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A B S T R A C T

High entropy alloy (HEA) phase evolution is governed by the competing roles of high configurational entropy 
and enthalpy of mixing, including severe lattice distortion, and local, or short range, atomic order. While HEAs 
have seen unprecedented interest over the last decade, many promising applications have not been realized due 
to limitations in secondary phase, or precipitate, control. Through high resolution microscopy and spectroscopy 
coupled with molecular dynamics simulations, we examine the role of chemical complexity on the evolution of 
precipitates, and specifically on their orientation relationships with their host matrices. Microstructural, 
chemical, and local order measurements are coupled with atomistic simulations of the structure and energy of 
the Face Center Cubic (FCC)/Body Center Cubic (BCC)B2 interface, in various possible orientations, using model 
interatomic potentials. Our local order measurements at the nanometer scale revealed that Cr-(Co/Ni/Fe) 
bonding becomes less favorable after aging. This finding aligns with our microstructural observations, which 
show lower Cr and Al content in the FCC phase post-aging. We experimentally observed a non-typical orientation 
relationship between B2-BCC and FCC matrices was stabilized, which we attribute to this chemical complexity. 
Our atomistic simulations reveal the significant effect of chemical complexity and local ordering on interface 
energies. Critically, we connect the local chemical order with the formation of high energy interfaces that lead to 
unusual orientation relationships. The relationship between local order and the orientation relationships land
scape of precipitates within a microstructure presents an opportunity for tuning alloy properties at the level of 
atomic bonding.

1. Introduction

High entropy alloys (HEAs), also referred to as compositionally 
complex alloys (CCAs) or multiprincipal element alloys (MPEAs), have 
attracted much attention due to their novel mechanical and structural 
properties. The vast compositional space of HEAs and their resulting 
microstructures yields a wealth of opportunity for improved mechanical 
properties [1–7]. In addition to complex local order strengthening ef
fects [8], precipitate strengthening has been demonstrated in HEAs [9]. 

For refractory HEAs (or RHEAs) combinations of precipitates have been 
explored [10,11], but there remains a lack of a systematic approach to 
predictively understand mechanisms for room-temperature ductility 
and high creep strength [12–20]. Although precipitate evolution pro
vides a path to marry strength and ductility in HEAs by coherent pre
cipitate strengthening [21] and dual phase stabilization [22], a solution 
that controls the formation and stability of these phases has not been 
realized. One way of stabilizing precipitates is through the control of 
orientation relationships (ORs) [23,24].
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Crystallographic ORs, which describe the atomic fit between a 
nucleating precipitate and its parent phase [25,26], play an important 
factor in controlling the mechanical properties of metals and alloys, 
dictating dislocation glide pathways [27]. Understanding ORs is critical 
for realizing coherent interfaces between matrix and precipitates in 
HEAs. An OR is specified crystallographically by a pair of planes and 
directions, as in 1

A//1
B, with <uvw>A//<uvw>B, as OR formation de

pends strongly on the lattice parameter mismatch of the crystals 
involved [27]. Between a BCC crystal and an FCC crystal, there are five 
common ORs reported: Bain, Kurdjumov and Sachs (K–S), Nishiyama 
and Wasserman (N–W), Greninger and Troiano (G–T), and Pitsch [28]. 
Newly distinct ORs, however, have been reported between BCC and FCC 
systems in an austenitic stainless steel [29]. He et al. [29] presented new 
ORs between austenite (γ-FCC) and martensite (α′-BCC), formed by the 
relative rotation of − 12.8◦ from the Pitsch, in which [110] FCC//[111] 
BCC. Another new OR between delta-ferrite and austenite was observed 
in solidification microstructures of 304L and 309S austenitic stainless 
steels and a ternary Fe-Cr-Ni alloy [30]. This new OR (111) BCC//(110) 
BCC and [110] FCC//[110] BCC, had not been previously reported for 
BCC-FCC systems [30]. In a recent study of HEAs [31], three typical ORs 
for the B2 phase in Al0.3CoCrFeNi were found within the same micro
structure: KS, NW, and Pitsch. In another study of a similar HEA with a 
slight increase in Al, Rao et al. [32], reported two new ORs for the NiAl- 
B2 phase in Al0.5CoCrFeNi and Al0.7CoCrFeNi at room temperature, in 
which [001]BCC//[001]FCC and [011] B2//[11√2 ]FCC. While these 
results marked a step forward in gathering additional information about 
the precipitation behavior in HEAs, and in particular AlxCoCrFeNi, the 
mechanistic landscape of OR formation for BCC phases in the same alloy 
system is unclear. Alloy complexity, such as that exhibited by steels in 
the above-mentioned cases, seemed to dictate the multiplicity of ORs, 
however only the HEAs exhibited new, unique ORs. The presence of 
multiple, unique ORs suggests a dependency on local chemistry of a 
given alloy but exactly what underlies this OR-chemistry relationship 
isn’t entirely understood.

Local chemical order (LCO) describes the preference in local chem
istry of elements within a lattice that arises due to negative enthalpy of 
mixing believed to be more pronounced in HEAs [33–40]. Li et al. [41] 
studied the LCO in NiCoCr alloys at temperature between 649 K and 
1349 K (376 ◦C and 1076 ◦C) using atomistic simulations. The study 
suggested that the CoCrNi alloy develops local Ni segregation and Co-Cr 
ordering with decreasing annealing temperature. Another study on 
CoCrNi by Foley, Barnett et al. [42] found similar localized segregation 
of Ni away from CoCr, which in turn resulted in nanoscale domains of 
broken FCC symmetry, similar to strain glass alloys. Maiti et al. [43], 
revealed the presence of short-range clustering in TaNbHfZrTi refractory 
HEAs after annealing at 2073 K (1800 ◦C) for 24 h, which led to a 
notable yield strength of 2310 MPa. Even in conventional alloys, local 
chemical segregation can help stabilize the formation of secondary 
phases by varying the interfacial energy for precipitation [44]. 
Compositional fluctuations/ordering in complex alloys can lead to local 
segregation, and their chemical complexity can result in unusual ORs in 
two-phase materials. Specifically, chemical fluctuation/ordering alters 
the interfacial energy landscape, enabling the formation of high-energy 
interfaces. It also induces a change in lattice parameter (lattice distor
tion), and as a result, the formation of uncommon ORs [45]. Feng et al. 
[46], for example, reported that ORs and morphology of the precipitates 
in magnesium alloys were varied with the concentration of Sn in the 
solid solution. Understanding the degree of LCO in HEAs will provide a 
step forward in stabilizing precipitates at high temperature via tuning 
their ORs.

This paper elucidates the relationship between ORs and the complex 
chemical and energetic landscape in HEAs using a coupled multiscale 
microscopy and simulation approach. We examined the relationship 
between chemical complexity and the ORs of the BCC structure phases in 
the Al0.3CoCrFeNi high entropy alloys using compositional and struc
tural analyses via transmission electron microscopy TEM(TEM). To 

better understand the formation mechanisms of multiple different ORs 
that can arise in complex alloys, we perform atomistic simulation studies 
of the structure and energy of the FCC/B2 interface, in various possible 
orientations, using molecular dynamics calculations [46].

The results lead to a mechanistic foundation for stabilizing multi
phase HEAs at high temperatures which provides a piece of new 
knowledge for predictive alloy development. The multiplicity of ORs, 
including unique and new ORs, found in HEAs is a function of the 
chemical and energetic complexities associated with these alloy systems. 
Specifically, the local energetic fluctuations driven by compositional 
complexity give rise to a possible multiplicity of ORs in a microstructure 
by enabling local energetic minima via variations in coordination 
chemistry, allowing for ORs that in a single-component system would 
exhibit higher theoretical interfacial energies. Additionally, lattice 
distortion, dictated by LCO, can play a significant role in the various 
nucleation and growth mechanisms responsible for OR formation.

2. Methods

2.1. Alloy preparation and microstructure evolution characterization

Ingots of Al0.3CoCrFeNi were produced by vacuum-induction 
melting followed by hot isostatic pressing at (1477 K) 1204 ◦C and 
103 MPa for 4 h. To ensure chemical homogeneity, the alloys were 
subsequently heat treated at 1523 K (1250 ◦C) for 2 h. As-homogenized 
ingots were sliced into 300 μm thick samples by electrical discharge 
machining, followed by conventional metallographic preparation for 
TEM [47]. In our previous work on the AlXCoCrFeNi system [48–51], we 
designed a study concentrating on the acceleration of the precipitation 
kinetics in Al0.3CoCrFeNi via in-situ and ex-situ TEM heating techniques, 
we observed the formation of secondary phases using a high density of 
surface nucleation sites in the thin foil at a temperature between 823 K 
and 1173 K (550 ◦C and 900 ◦C). Our studies revealed the formation of 
an additional intermediate phase, where hundreds of hours of annealing 
time are predicted for this phase to be observed during ex-situ experi
ments. To verify the ORs between the BCC and FCC phases, in this study, 
we selected 973 K (700 ◦C), 500 h ex-situ heated alloy. We observed B2 
precipitates in the aged condition formed during the ex-situ annealing 
processes. Here, we compare the ORs between the BCC- B2 phase and 
the FCC matrix. To confirm the ORs between the two phases, we tilted 
the specimen so that the interface between the primary and secondary 
phases was approximately edge-on with respect to the optical axis of the 
microscope. This was done by tilting to minimize the apparent “width” 
of the boundary. We then relied on both selected area electron diffrac
tion and the Fourier transforms of high-resolution TEM images to crys
tallographically determine the OR. The out of plane direction was 
determined by indexing the Bragg pattern of each phase and the 
boundary plane was determined by determining which direction was 
running perpendicular to the edge-on interface.

To characterize local order, we used Extended X-ray Absorption Fine 
Structure (EXAFS) to study the nearest neighboring bond distribution in 
the as-homogenized alloy averaged over the length scale comparable to 
the sample dimensions and extended electron energy loss fine structure 
(EXELFS) [52–54] to study this distribution in nanometer-scale regions 
near precipitates in the aged alloy, relevant to OR formation. While 
techniques such as synchrotron EXAFS also provide sensitivity to local 
bonding distributions in bulk and nanoscale alloys in the millimeter to 
micrometer range of the X-ray beam spot sizes [55–62], EXELFS offers 
nanometer spatial resolution, which facilitates localized measurements 
changes of fine-scale diffusional processes. Local analysis through 
EXELFS can reveal spatial fluctuations in order relevant to energy 
minima and localized changes in ORs. In contrast, relying solely on bulk 
or EXAFS analysis would fail to extract such details. Details regarding 
EXAFS and EXELFS analysis are available in the online supplementary 
information. In this study, we applied EXAFS to measure the global LCO 
in a homogenized alloy and then utilized EXELFS to assess LCO locally 
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within the FCC phase after aging. The same relationships between the 
coordination numbers and bond lengths of different atomic pairs in the 
alloys used in EXAFS to determine the details of mixing, segregation, 
and short-range order were applied to the analysis of EXELFS data.

2.2. OR simulation

To test our overarching hypothesis that order and the resulting 
structural, chemical, and energetic variations, controls OR formation, 
the alloy system of FeNiCrCoAl, was chosen as a model system for its 
ordering tendency and its ability to form predictable precipitates. In this 
model system, the binaries with Al have significantly negative heats of 
mixing and therefore, a strong tendency for ordering. Embedded atom 
model (EAM) interatomic potentials have been developed recently to 
represent idealized FCC mixtures of Fe–Ni–Cr–Co–Al at near-equiatomic 
compositions [46,63]. In these potentials, mixed pair interactions 
involving Al were developed using a mix of the component pair func
tions fitted to known intermetallic properties. The binary mixtures in the 
model system containing Al yield significant ordering and reproduce the 
relatively large atomic size difference between Al and the other 
components.

Molecular dynamics simulations were performed to investigate the 
possible contributing factors to novel ORs, including short-range order 
(SRO) (both chemical and structural), dislocation behavior and distri
bution, and any elastic strain contributions. The prediction of local order 
at precipitate/matrix interfaces was complemented by experimental 
observations to understand the effects that these fluctuations have on 
the precipitate evolution and OR multiplicity. The interatomic poten
tials used here have been developed to represent highly idealized FCC 
mixtures of Fe-Ni-Cr-Co-Al at near equiatomic compositions [46]. The 
potential was developed to predict heats of mixing of all binary equia
tomic random FCC mixtures not containing Al as low, but significant 
ordering appears in alloys containing Al, driven by a large atomic size 
difference. The potentials can predict the relative stability of FCC qui
nary mixtures, as well as ordered L12 and B2 phases as a function of Al 
content. These predictions are in qualitative agreement with the findings 
of microstructural experiments observed via TEM, as will be shown in 
the results section. This interatomic potential set is developed to 
resemble, but not model precisely, the properties of this complex system, 
aiming at providing a tool to explore the consequences of the addition of 
a large size-misfit component into a high entropy mixture that develop 
multiphase microstructures. It is used here to understand basic trends in 
the nature of the interface between the FCC and B2 phases in an Al 
containing complex alloy.

The LAMMPS molecular dynamics code [64], along with the OVITO 
simulation package [63] were used to perform the simulations herein. 
Digital samples included a cubic B2 precipitate with 7.2 nm edge length 
embedded in an FCC matrix approximately twice the size of the pre
cipitate. The interface structure was relaxed at constant zero pressure in 
all directions and equilibrated at 300 K for 100 ps. The matrix phase is a 
random equiatomic FCC CrFeCoNi alloy, and the B2 phase was 50 % Al 
with the remaining four elements distributed at random in equiatomic 
proportion. The compositions of the bulk phases are given in Table 3. 
The interatomic potentials have been developed to predict these two 
phases at 300 K, with potential cohesive energies per atom of − 4.363 eV 
for the FCC matrix and − 3.962 eV for the B2 phase. Three ORs were 
studied: the KS, the Bain, and a non-typical OR identified in the present 
experiments, which is an example of a non-conventional ORs that can 
occur in complex HEAs.

In the analysis of the resulting structures, the atoms in the relaxed 
sample were assigned to the FCC matrix, the B2 precipitate, or the 
interface using the common neighbor analysis algorithm (part of the 
OVITO package [65]). The average potential energy of atoms in the 
interface was obtained and served as a basis for the estimation of the 
interface energy.

The interface energies were estimated from the difference of this 

average energy of atoms in the interface to the average of the FCC and 
B2 phase cohesive energies per atom (− 4.1625 eV), the number of atoms 
in the interface, and the corresponding interface areas (cube faces of 
51.84 nm2 each). For each of the three ORs studied, this procedure was 
performed separately for the three different interface plane orientations 
of the interface present in the cuboid precipitate. This yielded estimates 
of the average interface energy for each OR, as well as the variability of 
this energy in each case. The simulations also allowed the study of the 
composition of the relaxed interface in each case that resulted from the 
relaxation process. The estimates of interface energy values were used in 
a classical nucleation theory model to assess the effects of interface 
energy variation on nucleation barriers.

3. Results and discussion

Using a combination of theory and multiscale microscopy, the degree 
of chemical complexity was correlated with the nucleation and growth 
habits of precipitates in HEAs, and specifically how this chemical and 
structural landscape gives rise to OR multiplicity. As described above, 
these studies include not only the characterization of local order and 
unique ORs in these alloys but also seek to link these two phenomena 
through calculations of lattice and interfacial energies, measurements of 
interfacial elastic and plastic strains, and evaluation of the dislocation- 
based processes that precede and facilitate precipitate formation.

3.1. Local chemical order

The microstructure of as-homogenized and aged Al0.3CoCrFeNi has 
been previously investigated [47–50], where the as-homogenized alloy 
presents a single FCC phase and the aged (973 K (700 ◦C), 500 h) alloy 
consists of three phases: FCC-matrix, NiAl- B2, and Cr-BCC (Fig. 1A, and 
Supplementary Fig. 1). The NiAl- B2 and Cr-BCC phases consumed the 
Cr, Ni, and Al content of the FCC phase. As we showed in our previous 
work [48], the Cr and Al atomic concentrations decreased from 24 % to 
7.4 %–8.7 % and 3.19 %, respectively, after aging due to the formation 
of NiAl- B2 and Cr-BCC phases. Cr and Al have the largest atomic radii 
[1,66] compared to Fe, Ni, and Co. Therefore, smaller atomic size dif
ferences and lower lattice distortion are expected in the FCC phase of the 
aged alloy. The microstructural analysis was complemented by EXAFS 
and EXELFS analyses to examine the local bonding environment of each 
species. Because synchrotron EXAFS averages over a large sample area 
(of the order of one square millimeter) and because of the difficulty of 
excluding the matrix from the precipitates formed during aging, here, 
we rely on spatially resolved EXELFS [52], to examine the chemical 
order in the FCC-matrix after aging (Fig. 1). Fig. 1 shows a comparison of 
EXAFS Fourier transform magnitude (in r-space) for Cr (Fig. 1B), Co 
(Fig. 1C), and Ni (Fig. 1D) absorbers in as-homogenized and aged alloys. 
Due to the similarity of the photoelectron scattering amplitudes and 
phases of Co/Cr/Ni/Fe [60,67], we cannot quantify the contributions to 
EXAFS by the unique scattering pairs (e.g., Cr-Co, Cr-Cr, Cr-Ni and 
Cr-Fe) for the as-homogenized and aged data. Instead, we rely on the 
more crude but stable model that approximates all nearest neighbors to 
the absorber by a single atomic type and examines the difference in the 
best fit values of the length of such an effective “bond” for the 
as-homogenized and the aged alloys. The data in Fig. 1B-D shows that 
the first shell peaks around Cr, Co and Ni differ between the 
as-homogenized and the aged alloys. Quantitative analysis has been 
attempted using a simplified local structural model where Cr and Al 
scattering has been excluded from the fitting of Co/Cr/Ni and Fe 
absorber edges (details regarding EXAFS and EXELFS analysis are 
available in the online supplementary information and Supplementary 
Fig. 2–5). Based on this model, the average effective bond lengths 
(Supplementary Table 1) of Cr-M, Ni-M, and Co-M bonds decreased after 
aging. Cr and Al, which possess the largest atomic sizes in the alloy, also 
exhibit reduced concentrations within the matrix after aging, as 
confirmed by our Scanning Transmission Electron Microscopy 
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(STEM)/Energy Dispersive X-ray Spectroscopy (EDS) [48] analysis. This 
compositional change is consistent with the reduction in bond length 
observed in the EXELFS data, suggesting that Cr–M bonding becomes 
less favorable after aging.

Changes in local chemical order have been linked to fluctuations in 
lattice energetics. One example of such a phenomenon is the changes in 
stacking fault energies in 3d-transition metal-based alloys such as 
CoCrFeMnNi and CoCrNi. Both DFT and MD simulations predict changes 
in the energetic cost of the formation of a stacking fault in the FCC lattice 
as a function of the specific chemical configuration of the atomic planes 
involved in fault formation [68–70]. Nonconstant stacking fault energies 
have been verified experimentally [71]. While these and other studies 
[72] have correlated these findings with mechanical response due to the 
critical role the stacking fault energy plays in the type of dislocations 

that are available for plastic deformation, they also inform the present 
work since the stacking fault energy is essentially an interfacial energy 
like a phase boundary between a matrix and precipitate.

3.2. OR experimental determination

To verify the ORs between B2 and FCC phases, we utilized both 
selected area electron diffraction and the Fourier transforms of high- 
resolution TEM images. Fig. 2 contains TEM images of the BCC phases 
in an annealed Al0.3CoCrFeNi HEAs and reveals unexpected ORs be
tween BCC and FCC phases. Diffraction patterns from aged alloy show 
the common KS OR for the grain boundary (GB)- B2 phase (Fig. 2A). The 
rod-shaped B2 phase within the same sample, however, exhibits unusual 
ORs with the FCC matrix, where<110>FCC//<100>BCC, Fig. 2B-C. 

Fig. 1. Schematic representation of the microstructure of as-homogenized and aged alloys(A). Comparison of the R-space Cr(B), Co(c), and Ni(D) - K edge spectra for 
the as-homogenized alloy, as measured with EXAFS, compared to the aged alloy, as measured with EXELFS. The position of the peak associated with the first nearest 
neighbor shell shifts, indicating a change in bonding conditions. The absence of R-space data for Al is due to the challenges of obtaining reliable EXAFS signals at the 
low-energy Al K-edge, combined with limitations in beamline capability for measurements at this energy.
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The non-typical ORs can be attributed to the complex local chemistry 
observed in the as-homogenized and aged alloys, and the resulting en
ergetic and structural fluctuations, in HEAs [69–73]. The chemical 
complexity (combined with SRO) can influence interfacial structure by 
modifying local bonding environments and energetics. These factors 
may contribute to the formation of non-typical orientation relationships 
by promoting specific atomic configurations that deviate from ideal 
lattice matching criteria. In other words, we believe that this formation 
of non-typical ORs can be attributed to the complex local chemistry in 
AlxCoCrFeNi alloy system, a conjecture that has been made previously 
by the global HEA community [74]. For example, studies on the ener
getics of the AlCoCrFeNi system of HEAs have shown that due to the 
varying atomic radii and subsequent lattice distortion, the base lattice 
energy of the alloy can increase with increased complexity [75]. The 
increased lattice energy leads to a decreased barrier for nucleation of 
dislocations during deformation, while at the same time the distortion 
hampers dislocation kinetics due to fluctuations in the Peierls barrier 
[75]. The “rugged” energetic landscape of HEAs contrasts with con
ventional alloys that have relatively uniform lattice energies. Further
more, these variable energetic environments give rise to nonuniform 
values of stacking fault energies [69,71,73–75], which in turn lead to 
anomalous dislocation behavior where sometimes partial and some
times full dislocations are favored. Not only can these effects of complex 
chemical energetics affect dislocation processes (which itself affects 
precipitates formation in terms of providing nucleation sites and 
affecting kinetics), but it stands to reason that they could affect the 
nucleation and growth of precipitates (the stacking fault energy is, after 
all, essentially an interfacial energy). In fact, studies on Ni-Al and Ni-Fe 
alloys show significant differences in stacking fault energy between the 
ordered and disordered phases [76], directly highlighting the role 
atomic arrangement can play in modulating interfacial enegetics. In fact, 
in Ni-based super alloys stacking faults themselves can provide nucle
ation sites for secondary phase formation, and the chemical ordering on 
those stacking faults can determine the precipitation type [77]. Con
trolling the degree of order in these alloys means tuning of the energetic 
landscape in the matrix, in turn allowing for the encouragement or 
suppression of more exotic microstructures than found in conventional 
alloys. This can not only affect the precipitation process of secondary 
phases itself, but the subsequent mechanical response as a result of that 

process. Studies have shown that a careful balance of κ and B2 precip
itation in AlCFeMnNi alloys can lead to simultaneously high levels of 
strength in ductility due to the onset of slip band-refinement induced 
plasticity combined with precipitation and dispersion hardening [78]. 
The opportunity to tune alloy compositions and their local chemical 
order to stabilize unique combinations of microstructural features not 
achievable in conventional alloys.

3.3. OR simulation

This compositional complexity affects interface energies in various 
orientations. To illustrate these effects, Fig. 3 shows examples of 
different possible structures simulated in various orientation relation
ships, as well as average atomic cohesive energies as a function of the 
distance to the interface. Bins of 0.2 nm parallel to the interface were 
used for these averages. These results show a specific increase in energy 
in the interface region, that can be used to estimate the interface energy. 
These results also indicate that the interface has a certain thickness, 
resulting from the relaxation which we could estimate for each different 
interface orientation parameter. We observed wide variation in the 
structure and energetics of the interface simulated. We first estimated 
the interface thickness, using the number of atoms in the interface as 
obtained from the common neighbor analysis. Interface atoms were 
those that the analysis did not identify as belonging either to the matrix 
(FCC) or the precipitate (BCC). We estimate the interface thickness by 
dividing the sum of the atomic volumes of all atoms in the interface by 
the known interface area; we use atomic volumes estimated from the 
perfect lattice. Our estimates of the interface thicknesses ranged be
tween 0.3 nm and 0.5 nm, depending on the orientation relationship and 
orientation of the interface plane. Estimates of the interface energy 
varied between 0.8 J/m2 and 2 J/m2, depending on the orientation 
relationship and orientation of the interface plane. Table 1 reports the 
lowest values found for each OR, as well as the averages and the stan
dard deviations over the 6 precipitate faces.

We also analyzed the composition of the interface atoms, again as 
obtained from the common neighbor analysis. The results presented in 
Table 2 reveal that the interface exhibits a relatively higher atomic 
concentration of Al, reaching up to 32 % Al, compared to the anticipated 
average composition of the matrix and precipitate, which is 25 % Al. We 

Fig. 2. The crystallographic ORs between BCC and FCC after heating at 700 ◦C for 500 h. TEM image of annealed alloy (A) and the corresponding SADPs from the B2 phase 
and the matrix shows the reflection of <011>FCC from the matrix and <111> BCC from GB-B2 phase, and <001> reflection from the matrix-B2 phase, (B, and C, 
respectively). A schematic diagram illustrates the orientational relationships between the B2 and FCC phases, showing the related directions based on the indexed zone axes(D). 
The results reveal an unusual OR between the FCC and matrix B2 phases.
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note that this enrichment is due simply to the local relaxation of the 
interface since the time scale of our molecular dynamics simulations is 
too short to realize possible energy-driven segregation effects. Table 3

There was also some variability in the interface compositions 
depending on the OR, with interface compositions between 28 % and 32 
% Al on an atomic basis. The simulation results also showed a variety of 

different possible interface structures. Fig. 4 shows some examples of 
this variability, for each of the three OR simulated. These structures 
show different degrees of atomic matching at the interface, as exem
plified in Fig. 3.

Besides the interface energy and structure, we monitored the pres
ence of interface dislocations and dislocations emitted into the FCC 
matrix. This was done using the DXA dislocation extraction algorithm in 
OVITO package [65]. The KS OR sample showed Shockley partial dis
locations emitted into the matrix from the interface. The Bain OR 
structure showed a network of 1/6[110] stair-rod dislocations as part of 
the interface, these are shown in Fig. 4. The unusual OR exhibited no 
misfit dislocations.

These results are for a model system with no Al in the matrix and the 
B2 precipitate with perfect order with an Al atomic concentration of 50 
%. The observed variability in interface energies is expected to be even 
more important if the degree of order in the matrix or in the precipitates 
also varies. As an example of these effects, we computed the effects of 
ordering in the matrix by comparing alloys with random distributions of 
Al (disordered) with those where no Al-Al nearest neighbor pairs were 
present (ordered). Table 3 shows the predicted Al ordering effects 
through the lens of Al concentration of the interfaces relative to the bulk 
phases. Ordering decreases the cohesive energy of the FCC matrix as 
well as the stacking fault energy values for the FCC matrix. Further 
variability can be expected if segregation effects to the interface are 
taken into account.

The effects of ordering and a distribution of possible interface en
ergies can have a significant effect on the nucleation of the precipitates 
in various orientations. Using the results that are given by our potential, 
we applied classical nucleation theory using two possible values of the 
energy difference between the FCC and the B2, reflecting ordering ef
fects (L (low) with nucleation energies per atom of 0.16 eV/atom and H 
(high) with nucleation energies per atom of 0.2 eV/atom). We then 
considered three possible values of the interface energies that roughly 
span the range of interface energies predicted by our molecular dy
namics simulations (L, M, H corresponding to 0.8 J/m2, 0.96 J/m2, and 

Fig. 3. Examples of possible interfacial structures simulated with various orientation relationships. (A, B) Structures based on the KS and Bain orientation re
lationships, respectively, which are commonly observed in FCC–B2 systems. (C) A non-typical orientation relationship constructed using the {100} plane of the B2 
phase, based on the experimentally observed interface shown in Fig. 2. In all models, Al atoms are shown in green, with the B2 phase on the left and the FCC matrix 
on the right. (D) Average cohesive energy as a function of distance from the interface, calculated for the KS orientation relationship using two different interface 
plane orientations. Energy values are averaged over layers 0.2 nm thick. The KS and Bain models were selected as they are common orientation relationships between 
FCC and BCC phases. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1 
Interface energies (J/m2) calculated for the interface of various orientations. 
Uncertainties indicate the standard deviation over the six precipitate faces.

Lowest Average

KS 0.74 1.17 ± 0.36
Bain 0.8 0.85 ± 0.07
Non-typical 1.37 1.79 ± 0.37

Table 2 
Compositions of the phases and relaxed interfaces in the simulations (at. %).

Phases Al Co Cr Fe Ni

FCC 0 25 25 25 25
B2 50 12.5 12.5 12.5 12.5
Inter KS 33 18 17 16 16
Inter Bain 28 18 18 18 18
Inter non-typical 32 17 17 17 16

Table 3 
Ordering effects on cohesive energy and stacking fault energy as a function of Al 
content in the FCC phase predicted by the EAM potentials.

Al content (at %) Cohesive energy (kJ/mol) Stacking fault energy (mJ/m2)

0 0 0
5 − 0.4 − 5
10 − 1.1 − 25
15 − 2.2 − 26
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1.12 J/m2). Fig. 4C shows energy evolution as the nucleus grows in all 
six combinations. For comparison with a simpler non-ordering system, 
reasonable estimates for the nucleation of the BCC phase in pure FCC Fe 
are also included, using an energy difference between the FCC and BCC 
phases of 0.15 eV and an interface energy of 0.22 J/m2 [79].

Critical nucleus sizes are given by the maxima in the curves shown in 
Fig. 4C and are around 1.3 nm–1.6 nm, or about 200 atoms to 500 
atoms. It is important to emphasize the role of compositional complexity 
on interface energetics and nucleation behavior. In pure Fe, the FCC/ 
BCC interface energies are significantly lower, and the critical nucleus 
size is approximately 0.5 nm (just a few atoms). In contrast, complex 
alloys exhibit interface energy variations influenced by the local distri
bution of constituent elements. Fluctuations in local chemical order, 
caused by the inherent complexity of the alloy, further broaden the 
range of possible interface energies. This variability, in turn, impacts the 
critical nucleus size and nucleation barriers in HEAs compared to pure 
metals. Our simulations using empirical potential indicate a wide range 
of possible interface energies in complex alloys. While the results are 
semiquantitative and the specific atomic-scale interface structures have 
yet to be experimentally verified, they provide insight into the potential 

multiplicity and complexity of interface configurations. It is also clear 
from the estimates that changes in the ordering state of the FCC can also 
affect which orientation is nucleated. These complexities at the nucle
ation stage can contribute to the observation of various non-traditional 
orientation relationships in HEA alloys. Future work using high- 
resolution TEM (HRTEM) characterization of these interfaces in com
plex alloys can further confirm these predictions.

4. Conclusion

The toolset described above was combined to investigate the impact 
of compositional and chemical order complexity on OR formation 
mechanisms. This work provides an initial view of how local fluctua
tions in structural and chemical order can influence preferred ORs. We 
combined EXELFS and EXAFS to study the local chemistry in 
Al0.3CoCrFeNi. Our results show that the average effective bond lengths 
of Cr–M, Ni–M, and Co–M bonds decrease after aging, and that Cr–M 
bonding becomes less favorable. TEM characterization revealed the 
formation of new ORs between the BCC and FCC phases, driven by local 
chemical complexity. Specifically, we report the presence of two B2 

Fig. 4. Misfit dislocation arrays observed for precipitates in the A) KS, and B) Bain orientation relationships. Nucleation barriers given by classical nucleation theory 
assuming three different values of the interface energy and two different values of the energy difference between the two phases(C). The estimates are consistent with 
values given by the potentials utilized in the simulations.
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phases in the aged alloy, each exhibiting a distinct OR: one follows the 
typical KS OR, while the other shows an unusual relationship with the 
FCC matrix, where <110>FCC aligns with <100>BCC. These non- 
typical ORs can be attributed to the complex local chemistry observed 
in both the homogenized and aged states of the alloy, and to the asso
ciated energetic and structural fluctuations characteristic of HEAs.

The simulations demonstrate that compositional complexity and 
local ordering significantly impact interface structure, energy, and 
nucleation behavior. A wide range of interface energies (0.8–2 J/m2) 
was observed, with the lowest value associated with the KS OR and the 
highest with the non-typical OR. Interface thickness varied between 0.3 
and 0.5 nm depending on the interface plane and OR. Local atomic re
laxations led to variations in interface composition, particularly Al 
enrichment, and different degrees of atomic matching at the interface. 
Dislocation structures also varied with orientation, with some ORs 
showing Shockley partials or stair-rod networks, while others remained 
dislocation-free. Nucleation analysis based on classical theory indicates 
that these variations translate into larger critical nucleus sizes in HEAs 
compared to pure metals. The results emphasize that local chemical and 
structural disorder in complex alloys directly affects interface energetics 
and can lead to non-traditional orientation relationships.

The combination of interatomic potentials and innovative, multi
scale microscopy techniques provides a toolset to explore the conse
quences of chemical complexity in HEAs, particularly in the 
development of multiphase microstructures. The findings resulting from 
this work will provide a foundation to explore currently untapped 
compositional space toward alloy phase evolution.
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