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Interstitials in compositionally complex 
alloys
Ian Baker,*   Blazej Grabowski,   Sergiy V. Divinski,   Xi Zhang,   and Yuji Ikeda 

The effects of interstitial alloying on the mechanical and diffusive properties of compositionally 
complex alloys (CCAs), including high-entropy alloys (HEAs), are reviewed. The solubility of 
interstitial elements in CCAs can be extraordinarily high, a feature corroborated by ab initio 
density functional theory simulations. The yield stresses, work-hardening rates, and Hall–Petch 
slopes of CCAs are normally reported to increase due to interstitial alloying. In some CCAs, 
interstitial alloying has been found to enhance both strength and ductility, thus circumventing 
the traditional tradeoff between these properties. Self-diffusivities of the HEA CoCrFeMnNi are 
found to show complex dependences on interstitial C concentration as well as on temperature. 
Some CCAs with Laves phase or body-centered cubic crystal structures show potential as 
hydrogen-storage materials, with both experimental and computational research in this area 
steadily increasing. Based on the insights obtained, possible directions for further studies on 
the impacts of interstitial alloying in CCAs are suggested.

© The Author(s) 2023

doi:10.1557/s43577-023-00558-9

Introduction
Independently, but almost simultaneously, Cantor et al.1 and 
Yeh et al.2 demonstrated that multielement alloys of equiatomic 
proportions could be cast as single-phase materials. Based on 
the idea that the resulting high configurational entropy would 
counterbalance the enthalpy of intermetallic phase formation, 
thus avoiding second phase formation, Yeh et al.2 named these 
novel materials high-entropy alloys (HEAs), which they defined 
as containing at least five elements with concentrations from 
5–35 at.%. Subsequently, the definition became more loosely 
used, and currently many papers have utilized the term HEA 
even when some elements were present at less than 5 at.% or 
when only four elements were present. Around the same time,3 
interest emerged in multiphase multielement alloys with elemen-
tal concentrations from 5–35 at.%. Such alloys have several dif-
ferent names, including multi-principal component alloys, multi-
principal element alloys, and compositionally complex alloys 
(CCAs), a term that we will use here. We note that, while many 
as-cast HEAs are single-phase, upon subsequent annealing, one 
or more phases can precipitate.4 Thus, we could consider HEAs 
as a class on CCAs, which are often metastable.

Interstitials can produce a wide range of effects depend-
ing on the alloy system. They can, for example (1) alter the 
phase equilibria,5–7 including stabilizing metastable phases; 
(2) change the microstructure (e.g., decrease the grain size);8 
(3) modify stacking-fault energies;9 (4) change mechanical 
properties;10 and (5) affect the diffusion behavior of substi-
tutional atoms.11–13 Some of these effects have been barely 
studied for CCAs and are ripe for exploration. A recent paper10 
has intensively reviewed the effects of interstitial alloying on 
the mechanical properties of HEAs.

In this article, we review the effects of interstitial alloy-
ing in CCAs, including also their solubilities and diffusive 
properties. Over the last few years, these properties have been 
investigated not only by experiments but also by simulations, 
particularly those based on density functional theory (DFT), 
which can provide physical insights and explanations on the 
experimentally observed phenomena. Such recent DFT-based 
studies of interstitials in CCAs are also reviewed. Further, we 
provide an overview of a potential application of some CCAs 
for hydrogen storage, where a large amount of hydrogen can 
be accommodated in their interstitial sites.14
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Large solubility of interstitals in CCAs
The solubility of the interstitial elements such as boron, car-
bon, hydrogen, nitrogen, oxygen, and sulfur in elemental met-
als is generally quite low.15 Nevertheless, even these very low 
concentrations of interstitials can affect ductility (e.g., carbon 
can lead to blue brittleness in steels16 and sulfur can embrit-
tle grain boundaries in nickel).17 Although the solubilities of 
interstitial elements are low, the interstitial strengthening per 
atomic percent can be very high, particularly in body-centered 
cubic (bcc) metals.18 In contrast, the solubility of interstitials 
in CCAs can be quite substantial. Liu et al.19 reported that 
ultrahigh strength can be achieved through a massive solid 
solution of interstital oxygen, carbon, and nitrogen (up to 12 
at.%) in a ternary bcc TiNbZr alloy. Since in some conven-
tional alloys, such as twinning-induced plasticity (TWIP) 
steels or stainless steels, interstitals can generally provide 
strengthening, a comprehensive understanding of the solu-
bility of interstitials in CCAs as well as the related physics 
becomes an indispensable step to develop potentially high-
strength CCAs.

The solubility of a solute at different sites in a given 
matrix can be estimated from the energy differences between 
the structures with and without the solute atoms, which can 
be directly computed via DFT. For elemental metals, these 
energies can be straightforwardly obtained by enumerating 
all possible types of substitutional and interstitial sites, as 
shown by the delta peaks in Figure 1a for a solute Co atom 
in pure Hf. For concentrated multicomponent systems, how-
ever, these solution (or solute formation) energies become 
very sensitive to the local chemical environments.20–24 The 
resulting distributions of the calculated formation ener-
gies, the so-called “density of states” (DOS) describing the 
number of states with a formation energy within a small 

energy interval, generally exhibit a significant broadening 
as depicted by the blue and the red DOSs in Figure 1b for 
the Al15Hf25Sc10Ti25Zr25 HEA.20 Note that, as the chemical 
complexity becomes significant in HEAs, many local posi-
tions (both substitutional and interstitial) appear energeti-
cally favorable for Co (negative formation energy), indicat-
ing a considerable enhancement of the Co interstitial and 
substitutional solubilities (Figure 1c–d). Remarkably, the 
preferred type of site for Co to occupy reverses from pure 
Hf to the HEA, which changes the corresponding diffusion 
mechanism as well, as discussed in the section on diffusion 
below. Indeed, such a dramatic reversion of the Co partition-
ing between substitutional and interstitial sites was found20 
to start to occur in the ternary HfTiZr by the addition of 
Ti to binary HfZr. As shown in Figure 1e, the formation 
energies of the (octahedral) interstitial Co in ternary HfTiZr 
decrease with an increasing number of Ti atoms in the local 
neighborhood. The significant broadening of the DOS from 
HfZr to HfTiZr (right panel of Figure 1e) can be explained 
by the large relaxations of the interstitial Co (relaxed posi-
tions indicated by red dots in Figure 1f).

In general, the significant chemical complexity and lattice 
distortions in CCAs could potentially provide an increased 
number of energetically favorable interstitial positions and 
thus enhance the solubility of interstitials. On the other hand, 
the addition of more elements could increase the solution 
energies as well. A comprehensive understanding requires 
future studies for more CCAs.

Enhanced mechanical properties
The effects of interstitial alloying on quasistatic mechani-
cal properties have been studied largely at room temperature 
with some work at 77 K, while there are few studies at higher 
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Figure 1.   Ab initio predicted formation energies and solubilities of interstitial Co in pure hexagonal close-packed (HCP) Hf and HCP Al15Hf25
Sc10Ti25Zr25 high-entropy alloy (HEA_15Al). (a, b) Density of impurity states (impurity DOS), abbreviations: O, octahedral; BO, basal octa-
hedral; C, crowdion; BC, basal crowdion; T, tetrahedral; BT, basal tetrahedral; (c, d) calculated temperature-dependent solubilities from the 
impurity DOS; (e) variation of the formation energies of the interstital Co with the number of Ti atoms in the 1st neighbor shell in ternary HfTiZr;  
(f) 3D illustration of the relaxations of the Co at different octahedral positions, where each red dot represents the relaxed position of an indi-
vidual local chemical environment. (a–f) Adapted with permission from Reference 25.
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temperatures. Work has largely been on single-phase alloys 
and there is a limited amount of data: obviously, results for 
multiphase alloys would be harder to interpret because the 
partitioning of the interstitial elements between different 
phases would have to be known. Even for single-phase HEAs, 
it is often hard to tease out the strengthening due to inter-
stitial alloying because the interstitial could not only affect 
the strength directly but also indirectly by affecting the grain 
size.8 A discussion of such issues when determining interstitial 
strengthening in polycrystals can be found in Reference 10.

Note that, regarding interstitials, it is not appropriate to assume 
that the as-prepared nominal composition is correct—the intersti-
tial content should be accurately measured. The data we hereafter 
refer to are therefore derived not from nominal but from real com-
positions reported in the literature whenever possible.

Table I shows the increase in yield strength per at.%, 
�σy/�c , due to the addition of C or N for various HEAs in the 
face-centered cubic (fcc) phase at room temperature together 
with some data for traditional alloys. Note that the value may 
not always be accurate when it is derived from only one con-
centration of a dopant. Nevertheless, it is evident not only that 
interstitial strengthening can be quite substantial, but also that 
it is of a similar magnitude to the strengthening observed in 
traditional alloys. It has also been found that �σy/�c for C or 
N can be 2.65–2.67 times larger at 77 K than at 293 K.26,27 It is 
worth noting that the interstitial strengthening per atomic per-
cent is comparable to that produced by substitutional atoms.28 

The concentration dependence of interstitial strength-
ening is often described by either the Fleischer39 or the 
Labusch40 models, which were developed for substitutional 
atom strengthening. In these models, �σy is proportional to 
c
1/2 and c2/3 , respectively. However, tensile testing at room 

temperature of several CCAs containing several different 

concentrations of either C (i.e., Fe40.4Ni11.3Mn34.8Al7.5Cr6,9  
NiCoCr,32 CoCr0.25FeMnNi),27 or N (i.e., NiCoCr,41 Cr15
Fe46Mn17Ni22,30 CoCrFeMnNi)26 appears to show a σy ∝ c 
relationship. Tensile testings of several traditional alloys 
doped with N (i.e., Fe-17Cr-10Mn-5Ni,42 Fe-18Cr-8Ni,43 
and Fe-27Cr-32Ni-3.3Mo) (tested at several temperatures 
within 78–873 K)44 also seem to show this linear concentra-
tion dependence. The concentration dependence of the yield 
strength is an area worth studying further both experimentally 
and theoretically.

Chemical short-range ordering (SRO) should also be an 
important component of interstitial strengthening; inter-
stitials could either increase or decrease the SRO. While 
recently direct observation of chemical SRO was reported for 
VCoNi,45 it is still challenging to quantify SRO experimen-
tally. To assess the impact of SRO on mechanical properties, it 
is essential to understand its effects on dislocation behavior.46

Work‑hardening rate
While σy is related to how interstitial atoms affect disloca-
tion motion, the change in work-hardening rate (WHR) is 
also affected by how interstitial atoms affect the cross-slip 
behavior, transformation to another phase, and the onset of 
twinning. The results of measurements of WHR in various 
studies on the same CCA are often contradictory. For example, 
Wu et al.33 found that 0.5–2.0 at.% C increased the WHR of 
CoCrFeMnNi at both 77 K and 293 K by about 20 percent. In 
contrast, Li47 found only a small increase in WHR with the 
addition of 0.25–0.90 at.% C, and Chen et al.48 found 1.1 at.% 
C had little effect on WHR at 293 K. The impact could also 
depend on interstitial elements; for NiCoCr, Moravcik et al.31 
showed that 0.5 at.% N barely affects the WHR of the alloys 
with a grain size of 43–45 µ m, while Shang et al.32 showed 
that C did not affect the WHR up to 0.25 at.%, but increased 
at 0.75 at.% for alloys with the grain sizes of 140–160 µm.

When WHR increases were found in CCAs, these were 
related to observed changes in deformation behavior.9,27,29,49 
Again, modeling the effect of interstitials on the WHR of 
CCAs is an area that has seen little effort thus far.

Ductility
Interstitials can also affect the ductility. For example, 
for undoped CoCrFeMnNi with an average grain size of 
0.65–155 µm,50–52 the strain to failure ǫf  is in the range of 
0.4–0.7 at 293 K and tends to increase with increasing grain 
size. For CoCrFeMnNiCx , Chen et al.48 showed that the strain 
to failure ǫf  increased from about 50% at x = 0 to about 60% 
at x = 0.05 ( ≈1 at.%), while for higher C concentrations up 
to x = 0.2 ( ≈4 at.%), ǫf  starts to decrease drastically down 
to about 10 percent. In contrast, Wu et al.33 showed a large 
decrease in ǫf  due to the addition of only 0.5 at.% C for an 
alloy with an average grain size of ∼115 µ m both at 77 K 
and 293 K. The difference of the C impact between the two 
studies could be related to the average grain size. Similar 

Table I.   Increase in yield strength per atomic percent, �σ y/�c , due 
to C or N for various fcc HEAs.

Alloy Inter-
stitial

T (K) �σ y/�c 
(MPa/
at.%)

Refer-
ence

Fe40Mn40Co10Cr10 C RT 60 29

Fe40.4Ni11.3Mn34.8Al7.5Cr6 C RT 184 9

Cr15Fe46Mn17Ni22 N RT 95 30

NiCoCr N 293 81 31

NiCoCr C RT 140 32

CoCrFeMnNi C 77 320 33

CoCrFeMnNi C 293 120 33

CoCrFeMnNi N 77 310 26

CoCrFeMnNi N 293 117 26

CoCr0.25FeMnNi C 77 142 27

CoCr0.25FeMnNi C 293 64 27

TWIP steels C RT 26–42 34, 35

316 stainless steel N RT ∼110 36

Fe-19Cr-10Ni N RT ∼130 37

Fe-18Cr-10Ni N RT ∼185 38
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discrepancies of the results have been obtained also for Fe40
Mn40Co10Cr10.29,49 Neither C nor N had much effect on ǫf  for 
large-grained NiCoCr.31,32 Understanding the role of intersti-
tials on the ductility is worthy of further efforts. The effect of 
interstitials is likely related to changes both in deformation 
mode and in WHR.

Hall–Petch slope
Interstitial elements in CCAs can dramatically change the 
Hall–Petch slope k by segregating to the grain boundaries. 
For example, the addition of 1 at.% C appears to increase k for 
equiatomic CoCrFeMnNi from 394–497 MPa· µm−1/2 50–52 to 
935 MPa· µm−1/2 53 at room temperature. More dramatically, 
the addition of 0.47 at.% N to equiatomic NiCoCr increased k 
from 265 MPa· µm−1/2 54 to 748 MPa· µm−1/2.31 These obser-
vations indicate that the interstitial atoms made slip transmis-
sion across the grain boundaries more difficult although there 
were no measurements of the segregation behavior. It is worth 
noting that many studies, when calculating the strengthening 
from grain boundaries, ignore the fact that the Hall–Petch 
slope is changed by interstitials.

Slip mode
Interstitials can substantially change the slip behavior. For 
example, interstitial-free equiatomic CoCrFeMnNi deforms 
initially by dislocation glide, but at larger strains twinning also 
occurs.51,52,55 There is some inconsistency of the impact of 
interstitial C alloying on the deformation mode as reported in 
different papers. Stepanov et al.53 and Li47 reported C reduced 
deformation twinning, while Wu et al.33 reported the exact 
opposite. Chen et al.48 reported that deformation twinning in 
CoCrFeMnNiCx increases from x = 0 to x = 0.05 , but is not 
observed when the C content further increases to x = 0.1 . A 
possible reason for the discrepancies is the extent of segrega-
tion of C to the grain boundaries; Stepanov et al.53 and Li47 
reported that there was no C segregation at the grain bound‑ 
aries, while Chen et al.48 observed C segregation at the grain 
boundaries for CoCrFeMnNiCx when x < 0.1.

The impact of interstitial C depends also on the matrix 
composition. For nonequiatomic CoCr0.25FeMnNi, Klimova 
et al.27 reported that deformation twinning did not occur at 
all with or without C. For undoped Al7.5Cr6Fe40.4Mn34.8Ni11.3 , 
Wang et al.9 observed initially wavy slip at low strains and 
cell formation at high strains. For the C-doped counterpart, in 
contrast, planar slip was observed at low strains, and a non-
cell forming structure composed of the Taylor lattice, domain 
boundaries, and microbands was found at high strains. For 
Fe40Mn40Co10Cr10 , Chen et al.49 reported that C additions 
increased the deformation twinning.

The deformation modes of fcc austenitic alloys such as 
high-Mn steels often correlate with their stacking-fault ener-
gies.56–60 Ab initio DFT simulations22–24 suggest that, under 
the assumption of random distribution, interstitial alloying of 
C or N increases the stacking-fault energies of CoCrFeMnNi 

and Al0.5CoFeMnNi, which supports potential changes of 
deformation modes for these alloys, for example, from defor-
mation twinning to dislocation glide, due to the interstitial 
alloying.

Intriguing diffusion properties
In general, diffusion of interstitial elements such as C and N 
is studied using tracer diffusion (applying typically the 14 C 
radioisotope), chemical diffusion (using a diffusion couple 
technique), or mechanical spectroscopy methods.61 Unfortu-
nately, no such measurements have been reported so far for 
CCAs such as CoCrFeMnNi, although C diffusion in both bcc 
and fcc Fe-X (X = Cr, Mn, Co, Ni, etc.) binary alloys has been 
analyzed.62,63

Interestingly, interstitial C is found to impact self-diffu-
sion of the substitutional elements in CoCrFeMnNi. Specifi-
cally, the tracer diffusion of the substitutional elements in 
(CoCrFeNiMn)1−xCx was carefully measured by Lukianova 
et al.11,13 Two different characteristic effects of the interstitial 
carbon on substitutional diffusion in these fcc alloys were dis-
tinguished. At the highest temperature of 1373 K, minor alloy-
ing by C ( x ≤ 0.002 ) retards substitutional diffusion. At lower 
temperatures and/or higher C concentrations ( x ≥ 0.005 ), an 
enhancement of the diffusion rates of all substitutional ele-
ments was observed. It was proposed that the lattice distor-
tions caused by the interstitially dissolved carbon affect the 
self-diffusivities in the CoCrFeMnNi–C alloys.13

Interstitial alloying also affects vacancy diffusion in CCAs. 
Using positron annihilation measurements, Lu et al.64 reported 
an enhancement of vacancy diffusion induced by C and N 
interstitial alloying in a CoCrFeMnNi HEA compared with 
the respective interstitial-free HEA.65 The authors observed 
a reduction and narrowing of the migration barrier distribu-
tion for irradiation-induced vacancies.64 This behavior was 
related to preferential localization of interstitial C and N to 
Mn- and Cr-rich regions in the alloy, which was predicted by 
DFT calculations.64

3d transition metallic elements such as Co, Fe, and Ni dem-
onstrate unusual diffusion behavior in the α-phases of Ti, Zr, 
and Hf. They show not only high interstitial solubilities in the 
HCP lattices, but also extremely high diffusivities, which exceed 
those typical for self-diffusion by many orders of magnitude 
and are even faster than typical interstitials such as C, N, or B 
(only H diffusion rates in these α phases are higher).66–68 Such 
ultrafast diffusion rates and the formation of vacancy–solute 
pairs affect self-diffusion, especially at lower temperatures68 and 
are important for the mechanical properties. A recent study by 
Vaidya et al.20 discovered the existence of ultrafast diffusion for 
Co in HCP AlScHfTiZr HEAs. Using DFT-informed calcula-
tions, this behavior was explained in terms of preferential inter-
stitial solubility for Co in the HCP matrix and correspondingly a 
relatively small activation energy of diffusion.20 Such behavior 
could be expected for other 3d transition elements (Fe or Ni) in 
HCP HEAs based on Hf, Ti, and Zr.
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Potential for hydrogen storage
An important potential application of CCAs is for hydrogen 
storage, where hydrogen atoms occupy the interstitial sites 
in the parent lattices. Here, we briefly introduce particularly 
noteworthy experimental results as well as the current status 
of ab initio DFT simulations of CCAs for hydrogen storage.

In 2010, Kao et al.69 described the potential of the TixVy

MnFeCoZrz HEA crystallizing in the hexagonal Laves phase 
(the C14 structure) for hydrogen storage. Subsequently, other 
Laves-phase CCAs were discovered to have potential for 
hydrogen storage.70–74 In particular, Edalati et al.71 synthesized 
C14-structured TiZrCrMnFeNi, which absorbed and desorbed 
hydrogen reversibly with a gravimetric storage capacity of 
1.7 wt% at room temperature with rapid kinetics. Mohammadi 
et al.74 extended the study to TixZr2−xCrMnFeNi and found that 
the plateau pressure at room temperature in the pressure–com-
position–temperature (PCT) diagram increases with increasing 
Ti content. This also clearly demonstrates the possibility to 
tune the hydrogen-storage properties by modifying the com-
position of CCAs.

Other important CCAs for hydrogen storage are those with 
the bcc structure. In 2016, Sahlberg et al.14 reported that bcc 
TiVZrNbHf could absorb hydrogen up to a hydrogen-to-metal 
(H/M) ratio of 2.5, comparable to H/M ratios in traditional 
hydrogen-storage alloys such as LaNi5 . Upon hydrogenation, 
TiNbVZrHf showed a phase transition from the bcc to the 
body-centered tetragonal (bct) phase. Later many other bcc 
CCAs with potential for hydrogen storage75–79 were found to 
show similar phase transitions from the bcc to the bct or to the 
fcc phase upon hydrogenation. The high H/M ratios in these 
CCAs were ascribed to the hydrogen occupation of both the 

tetrahedral and the octahedral sites in the bct phase,14 as later 
confirmed by neutron diffraction.80,81 The increase of available 
sites is likely due to large lattice distortions in CCAs, indicating 
the high potential of CCAs for hydrogen storage by accommo-
dating a large amount of hydrogen.

Compared with the rapid progress of experimental stud-
ies within only a few years, theoretical studies based on ab 
initio DFT simulations are still limited. Most of them are for 
bcc CCAs consisting mainly of refractory elements,81–88 and 
only a few are for the Laves phases with sublattice-disorder-
ing.74,89–91 For bcc HEAs, Hu et al.85 showed a phase transi-
tion from bcc to fcc for TiZrNbMoHf upon hydrogenation 
in their DFT simulations, consistent with experiments.81,84 
For Laves-phase HEAs, Mohammadi et al.74 demonstrated 
that the binding between hydrogen and metal atoms becomes 
weaker with increasing the Ti content for C14-structured 
TixZr2−xCrMnFeNi (Figure 2). This is consistent with the 
experimentally observed increase of the plateau pressure in 
the PCT diagram with increasing Ti.74

Summary and outlook
We have briefly reviewed the effects of interstitial alloying 
on the mechanical and diffusive properties of CCAs as well 
as their potential application for hydrogen storage. Inter-
stitial elements can show high solubilities in CCAs, which 
can affect their mechanical properties significantly. In par-
ticular, the yield strengths, WHRs, and Hall–Petch slopes of 
CCAs often increase due to interstitial alloying. Interstitial 
elements in CCAs sometimes also enhance the ductility. 
Self-diffusivities of CoCrFeMnNi are found to show com-
plex dependences both on interstitial C concentration and 
on temperature. High solubilities of interstitial hydrogen 
offered by some CCAs provide the possibility for hydrogen 
storage with high capacities.

On the other hand, it has also been demonstrated that 
experimental results on the impact of interstitial alloying on 
mechanical properties are often contradictory with each other. 
To solve the discrepancies, further experimental studies with 
detailed characterization are suggested. Chemical SRO should 
also be important for interstitial strengthening, and it is thus 
essential to spend efforts to quantify and understand the role 
of SRO. Diffusion measurements of common interstitial sol-
utes in fcc and bcc CCAs are so far missing and thus have to 
be performed. A theoretical assessment of the impact of the 
complex chemical environment on the diffusion rates of inter-
stitial solutes has to be elaborated as well. From a simulation 
perspective, it is also promising to utilize machine learning 
interatomic potentials (MLIPs) fitted to DFT results to gain 
insight for mechanical and diffusive properties in CCAs from 
an atomistic viewpoint. For CCAs, MLIPs have shown great 
success for studying (e.g., finite-temperature thermodynamic 
properties,92–94 lattice distortions,95 and even magnetic prop-
erties)96 almost to the accuracy of DFT calculations. It is thus 
promising to simulate interstitial alloying in CCAs also using 
MLIPs.
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Figure 2.   H binding energies in TixZr2−xCrMnFeNi Laves-phase high-
entropy alloys obtained by ab initio DFT simulations using supercell 
models.74 A supercell model considered for the simulations is also 
shown.
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