonstrate that boron and carbon stabilize grain boundaries
through distinct thermodynamic pathways mediated by substitutional Cr,
while simultaneously reshaping the accessible structural states of the
boundary. Boron operates through selective stabilization, producing con-
sistently lower interfacial grand potential excess despitemodest enrichment
by localizing into energetically favorable interfacial environments, with the
expression of this selectivity depending on boundary character. Carbon
stabilizes grain boundaries through a saturation-driven mechanism,
extensively enriching the interface while co-segregating with Cr to chemi-
cally condition boundaries with high segregant capacity and suppressing
structural evolution over a broad temperature range.

These mechanisms are not inherently competitive. Carbon establishes
Cr-rich interfacial environments through saturation-driven co-segregation,
while boron remains thermodynamically driven to segregate to these che-
mically enriched boundary states. This behavior is supported by targeted co-
doping simulations in which boron is introduced into pre-equilibrated car-
bon-conditioned grain boundaries, indicating that boron can incorporate
into carbon- and Cr-rich interfaces without displacing existing segregation.

Together, these results reveal that interfacial thermodynamics, segre-
gation, and structure are intrinsically coupled, with interstitial species
governing not only chemical enrichment but also the stability and evolution
of grain boundary configurations. This framework provides a mechanistic
thermodynamic basis for interpreting experimental observations of boron-
mediated modification of carbide formation under certain processing
conditions, offers a consistent interpretation for the widespread use of
boron–carbon-containing alloys10,11,36,37, and suggests thermodynamic
design principles for stabilizing grain boundaries in Ni-based alloys.

Results
Interstitial effects on grain boundary structural transformations
The temperature-dependent structural evolution of the Σ5[001](210) (S5)
grain boundary is summarized in Fig. 1, which combines representative
atomic configurations with a quantitative classification of kite unit filling
(Table 1). Here, we distinguish between open kite units, inwhich the central
kite site remains part of the interstitial sublattice, and filled kite units, in
which a substitutional atom (Ni or Cr) occupies this site following a local
lattice reconstruction (blue outlines in Fig. 1a). Importantly, the open
configuration is not vacant; rather, it is accessible to interstitial species,
whose occupation plays a critical role in stabilizing the boundary structure.
Kite filling fractions are evaluated by counting the 12 projected kite repeat
units along the grain boundary plane in the x-direction, such that each
counted unit represents a column of kite motifs extending through the
simulation cell thickness (z-direction).

As shown in Fig. 1a, the pure Ni grain boundary undergoes a sharp
structural transition between 300 and 600 K, characterized by the conver-
sion of open kite units into fully filled configurations. This transition is
abrupt and complete, with all kite units adopting the filled configuration at
temperatures ≥600 K, consistent with a well-defined temperature-driven
structural transformation associated with lattice relaxation into a lower-
energy configuration.

The introduction of interstitial dopants significantly modifies this
behavior. In boron-doped systems (Fig. 1b), the transition from open to
filled kite units becomes both temperature- and composition-dependent,
proceeding graduallywith increasing temperature andCr concentration. As
shown in Fig. 1d, intermediate states containing amixture of open andfilled
kite units emerge over a broad range of conditions, indicating a progressive
structural evolution rather than a discrete transition. This behavior arises
from the occupation of the central kite site by boron, which inhibits the
lattice reconstruction required for substitutional atoms to collapse into the
filled configuration.Notably, cooperative segregationbetweenboron andCr
further enhances this effect, reducing the fraction of filled kite units from
fully filled in Ni-rich boundaries to approximately 33% in Cr-containing
systems at 1200 K.

In contrast, carbon-doped systems exhibit a markedly different
response. As shown in Fig. 1c, d, the open kite configuration is strongly
stabilized across all compositions up to 900 K, with significant kite filling
occurring only at the highest temperatures and/or Cr concentrations. This
suppression of kite filling reflects the strong tendency for carbon to co-
segregatewithCr, rapidly saturating the interstitial sublattice and stabilizing
the open kite configuration. Consequently, carbon acts to suppress the
temperature-driven structural transition observed in the pure and boron-
doped systems across a wide range of conditions. At higher Cr concentra-
tions (25 at.%), however, a gradual transformation toward filled kite units is
observed, reaching approximately 75% filled at 1200K. This suggests that at
sufficiently high solute enrichment, the filled configuration becomes ener-
getically favorable despite the presence of interstitial species.
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This behavior reflects competition between interstitial site occupancy
and substitutional lattice collapse, highlighting the role of interstitial-
substitutional coupling in governing grain boundary complexion
transitions.

Interfacial state variables and thermodynamic trends
To quantify the thermodynamic and structural signatures of the chemo-
structural states identified in the previous section, we next examine the
evolution of key grain boundary state variables across composition and
temperature. While Fig. 1 establishes that interstitial chemistry governs the
structural state of the S5 grain boundary, a quantitative description is
required to compare the stability and structural characteristics of these
configurations across different boundary types.

Figure 2 provides both a visual reference for the equilibrated grain
boundary structures and a consolidated viewof the interfacial state variables
used throughout the remainder of the analysis. Figure 2a–d shows repre-
sentative post-equilibration configurations of the S5 and custom high-angle
(HA) grain boundaries following hybrid semi-grand/grand canonical
Monte Carlo sampling and subsequent canonical molecular dynamics
relaxation. These atomic renderings are intended to orient the reader to the
structural character of the two boundary types and to illustrate the spatial
distribution of boron and carbon interstitials after equilibration. Consistent
with the observations in Fig. 1, the S5 interface retains a recognizable per-
iodicmotif along the boundary plane, whereas theHAboundary lacks well-
defined structural units and instead exhibits a broader, more heterogeneous
interfacial region.

Fig. 1 | Temperature-dependent grain boundary structural evolution and
interstitial effects on kitefilling.Atomic configurations illustrating the evolution of
theΣ5[001](210) grain boundary structure as a function of temperature for apureNi
(undoped and 0 at.% Cr), b 10 at.% Cr with B interstitial doping, and c 10 at.% Cr
with C interstitial doping. Black outlines denote open kites while blue outlines
denote filled kites. d Heat map summarizing the percent of filled kite units as a

function of temperature and Cr concentration for pure Ni, CrNi with boron, and
CrNi with carbon systems. The data reveal a sharp temperature-driven transition in
pure Ni, a composition- and temperature-dependent gradual transition in boron-
doped systems, and a pronounced stabilization of open kite structures in carbon-
doped systems, with significant filling occurring only at the highest temperatures
and Cr concentrations. Atomic renderings visualized in OVITO62.

https://doi.org/10.1038/s41524-026-02176-w Article

npj Computational Materials |          (2026) 12:321 3

www.nature.com/npjcompumats


For the S5 boundary, the underlying kite framework remains clearly
traceable across all conditions considered, with interstitial occupancy
evolving within a largely preserved structural motif. As established in Fig. 1,
increasing temperature and Cr concentration promote the progressive fill-
ing of kite units, accompanied by increasing local chemical and structural
disorder. However, this disorder remains spatially confined to the
immediate boundary region rather than propagating into the adjoining
grains. In boron-decorated S5 boundaries, an ordered, repeating interfacial
motif is observed at 300 K for the 25 at.% Cr composition, whereas at
elevated temperatures the boundary exhibits partially and fully filled kite
configurations. In contrast, carbon decoration promotes near-complete Cr
occupation of the S5 boundary core while stabilizing open kite configura-
tions over a broader temperature range, resulting in a compositionally
saturated yet structurally persistent interfacial state.

Unlike the S5 boundary, the high-angle (HA) boundary exhibits no
analogous repeating structural unit. Instead, increasing Cr content and
temperature lead to a progressive broadening of the disordered interfacial
region, accompanied by more diffuse interstitial accommodation. In the
absence of discrete structural motifs, structural evolution in the HA
boundary is reflected in changes to its width and chemical distribution.
These qualitative differences highlight fundamentally distinct responses of
ordered and disordered grain boundaries to chemical decoration, moti-
vating the quantitative analysis of interfacial stability, segregation, and
structural state introduced below.

To quantify these chemo-structural differences and track their evolu-
tion with composition and temperature, we next examine three interfacial
state variables as functions of the global Cr concentration (xCr) and tem-
perature (T). As defined in the methodology, these variables comprise the
grand potential excess per unit area (eΩex), which quantifies the thermo-
dynamic stability of the grain boundary relative to a temperature-dependent
reference pureNi grain boundary; theGibbsian interfacial excess (Γi), which
characterizes solute and interstitial segregation; and the grain boundary
width (w), which serves as a proxy for the structural extent of the interfacial
region.

In evaluating eΩex, the reference state is obtained frompost-MDrelaxed
configurations of the undoped pure Ni grain boundary, such that the
reference reflects the equilibrium complexion of the pure system at each
temperature (openkite configurations at 300 Kandfilled kite configurations
at elevated temperatures). This ensures that comparisons of interfacial
stability aremade relative to the appropriate structural state of the boundary
under each thermodynamic condition.

The sign of eΩex therefore reflects the relative thermodynamic stability
of a given grain boundary configuration with respect to this reference state:
negative values (eΩex < 0) indicate enhanced stability compared to the pure
Ni boundary, while positive values (eΩex > 0) indicate reduced stability.
Importantly, because the reference state is itself a grainboundary rather than

the bulk crystal, the sign of eΩex does not correspond to an absolute driving
force for grain boundary formation, but instead provides a measure of
relative stability between interfacial states.

A comprehensive compilation of these quantities for both the S5 and
HAgrain boundaries is presented in Fig. 2e, with numerical values provided
in Table S4 of the Supplementary Information.

Across both boundary types, boron-decorated configurations con-
sistently exhibit lower values of eΩex than their carbon-decorated counter-
parts over the full range of Cr concentrations and temperatures examined.
This persistent ordering indicates that, under identical thermodynamic
conditions, boron decoration produces a more favorable interfacial state
than carbon decoration. Crossover behavior may emerge at higher carbon
activities, lower boron activities, or in the presence of additional alloying
elements that further strengthen C-Cr interactions.

Increasing temperature leads to a systematic increase in the grand
potential excess for both interstitial species, with eΩex becoming less negative
across the temperature range examined. This trend reflects a reduction in
thermodynamic favorability relative to the corresponding pure Ni grain
boundary reference states.

Further inspection reveals a clear coupling between interstitial stabi-
lization and Cr segregation at the grain boundary. Across both boundary
types, less negative and, in some cases, positive values of eΩex coincide with a
reduction in ΓCr, indicating that Cr decoration plays a critical role in driving
thermodynamic stabilization alongside interstitial segregation. Configura-
tions with diminished Cr excess are systematically less stable for both boron
and carbon, independent of boundary structure.

Boron-decorated grain boundaries maintain negative values of eΩex
across all Cr concentrations, temperatures, and boundary types examined,
demonstrating that boron segregation remains thermodynamically favor-
able in both Ni-rich and Cr-decorated environments. This stability persists
even in caseswhereΓCrbecomes slightlynegative, indicating that borondoes
not rely on Cr co-segregation for interfacial stabilization.

In contrast, carbon exhibits conditions under which the grand
potential excess becomes weakly positive. At T = 1200 K and xCr = 10at.%,
carbon-decorated configurations show a positive eΩex in both boundary
types, correlated with minimal or negative ΓCr. This behavior is further
accentuated in theHA boundary, where carbon stabilization deteriorates in
conjunction with Cr depletion from the interface, indicating that carbon-
driven stabilization is strongly dependent on the availability of Cr-rich
environments.

Finally, the thermodynamic response depends on grain boundary
structure. Both boron- and carbon-decorated configurations exhibit more
negative grand potential excess values in the S5 grain boundary than in the
HA boundary. For boron, this enhanced stabilization in the S5 boundary
coincides with lower ΓCr, whereas for carbon it persists despite elevated
excesses of both carbon and Cr relative to the S5 structure. This contrast

Table 1 | Temperature-dependent evolution of kite structures for pure and interstitial-decorated S5 grain boundaries

System xCr (at.%) 300 K 600 K 900 K 1200 K

Open Filled Open Filled Open Filled Open Filled

Pure Ni 0 12 0 0 12 0 12 0 12

Boron-doped 10 12 0 9 3 0 12 0 12

15 12 0 7 5 3 9 0 12

20 12 0 9 3 9 3 8 4

25 12 0 9 3 7 5 8 4

Carbon-doped 10 12 0 12 0 12 0 4 8

15 12 0 12 0 12 0 9 3

20 12 0 12 0 12 0 9 3

25 12 0 11 1 9 3 3 9

Entries report the number of open and filled kite units (out of 12 total units).
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indicates that the thermodynamic impact of interstitial and solute decora-
tion depends not only on interfacial composition but also on the underlying
structural order of the boundary.

TheGibbsian interfacial excess values further elucidate how interstitial
segregation reshapes local boundary chemistry and couples to the observed
complexion transitions. Both boron and carbon exhibit positive interfacial
excess across all conditions studied (ΓI), confirming preferential segregation

to the grain boundary relative to the bulk. In contrast, the associated Cr
interfacial excess (ΓCr) exhibits markedly different responses depending on
the identity of the segregating interstitial, revealing distinct co-segregation
behaviors.

In boron-decorated systems, increasing boron enrichment is accom-
panied by strongly negative Cr interfacial excess, indicating substantial Cr
depletion from the boundary core. This depletion persists across both

Fig. 2 | Atomic renderings and interfacial state variable analysis for chemically
decorated grain boundaries. Equilibrated structures for (a, b) Σ5[001](210) (S5)
and (c, d) high-angle (HA) grain boundaries. A pure Ni reference structure is
included at the top of each panel for comparison with chemically decorated con-
figurations. Black outlines denote open kites while blue outlines denote filled kites.

e Grand potential excess (eΩex), interfacial excess (Γi), and boundary width (w) as
functions of temperature and global Cr content. Semi-transparent curves show ΓCr.
Dashed lines in the w plots denote the average widths of the corresponding pure Ni
boundaries. All results are obtained at fixed interstitial chemical potentials corre-
sponding to dilute boron and carbon concentrations (0.01 and 0.1 at.%).
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boundary types and is most pronounced for the HA boundary, which does
not exhibit positive ΓCr until the highest reservoir concentration of 25 at.%.
These trends indicate that Cr enrichment is energetically unfavorable in the
presence of excess boron, even at elevated global Cr content. Similar boron-
drivenCr depletionhas been reported in density functional theory studies of
B and Cr segregation at grain boundaries in austenitic Fe-based alloys,
indicating that this behavior is robust across face-centered cubicNi- and Fe-
based systems38.

In contrast, carbon-decorated grain boundaries show a steady increase
in Cr interfacial excess with increasing xCr, with the magnitude of Cr
enrichment substantially exceeding that observed in boron-containing
systems. This behavior indicates strong cooperative segregation between
carbon and chromium, with carbon acting as an effective driver of Cr
accumulation at the grain boundary under otherwise identical thermo-
dynamic conditions.

The interfacial excess of the interstitial species themselves further
highlights distinct segregation mechanisms. Carbon interfacial excess
remains relatively constrained across temperature, reflecting a saturation-
driven process in which available interstitial sites are rapidly occupied. In
contrast, boron interfacial excess exhibits a stronger dependence on both
temperature and composition, with ΓB increasing systematically with tem-
perature but decreasingwith increasing bulkCr concentration.These trends
indicate that boron segregation is more sensitive to the evolving thermo-
dynamic and chemical environment of the boundary.

Importantly, the evolution of interfacial excess is strongly coupled to
the underlying grain boundary structure. In boron-decorated systems,
increases in ΓB coincide with the transition toward majority-filled kite
configurations, indicating an enhanced capacity for boron segregation fol-
lowing structural transformation. This suggests that the filled kite config-
uration provides a greater number of more favorable distributions of
interstitial-accessible sites. In contrast, carbon-decorated systems exhibit
relatively stable interfacial excess across temperature until sufficiently high
Cr content and temperature drive partial structural transformation, at
which point an increase in ΓC is observed.

A similar distinction is observed in the HA grain boundary. Boron-
decorated HA boundaries exhibit a broader variation in interfacial excess
with temperature, consistent with a boundary structure that undergoes
more continuous reorganization. In contrast, carbon-decorated HA
boundaries show relatively constrained interfacial excess values, indicating a
more stable structural configuration once interstitial sites are saturated
through strong C-Cr co-segregation.

The absolute capacity for interstitial segregation further depends on
boundary character. Across all conditions studied, the HA boundary
accommodates higher interfacial excesses than the S5 boundary for both
boron and carbon. However, the relative dominance of each interstitial
differs: in the S5 boundary, carbon exceeds boron at high Cr concentration
for most temperatures, whereas in the HA boundary, boron maintains a
higher interfacial excess across the full thermodynamic range.

These results demonstrate that interfacial excess and grain boundary
structure are intrinsically coupled. Interstitial segregation governs the sta-
bility of specific atomic configurations, while the resulting structural state of
the boundary determines its capacity for further solute incorporation.

The segregation trendsdescribed above are accompaniedby systematic
changes in the effective grain boundary width, providing a structural
manifestation of the coupled chemical and configurational evolution.
Across all temperatures, boron-decorated boundaries remain broader than
their carbon-decorated counterparts, while carbon-containing boundaries
exhibit narrower interfacial regions under otherwise identical conditions.

These differences reflect the distinct segregation mechanisms of the
two interstitial species. In boron-decorated systems, the temperature- and
composition-dependent evolutionofΓB, coupledwithprogressive structural
reorganization, promotes amore diffuse and adaptable boundary structure.
In contrast, the saturation-driven segregation of carbon and its strong co-
segregation with chromium stabilize a more compact and structurally
constrained interface.

The dependence on bulk Cr concentration further highlights this
distinction. In boron-decorated systems, increasing xCr leads to progressive
boundary narrowing, consistent with reduced boron interfacial excess and
diminished structural disorder. Conversely, carbon-decorated boundaries
widen with increasing Cr content, reflecting enhanced Cr-C co-segregation
and the associated expansion of the interfacial region as solute enrichment
increases.

For both the S5 and HA boundaries, the effective boundary width in
boron-decorated systems correlates primarily with ΓB and shows only a
weak dependence on the accompanying ΓCr. Increasing boron enrichment
leads to a more spatially confined interfacial region, consistent with
enhanced B-Cr ordering within the boundary. However, with increasing
temperature, the boundarywidth exhibits a systematic increase, particularly
in compositions where kite filling is observed in the S5 boundary. This
behavior indicates that the onset of structural reconfiguration is accom-
panied by a transition to a more spatially extended interfacial state.

In contrast, the boundary width in carbon-decorated systems reflects
the combined influence of ΓC and ΓCr for both boundary types, with
increasing carbon enrichment generally accompanied by boundary
widening. This widening reflects increased chemical enrichment of the
boundary core and the development of a more diffuse interfacial region.
Notably, the temperaturedependenceof theboundarywidth inC-decorated
systems is more gradual, consistent with the suppression of kite filling
observed in Fig. 1. As a result, structural evolution in these systems occurs
through a continuous broadening of the interfacial region rather than a
discrete transformation.

Finally, to probe the interaction between the distinct stabilization
mechanisms identified for boron and carbon, we performed targeted co-
doping simulations in which boron was introduced into pre-equilibrated
carbon-decorated HA grain boundaries at xCr = 25at.%. In these simula-
tions, the initial configurations were first equilibrated under semi-grand
canonical Monte Carlo conditions for Cr and grand canonical sampling for
carbon, after which boron was introduced via grand canonical sampling
while continuing active sampling of all species (Cr, C, and B) under their
imposed chemical potentials. This protocol enables evaluation of boron
incorporation into an already carbon-conditioned, Cr-enriched boundary
state under consistent thermodynamic conditions.

Across the temperature range 300–1200 K, boron inserts readily into
the carbon-decorated boundary, with distinct behavior observed between
intermediate temperatures (300–900 K) andhigh temperatures (1200 K).At
intermediate temperatures, boron incorporation occurs without disrupting
the existing carbon enrichment. Instead, boron segregation is accompanied
by additional Cr accumulation at the interface. At 900K, for example,
substantial boron segregation is observed (ΓB = 0.06atoms/Å2), while ΓC
remains approximately constant and theCr interfacial excess increases from
0.22 to 0.25atoms/Å2. This behavior contrasts with boron-only systems, in
which boron segregation is accompanied by depletion of Cr from the
boundary.

At 1200 K, boron insertion remains thermodynamically favorable but
induces partial carbon depletion alongside a further increase in ΓCr, indi-
cating temperature-dependent redistribution among interstitial and sub-
stitutional species. Despite this redistribution, boron consistently stabilizes
the co-decorated configuration, lowering eΩex at all temperatures con-
sidered. The largest reduction occurs at 1200 K, where eΩex decreases from
−2.29 to −2.74 J/m2. These results indicate that boron remains thermo-
dynamically driven to segregate even in carbon-conditioned, Cr-rich grain
boundary environments.

Chemical segregation and short-range order
To further resolve how interstitial species interact with the heterogeneous
energetic landscape of the grain boundary, we examine site-resolved seg-
regation spectra for boron and carbon at the S5 and high-angle (HA)
boundaries at 300 K (Fig. 3). For all cases, the presence of favorable segre-
gation energies is consistent with the negative grand potential excess values
observed for decorated grain boundaries.
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At the S5 boundary, boron and carbon exhibit fundamentally different
spectral responses to increasing global Cr concentration. For boron,
increasing xCr progressively eliminates energetically favorable insertion
sites, as reflectedby thedisappearanceof low-energy segregationpeaksupon
entering theCr-rich regime.Only a single low-energy population associated
with the central void site remains, becoming increasingly negative in energy
and ultimately restricting favorable segregation to the central void shown in
Fig. 2a. This collapse of accessible sites provides a direct mechanistic
explanation for the reduction in ΓB with increasing Cr decoration. Com-
plementary Warren–Cowley short-range order (SRO) analysis (Fig. 4)
shows that this site exhaustion is accompanied by increasingly selective
B–Cr ordering at high xCr, indicating that boron adapts to the Cr-rich
boundary by localizing into the remaining Cr-tolerant motif rather than by
sampling a broader population of Cr-rich environments.

Carbon exhibits the opposite response at the S5 boundary. As the
boundary enters the Cr-rich regime, the segregation spectra broaden sub-
stantially, spanning approximately −0.5 to −3.0 eV. This broadening
reflects the emergence of a more diverse potential energy surface driven by
Cr-induced reorganization of the boundary motif and void network, as
illustrated in Fig. 2b. The resulting expansion of accessible insertion
environments explains the monotonic increase in ΓC with increasing Cr
content, in direct contrast to boron behavior. Consistent with this inter-
pretation, the SRO spectra show that while the number of C–Cr contacts
increases with xCr, the distribution of local chemical environments becomes
progressively more homogeneous, leading to a narrowing of the SRO
spectrum and a reduction in the fraction of strongly ordered motifs at high
Cr concentrations.

At the HA boundary, broad segregation spectra are observed for both
interstitial species across all Cr concentrations, consistent with the intrin-
sically heterogeneous nature of the disordered interface. However, the
chemical response to Cr decoration remains species-dependent. Carbon

exhibits a clear leftward shift of the spectra toward more negative energies
with increasing xCr, accompanied by a high density of states below−2.0 eV
at Cr-rich conditions and the absence of positive segregation energies. In
contrast, the boron spectra remain comparatively stable with increasing Cr,
retaining a population of positive segregation energies even in the Cr-rich
regime. SRO analysis confirms that this difference arises from carbon
broadly sampling an expanding population of Cr-rich motifs, whereas
boron remains constrained to a limited set of energetically favorable sites
that tolerate, but do not actively recruit, Cr.

Together, these results demonstrate that segregation spectra encode the
accessibility of insertion sites, while SRO spectra resolve how chemical
ordering evolves within those sites. The combined analysis reveals distinct
stabilization pathways for boron and carbon that depend on both interstitial
identity and grain boundary character. Quantitative spectral descriptors
supporting these trends are provided in Figs. S7 and S8 of the Supple-
mentary Materials.

Discussion
The results presented here reveal a coupled chemo-structural response of
grain boundaries to interstitial chemistry and temperature. As demon-
strated in Fig. 1, the S5 grain boundary exhibits a temperature-dependent
structural transition from open to filled kite configurations, while the high-
angle boundary undergoes amore diffuse structural evolution characterized
by progressive broadening of the interfacial region. These results show that
interstitial species not onlymodify segregation behavior but also reshape the
accessible structural states of the boundary, with boron promoting gradual
structural transitions and carbon delaying or suppressing transformation
over an extended temperature range.

Within this structural context, the thermodynamic analysis provides a
quantitative framework for comparing the stability of these chemo-
structural states under fixed chemical potentials of light interstitials. Boron

Fig. 3 | Site-resolved interstitial segregation at grain boundaries. Segregation
spectra for a boron and b carbon at the Σ5[001](210) symmetric tilt (S5) grain
boundary, and for c boron and d carbon at the high-angle (HA) grain boundary. The
spectra were obtained by evaluating single-point interstitial insertions into all

inequivalent sites of the equilibrated 25 at.% Cr grain boundary structures at 300 K.
Descriptions of the grain boundary chemical state are included to connect the
segregation spectra to the corresponding Cr interfacial excess (ΓCr), distinguishing
Ni-rich, Ni--Cr mixed, and Cr-rich boundary environments.
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and carbon stabilize grain boundaries through distinct but complementary
mechanisms. Carbon conditions the boundary by promoting Cr-rich
interfacial environments through saturation-driven co-segregation, parti-
cularly in structurally disordered boundaries where carbon accesses a broad
population of deep segregation sites. In contrast, boron stabilizes the
boundary through selective occupation of energetically favorable interfacial
sites while tolerating Cr co-occupancy, leading to consistently lower inter-
facial grand potential excess without requiring substantial Cr enrichment.

Targeted co-doping simulations further show that boron remains
thermodynamically driven to segregate even in carbon-conditioned,Cr-rich
grain boundary environments. In these simulations, carbon establishes a
chemically enriched boundary state that remains accessible to subsequent
boron incorporation, with boron continuing to lower the interfacial grand
potential without displacing carbon. These observations indicate that boron
and carbon are not inherently competitive at the interface, but can coexist
within chemically enriched grain boundary states.

These stabilization pathways do not imply the direct formation or
suppression of specific interfacial compounds, nor do they predict pre-
cipitation kinetics or time-dependent transformation pathways. Instead,
they quantify how interstitial identity and substitutional chemistry reshape
the energetic landscape andmodulate the accessible structural states of the
boundary, including temperature-dependent transitions between distinct
grain boundary structures. This framework provides a basis for under-
standing why co-doping strategies can outperform single-interstitial
approaches across structural alloy systems and suggests quantitative
design principles for grain boundary engineering, summarized schemati-
cally in Fig. 5. Figures 2 and 3 show that interfacial stability, chemical
enrichment, and structural width cannot be described by a single mono-
tonic or universal relationship with interstitial chemistry, as further clar-
ified by local chemical ordering trends discussed below. Instead, boron and
carbon operate through qualitatively distinct thermodynamic modes that

reflect fundamentally different interactions with the grain boundary
energy landscape and, correspondingly, give rise to different accessible
structural states of the boundary. Critically, these responses do not arise
from isolated interstitial effects but from the coupled thermodynamics of
interstitial-substitutional co-segregation. The presence of Cr as a sub-
stitutional alloying element reshapes the segregation response of both
boron and carbon, producing concentration-dependent competition and
synergy that cannot be inferred from interstitial behavior in pure Ni or Fe
matrices.

Boron acts as a selective interfacial stabilizer, producing a consistent
reduction in the interfacial grand potential excess through preferential
stabilization of energetically favorable configurations rather than extensive
chemical enrichment. This behavior is observed for both S5 and HA grain
boundaries despite low interfacial excess values. In S5 boundaries,
increasing Cr content progressively restricts boron segregation to fewer
thermodynamically accessible environments, reflected by the loss of shallow
segregationpopulations and the survival of only thedeepest insertion sites in
the segregation spectra (Fig. 3). Consistent with this site exhaustion, SRO
spectra (Fig. 4) show that boron samples an increasingly narrowdistribution
of local chemical environments at high xCr, reflecting localization into a
small set of Cr-rich motifs. In contrast, HA boundaries retain a broad
distribution of accessible sites, with boron sampling diverse chemical
environments while deriving stabilization from energetically favorable Cr-
rich configurations.

This behavior reflects a thermodynamic partitioning effect arising
from interstitial substitutional interactions. Atmoderate Cr concentrations,
boron segregation depletes Cr from the boundary, as evidenced by strongly
negative ΓCr values across most conditions (Fig. 2e). At elevated Cr con-
centrations (25 at.%), the imposed chemical potential prevents complete Cr
expulsion, forcing coexistenceof boron andCr at the interface. SROanalysis
shows that this crossover corresponds to a transition fromboron occupying

Fig. 4 | Site-resolved chemical short-range order at grain boundaries. aBoron--Cr
and b carbon--Cr short-range order (SRO) spectra in the Σ5[001](210) (S5) grain
boundary. c Boron--Cr and d carbon--Cr SRO spectra in the high-angle (HA) grain
boundary. The short-range order spectra are constructed by sampling all boron or

carbon atoms residing at the grain boundary in the equilibrated 25 at.% Cr struc-
tures. All spectra are shown for T = 300 K and are referenced to the local grain
boundary composition.
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predominantly Ni-rich motifs at low xCr to selective localization within Cr-
adjacent sites at high xCr, explaining the increasingly negative B-Cr ordering
despite declining boron populations. Boron remains favorably segregated
because the thermodynamic penalty associated with B-Cr interactions
increases more rapidly in the bulk alloy than at the grain boundary39,
indicating that boron tolerates Cr co-occupancy more readily at the inter-
face than in the crystalline bulk.

In contrast, carbon stabilizes grain boundaries through a saturation-
driven mechanism characterized by strong Cr co-enrichment, high inter-
facial excess, and progressive broadening of the interfacial region. Carbon
segregation is accompaniedby substantialCr accumulationat the boundary,
reaching interfacial excess values of approximately 0.225 atoms/Å2 com-
pared to 0.05 atoms/Å2 for boron-decorated boundaries at 25 at.% Cr (Fig.
2e). This Cr co-enrichment is not incidental but represents the defining
feature of carbon’s stabilizationmechanism, a trend reflected in SROspectra
by broad ordering distributions at lowCr content that progressively narrow
as Cr-rich motifs become ubiquitous rather than exceptional. Carbon thus
acts as a chemical driver that actively recruits Cr to the interface, producing
Cr-rich boundary environments.

The corresponding segregation spectra reveal access to a wide dis-
tribution of interfacial environments that broaden systematically with
increasing Cr content (Fig. 3), consistent with a capacity-dominated stabi-
lization mode in which boundary reinforcement scales with chemical
occupation rather thanenergetic selectivity.This saturation-drivenbehavior
is further reflected in the SRO spectra, which show that carbon initially
samples awide range of chemically distinct environments at lowCr content,
followed by progressive homogenization as Cr-rich motifs become pre-
valent. In conjunction with the structural analysis in Fig. 1, this behavior is
associated with suppression of discrete structural transformations and the
persistenceof comparatively less-evolved,more spatially confinedboundary
configurations over a broad temperature range.

Such Cr-enriched interfacial chemistries are widely observed experi-
mentally asM23C6 carbides, the dominant grain-boundary carbide phase in
Ni-based superalloys during intermediate-temperature exposure1,10,11. In
this regime, stability arises from broad compositional reorganization and
chemical saturation rather than selective minimization of the interfacial
energy landscape. Once carbon-conditioned, Cr-rich boundaries are
established, strong segregationofboron toCr-richM23C6 carbide-decorated
grain boundaries has been reported in Ni-based superalloys10,40. This
behavior suggests that boron preferentially stabilizes boundaries that have
undergone carbon-mediated chemical conditioning. This interpretation is
supported by the targeted co-doping simulations at xCr = 25at.% and
300–1200 K. Carbon enrichment remained stable while boron inserted
readily and further increased ΓCr. This yielded a more favorable interfacial
state, as eΩex became more negative at all temperatures, confirming that
boron stabilizes an existing carbon-conditioned, Cr-rich interface rather
than displacing it.

These two modes, selective versus saturation-driven stabilization,
explain why increased chemical enrichment does not necessarily translate
into improved thermodynamic stability.Thisdistinctionarises directly from
the interplay between interstitial chemistry and substitutional alloying:
carbon’s strong affinity for Cr drives saturation-driven enrichment and
extensive chemical reorganization, whereas boron’s tolerance for Cr enables
selective site occupation that stabilizes the interface without inducing broad
compositional restructuring.

Thepresent results demonstrate that a lower interfacial grandpotential
excess can be achieved through ordering-dominated mechanisms that
require neither high solute contentnor significant grain boundarywidening.
As resolved by SRO analysis, this ordering-dominated stabilization reflects
selective localization of interstitials into energetically favorable chemical
motifs rather thanbroad chemical homogenization.This distinctionpersists
across boundary character. Even in disordered high-angle boundaries that

Fig. 5 | Schematic illustration of interstitial stabilization mechanisms at grain
boundaries. a Boron stabilizes boundaries through selective site occupation and
tolerance of Cr co-segregation, promoting gradual structural evolution of the
boundary. b Carbon promotes high-capacity segregation and Cr enrichment
through saturation-driven filling of interfacial sites, stabilizing grain boundary
structures and suppressing temperature-driven structural transitions. cTargeted co-

doping simulations indicate that carbon conditions the boundary chemically while
boron remains thermodynamically driven to segregate, further lowering the inter-
facial grand potential without displacing existing segregation. d Implications for
macroscopic properties, including creep resistance, boundary cohesion, and fracture
toughness.
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accommodate large interstitial excesses and broad energetic distributions,
boron consistently yields a more favorable interfacial grand potential than
carbon under identical thermodynamic conditions. Together with the co-
doping results, this behavior shows that thermodynamic stabilization is
governed not by the magnitude of chemical enrichment alone, but by how
interstitial–substitutional interactions reshape site accessibility, interfacial
order, and the range of accessible structural states.

The extent to which selective and saturation-driven stabilization
modes can be expressed is further modulated by grain boundary character,
with ordered boundaries amplifying energetic selectivity and favoringmore
discrete structural transitions, while disordered boundaries favor capacity-
driven enrichment and more continuous structural evolution.

Experimental observations in Ni-based superalloys indicate that
boron operates in distinct regimes depending on concentration: as an
elemental segregant at low activities and as a boride-forming species at
elevated activities10,11,37,40,41. At low boron concentrations (~0.01 at.% and
below), boron segregates to γ/M23C6 and γ0/M23C6 interfaces without
forming boride phases, enhancing cohesion within carbon-conditioned,
Cr-rich boundary regions. At elevated concentrations (~0.03 at.% and
above), M5B3 boride formation occurs, disrupting continuous M23C6

morphologies and producing discrete carbide and boride pockets along
grain boundaries. While these regimes differ fundamentally in their
interfacial chemistry and microstructural manifestation, both are con-
sistently associated with improved high-temperature creep resistance
relative to boron-free alloys, indicating that boron enhances grain
boundary performance whether present as an elemental segregant or
incorporated into boride phases.

The selective-saturation framework developed here provides a ther-
modynamicbasis for interpreting these experimentallyobserved transitions.
Boron’s comparatively weaker interaction with Cr enables selective stabi-
lization at lowenrichment levelswithout driving saturation-driven chemical
reorganization, while carbon’s broad segregation spectra and strong Cr
affinity promote saturation-driven enrichment that establishes the chemical
template for carbide formation. The concentration-dependent behavior
observed experimentally highlights that boron–carbon cooperation is tun-
able rather than fixed, with the optimal balance depending on alloy
chemistry, service temperature, and targeted mechanical response, as these
factors collectively determine both the chemical state and the accessible
structural configurations of the grain boundary.

The relevance of this framework extends beyondNi-based superalloys.
In steels, carbon-driven segregation establishes Mn- and Cr-enriched grain
boundary phases42, within which boron has been shown to influence grain
boundary structure, enhance cohesion, and modify hydrogen embrittle-
ment behavior through segregation to carbon-conditioned interfaces33,35.
These observations are consistent with the complementary stabilization
behaviors identified here, suggesting that similar interstitial interactions
may operate across a broader range of alloy systems. Direct computational
evidence for boron-carbon synergy in Ni-based superalloys has been
demonstrated through density functional theory studies of sulfur embrit-
tlement resistance43. In that work, boron and carbon co-doping produced
strengthening effects exceeding those of individual additions.

Beyond boron-carbon combinations, recent experimental studies
indicate that cooperative interstitial strategies are already emerging in alloy
design. In additively manufactured Inconel 718, boron and phosphorus act
as complementary dopants: neither element alone significantly improves
creep performance, whereas their combined addition produces marked
gains in creep ductility and rupture life, accompanied by a transition from
predominantly intergranular fracture tomixed fracturemodes44. Long-term
exposure studies further show that boron stabilizes interfacial states only
after phosphorus-driven solute redistribution45. Similar cooperative beha-
vior has been reported in high-entropy alloys, where boron-nitrogen co-
doping produces synergistic strengthening through concurrent grain
boundary segregationandprecipitationhardening46. These results indicate a
broader shift away from single-dopant paradigms toward deliberately
engineered interstitial combinations.

The mechanistic framework developed here provides a basis for
thermodynamic design principles for grain boundary engineering in sub-
stitutionally complex alloys. Effective stabilization cannot be achieved by
treating light interstitials as independent strengthening agents operating in
isolation from substitutional chemistry. Instead, stabilization arises from
three coupled principles reflected in our results: carbon establishes Cr-rich
boundary environments through saturation-driven enrichment and pro-
motes structurally diffuse interfacial states while suppressing temperature-
driven structural transitions; boron stabilizes these environments by selec-
tively lowering the interfacial grand potential through localized chemical
ordering while enabling gradual structural evolution; and the interplay
between interstitial segregation and Cr redistribution governs site accessi-
bility, chemical competition, and the range of accessible structural config-
urations of the boundary. While prior investigations of boron or carbon in
pureNi or Fematrices provide foundational insight, they cannot capture the
concentration-dependent competition and interaction that arise when
multiple interstitial species interact with substitutional elements such as Cr.
Together, these mechanisms provide a thermodynamic basis for under-
standing the coupled chemo-structural stability associated with the
enhanced mechanical performance observed experimentally in
boron–carbon–containing structural alloys under demanding service
conditions.

Methods
Semi-grand canonical Monte Carlo sampling
To capture both local chemical rearrangements and global composition
changes, two types ofMonte Carlomoveswere employed. First, themetallic
swapmove is a canonical (NVT) exchangebetween two lattice sites occupied
by different metallic species and is accepted according to the standard
Metropolis criterion 47,

Pswap
accept ¼ min 1; exp �βΔU

� �� �
; ð1Þ

where ΔU is the potential energy difference between the final and initial
states. Because the total composition is conserved during a metallic swap,
this move samples local chemical rearrangements without coupling to an
external chemical potential reservoir. It was included to accelerate equili-
bration of the chemical SRO among substitutional species during semi-
grand canonical equilibration.

To simulate global chemical partitioning between Ni and Cr, we used
the semi-grand canonical (N,V,T,Δμ)Monte Carlo (SGC-MC) formalism.
In this ensemble, the number of lattice sites remains fixed while transmu-
tation moves are attempted between metallic species Ni↔ Cr. The accep-
tance probabilities for forward and reverse transmutations are given by

PNi!Cr
accept ¼ min 1; exp �β½ΔU � ΔμCr!Ni�

� �� �
; ð2Þ

PCr!Ni
accept ¼ min 1; exp �β½ΔU þ ΔμCr!Ni�

� �� �
; ð3Þ

where β = 1/(kBT) and ΔμCr→Ni = μCr − μNi is the imposed chemical
potential difference between the two species. By varying ΔμCr→Ni, one can
reproduce the equilibrium Ni–Cr composition at each temperature for a
chosen target solute concentration xCr. Bulk SGC-MC simulations were
performed to calibrateΔμCr→Ni(xCr,T) values corresponding to xCr = 10–25
at.% (in 5 at.% increments) at 300, 600, 900, and 1200 K. During these
calibrations,ΔμCr→Ni was iteratively adjusteduntil 〈xCr〉 equilibratedwithin
0.2 at.% of the target value. The resulting ΔμCr→Ni(xCr, T) values were then
used as fixed input parameters for subsequent binary alloy grain boundary
simulations. The selection of Cr as the co-segregant is motivated by
experimental evidence showing that both boron and carbon co-segregate
with Cr4,10,11,13,40,41.

Hybrid semi-grand/grand canonical Monte Carlo sampling
Interstitial solutes (boron and carbon) were modeled using a hybrid SGC/
grand canonical (GC) scheme in which metallic substitutions were treated
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semi-grand canonically, while interstitial insertion and deletionmoves were
attempted grand canonically. For trial insertion and deletion of an inter-
stitial atom I, the acceptance probabilities are given by

Pinsert
I ¼ min 1;

V

Λ3ðNI þ 1Þ exp �β½ΔU � μextI �� �� �
; ð4Þ

Pdelete
I ¼ min 1;

Λ3NI

V
exp �β½ΔU þ μextI �� �� �

; ð5Þ

where ΔU is the potential energy difference between the final and initial
states, V is the simulation cell volume, Λ is the thermal de Broglie wave-
length, μextI is the imposed chemical potential of species I, and NI is the
number of interstitials of type I currently present. Insertion and deletion
moves were attempted with equal probability to preserve detailed balance.

The mean site occupancy of an interstitial follows the Fermi-Dirac
form derived in the Supplementary Materials (Section 4),

θI ¼
1

1þ exp
E0�μextI
kBT

� 	 ; ð6Þ

where E0 is the insertion free energy of the interstitial species (boron or
carbon) in a referenceoctahedral site of bulkNi at the same temperature and
pressure. This expression treats interstitials as dilute, non-interacting point
defects in a rigid, substitutionally equilibrated host lattice, conditions
appropriate for the low concentrations considered here.

Inverting Eq. (6) gives the external chemical potential required to
impose a desired bulk occupancy,

μextI ¼ E0 þ kBT ln
θI

1� θI


 �
’ E0 þ kBT lnθI; ð7Þ

where the dilute-limit approximation is valid for θI ≪ 1. Here, target bulk
occupancies of θB=10

−4 (0.01 at.%) and θC=10
−3 (0.1 at.%)were adopted to

represent typical experimental dopant levels in of boron and carbon Ni-
based alloys10,11,37,41. The final values used were μextB ¼ �6:70 eV and μextC ¼
�7:69 eV for all (xCr, T) conditions. These values define composition- and
temperature-independent chemical potentials μextB=C such that all variations
in segregation behavior arise solely from local changes in Cr content or
interfacial structure, rather than from shifts in the bulk reservoir. In total,
four types of MC trial moves were employed: (1) substitutional
transmutation, (2) interstitial insertion, (3) interstitial deletion, and (4)
metallic atom swap.

Simulation protocol
(Step 1) SGC-MC simulations for ΔμCr→Ni convergence were performed
using a 10 × 10 × 10 face-centered cubic (FCC, Fm�3 m) supercell of Ni–Cr
containing 4000 atoms. Details of the hierarchical convergence workflow
and error scaling analysis are provided in Section 3 of the Supplementary
Materials. (Step 2) Hybrid SGC/GC-MC simulations were carried out on
two grain boundary structures: (i) the Σ5[001](210) symmetric-tilt
boundary (S5), a well-studied archetype for FCC metals48,49; and (ii) a cus-
tom high-angle boundary (HA) designed to represent the diverse spectrum
of boundaries typically present in polycrystalline materials50,51. The chosen
HA grain boundary structure corresponds to a non-CSL boundary with a
misorientation angle of 106.5∘. Each grain boundary simulation cell was
initialized and randomly decorated according to the target solute atomic
fraction xCr. All post-MC configurations were subsequently annealed at the
target temperature for 50 ps using NVT MD with a 1 fs timestep. This
annealing step serves to: (1) relax residual stressfields introduced bydiscrete
MC insertion/deletion events, (2) allow local structural equilibration of the
grain boundary, and (3) detect potential thermally-activated complexion
transitions that may occur on accessible MD timescales but were not

sampled during the MC phase due to kinetic barriers or collective atomic
rearrangements.

Schematics of the undoped pure Ni grain boundary structures are
shown in Fig. S1 of the Supplementary Materials. The calculated grain
boundary energies for the undoped pure Ni reference structures were
1.20 J m−2 for S5 and 1.74 J m−2 for HA. This pairing was selected because
low-Σ symmetric tilts, such as Σ5, sample only a narrow subset of the
polycrystalline boundary landscape and therefore do not capture the full
structural or chemical heterogeneity of real materials51,52. Full details of the
HA structure generation procedure are provided in Section 2 of the Sup-
plementary Materials.

The potential energy difference for each trial configuration was eval-
uated using the Atomic Simulation Environment53 with version 5.0.0 of the
universal core neural network Preferred Potential (PFP)54, including the D3
dispersion correction implemented through Matlantis55. Structural relaxa-
tionswereperformedusing the fast inertial relaxation engine algorithmwith
a force convergence criterion of 0.01 eVÅ−1. All thermodynamic quantities
reported in this work, including the transmutation chemical potentials
(ΔμCr→Ni) and interstitial reservoir potentials (μextB=C), were derived con-
sistently using total energies obtained from the same PFP model. The
accuracy and transferability of the PFP framework have been extensively
validated by its developers and in our previous works56,57. For completeness,
a summary of DFT-to-PFP validation results is provided in the Supple-
mentary Materials (Section 8).

Interfacial state variables
Grain boundaries were modeled as low-dimensional thermodynamic sys-
temswhose equilibriumstatescanbeparameterizedby aminimal set of state
variables capturing both chemical and structural deviations from the sur-
rounding bulk. These variables form the basis of an interfacial state, wherein
distinct boundary states are mapped as functions of temperature and global
alloy composition. The chosen state variables include the grand potential
excess energy per grain boundary area (eΩex), Gibbsian interfacial excess (Γ),
and the post-equilibration boundary width (w).

The relative stability of each equilibrated configuration was quantified
using the grand potential excess energy per unit grain boundary area,
referenced to the corresponding pure Ni grain boundary. The grand
potential excess is defined as

eΩexðxCr;TÞ ¼
EGBðxCr;TÞ � ENi;ref

GB � NCr ΔμCr!NiðxCr;TÞ � NIμ
ext
I

2AGB
;

ð8Þ
where EGB(xCr, T) is the total energy of the relaxed bicrystal supercell at
globalCr fraction xCr and temperatureT, andENi;ref

GB is the total energy of the
corresponding pure Ni grain boundary supercell. The reference system
shares the same bicrystal geometry, crystallographic character, and simu-
lation protocol (including MC equilibration and MD annealing) as the
interstitial-doped alloyed configurations, ensuring that eΩex reflects changes
in interfacial thermodynamic stability arising from chemical substitution
and interstitial incorporation under consistent structural and thermo-
dynamic conditions.

Importantly, the reference grain boundary structure is temperature-
dependent, reflecting the equilibriumconfigurationof thepureNi boundary
at each temperature (open kite configurations at 300 K and filled kite con-
figurations at elevated temperatures following structural relaxation). As a
result, eΩex provides a measure of relative stability with respect to the
appropriate structural state of the boundary under each thermodynamic
condition. Negative values of eΩex indicate enhanced stability relative to the
reference grain boundary, while positive values indicate reduced stability,
and do not correspond to an absolute driving force for grain boundary
formation.

NCr denotes the number of Cr atoms in the simulation cell, NI is the
number of interstitial atoms of type I ∈ {B, C}, and AGB is the total grain
boundary area. All energies are time-averaged over the final 25 ps of the
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equilibrated canonical (NVT) molecular dynamics trajectory. The term
ΔμCr→Ni represents the chemical potential difference betweenCr and nickel
in the bulk alloy reservoir at the specified composition and temperature,
while μextI is the externally imposed interstitial chemical potential used
consistently in the hybrid SGC/GC-MC simulations.

While Monte Carlo sampling primarily explores chemical configura-
tions, the subsequent molecular dynamics annealing step enables local
structural relaxation of the grain boundary and captures thermally activated
structural rearrangements, including temperature-driven transitions that
are kinetically accessible on theMD timescale. As such, the computedgrand
potential reflects a coupled chemo-structural equilibration within the set of
grainboundary states sampledduring the simulations.However, thepresent
framework does not explicitly or exhaustively sample all possible grain
boundary phases, and the resulting configurations should therefore be
interpreted as locally equilibrated states within a restricted region of grain
boundary structural phase space.

TheGibbsian interfacial excess of species iwas evaluated by comparing
the atomic population within the grain boundary region to that of the bulk
reference:

Γi ¼
NGB

i

AGB
� cbulki

NGB

AGB
; ð9Þ

whereNGB
i andNGB are thenumbers of atomsof species i and the total atoms

within the grain boundary region, respectively, cbulki is the bulk atomic
fraction of species i, and AGB is the interfacial area. Positive values of Γi
correspond to interfacial segregation, while negative values indicate
depletion.

The grain boundarywidthwasobtained fromthe spatial distributionof
atoms identified as “other” (non-fcc) by common-neighbor analysis. The
fraction of such atoms was binned along the grain boundary normal
direction (by) and fit to a finite-width step-wave profile constructed from a
difference of two error functions,

ϕðyÞ ¼ A
2

erf
y � y0 � w

2

� �
σ int

ffiffiffi
2

p

 �

� erf
y � y0 þ w

2

� �
σ int

ffiffiffi
2

p

 �� �

; ð10Þ

where y0 denotes the grain boundary center, A represents the plateau
amplitudeof thedisordered region,w is the grain boundarywidthdefined as
the separation between the midpoints of the two interfacial transitions, and
σint characterizes the interfacial broadening at the boundary edges. This
formulation captures a structurally disordered interfacial region of finite
thickness bounded by diffuse interfaces. Together, feΩex; Γi;wg define the
thermodynamic coordinates of each equilibrated configuration.

Segregation energy spectra
The variability of segregation behavior across inequivalent grain boundary
sites was characterized through spectral analysis58,59. In this approach, the
distribution of segregation energies across all available interstitial sites
defines a segregation spectrum, which captures the statistical heterogeneity
of local atomic environments within a boundary. Such spectra provide a
physically rigorous basis for comparing grain boundaries of different
character and for quantifying how temperature and composition alter the
energy landscape accessible to solute atoms.

To construct the segregation spectra, all equilibrated post-MC/MD
configurations atT=300 Kwere first stripped of interstitials, returning each
boundary to its undoped state. A single interstitial atom (boron or carbon)
was then inserted sequentially into every previously occupied interstitial
position, and the resulting segregation energies, Eseg, were evaluated. The
ensemble of Eseg values obtained in this manner defines the full segregation
spectrum for that grain boundary. The segregation energy is defined in
Eq. (11),

EðIÞ
seg ¼ EI@GB

GB � hEI@bulk
GB i ð11Þ

whereEI@GB
GB is the total energy of the systemwith an interstitial occupying a

grain boundary void site, and hEI@bulk
GB i is the total energy of the systemwith

the interstitial placed in an octahedral sitewithin the bulk region of the same
simulation cell. The angular brackets denote averaging over multiple bulk
sites, which accounts for local variations in Cr content within the first
nearest-neighbor coordination shell of each octahedral cage. Negative EðIÞ

seg
values indicate energetically favorable segregation to the grain boundary,
while positive values indicate preference for bulk occupancy.

Short-range order spectra
Local chemical SRO was quantified using the Warren–Cowley (WC) SRO
parameter 60,61. For an interstitial–solute pair I–S (with I=BorCand S=Cr),
the WC-SRO parameter is defined as

αIS ¼ 1� PðSjIÞ
cS

; ð12Þ

where P(S∣I) is the conditional probability of finding a solute atom S as a
nearest neighbor to an interstitial atom I, and cS is the local atomic fractionof
solute S within the grain boundary region. In this convention, αIS < 0
indicates preferential ordering (solute enrichment around the interstitial),
αIS > 0 indicates avoidance or clustering, and αIS = 0 corresponds to a
random solid solution.

To isolate interfacial chemistry, the grain boundary region was
defined as a planar slab centered on the interface plane with a width w
equivalent to the derived grain boundary width. Only atoms within this
slab were included in the calculation of the reference solute concentra-
tion cS, ensuring that the SROmetric reflects interfacial rather than bulk
chemical statistics.

To capture thermal fluctuations and site-to-site variability at finite
temperature, local WC-SRO values fαIS;igNi¼1

were computed for every
interstitial atom across multiple snapshots extracted from the final 25 ps of
each molecular dynamics trajectory at T = 300K.

Data availability
Data generated from this work is available at https://github.com/
tylerdolezal/gb-interstitial-thermodynamics.

Code availability
The atomistic simulation routine is available at https://github.com/
tylerdolezal/hybrid_MCMD.
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