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 A B S T R A C T

This study employed hybrid Monte Carlo Molecular Dynamics simulations to investigate the short-range 
ordering behavior of Ni-based superalloys doped with boron or carbon. The simulations revealed that both 
boron and carbon dissociated from their host Ti atoms to achieve energetically favored ordering with Cr, Mo, 
and Nb. Boron clusters formed as B2, surrounded by Mo, Nb, and Cr, while carbon preferentially clustered 
with Cr to form a Cr23C6 local motif and with Nb to form Nb2C. Distinct preferences for interstitial sites were 
observed, with boron favoring tetrahedral sites and carbon occupying octahedral sites. In the presence of a 
vacancy, B2 shifted from the tetrahedral site to the vacancy, where it remained coordinated with Mo, Nb, and 
Cr. Similarly, carbon utilized vacancies to form Nb2C clusters. Excess energy calculations showed that B and 
C exhibited strong thermodynamic stability within their short-range ordered configurations. However, under 
Ti-rich conditions, C was more likely to segregate into TiC, despite preexisting ordering with Cr. This shift 
in stability suggests that increased Ti availability would alter carbide formation pathways, drawing C away 
from Cr-rich networks and promoting the development of TiC. Such redistribution may disrupt the continuity 
of Cr-based carbide networks, which play a critical role in stabilizing grain boundaries and impeding crack 
propagation. These effects further underscore the impact of interstitial-induced ordering on phase stability and 
microstructural evolution. This work provides an atomistic perspective on how boron- and carbon-induced 
ordering influences microstructure and mechanical properties. These findings highlight the critical role of 
interstitial-induced short-range ordering and demonstrate that this mechanism can be leveraged as a design 
principle to fine-tune alloy microstructures for specific engineering applications.
1. Introduction

The materials science community has recently focused on improv-
ing the high-temperature mechanical properties of Ni-based superal-
loys, such as Inconels, by incorporating ultra-high temperature ceram-
ics (UHTCs) as inoculants in solidification and sources of interstitial 
dopants (B,C) in the metal matrix [1–3]. While experimental studies 
have demonstrated the success of light-interstitial dopants in enhancing 
alloy performance, there remains a gap in understanding their atom-
istic interactions with transition-metal (TM) solutes (Ni, Cr, Mo, Fe, 
Nb, Ti, etc.) in the superalloy matrix. Specifically, the structural and 
chemical short-range order (SRO) between light-interstitials and TMs, 
as well as the impact of light-interstitials on TM-TM SRO, are not fully 
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understood. Computational approaches are essential in bridging this 
gap, offering detailed insights into the dynamics of interstitials in these 
systems. These simulations not only reduce the time and cost associated 
with experimental methods but also enable an in-depth exploration of 
mechanisms that are challenging to capture experimentally.

The computational materials science community has increasingly 
focused on high-temperature applications, using atomistic simulations 
to explore the fundamental interactions at play [4]. Farhadizadeh 
and Ghomi systematically investigated the mechanical and electronic 
properties of ZrxTa8-xC8 UHTC, revealing a hardness increase from 22 
GPa for TaC to 30 GPa with Zr substitution, and confirmed the presence 
of mixed covalent, metallic, and ionic bonding via partial density of 
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states and Mulliken charge analysis [5]. Meanwhile, Wang et al. used 
first-principles calculations to examine Fe2B, showing that elements 
like Cr, Mn, and Ni can form continuous solid solutions in (Fe,M)2B, 
improving its toughness. These findings were validated by experimen-
tal results, with Cr- and Ni-doped Fe2B achieving fracture toughness 
of 4.16 and 4.27MPam1∕2, respectively, compared to 3.64MPam1∕2

for pure Fe2B [6]. Additionally, Zhang et al. applied first-principles 
calculations to explore the structural, electronic, mechanical, and ther-
modynamic properties of 𝛼- and 𝛽-YAlB4, revealing anisotropic elastic 
moduli, mixed bonding characteristics, and dynamic stability through 
phonon dispersion analysis [7]. Finally, Liu et al. explored the impact 
oxygen interstitials played in CrCoNiFe, predicting site preference and 
changes in chemical short-range order and mechanical response [8].

Complementing these computational efforts, recent experimental 
studies have provided valuable insights into the macroscopic behav-
ior of UHTC-dispersed and interstitial-doped superalloys, providing a 
strong foundation for computational work to support. Yang et al. inves-
tigated the effects of intermediate temperature embrittlement (ITE) and 
the Portevin–Le Châtelier (PLC) effect in Inconel 625 (In625), focusing 
on how carbide precipitation influenced hot ductility across various 
temperatures and microstructural evolution during thermal cycling [9]. 
Furthermore, Hu et al. enhanced In718 composites by using ultrasonic 
vibrations in a graphite mold, improving carbide dispersion and for-
mation, which resulted in superior wear resistance and hardness [10]. 
Similarly, Tekoğlu et al. demonstrated significant improvements in 
hardness, strength, and ductility in In718 reinforced with 2 vol% ZrB2
nano-powders using Laser Powder Bed Fusion (LPBF), attributing these 
enhancements to the formation of homogeneously distributed inter-
metallic and boride nanoparticles within the matrix [11]. These ex-
perimental advances underscore the potential of UHTC dispersion and 
interstitial doping for extreme environments.

Despite recent advances in understanding such fundamental interac-
tions and their impact on superalloy systems, a clear understanding of 
how interstitials interact with alloy systems, such as Inconels, remains 
lacking. The mechanisms by which these additives reinforce the alloy 
matrix, particularly at the atomistic level, are still not fully under-
stood due to complex phenomena such as chemical decomposition 
and short-range order. Here, we continue to bridge this gap by using 
atomistic simulations to investigate the microstructural behavior of a 
mixed-metal simulation cell, mirroring the In625 blend, doped with 
interstitials — specifically through the addition of titanium diboride 
(TiB2) and titanium carbide (TiC). An In625 compositional base was 
selected for this study due to its exceptional mechanical properties, 
including high strength, corrosion resistance, and oxidation resistance 
at elevated temperatures [12–14]. Additionally, In625 has been char-
acterized experimentally, both in its undoped form [12–25], and when 
doped with borides or carbides [26]. Therefore, this composition is 
an ideal candidate for computational investigation where atomistic 
insights can be experimentally verified.

The performance of In625, particularly when produced through 
techniques such as Selective Laser Melting (SLM), is highly influenced 
by its thermal history and heat treatment, which can drastically alter its 
microstructure and mechanical properties [25,27]. Furthermore, In625 
exhibits dynamic recrystallization behavior at high temperatures and 
low strain rates, which helps maintain its structural integrity under 
stress [28]. Research on cold-rolled In625 foils has further underscored 
its potential for high-performance applications, demonstrating superior 
tensile strength and elongation after appropriate annealing [29]. The 
incorporation of borides/carbides such as TiB2 and TiC into In625 has 
shown significant improvements in mechanical performance at elevated 
temperatures, addressing the limitations of current superalloys and po-
tentially expanding their operational envelope for extreme conditions. 
While experimental studies have highlighted the potential of borides 
and carbides in enhancing In625’s high-temperature properties [26], 
this work demonstrates, through computational insights, that the light 
interstitials – specifically boron and carbon (but generalized to include 
2 
nitrogen and others) – reinforce the alloy via distinct mechanisms. 
Boron interstitials within the FCC metal matrix induce the formation of 
small, agile clusters that primarily strengthen grain boundaries, while 
carbon interstitials provide reinforcement through bulk phase forma-
tion. By combining computational results with experimental data, this 
study offers a first-look at how these light interstitials interact within 
the host alloy, providing critical insights for optimizing superalloy 
compositions for energy and aerospace applications.

2. Methods

2.1. Preparing the bulk structure

The bulk structure was initialized as an undoped mixed-metal sys-
tem generated using the Super-Cell Random Approximation (SCRAP) 
method in the 𝐹𝑚3̄𝑚 cubic crystal system, consisting of 4 × 4 × 4 con-
ventional FCC unit cells, totaling 256 lattice positions. The simulation 
cell was randomly populated according to the atomic concentration, 
Cr22Fe5Mo10Nb3Ni58Ti2. For doped systems, 1 at% was replaced by the 
additives (e.g., TiB2 or TiC) through randomly inserting the additive 
molecule into an FCC lattice site. This meant a metallic element was 
randomly selected and switched by the additive molecule (e.g., a Ni 
atom is switched to a TiB2). It was determined that 2 B atoms would 
occupy a lattice vacancy site once a vacancy was introduced into the 
simulation cell. The vacancy was introduced by deleting 1 unit of the 
majority species (Ni in this case). The B-doped simulation cell contained 
3 units of TiB2 (comprising 3 additional Ti atoms and 6 B atoms), while 
the C-doped cell contained 3 units of TiC (comprising 3 additional Ti 
atoms and 3 C atoms), along with 3 additional unassociated C atoms 
to ensure a matched light interstitial concentration with the B-doped 
system. This resulted in a total of 6 B atoms in the +TiB2 system and 6 
C atoms in the +TiC system. For reference, the final +TiB2 simulation 
cell, as seen in OVITO-Open Visualization Tool [30], is provided in Fig. 
1a. Note that Cr(BMo)2 molecules formed in what was a Ni vacancy. 
For this work, there was a single Ni vacancy in the undoped and doped 
simulation cells, ensuring a consistent structural comparison across the 
systems.

2.2. Computational methods

Computational investigations were carried out using hybrid Monte-
Carlo-molecular-dynamics (hMCMD) simulations. The MC framework 
of the hMCMD routine would randomly select from a list of four pos-
sible local atomic swap or placement events itemized below according 
to the schematic shown in Fig.  1b.

1. Swap atomic positions of nearest neighbor metallic con-
stituents: Select a pair of metallic atoms from within the nearest 
neighbor shell and attempt to swap their positions in the lattice.

2. Relocate an additive near a new metallic host: Select an 
additive atom (B or C) and attempt to place it near a different 
metallic atom (e.g., randomly) within its nearest neighbor shell.

3. Introduce proximity between two additive atoms (B or C):
Select two additive atoms (B or C) and attempt to place one of 
them within the first nearest neighbor shell of the other. If the 
first shell is fully occupied, attempt the placement in the second 
nearest neighbor shell.

4. Swap a metal neighbor of an additive: For a selected additive 
atom (B or C), identify one of its nearest metallic neighbors and 
swap that metal’s position with one of the metal’s own nearest 
metallic neighbors.

For these moves, nearest neighbors were located within a cutoff radius 
of 2.75 Å, which is approximately the regions shown in Fig.  1c. Re-
gardless of which move was chosen, the move was accepted or rejected 
according to the potential energy difference between the final and 



T.D. Doležal et al. Computational Materials Science 253 (2025) 113858 
Fig. 1. (a) The mixed-metal 4 × 4 × 4 FCC lattice which was initially doped with 3 TiB2 molecules. (b) A schematic as to what each move would consist of. Here, consider each 
atomic island its own C cluster and the third move would be an attempted addition of a C atom from the top island to the local neighborhood of the C atom on the bottom 
island. (c) An area within the finalized +TiC mixed-metal system displaying the approximate cutoff distances for local swap or dopant placement events.
initial states following the Metropolis criterion [31]. The probability 
of acceptance is expressed as a Boltzmann probability, 
𝑃 (𝛥𝑈 ) = min{1, 𝑒−𝛥𝑈∕𝑘B𝑇sim}, (1)

where 𝛥𝑈 is the potential energy difference between the final and 
initial states, 𝑘B is the Boltzmann constant in eV/K, and 𝑇sim is the 
simulation temperature in K. To align with recent high-temperature 
experimental efforts [11,26], simulations were executed with 𝑇sim set 
equal to 1073 K (800 ◦C). In the case of executing the hMCMD simula-
tion on the undoped simulation cell, the first move was the only move 
trialed.

The potential energy was obtained through fixed-volume struc-
tural relaxations and MD simulations executed using the Large-scale 
Atomic/Molecular Massively Parallel Simulator (LAMMPS) software
[32]. The calculations utilized version 5.0.0 of the core neural network 
Preferred Potential (PFP) [33] on Matlantis [34]. Structural relaxations 
were performed using the conjugate gradient method with energy 
and force convergence criteria of 1 × 10−12. At the beginning of each 
simulation, the initial cell was heated to the target temperature of 1073 
K (800 ◦C) and equilibrated for 20 ps under the isothermal–isobaric 
(𝑁𝑃𝑇 ) ensemble at a pressure of 1 bar, with a time step (𝛿𝑡) of 0.001 ps. 
Temperature and pressure control during the equilibration process were 
achieved using a Nose–Hoover thermostat and barostat. The thermostat 
had a coupling constant of 100 × 𝛿𝑡, and the barostat had a coupling 
constant of 1000 × 𝛿𝑡. After equilibration, a fixed-volume structural 
relaxation was conducted to finalize the pre-conditioning of the initial 
simulation cell. At intervals of every 200 successful MC attempts, the 
simulation cell was subject to a Canonical (𝑁𝑉 𝑇 ) MD simulation at 
𝑇sim for a duration of 10 ps with 𝛿𝑡 = 0.001 ps. The temperature was 
controlled using a Nose–Hoover thermostat with a coupling constant 
of 100× 𝛿𝑡. Following this, 100 MC moves were trialed where potential 
energy was calculated using short 𝑁𝑉 𝑇  MD simulations of 100 steps 
with 𝛿𝑡 = 0.001 ps. After 100 MC attempts at the elevated temperature 
the final structure was subject to a fixed-volume structural relaxation. 
The final structure was accepted or rejected according to Eq. (1) where 
the initial state was the configuration that was initially heated to 𝑇sim. 
Structures from the hMCMD simulation were saved on an interval of 
every 100 MC attempts.

This combined approach of fixed-volume structural relaxations and 
𝑁𝑉 𝑇  MD simulations, integrated within the hMCMD routine, enables 
3 
the exploration of the potential energy landscape of the alloys being 
investigated. The structural relaxations ensure that the potential energy 
for MC moves is evaluated at the local energy minima. Meanwhile, 
𝑁𝑉 𝑇  MD simulations allow the system to explore configurations at 
high temperatures, overcoming energy barriers and facilitating transi-
tions between local minima on the potential energy surface (PES). The 
MC routine further accelerates this process by enabling chemical config-
uration changes that bypass the kinetic barriers of MD simulations. This 
method enhances the efficiency of configurational space exploration 
and leads to structural configurations compatible with thermodynamic 
equilibrium.

2.2.1. Clustering dynamics
The physical origin of the clustering and short-range ordering ob-

served in this study is rooted in the PES described by the interatomic 
potential employed in the hMCMD simulations. The potential governs 
atomic interactions, capturing the energetic balance between attrac-
tion and repulsion that dictates clustering dynamics. As stated, this 
work employs v5.0.0 of the PFP universal neural network potential, 
supported by Matlantis, which has been extensively validated for mod-
eling Ni-based superalloys and their interactions with light interstitials 
(B, C) [35–41]. This potential has also been rigorously benchmarked 
against DFT calculations, demonstrating accurate predictions of energy, 
force, and volume convergence for a wide range of inorganic systems, 
including their equation of state (EOS) behavior [36]. Additionally, the 
shear modulus and Young’s modulus predicted for the undoped system 
(G: 78.79 GPa, E: 209.07 GPa) showed good agreement with exper-
imentally reported values for In625 (G: 78.0 GPa, E: 205 GPa) [42,
43].

Light interstitials, such as B and C, can strongly perturb the local 
PES due to their high chemical affinity for alloy constituents (e.g., Cr, 
Mo, and Nb). This affinity drives the aggregation of M-B and M-C 
clusters, as observed in these simulations. The introduction of intersti-
tials modifies the local atomic environments, reducing energy barriers 
and deepening the PES well, thereby facilitating new SRO patterns. 
As an example from this work, B preferentially interacts with Cr and 
Mo, facilitating the formation of Cr(BMo)2 clusters, while C drives 
the development of Cr23C6 and Nb2C clusters. The clustering trends 
observed here align well with experimental observations [26,44–49] 
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and CALPHAD predictions [26]. These findings reinforce the accuracy 
of the interatomic potential in capturing both atomic-scale mecha-
nisms driving SRO and the elastic response of the alloy, validating its 
suitability for modeling Ni-based superalloys.

2.3. Analysis methods

2.3.1. Atomic ordering and simulation statistics
The average atomic coordination around B and C atoms within the 

mixed-metal matrix was examined through the partial radial distribu-
tion function: 

𝑔𝑎𝑏(𝑟) = 4𝜋𝜌𝑟2
⟨𝑁𝑎
∑

𝑖=1

𝑁𝑏
∑

𝑗=1
𝛿(𝑟 − 𝑟𝑖𝑗 )

⟩

for 𝑎, 𝑏 = B, Cr, Fe . . . , Ti , (2)

where 𝜌 is the number density of the simulation cell (𝑁∕𝑉 ), 𝑁𝑎 and 
𝑁𝑏 represent the number of atoms of type 𝑎 and 𝑏, 𝛿 is the Dirac delta 
function, 𝑟𝑖𝑗 is the distance between atom 𝑖 of type 𝑎 and atom 𝑗 of 
type 𝑏, and the angle brackets ⟨⋅⟩ denote an ensemble average. For a 
single species 𝑎, this function is calculated for all 𝑏 types. While all 
𝑔𝑎𝑏(𝑟) functions were calculated, only the case where 𝑎 was either B 
or C is shown to facilitate visualization. This approach enabled the 
determination of which metallic constituents showed a thermodynamic 
preference to form clusters with B or C.

Additionally, the average Warren–Cowley short-range order (SRO) 
parameter (𝛼𝑖𝑗) [50,51] was calculated, as defined in Eq. (3), 

𝛼𝑖𝑗 (𝑟) = 1 −
𝑃𝑖𝑗 (𝑟)
𝑐𝑗

 , (3)

where 𝑃𝑖𝑗 is the probability of finding atom 𝑗 as a neighbor to atom 
𝑖 at a distance 𝑟 and 𝑐𝑗 is the atomic fraction of the species of atom 
𝑗. These parameters were calculated and averaged using equilibrated 
structures extracted from simulation snapshots taken at intervals of ev-
ery 2,500 MC steps after the system had reached equilibrium. Studying 
the atomic surroundings of B and C atoms from equilibrium is crucial 
for understanding their interaction dynamics and influence on the 
alloy’s properties. To complement atomic coordination considerations, 
each species’ energetic landscape was examined by evaluating the MC 
acceptance rate per species normalized by its atomic fraction, as given 
in Eq. (4), 

𝐴𝑖 =
𝐶𝑖
𝑆𝑥𝑖

 , (4)

where 𝐶𝑖 is the number of times species 𝑖 has been successfully moved, 
𝑆 is the number of MC steps completed, and 𝑥𝑖 is the atomic fraction 
of species 𝑖. Examining this value provides insight on the relative 
potential energy difference between the initial and final states. If the 
MC sampling discovers a very low potential energy state, then there 
would be a decline in the value of 𝐴𝑖. For a series of states with near 
equal potential energy there could be frequent hops between them; 
in this case, the species would have a higher 𝐴𝑖 value. Additionally, 
the evolution of 𝐴𝑖 over the course of the simulation can be used to 
show thermal equilibration. The acceptance rate per species (𝐴𝑖) was 
recorded at an interval of 100 MC steps.

2.3.2. Excess energy
The excess energy (𝐸excess) was calculated as a function of B or C 

using Eq. (5): 

𝐸(𝑖)
excess =

𝐸(𝑖)
doped −𝑁𝑚

(

𝐸0
𝑁0

)

−𝑁𝑖𝐸𝑖

𝑁𝑚 +𝑁𝑖
 , (5)

where 𝐸(𝑖)
doped is the averaged total energy of the simulation cell doped 

with interstitial species 𝑖, 𝑁𝑚 is the number of metal atoms in the doped 
simulation cell, 𝑁𝑖 is the number of light interstitials of species 𝑖 in 
the doped simulation cell, 𝐸0 is the energy of the undoped simulation 
cell, and 𝑁  is the total number of atoms in the undoped cell. The 
0
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term 𝐸𝑖 represents the energy of the interstitial species in its reference 
state, which serves as a baseline for determining the relative energetic 
stability of the dopant within the alloy matrix. The excess energy is a 
measure of how favorable it is for B or C to remain in the MC equi-
librated mixed-metal environment versus leaving to form a reference 
phase (e.g., B-Mo or C–Cr).

The selection of reference states for the interstitial energy calcula-
tion is critical to ensuring a physically meaningful comparison. Since 
B and C were observed to preferentially cluster into B-Mo and C–Cr 
configurations during the MC simulations, their energetic contributions 
were extracted from bulk B-Mo (𝐶𝑚𝑐𝑚) and C–Cr (𝐹𝑚3̄𝑚) instead of 
from elemental boron (𝛼-B) and graphite. Additionally, to assess the 
influence of alternative boride and carbide phases, reference states for 
B-Ti (𝑃 6∕𝑚𝑚𝑚), B-Ni, C-Ti, and C-Ni (𝐹𝑚3̄𝑚) were considered.

To obtain 𝐸𝑖, the relaxed total energies of the reference states were 
computed, and the interstitial energy per atom was determined from 
Eq. (6): 

𝐸𝑖 =
𝐸comp −𝑁m

(

𝐸metal
𝑁metal

)

𝑁𝑖
, (6)

where 𝐸comp is the total energy of the reference boride or carbide 
compound, 𝐸metal is the total energy of the corresponding bulk metal, 
and 𝑁metal is the number of metal atoms in the bulk. In Eq. (6), 𝑁𝑚
and 𝑁𝑖 represent the number of metal and interstitial atoms in the 
compound, respectively. The extracted interstitial energies are given in 
Table  1. By using these reference states, the calculated 𝐸excess values 
more accurately capture the thermodynamic stability of B and C in their 
preferred short-range ordered configurations. This approach ensures 
that excess energy reflects the balance between interstitial dissolu-
tion and clustering within the alloy while also enabling comparisons 
between different boride and carbide formation tendencies.

2.3.3. Elastic properties
To account for variations in atomic coordination, averages were 

evaluated using equilibrated structures extracted from simulation snap-
shots taken at intervals of every 2,500 MC steps after the system 
had reached equilibrium. Elastic constants [52–55] were determined 
by applying independent deformations along each of the six principal 
directions (𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑦𝑧, 𝑥𝑧, 𝑥𝑦) in order to build the elastic stiffness ten-
sor. For general elastic response, the bulk (𝐵), shear (𝐺), and Young’s 
(𝐸) modulus were calculated. To examine any changes in ductility 
between the undoped and doped systems, the Cauchy pressure (𝐶ε) 
and Pugh ratio (𝐺∕𝐵) were calculated: increase in the ductility [53,56] 
are often correlated with an increase in 𝐶ε and a decrease in 𝐺∕𝐵. The 
Kleinman parameter (𝜁) [57] was calculated to identify changes in bond 
behavior; 𝜁 ∈ [0, 1] is such that higher values indicate a preference 
for bond bending, while lower values indicate a preference for bond 
stretching. Together, C" and 𝜁 can help indicate a trend towards more 
ductile or brittle behavior.

2.3.4. Phonon spectrum
The high-temperature thermal properties of the undoped and doped 

systems were explored by comparing their phonon dispersion curves. 
The dynamical matrix of the system was calculated with LAMMPS using 
a displacement of 0.02 Å. The Brillouin zone was sampled along the 
high-symmetry path of 𝛤 -X-W-K-𝛤 -L-U-W-L-K at a sample resolution of 
50 points between each high-symmetry point. This involved computing 
the Fourier transform of the dynamical matrix at each interpolated q-
point, ensuring proper treatment of the phase factors that arise from 
the periodic boundary conditions and the positions of atoms within the 
unit cell. The phonon frequencies were then calculated by diagonalizing 
the Fourier-transformed dynamical matrix at each q-point. This process 
was executed on only the final structure sampled from the equilibrated 
hMCMD simulations.
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2.3.5. Bader charge analysis
Bader charge analysis was performed to investigate the electronic 

charge distribution within the simulated systems. The calculations were 
conducted using the Vienna Ab initio Simulation Package (VASP) [58,
59] with the Perdew–Burke–Ernzerhof (PBE) exchange–correlation func-
tional [60] within the generalized gradient approximation (GGA). The 
projector augmented wave (PAW) method [59] was employed with 
a plane-wave energy cutoff of 520 eV. A Monkhorst–Pack [61] k-
point grid of 4 × 4 × 4 was used to sample the Brillouin zone. 
The self-consistent field calculations were continued until the total 
energy difference between successive iterations reached a threshold of 
1 × 10−6 eV. The calculations employed the ‘‘high quality’’ B and C 
pseudopotentials, which had valence electron configurations of 2s22p1
and 2s22p2, respectively. The metallic elements had valence configu-
rations as follows: Cr with 3d54s1, Fe with 3d74s1, Mo with 4d55s1, 
Nb with 4d45s1, Ni with 3p63d84s2, and Ti with 3d34s1. This work 
used the pseudovalence (pv) potentials, which include electrons from 
orbitals typically considered as core (e.g., 3p for Ni). The use of 
these potentials was particularly appropriate given the need to capture 
the subtle electronic effects of alloying and doping in such a highly 
alloyed material system. The Bader analysis was carried out on the final 
hMCMD simulation cells using the Bader Charge Analysis code [62–65].

3. Results and discussion

3.1. Atomic ordering

3.1.1. Boron-doped system
Fig.  2a illustrates the final system geometry of +TiB2. In all simula-

tions, B2 clusters formed within Ni vacancy sites and were consistently 
surrounded by at least two Mo atoms. In the absence of the Ni va-
cancies, B2 formed in the tetrahedral interstitial sites. Once these 
clusters formed, both the B and Mo atoms exhibited negligible mobility, 
indicating a very low potential energy configuration. The environment 
surrounding B2 was rich in Cr, Mo, and Nb, as demonstrated by the RDF 
graph in Fig.  2a and the SRO analysis in Fig.  2d. Particular attention 
should be given to the RDFs for the light interstitials (B and C), as they 
reveal the ordering tendencies and provide insights into the structural 
characteristics from the perspective of interstitial sites. This distinction 
becomes evident when compared to the RDF for Cr-M, which represents 
a more conventional on-lattice RDF, as shown in Fig.  2c. Given that B 
was introduced into the lattice through the compound TiB2, and new 
ordering is observed in the final structures, it is evident that the B2
dissociates to achieve a more energetically favorable configuration and 
order.

It is noteworthy that Cr, Mo, and Nb can form the same stable Cmcm 
structure with B [66,67], as illustrated in Fig.  3a. In this simulation, 
the B2 cluster constituted one-quarter of the related Cmcm structure. 
A comparison between the ordering predictions from this simulation 
and recent Energy Dispersive Spectroscopy (EDS) micrographs of an 
In625+TiB2 sample, shown in Fig.  3b, demonstrates excellent agree-
ment with real-world observations [26]. This consistency suggests that 
the predicted dissociation of TiB2 and the resulting energetically fa-
vorable ordering will likely occur in alloys with sufficient Cr, Mo, 
and Nb. Additionally, atom probe tomography (APT) data from a 
deformed (post-creep test) In625+TiB2 sample, presented in Fig.  3c, 
further supports this conclusion. The preferential ordering between Cr, 
Mo, and B observed in the APT data aligns closely with the predictions 
of this study, indicating that the SRO reported here remains intact even 
under mechanical stress.

Recent experimental works provide compelling evidence on the par-
titioning behavior of Mo and Cr in Ni-based superalloys, showing that 
Cr preferentially partitions to the 𝛾 matrix while Mo’s distribution shifts 
dynamically with Cr content [44,68–70]. Higher Cr concentrations 
reduce Mo’s solubility in 𝛾 ′ precipitates, driving its redistribution to the 
𝛾 phase. Building on these observations, this work reveals that B-rich 
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environments further influence Cr and Mo behavior by promoting the 
formation of Cr(BMo)2 clusters. Identified here as energetically favor-
able, such structures are likely to occur in Ni superalloys with sufficient 
Cr and Mo concentrations, highlighting the competitive interactions 
between Cr and Mo under these conditions. Furthermore, these stud-
ies [44,68–70] also highlighted the influence of 𝛾/𝛾 ′ lattice mismatch 
on phase stability and morphology, emphasizing how elemental distri-
bution impacts microstructural evolution and mechanical performance. 
Given that lattice mismatch plays a crucial role in phase stability, the 
preferential aggregation of Cr and Mo around B could influence the 
lattice mismatch at grain boundaries, potentially enhancing the stabil-
ity of adjacent phases. In this context, the aggregation of Cr and Mo 
around B may suggest that such clusters can serve as nucleation sites for 
phase stabilization, particularly at grain boundaries. This behavior has 
significant implications for improving high-temperature performance 
and creep resistance in B-doped Ni-based superalloys [26,71].

The interplay between Cr, Nb, and B observed in this work reflects 
a competitive dynamic that significantly influences microstructural 
evolution and phase stability. Mignanelli et al. [45] demonstrated 
that elemental partitioning in systems containing 𝛾, 𝛾 ′, and 𝛾 ′′ phases 
dictates the formation and coexistence of precipitates, with Cr favoring 
the 𝛾 matrix and Nb enriching the 𝛾 ′′ phase. The findings of this study 
suggest that the presence of B further complicates these partitioning 
behaviors by modifying local atomic environments and influencing 
mechanical properties through its impact on dislocation dynamics. 
Wang et al. [71] observed that B enhances dislocation entanglement 
near 𝛾/𝛾 ′ interfaces, reducing stress localization and improving fatigue 
resistance. Similarly, Cr’s tendency to drive Nb out of 𝛾 into 𝛾 ′′ aligns 
with competitive partitioning behaviors between Cr and Mo reported 
in previous works [44,68–70]. Building on these insights, this work 
demonstrates that B stabilizes Cr and Nb within 𝛾-rich environments, 
such as the mixed-metal simulation cell, which may have implications 
for grain boundary stability and creep resistance. These findings pro-
vide a framework for understanding the competitive interactions in the 
B-doped system, where Cr, Mo, Nb, and B collectively drive short-range 
ordering and microstructural evolution.

The interactions highlighted in this study offer interesting insights 
into the behavior and localization of B atoms in B-doped Ni superalloys. 
As suggested in this work, B’s high chemical affinity for Cr, Mo, and 
Nb should lead to localized ordering, stabilizing Cr-Mo-Nb-B clusters 
in regions enriched with these elements. The preference of Nb for the 
𝛾 ′′ phase and Cr for the 𝛾 phase suggests that B may preferentially 
associate with Nb-enriched 𝛾 ′′ regions, further enhancing the stability 
of Cr-Nb-B clusters. Furthermore, B’s ability to pin dislocations near 
grain boundaries [71] reinforces its role in improving grain boundary 
stability and resistance to thermally activated creep deformation [26]. 
These interactions could be further influenced by local compositional 
variations, mediating phase stability and suppressing deleterious trans-
formations such as the formation of the 𝛿 phase (Ni3Nb). The dual-
superlattice structure discussed by Mignanelli et al. with comparable 
fractions of 𝛾 ′ and 𝛾 ′′ phases, underscores the potential for tailored 
compositions to enhance both thermal stability and mechanical per-
formance. Incorporating B into these systems may further enhance the 
stability of 𝛾 ′′, potentially impeding the coarsening of Nb-rich precipi-
tates and promoting Cr, Mo, and Nb aggregation near grain boundaries 
or within specific phases. These behaviors collectively play a critical 
role in improving creep resistance and maintaining high-temperature 
mechanical integrity in advanced Ni-based superalloys.

3.1.2. Carbon-doped system
Switching focus to the M-C clusters, Fig.  2b illustrates the atomic 

coordination for the +TiC simulation cell, with the SRO of the C-
doped system shown in Fig.  2d. Due to the larger size of C atoms, they 
exclusively occupied octahedral interstitial sites. Similar to the B-doped 
cell, the introduction of Ni vacancies significantly altered the nearest-
neighbor preference. In the +TiC system, a strong interaction between 
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Fig. 2. The final (a) +TiB2, (b) +TiC, and (c) undoped mixed-metal simulation cells from the hMCMD simulation for 𝑇sim equal to 1073 K (800 ◦C). The B and C clusters have 
been encircled with approximately the same volume outlined in the radial distribution function curves. (d) Warren–Cowley parameters for the first nearest-neighbor shell. The 
standard deviation is represented by a veil of uncertainty around the solid data points.
Cr, Nb, and C was observed. Notably, the presence of Ni vacancies 
facilitated the formation of the Nb2C cluster, as shown in the final 
results. Without these vacancies, Nb was unable to form stable Nb2C 
clusters. As observed with TiB2, TiC dissociated to enable the formation 
of more energetically favorable ordering. The introduction of C to the 
simulation cell promoted significant clustering of Cr and Nb around 
C atoms. These findings align well with commonly reported carbide 
precipitates in a wide range of Ni-based superalloys [9,10,46–48]. 
High concentrations of Cr drove the partial formation of the Cr23C6
structure, which adopts the Fm3̄m symmetry [72], while the Nb2C 
cluster oriented itself in the Pnma symmetry [73]. However, due to 
the fixed atomic concentration and limited space in the 4 × 4 × 4 FCC 
supercell, these clusters were unable to fully segregate and precipitate 
as they would in a real-world sample.
6 
The deformation behavior of carbide-containing systems highlights 
the critical influence of carbide morphology on mechanical perfor-
mance. As noted by Li et al. [74], script-like carbides mitigate strain 
by dispersing lamellar carbides within the 𝛾 and 𝛾 ′ phases, reducing 
slip band formation. In contrast, rod-like and flake-like carbides ob-
struct dislocation motion, causing strain localization that often leads 
to carbide fracture, debonding, and crack initiation. Similarly, addi-
tional studies emphasized the critical role of carbide morphology and 
distribution in determining mechanical performance [48,71,75]. With 
the reported observations that fine M23C6 carbides pin dislocations 
in the 𝛾 channels, stabilizing the matrix and delaying crack propa-
gation, while fragmented carbides act as crack initiation sites due to 
dislocation accumulation and higher interface energy [76]. Karamched 
and Wilkinson further highlighted that stress gradients near carbides 
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Fig. 3. (a) The final +TiB2 simulation cell with Ni, Fe, and Ti atoms made transparent to facilitate the visualization of one of the B2 clusters. Alongside this are illustrations of 
the Cmcm (Cr, Mo, or Nb)-B structure. (b) EDS micrographs from an In625+TiB2 sample, highlighting good ordering between Cr, Mo, Nb, and B. (c) Atom probe tomography data 
extracted from a deformed sample of In625+TiB2, showing preferential ordering between Cr, Mo and B. Subfigure (b–c) was reproduced with permission from Ref. [26].
amplify geometrically necessary dislocations accumulation, particularly 
near sharp corners, which could exacerbate stress localization [77]. 
Such behaviors are particularly relevant in the C-doped system, where 
Cr-C and Nb-C clustering indicate a strong potential for carbide-driven 
microstructural evolution. These findings align with prior reports, sug-
gesting that Cr and Nb clustering around C atoms could lead to the 
development of fine carbides in 𝛾 channels, thereby mitigating crack 
propagation and improving mechanical performance. This clustering 
behavior highlights the critical interplay of alloy composition and 
microstructural stability in deformation environments, underscoring 
the importance of controlling carbide morphology and distribution for 
optimized high-temperature performance.

The synergy between carbides, 𝛾 ′ phases, and grain boundaries, as 
emphasized by [48,71], suggests that stable Cr23C6 clusters play a vital 
role in stabilizing grain boundaries [76] and enhancing creep resis-
tance. Additionally, Wang et al. [71] observed that C reduces stacking 
fault energy, promoting planar slip and localized deformation. By re-
ducing fragmented carbide density, these clusters contribute to continu-
ous carbide networks, mitigating crack initiation [48,71]. Additionally, 
homogeneous carbide distributions improve plasticity and delay crack 
propagation by redistributing stress throughout the matrix [48,71]. 
Given the clustering behavior observed here and recent reports of im-
proved high-temperature performance in C-doped Inconels [9,10,26], 
C doping appears to be a key driver of carbide evolution and mechan-
ical stability in Ni-based superalloys. Ultimately, carbides influence 
mechanical properties based on their morphology and distribution. 
Well-distributed carbides reinforce the matrix by hindering disloca-
tion movement, whereas fragmented carbides can localize stress and 
accelerate failure. These findings underscore the importance of con-
trolled C doping in optimizing carbide stability and high-temperature 
performance in Ni-based superalloys.

3.1.3. The interplay between boron- and carbon-induced ordering
Both M-B and M-C structures with 4d transition metals (Mo and 

Nb) required the flexibility provided by vacancies to achieve their 
preferred geometries, while the Cr-rich C structure remained intrinsi-
cally stable within the FCC matrix. A key distinction between the M-B 
and M-C clusters lies in their behavior within the host alloy. For in-
stance, the M-B  clusters observed here preferentially form along grain 
2
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boundaries, stabilizing their structure and influencing grain boundary 
morphology [26,71], whereas Cr-C and Nb-C clusters aggregate to 
form complex networks of various morphologies [48,71]. Consider-
ing that carbides are common precipitates in Ni-based superalloys, 
the interaction between B and pre-existing carbides warrants further 
discussion.

This study demonstrates that B preferentially interacts with carbide-
forming elements such as Cr, Mo, and Nb, suggesting the potential 
formation of mixed boro-carbides, such as M23(B, C)6 [78]. These inter-
actions can refine carbide morphology and stabilize grain boundaries, 
as observed in recent works [78–80]. Notably, B influences carbide 
precipitation kinetics, often resulting in refined and more stable car-
bide structures that enhance mechanical properties. However, Singh 
et al. [78] revealed that alloying elements such as Ti and W can destabi-
lize mixed boro-carbides, thereby limiting their positive contributions 
to grain boundary stability and overall mechanical performance. The 
competitive interactions between B and C at grain boundaries are 
particularly significant, as they influence the distribution and morphol-
ogy of carbides. Improper doping or destabilizing alloying elements 
may lead to fragmented or poorly distributed carbides, exacerbating 
stress localization and reducing their reinforcing effects [48,71,74,75]. 
Understanding the interplay between M-B and M-C clusters, especially 
in the context of interactions with other alloying elements, is critical 
for the design of advanced Ni-based superalloys. The atomistic methods 
employed in this study provide a powerful tool to identify elements that 
may stabilize or destabilize beneficial M-B and M-C clusters. By leverag-
ing these insights, alloy compositions can be optimized to promote the 
formation of stable borides, carbides, or mixed boro-carbides, aimed at 
enhancing the mechanical stability and high-temperature performance 
of Ni-based superalloys.

3.1.4. Short-range order relative to the undoped system
The undoped system exhibited both aggregation and segregation 

behaviors among its metallic constituents. Interestingly, Cr-Cr showed 
a preference to aggregate, despite Cr’s known tendency to avoid itself 
in a Ni lattice [81]. This highlights how clustering dynamics shift with 
increased chemical complexity. Introducing B or C into the mixed-metal 
simulation cell generated new SRO among metal–metal (M-M’) pairs, 
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Fig. 4. (a) The weighted acceptance rate of each species plotted as a function of MC step on a log10 scale, with 𝑥-axis labels corresponding to the actual MC step. By examining 
the weighted acceptance over the lifetime of the simulation it is possible to see a cluster-formation epoch followed by a steady-state epoch where atomic swaps slow in response 
to the creation of the M-B or M-C clusters. Metallic curves were generated from the +TiC simulation data. (b) The total weighted acceptance rate of each constituent for the 
different systems after 25,000 MC steps. A higher value indicates a species was more mobile in the lattice. (c) The total acceptance rate for the undoped and doped systems split 
between MC move types where moves 1 and 4 involved metal swaps and moves 2 and 3 involved B or C movement. The inset figure was taken from the +TiB2 simulation statistics 
and displays the unweighted (e.g., not divided by atomic fractions) look at which species contributed most to the overall atomic motion. (d) The averaged elastic properties for 
the B-doped system (+TiB2) compared against the C-doped system (+TiC) expressed as their properties relative to the undoped system’s average elastic properties at 𝑇 = 800 ◦C. 
Variation in the elastic properties was minimal (about 1%) over the different SRO configurations.
further altering clustering dynamics between metallic constituents in 
the presence of light interstitial dopants.

In the B-doped system, aggregation involving Cr, Fe, Mo, and Nb 
was observed around the solute atoms. Due to the low concentrations 
of Mo and Nb in the cell, capturing this change accurately in the 
𝛼𝑀𝑀 ′  values is challenging. However, undoped SRO values suggest 
that without B, these species tend to avoid one another. With only 
1 at.% B present, the promotion of clustering remains limited but 
significant. In the C-doped system, the partial formation of the M23C6
M-C structure promoted Cr-Cr aggregation (indicated by the more 
negative 𝛼𝐶𝑟𝐶𝑟 value), while the formation of Nb2C enhanced Nb-Nb 
clustering, despite Nb’s usual tendency to avoid itself (as indicated 
by the 𝛼𝑁𝑏𝑁𝑏 parameter). Notably, there was clear avoidance between 
both B and C with Ni, suggesting that it should be uncommon to find 
these interstitials in the 𝛾 matrix.

Relative to the undoped system’s SRO, and accounting for con-
servation of atomic concentrations, the addition of B or C induced 
new SRO patterns around the solute atoms. This, in turn, altered the 
metallic clustering dynamics in their local environments, particularly 
in interactions with 4d transition metals, which have been shown to 
exhibit their own influence on one another [44,68–70]. These new 
M-M’ clustering dynamics are expected to evolve further with higher 
B or C concentrations. Wei et al. [82] corroborate these findings, 
showing that interstitials such as B and C can induce new SRO in metal 
matrices through elemental redistribution, leading to new microstruc-
tural arrangements and phase stability. Furthermore, in addition to the 
experimental works cited, the observed SRO aligns well with CALPHAD 
predictions [26], reinforcing the validity of this method.

3.2. Simulation statistics

Fig.  4 presents a collection of graphs that displays the statistics from 
the hMCMD simulation for the Ni-superalloy-based mixed metal system 
with and without the B or C atoms. It is important to recall that the 
MC moves involved the movement of either a metallic constituent or 
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a dopant atom throughout the lattice via swapping or hopping in their 
nearest neighbor shell. By keeping track of how many times an atom 
of each type successfully swapped or hopped, one can investigate the 
PES from the perspective of each species.

3.2.1. Weighted acceptance rate over sim time
Fig.  4a shows each species’ activity level over the entire hMCMD 

simulation for the +TiC system with the inclusion of the B curve from 
the +TiB2 simulation. It reveals that cluster formation occurred very 
early in the simulation, when B and C were most active, followed 
by a sharp drop in their mobility as the M-B and M-C clusters were 
established. After the clustering phase, the system transitioned into a 
steady-state phase characterized by metallic hopping. This is a good 
indication of a thoroughly equilibrated simulation. Interestingly, Fe 
remained particularly active throughout the simulation. In fact, Fe 
showed the highest activity in all the systems (see Fig.  4b). This 
suggests that Fe should be found more uniformly throughout the matrix 
and an experimental examination of the In625+TiB2 microstructure did 
show a nearly uniform distribution of Fe in the In625 matrix [26]. For 
the B-doped system, most of the swaps observed in the later stages 
of the hMCMD simulations involved the reorganization of metallic 
constituents in the simulation cell and around the B2 clusters. Mean-
while, in the C-doped system, atomic swaps or new placement of C 
atoms within and near the M-C cluster were very limited. This suggests 
that the PES was more strongly perturbed in the presence of the M-C 
structure than the M-B structure.

Given that the MC moves were restricted to local movement, the 
quick formation of the B and C clusters within the lattice may pro-
vide insights into the diffusion dynamics and the stabilization of the 
material’s microstructure. The formation of these clusters early in the 
simulations suggests a strong thermodynamic driving force for B and C 
atoms to aggregate and form stable M-B and M-C clusters. The quick 
clustering followed by a dramatic reduction in movement indicates 
that the energy landscape around these atoms was steep, leading to 
an early ‘‘lock-in’’ of the clusters. Interestingly, a recent ultrasound 
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study on In718 and carbide phase development suggested that applying 
ultrasound during processing can slow down the rapid clustering of 
C, allowing more time for the formation of varied carbide phases, 
which were dispersed more uniformly to produce a harder alloy [10]. 
Nevertheless, the strong thermodynamic drive for the formation of 
the M-B and M-C clusters could suggest that B or C reinforced Ni 
superalloys are well-suited to the conditions of additive manufacturing 
(AM), where rapid solidification and precise microstructural control 
are critical. Timely clustering behavior may not only stabilize the 
microstructure during the AM process, potentially reducing the need 
for extensive post-processing, but also allow for tailoring material 
properties to meet specific application requirements. This could suggest 
B and/or C reinforced Ni superalloys are particularly viable for use 
in AM techniques, however future work incorporating time-dependent 
diffusion modeling will be necessary to fully explore this aspect.

3.2.2. Total weighted acceptance rate
Fig.  4b shows the final weighted acceptance rate (e.g., after 25,000 

MC steps) of each species in the different systems. Notably, the mobility 
of atoms was reduced in the doped systems. This suggests that the 
formation of the M-B or M-C clusters established a region within the 
FCC lattice that reduced atomic mobility. It is important to note that the 
undoped system showed the highest atomic mobility values. This could 
point to a common tendency for dynamic reordering among blends of 
Ni superalloys, which facilitates stress redistribution through atomic 
movement. This mobility could make the undoped system less resistant 
to long-term mechanical loads or high temperatures, as there are no 
diffusion barriers like those created by the M-B or M-C clusters. A slight 
increase in Nb mobility suggests that the addition of B or C to the lattice 
formed an energy surface that enhanced Nb’s mobility in the lattice.

The observed difference in metallic activity near the M-B or M-C 
structure reveals distinct properties. For instance, metallic swaps within 
or nearby the region occupied by the large Cr-C motif was limited, 
suggesting that the M-C clusters formed stable structures which resisted 
further atomic reordering. While this stability can enhance hardness 
and wear resistance, it could also lead to brittleness and an increased 
susceptibility to microcrack formation under stress. In contrast, metallic 
reordering continued in the vicinity of the M-B clusters, suggesting 
greater flexibility and accommodation of atomic movement. This may 
indicate M-B clusters can redistribute stresses more effectively, po-
tentially preventing the formation of stress concentration points and 
enhancing the material’s toughness and resistance to crack propagation.

3.2.3. Insights from the acceptance rates
Mobility was quantified through the acceptance rate which de-

pended on the potential energy difference between the initial and final 
state. The results suggest that the energetic landscape around the B 
and C cores significantly influenced metallic swap and new dopant 
placement dynamics. Once the (BMo)2 cluster formed, new placement 
or swaps of those B and Mo atoms ceased. The same was true for Cr and 
Nb once it occupied nearest-neighboring sites around a C atom. Fig.  4c 
compares the final acceptance rates for MC moves 1 and 4 (metallic 
atom moves) with MC moves 2 and 3 (B or C atom moves). A sharp 
reduction in metallic moves was observed in systems containing B or 
C atoms, further supporting the notion that the addition of B or C to 
the interstitial medium slowed atomic reordering. As previously noted, 
metal atoms showed higher mobility around the M-B clusters compared 
to M-C clusters, which is reflected in the higher acceptance rate for 
moves 1 and 4 in the +TiB2 system versus the +TiC system. Approxi-
mately 0.5% of attempts to move a B atom succeeded, while fewer than 
0.4% of C atom moves were successful. Fig.  4c includes an inset figure 
of the unweighted accepted move distributions, highlighting that Cr 
had a similar contribution to overall acceptance as Ni, despite its lower 
concentration. This shows that Cr was highly mobile in the mixed metal 
simulation cell. Additionally, Fe, despite its low atomic concentration 
(5 at.%), showed notable contributions to metallic moves, indicating its 
mobility in the mixed lattice.
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Table 1
Excess energy (𝐸excess), as defined in Eq. (5), and interstitial energy (𝐸𝑖), as defined in 
Eq. (6), for the doped systems using various reference states to calculate 𝐸𝑖.
 System +TiB2 +TiC

 Reference State B-Mo B-Ni B-Ti C-Cr C-Ni C-Ti  
 𝐸𝑖 (eV/atom) −7.54 −7.02 −8.17 −7.73 −5.85 −9.77 
 𝐸excess (meV/atom) −29.4 −41.5 −15.0 −38.7 −82.3 8.58  

3.3. Excess energy

To evaluate the thermodynamic stability of B and C within the 
equilibrated mixed-metal matrix, 𝐸excess was computed relative to three 
reference states: B-Mo, B-Ti (TiB2), and B-Ni for B, and C–Cr, C-Ti 
(TiC), and C-Ni for C. Since the 𝐸doped system corresponds to a sim-
ulation cell that has undergone MC equilibration, these values reflect 
the thermodynamic preference for B and C to remain in their SRO’d 
configurations versus segregating into competing boride and carbide 
phases. The computed values of 𝐸excess and reference energies 𝐸𝑖 for 
each system are listed in Table  1.

For B, the lowest 𝐸excess value occurs when B-Ni is the reference 
state (−41.5 meV/atom), indicating that B is most stable in the equi-
librated mixed-metal matrix and is unlikely to precipitate to form a 
compound with Ni. The less negative value for B-Mo (−29.4 meV/atom) 
suggests that B remains stable within the equilibrated matrix, likely 
due to the formation of the B-Mo-Nb cluster during MC equilibration. 
The existing coordination environment in the simulation cell provides 
a favorable energetic state for B, reducing the driving force for segrega-
tion into the reference B-Mo phase. However, in a Mo-enriched region, 
further precipitation into B-Mo remains possible. The least negative 
𝐸excess value for TiB2 (−15.0 meV/atom) implies that, if sufficient Ti 
were present, B could segregate into TiB2 rather than remain dissolved 
in the mixed-metal matrix. Since 𝐸excess is more negative for B-Mo than 
for TiB2, B is more stable in the mixed-metal SRO state relative to B-Mo 
than it is relative to TiB2. This suggests that B has a stronger tendency to 
leave the matrix and form TiB2 than it does to form B-Mo, provided Ti 
is available. The observed redistribution of B toward Mo and Nb during 
MC equilibration confirms that Ti content was insufficient to maintain 
a stable TiB2 motif, leading to the formation of new local ordering with 
Mo and Nb instead.

For C, the most negative 𝐸excess occurs when C-Ni is the reference 
state (−82.3 meV/atom), meaning that C is highly stable in the mixed-
metal matrix (within the large C–Cr motif) and has almost no tendency 
to precipitate and form a compound with Ni. The less negative excess 
energy for C–Cr (−38.7 meV/atom) suggests that C remains thermo-
dynamically stable within the mixed-metal matrix, likely due to the 
presence of the large C–Cr motif formed during MC equilibration. Since 
C has already established favorable interactions with Cr in the simu-
lation cell, the reference C–Cr phase does not provide a significantly 
lower-energy alternative, reinforcing that C is well accommodated 
within its existing coordination environment. The only positive excess 
energy value is for TiC (+8.6 meV/atom), indicating that C is desta-
bilized in the Cr-C motif within the mixed-metal matrix relative to 
TiC and will preferentially segregate into TiC if enough Ti is present. 
However, despite being initially introduced as TiC, C migrated into the 
C–Cr cluster during MC equilibration, confirming that Cr coordination 
is the preferred state in the absence of a stronger Ti enrichment. 
This observation highlights the role of local chemical composition in 
regulating carbide network formation, particularly in regions with high 
Ti content. As indicated by the positive 𝐸excess for TiC, Ti’s strong 
chemical affinity for C creates a thermodynamic driving force for C to 
be drawn away from Cr-rich networks to form TiC, potentially altering 
carbide morphology and leading to a more isolated carbide distribution. 
A recent experimental study further supports this behavior, which 
showed that large TiC precipitates can drive the dissolution of Cr C
23 6
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Fig. 5. (a) The phonon dispersion curves and (b) acoustic and optical group velocity distribution for the doped and undoped system(s). (c) Difference in charge obtained from the 
Bader charge analysis. Metal types that were nearest neighbors to a B or C atom are considered here. The values along the 𝑦-axis represent the change in charge for the neighbor 
nearest to a B or C atom relative to the average charge of that species obtained from the undoped simulation cell.
carbides, disrupting the carbide network and weakening grain bound-
ary stability [83]. As Cr-rich carbides are critical for creep resistance, 
their destabilization can significantly impact mechanical performance. 
Additionally, TiC precipitates tend to coarsen along grain boundaries, 
contributing to stress concentration and reduced creep resistance [83].

The trends in 𝐸excess provide insight into the segregation behavior 
versus solid solution stability of B and C in the mixed-metal matrix. 
The most negative 𝐸excess values indicate that B and C are highly 
stable within the matrix and do not favor segregation into Ni-based 
borides or carbides. However, the least negative (or positive) 𝐸excess
values suggest that in Ti-rich environments, B and C are more likely 
to segregate out of the mixed-metal matrix and precipitate as TiB2 and 
TiC. These findings underscore the impact of local chemistry in dictat-
ing the stability of interstitial species and reinforce the importance of 
carefully balancing alloy composition and distribution to control phase 
formation and enhance mechanical performance.

3.4. Properties

3.4.1. Elastic properties
The elastic properties for the B-doped and C-doped systems are 

given in Fig.  4d as relative values compared to the undoped system 
at 𝑇  = 800 ◦C. Both doped systems exhibited an improved elastic 
response to deformation compared to the undoped alloy, with the 
+TiB2 system showing slightly greater improvement than the +TiC 
system. The changes in ductility are characterized by the 𝐶ε∕𝐸 ratio, 
𝜁 , and 𝐺∕𝐵 values. The decreased 𝐶ε∕𝐸 ratio and 𝜁 in both doped 
systems suggests reduced ductility. A reduced 𝜁 indicates that the 
bonds within the cell were firmer and more prone to stretching rather 
than bending. This should be anticipated given the formation of new 
bonds between B-Mo, C–Cr, and C-Nb. Additionally, the increase in 
the G/B ratio for both doped systems suggests more rigid structures. 
These findings suggest that, at the microstructural level, the formation 
of these clusters promotes a more brittle region in the mixed-metal 
matrix. While ductility was reduced in the doped systems, according 
to the Pugh and Pettifor criteria, all systems were still classified as 
ductile [53].
10 
3.4.2. Phonon spectrum
The phonon dispersion curves and group velocity distribution are 

shown in Fig.  5a–b. Together, they reveal the vibrational behavior 
associated with the addition of B or C atoms to the mixed-metal system. 
A key observation is the development of high-energy optical phonon 
bands with the addition of B or C. The +TiB2 structure exhibits a 
broader range of optical bands and group velocities, attributed to B’s 
lighter atomic mass and its bonding characteristics within the M-B clus-
ters and with neighboring metallic constituents. In contrast, the +TiC 
system features C atoms bound within a large Cr cluster, resulting in a 
more narrowly grouped set of optical bands and group velocities. These 
optical phonon modes reflect how light interstitial dopants modify local 
bonding environments and vibrational properties.

The +TiC system exhibits a higher density of lower-energy acous-
tic bands compared to both the undoped and +TiB2 systems. These 
acoustic bands correspond to long-wavelength lattice vibrations that 
govern elastic behavior and stress wave propagation. The formation of 
M-C clusters perturbs local interatomic coupling, altering the PES and 
redistributing vibrational energy [84,85]. Such perturbations enhance 
phonon scattering by disrupting atomic regularity [86,87]. The optical 
phonon modes in the +TiB2 system suggest a more complex internal 
lattice dynamics, shaped by varied interactions between B2 and the 
surrounding metal atoms. Similar to +TiC, the bonding of B in M-B 
clusters modifies local vibrational stiffness, redistributing energy across 
a broader range of modes [84,85] which alters phonon transport and 
energy dissipation [86,87]. The broader optical band range and group 
velocities in the +TiB2 system highlight the significant role of B-doping 
in reshaping vibrational energy distribution and influencing lattice 
dynamics. The narrowing of group velocity distribution in the +TiC 
system is a direct consequence of the strong C–Cr bonding within M-C 
clusters, which confines vibrational energy and limits phonon disper-
sion. This localization enhances phonon–phonon interactions within 
the cluster, reducing long-range vibrational coherence. In contrast, 
the +TiB2 system shows a more extensive optical band range and a 
broader distribution of group velocities, indicating a greater degree of 
vibrational delocalization due to the varied interactions between B2 and 
surrounding metallic atoms.

The phonon group velocity characteristics have macroscopic im-
plications. The narrower velocity spread in the +TiC system sug-
gests lower lattice thermal conductivity due to enhanced phonon 
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scattering within the confined M-C clusters. Conversely, the broader 
phonon dispersion in +TiB2 suggests greater thermal dissipation po-
tential, as the extended vibrational modes facilitate energy transport 
across the lattice. Additionally, the increased phonon scattering in both 
doped systems may contribute to improved creep resistance, as local-
ized vibrational energy dissipation can hinder dislocation motion. The 
broader vibrational energy distribution in the +TiB2 system suggests 
a more adaptable lattice structure, which may enhance mechanical 
resilience under extreme conditions. Although phonon scattering at 
metal–nonmetal pairs may limit direct thermal transport, the redis-
tribution of vibrational energy by both M-B and M-C clusters plays a 
key role in stabilizing the lattice at high temperatures. These findings 
suggest that the clustering trends observed in each system influence 
vibrational stiffness, phonon dynamics, and ultimately, macroscopic 
material performance.

3.4.3. Bader charge analysis
Fig.  5c presents the Bader charge analysis for the +TiB2 and +TiC 

systems, showing the change in charge (𝛥𝐶) for various metallic con-
stituents (Cr, Fe, Mo, Nb, Ni) as a function of their distance from B 
in the +TiB2 system or C in the +TiC system. The charge changes 
were calculated relative to the average charge of these elements in 
the undoped system. In the +TiB2 system, B2 formed clusters with 
neighboring Cr, Mo, and Nb atoms, resulting in charge redistribution 
among its nearest neighbors. Many Cr and Mo atoms exhibit a decrease 
in charge within the first nearest neighbor shell. The localized charge 
accumulation about B2 could contribute to enhanced mechanical stabil-
ity and resistance to dislocation motion. The localized bonding about 
B2 may also help explain the enhanced high-temperature performance 
of these alloys, as it reflects strong, directional bonding that is more 
resistant to thermal and mechanical stresses. In the +TiC system, C 
atoms were primarily surrounded by Cr atoms, forming a partial M23C6
cluster with a tighter charge distribution, especially to Cr, compared to 
the TiB2 system. There is clear evidence of localized electron donation 
from surrounding Cr atoms to C, leading to the formation of stronger 
bonds in the M-C cluster. By comparing the density of data points 
between the 1.75 and 2 Å regions of the Bader charge plots, it is 
clear that adding C to the mixed metal matrix had a more profound 
impact on the electronic environment than adding B atoms did. While 
the B2 core accepted charge from its nearest Mo and Cr neighbors, C 
atoms stacked within the Cr cluster promoted a larger change in the 
metallic charge density. The affect of charge redistribution and other 
changes in electronic properties of TM-containing alloys have been 
linked to altering the mechanical response of both the material’s elastic 
properties and changes in dislocation dynamics [88–90]. Considering 
this, both the M-B and M-C structures should be anticipated to impact 
the dislocation dynamics of the doped alloy relative to its undoped 
form.

3.5. Limitations

Before closing, it is important to highlight the limitations of this 
computational study. Firstly, the hMCMD simulations were executed 
with a fixed atomic concentration rather than allowing for variations 
in atomic fraction through a Grand Canonical MC routine. Secondly, the 
simulation cell size was relatively limited compared to larger-scale SRO 
calculations. The impact of system size on WC SRO parameters has been 
explored in prior work [91], which demonstrated some uncertainty in 
metal–metal (M-M’) SRO values for a ternary system of comparable size 
and temperature. This suggests that the observed M-M’ SRO tendencies 
in this study may not be fully converged. However, since this work 
primarily focuses on the ordering behavior between light interstitials 
and metal species (i-M SRO) rather than exclusively on M-M’ interac-
tions, there is confidence in the i-M SRO predictions. The clustering 
trends observed in these simulations align well with experimental EDS 
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imaging of boron-doped Inconel samples and known carbide forma-
tions, reinforcing the reliability of the findings. Additionally, these two 
limitations were made clear in the +TiC simulation where Nb2C and 
Cr23C6 were attempting to form, but were limited in the fact that 
no new C would be added and there was limited space to segregate 
within the mixed-metal simulation cell. Larger cells with incoming and 
outgoing dopant and metal constituents may elucidate new SRO pairs 
or allow for further development and convergence of the clustering 
behaviors observed here. While grain boundaries were discussed and 
some insights were provided to help explain experimental observations, 
a more thorough examination on how M-B clusters form and behave 
in true grain boundary conditions should be conducted before any 
conclusive statements can be made. While the hMCMD simulations 
emulated ‘‘diffusion’’, it did not account for diffusion in the same 
way that could be done with a kinetic MC (kMC) framework. One 
benefit to a kMC framework is a physical time associated with each 
event, related to the activation energy barrier, that can help show how 
quickly (or slowly) the evolution of the SRO takes. All time-dependent 
considerations here were in reference to the simulation time rather than 
the physical time. As it stands, the current methodology did allow for 
an interesting analysis of undoped and doped Ni-based mixed-metal 
systems at non-zero temperatures, from atomic ordering and elastic 
response to phonon and electronic considerations. Nevertheless, future 
work will focus on refining this routine by addressing these limitations 
and applying it to new metal matrix composite systems.

4. Conclusion

In an effort to bridge the knowledge gap on how interstitial atoms 
influence the micro- and macroscopic properties of complex alloy sys-
tems, this study employed hybrid Monte Carlo Molecular Dynamics 
(hMCMD) simulations to model undoped and doped Ni-based superal-
loy cells. Both M-B and M-C clusters formed, aligning with experimental 
observations and suggesting that this atomic ordering could develop 
effectively under additive manufacturing conditions. The simulations 
revealed the formation of small, dynamic Cr(BMo)2 clusters, a larger 
Cr23C6 M-C structure, and a Nb2C cluster. Crucially, these findings 
highlighted how interstitial residency impacts the short-range ordering 
(SRO) of the host alloy, giving rise to new microstructural charac-
teristics, particularly through interactions with transition metals. The 
addition of B and C improved elastic properties relative to the undoped 
system. Furthermore, the shared ordering preferences of B and C with 
Cr, Mo, and Nb suggest potential synergies, as both elements compete 
for these metals, facilitating the formation of mixed boro-carbides, 
which have been observed in recent studies.

This study also provided insights into microstructural possibilities 
that could contextualize recent experimental findings. Specifically, this 
work demonstrated the aggregation of small, agile B2 clusters with 
Cr, Mo, and Nb, which have been experimentally observed at grain 
boundaries. These results suggest a dual role for B-doping in regulating 
defect dynamics across different temperature regimes. At low tempera-
tures, B2 clusters act as diffusion barriers, inhibiting dislocation motion 
and reducing ductility. Conversely, at high temperatures, these clusters 
stabilize the microstructure by restricting excessive defect diffusion 
and dislocation movement along grain boundaries. This behavior may 
explain the enhanced resistance of In625+TiB2 to deformation and 
creep, highlighting the critical role of B in balancing ductility and 
stability through its localized influence on grain boundaries.

In contrast, C doping promoted the formation of a large M-C cluster, 
Cr23C6, accompanied by Nb2C. Supported by recent experimental and 
computational studies, these phases contribute to mechanical reinforce-
ment through bulk matrix stabilization and improved grain boundary 
properties. Notably, the dissociation of TiC facilitated Cr and Nb clus-
tering, indicating that the addition of C to Ni-based superalloys could 
enhance the development of stable carbide networks. These networks 
impede dislocation motion and delay crack propagation. Furthermore, 
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increasing the amount of C to drive further ordering, as observed in this 
study, may reduce the prevalence of fragmented or poorly distributed 
carbides, which are known to act as crack initiation sites. These findings 
emphasize the importance of controlling doping levels and processing 
conditions to optimize mechanical performance.

The excess energy calculations further reinforce these observations, 
demonstrating that both B and C exhibit strong thermodynamic sta-
bility within their respective short-range ordered configurations. The 
relatively low 𝐸excess for B-Mo and C–Cr indicates that these interstitials 
remain energetically favored within the mixed-metal matrix, while the 
positive 𝐸excess for TiC suggests that, under Ti-rich conditions, segre-
gation into this phases is likely, which may weaken Cr-based carbide 
networks and promote deleterious TiC precipitates. These results pro-
vide additional evidence that interstitial ordering is a key mechanism 
in stabilizing microstructural features and controlling phase formation 
in Ni-based superalloys.

This work discussed how the reinforcement mechanisms provided 
by light interstitial dopants, such as B and C, are intrinsically linked 
to their interactions with host alloy constituents. These results un-
derscore the importance of light interstitials for tailoring Ni-based 
superalloys for superior high-temperature performance. More broadly, 
this work demonstrates that interstitial-induced ordering can serve as 
a design principle for fine-tuning alloy microstructures, enabling the 
development of high-performance materials for aerospace and energy 
generation applications.
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