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Segregation in Ni—Cr—Al
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Abstract

Chromium additions are known to promote the formation of a protective Al oxide, alumina, in Ni-Cr-Al alloys, a
phenomenon known as the third-element effect (TEE). Using atomistic simulations, we show that Cr lowers vacancy
formation energies while leaving migration barriers largely unchanged. This reduction in formation energy leads to a
strong amplification of equilibrium vacancy concentrations: compared to Ni—4Al, the concentration in Ni-15Cr—4Al
is 11 times higher at 1000 °C and more than 54 times higher at 480 °C. When combined with tracer mobilities, this
produces effective diffusion coefficients up to an order of magnitude greater in the ternary alloy. In parallel, Cr promotes
aluminum enrichment at grain boundaries, raising Al levels to about one and a half times the bulk concentration across
the boundaries studied. These metal-phase mechanisms provide a quantitative route by which Cr facilitates rapid Al
delivery to oxidation fronts, complementing oxygen-gettering models and helping explain the TEE, at both high and

intermediate homologous temperatures.
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Many industrial alloys derive their oxidation resistance
from high chromium (Cr) and aluminum (Al) content,
which enables the formation of a stable, protective alumina
film that inhibits further oxidation[IH7]. By contrast, Ni-Al
alloys with insufficient Al form non-protective NiO scales
at elevated temperatures, leading to internal oxidation.
The addition of Cr promotes the selective formation of
alumina, a phenomenon known as the third-element effect
(TEE), which has also been reported in other alloy systems,
including Fe-Cr—Al and Cu—Zn-Ni[g].

Using atomistic simulations, we find that raising the
Cr at% lowers vacancy formation energies while leaving
migration barriers largely unchanged. At equilibrium, the
vacancy fraction follows ¢, o exp[—Ef/(kgT)]. A 0.28
eV reduction in F; from Ni-4Al to Ni-15Cr-4Al yields
vacancy concentrations 11 times higher at 1000 °C and
more than 54 times higher at 480 °C . When combined
with tracer mobilities, this produces effective diffusion coef-
ficients up to an order of magnitude greater in the ternary
alloy. Cr also enhances Al enrichment at grain boundaries,
raising Al levels to about 1.5 times the bulk concentration
across the ¥3/5/11 boundaries studied. These metal-phase
mechanisms provide a quantitative route by which Cr ac-
celerates Al delivery to oxidation fronts, complementing
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oxygen-getter models of the TEE.

The classical hypothesis, proposed by Wagner|[8], posits
that Cr acts as a secondary oxygen getter. By temporarily
sequestering oxygen at the alloy surface, Cr reduces in-
ward oxygen diffusion, providing additional time for Al to
diffuse and form a thermodynamically stable Al;O3 layer.
According to Wagner’s model, this behaviour emerges once
a critical combined concentration of Cr and Al is exceeded.

At intermediate homologous temperatures (~500 °C
for Ni-based alloys), where bulk diffusion is negligible but
short-circuit transport along GBs remains active, oxidation
proceeds primarily via GB pathways. In binary systems,
Ghaffari et al.[9] showed that Ni—(11,15)Cr alloys tend to
form Cr-rich scales, while Ni—(4,7)Al alloys display similar
oxidation independent Al content: Ni—Al alloys develop
narrow, oxides penetrating inward along GBs. Extending
this work to ternaries, Ghaffari et al.[I0] demonstrated that
adding significant Cr to low Al Ni-Al alters its oxidation
response to resemble that of Ni—Al rather than Ni—Cr. Cr
additions promoted Al segregation to GBs, enabling local-
ized Al-rich oxide formation. Microstructurally, high-angle
GBs developed dual-layer surface oxides containing both
Al- and Cr-rich phases, while low-angle and coincidence-site
lattice boundaries exhibited porous intergranular Al-rich
oxides encased by Cr-rich shells[T0]. Together, these studies
show both the GB-character dependence of oxidation and
the role of Cr in amplifying Al’s scale-forming effectiveness
at such intermediate temperatures. In other words, they
describe an intermediate-temperature manifestation of the
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Figure 1: Vacancy formation energies and average vacancy jump
barriers. Formation energies decrease with increasing Cr content,
while NEB-derived migration barriers do not. Vacancy jumps to Al
lattice sites have the lowest barriers, followed by Cr and Ni. NEB
barriers were averaged over 1,000 randomly perturbed jump pathways
per species. Error bars represent standard errors.

TEE.

In parallel with these experimental developments, com-
putational studies have focused on point defect transport
in oxide phases. For example, Ullberg et al.[T1] showed
that vacancies form more readily than interstitials in CroOg
and that Mn substitution can enhance vacancy-mediated
diffusion. Banerjee et al.[I2] demonstrated that vacancy
transport underpins mass transfer in Fe;Ogs, while Xiao
et al.[I3] explored oxidation in Ni-Cr alloys, identifying
metal/vacancy fluxes in the sub-oxide region as key to
determining which oxide type will form (NiO spinels versus
CI"QO?,).

Diffusion of point defects in the metallic phase of al-
loys (i.e. before oxidation) has also been widely studied,
including recent simulations addressing binary and ternary
systems[I4H31]. However, these studies have not directly
linked point defect diffusion to the TEE, nor have they
considered the role of different GB types in controlling
elemental segregation relevant to oxidation resistance.

Here, we address these gaps by using atomistic simula-
tions to probe how the addition of Cr influences vacancy-
mediated diffusion and grain-boundary segregation in Ni-Al
alloys. We show how Cr alters vacancy formation ener-
gies and mobilities in the bulk, and how it modifies Al
segregation across different GB types, thereby clarifying
the mechanisms by which Cr enables the experimentally
observed TEE.

In this short communication, we first present results
on vacancy energetics, and then results on grain-boundary
segregation. We discuss their implications for the third-
element effect.

We employed atomistic simulations to examine how
varying Cr concentration affects chemical potentials, va-
cancy formation and migration energies, diffusion coeffi-
cients, and grain-boundary (GB) segregation in Ni—Cr—Al
alloys. All simulations were performed using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS)

[32], with the embedded atom method (EAM) potential
of Farkas et al. [33]. This potential was parameterized
to reproduce heats of mixing in the binary subsystems, a
property linked to vacancy energetics and atomic mobility.
While not intended for quantitative prediction, it provides
qualitative insight into compositional trends in vacancy
behaviour and segregation.

Bulk simulations used periodic supercells of 10 x 10 x
10 FCC unit cells (4,000 atoms). We examined Ni—4Al
Ni-8Cr, and Ni—(5, 8, 10, 15)Cr-4Al compositions. Vacancy
formation energies Ey were estimated from chemical poten-
tials following Piochaud et al. [34], and equilibrium vacancy
concentrations ¢, were obtained from FE; via Boltzmann
statistics. Vacancy migration barriers F,, were computed
using the nudged elastic band (NEB) method [35] [36]. Va-
cancy tracer diffusion coefficients Diyacer Were calculated
from molecular dynamics (MD) simulations at 1300-1400 K
with a mono-vacancy in the Isothermal-isobaric (NPT) en-
semble . Effective diffusion coefficients were then estimated
as Degr = ¢y Diracer-

GB segregation was studied using representative coinci-
dence site lattice (CSL) tilt boundaries: X3 (111), X3 (112),
35(012), ¥5(013), 11 (113), and X11 (332). Simulation
cells contained 15,000-28,000 atoms depending on orien-
tation and composition. Hybrid Monte Carlo—conjugate
gradient simulations were conducted at 1026 K (753 °C) to
assess segregation behaviour, and relative enrichment of Al
and Cr within 1 nm of the GB was measured.

The Boltzmann-averaged vacancy formation energy for
each alloy composition is illustrated in Fig. [I| (black bars).
The addition of Cr leads to a systematic decrease in
formation energy, from 1.60 eV in Ni—4Al to 1.32 eV in
Ni-15Cr—4Al.

At equilibrium, the vacancy fraction follows

¢y x exp[—E;/(kpT)].

Thus, a reduction of ~0.28 eV in Ey (Ni-4Al — Ni-
15Cr—4Al) yields vacancy concentrations that are about 11
times higher at 1273 K and more than 54 times higher at
753 K. While absolute vacancy concentrations decrease at
lower temperatures, as expected from thermodynamics, the
relative enhancement introduced by Cr becomes increas-
ingly pronounced. Cr additions therefore lower vacancy
formation energies in the alloy matrix, stabilizing vacancies
and amplifying their role in transport processes.

The average vacancy jump barriers are reported in
Fig. (1] Green (red, blue) bars represent vacancies exchang-
ing position with Ni (Al, Cr) atoms. Adding Cr to the
alloy leads to minimal reduction in barrier height. In other
words, Cr addition affects vacancy formation energies, but
has almost no effect on migration barriers.

The vacancy tracer diffusion coefficients obtained from
MD simulations at 1300, 1350, and 1400 K are shown
in Fig. [a). Diffusivities increase with temperature. The

tracer diffusion coefficients of Ni-4Al, Ni-8Cr, and Ni-8Cr—4Al

are broadly similar, indicating that the addition of Cr does
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Figure 2: Tracer diffusion in bulk alloys and the effect of equilibrium vacancy concentrations. (a): Tracer diffusion coefficients for a single
vacancy in Ni—4Al, Ni-8Cr, and Ni-8Cr—4Al at 1300K, 1350K and 1400K (MD). (b): Effective diffusion coefficients at 1300K, 1350K and
1400K obtained by multiplying tracer values by the corresponding equilibrium vacancy concentrations, revealing an order-of-magnitude increase

in the ternary alloy. Error bars represent standard errors.

not strongly alter the overall mobility of individual vacan-
cies, nor their propensity to jump through the Ni, Cr or Al
subsystems. This is consistent with the migration barriers
presented in Fig. adding Cr has little effect on these
barriers.

The simulation results presented in Fig. a) suggest
that Al and Cr are intrinsically much more mobile than
Ni, despite comprising only 4-8 at.% of the alloys, their
tracer contributions nearly match those of Ni to the overall
squared displacements. This is also consistent with the
migration barriers presented in Fig. The jump barriers
involving Al ( 1.05eV) atoms are lower than those involving
Cr (1.1 V), which are lower than those involving Ni (1.25
eV).
The data presented in Fig. b) includes the effect of
equilibrium vacancy concentrations on effective diffusion
coefficients. Cr additions have a significant impact on diffu-
sion coefficients. Ni-8Cr—4Al exhibits diffusion coefficients
nearly an order magnitude higher than those of Ni—4Al
and Ni—8Cr. Cr enhances diffusion primarily by increasing
vacancy concentrations, with a muted effect on the mobility
of each vacancy.

These calculations help explain high temperature TEE.
By lowering vacancy formation energies, Cr substantially
increases equilibrium vacancy concentrations, thereby en-
hancing Al diffusion throughout the alloy. This vacancy-
mediated acceleration of Al transport is likely a key con-
tributing factor to the development of continuous Al,Og
scales observed experimentally in Ni-Cr—Al alloys[10].

Fig. {|illustrates typical GB MC-CG simulation results
(35 (013) shown). In Ni-4Al, Al is uniformly distributed
before the MC-CG simulation and segregates to the GB
afterward. In Ni-8Cr—4Al, both Al and Cr start uniformly
distributed; Al segregates to the GB during the MC-CG
run, while Cr does not.

Across all GBs considered, adding Cr to Ni—4Al led
to enhanced Al enrichment. On average, relative Al con-
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Figure 3: Relative vacancy concentrations in Ni-Cr—Al alloys, normal-
ized to Ni—4Al, at 753 K and 1273 K. Chromium additions markedly
increase vacancy concentrations, with the largest effect observed at
753 K.

centration at the GB increased from 121.8% =+ 10.6% in
Ni—4Al to 151.0% + 5.7% in Cr-containing alloys, while
Cr itself showed little segregation (107% =+ 2%) (Fig. |9).
Segregation trends varied with GB character, with 35 and
Y11 boundaries generally showing stronger Al enrichment
than ¥3. X3 (111) is the twin boundary, and it shows bulk-
like behaviour with little segregation towards the grain
boundary [9 0], having a distribution near random as
shown in Fig[] This enhanced Al enrichment at GBs
suggests that, even at intermediate temperatures, Cr ad-
ditions help Ni-Al alloys develop localized Al enrichment
along GBs, and the dependence of Al enrichment on GB
character is consistent with experimental observation [10].
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Figure 4: Representative elemental distribution before (left) and after
(right) MC-CG simulations. Ni—4Al (top) and Ni-8Cr—4Al (bottom)
are shown for a 35(013) GB. Ni is hidden for clarity. Al is the
preferred element to segregate at the GB.

Uncertainties reflect bootstrapped means over 1000 random
configurations per composition, and GB enrichment error
bars denote standard errors across the 33, X5, and ¥11
boundaries.

Another notable feature is that the concentration pro-
files of Al and Cr (Fig. E[) resemble the core—shell morphol-
ogy of intergranular oxides observed experimentally [10],
with an Al-rich region at the GB center surrounded by Cr
enrichment.

By contrast to the clear relationship between Cr con-
centration and vacancy formation energy (Fig. , we see
no systematic increase or decrease in Al segregation once
Cr content exceeds Ni-5Cr—4Al (the lowest non-zero Cr
content considered herein).

We stress that this vacancy-mediated acceleration of Al
transport should be viewed as a contributing route to the
high temperature TEE, complementing Wagner’s oxygen-
gettering model.

Several limitations merit discussion. The employment
of an EAM potential provides only qualitative trends; more
accurate predictions will require density functional theory
(DFT) or machine-learned potentials [37H39]. We also did
not model atomic diffusion along GBs or explore low-angle
and non-CSL boundaries. Finally, the coupling between
metallic and oxide phases was not addressed, and only
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Figure 5: Relative change in concentration of Al and Cr within 1 nm
of the GB after MC-CG simulations, normalized to bulk composition.
Al segregation is consistently enhanced by Cr additions, while Cr
shows little enrichment. Error bars: standard errors across X3, 5,
and X11.

Ni—Cr—Al was considered, whereas the TEE has been ob-
served in many other ternary systems.

The data that support the findings of this study are
available from the corresponding author upon reasonable
request. The codes that support the findings of this study
are available upon request.
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