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A B S T R A C T   

A distinguish feature of high-entropy alloys (HEAs) is well-defined crystalline structure with chemical disorder. 
While, local lattice distortion is a longstanding issue in HEAs and more challenging than traditional alloys. 
However, reports on local lattice distortion of HEAs are rarely related to chemical compositions. Here, we use 
synchrotron radiation facility based XRD and X-ray absorption fine structure (XAFS) to examine averaged lattice 
distortion and element specified local lattice distortions in CrCoNi medium-entropy alloy (MEA), CrFeCoNi and 
CrMnFeCoNi HEAs. The results showed that averaged lattice distortions observed from XRD patterns are subtle. 
The distortion magnitude centred around certain alloying element observed in XAFS spectra keeps in the same 
order, generally, Ni > Co > Fe > Cr > Mn. The observed positive strains are proposed to counteract negative 
strains and thus leading to observation of subtle averaged lattice distortion. The XANES results suggested that 
local electron structure flexibility of element might be one factor that contributes to local lattice distortions. The 
magnetic measurements indicated a paramagnetic state of all the studied alloys at ambient conditions. This study 
provides key information on local lattice distortion and its correlations with chemical compositions in HEAs, 
which is of crucial importance in tailoring properties of advanced HEAs and other multicomponent alloys.   

1. Introduction 

As a new alloy design strategy, high entropy alloys (HEAs) have been 
attracting increasing attention since the first inception in 2004 [1,2], 
numerous HEAs [3–6] have been discovered and Cantor alloy system 
(such as equiatomic CrCoNi MEA, CrFeCoNi and CrMnFeCoNi HEAs) has 
been attracting extensive research interests due to their unprecedented 
properties such as cryogenic-temperature ductility [7], exceptional 
damage tolerance [8], superior mechanical behavior [9] etc. Generally, 
the 3d metal HEAs present in a single phase with simple face centred 
cubic (FCC) structure and chemical disorder. Occupation of the same 
crystallographic sties with atoms of different sizes and lacking of 
chemical periodicity make the atoms in HEAs displacing from their 
idealistic lattice positions, subsequently, local lattice distortion is 

expected and further proposed playing a vital role of importance on 
mechanical performance [10,11], solid solution strengthening [12,13], 
phase stability [14–17], and atomic diffusion capacity [18,19], etc. The 
presence of local lattice distortion is energetically unfavorable [20–22], 
but it plays a crucial role on mechanical performance of metals. 
Although, Hume-Rothery rules [23] and Vegard’s law [24] are exten-
sively used in binary alloys to evaluate lattice distortions, apparent de-
viations from Vegard’s law in CrCoNi MEA and CrMnFeCoNi HEA have 
been reported [25]. Hence, local lattice distortion always exists even in 
traditional alloys. However, the characterization of local lattice distor-
tion becomes more challenging in HEAs because of the complex chem-
ical composition. Characterization methods such as XRD and pair 
distribution function (PDF) provide averaged lattice distortions of the 
whole crystal structure, thus, the limitations on resolving local lattice 
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distortions around specified chemical compositions in HEAs are obvious. 
As such, more quantitative studies are endeavored to tackle this issue for 
enhancing our understanding of structure-property relationships. 

As it was firstly proposed by Yeh [27] that lattice structure distor-
tions in CrMnFeCoNi HEA are expected to be severe, however, the 
experimental results obtained by total scattering [26,28], HRTEM [10] 
and Extended X-ray absorption fine structure (EXAFS) [29,30] evi-
denced the absence of serious lattice distortions. Similar contradictory 
experimental observations have also been reported in CrFeCoNi HEA 
[28,31]. Furthermore, disagreements on local lattice distortion between 
simulations and experimental observations have been frequently re-
ported [28,29,32]. Obviously, more further dedicated studies are 
required. Yet, several parameters or models have been tried from the 
viewpoints hard sphere model [15], soft sphere assumption [33–35], 
valence electron concentration [36], and so on [21]. However, to the 
best of our knowledge, investigations of local lattice distortion corre-
lating to each chemical composition have been reported very limited, 
although chemical short range order plays as a key factor on 
structure-property tailoring [37], particularly, in multicomponent alloys 
[38–40]. Hence, it is of vital importance to decipher associations be-
tween local lattice distortions centred around specific chemical 
composition. 

In the present study, we use synchrotron radiation based XRD and 
EXAFS to interpret averaged lattice distortion and element specified 
local lattice distortion in CrCoNi MEA, CrFeCoNi and CrMnFeCoNi 
HEAs. We provide detailed local atomic structure evolutions with 
chemical complexity increase and calculated the standard deviation of 
atom pair distance to quantitatively assess local lattice distortions cen-
tred around each composition element. To the best of our knowledge, we 
firstly reported the correlations between local lattice distortion and 
chemical composition in CrMnFeCoNi system. We further addressed that 
the origin of local lattice distortion closely relates to local electron 
structure flexibility. Magnetic properties were characterized to deepen 
understandings on correlations among physical property, lattice struc-
ture, and chemical compositions of CrMnFeCoNi HEAs system. 

2. Materials and methods 

The most representative FCC structured CrCoNi MEA, CrFeCoNi and 
CrMnFeCoNi HEAs were produced in near equal atomic composition 
(Table 1) by arc melting for five times and homogenized at 1473 K for 
24 h, air cooling, cold rolling, annealing (1073 K, 1 h) were also con-
ducted to obtain grain size controlled ingots for lattice distortion in-
vestigations. Electron backscattering diffraction pattern (EBSD) was 
collected on JEOL JSM-7900F under 20 kV with a current of 15 nA. The 
EBSD data collecting step is 1 μm with a total area of 433 × 433 μm2. 
Energy-dispersive X-ray spectroscopy (EDS) is collected to characterize 
chemical compositions. 

10 mm × 10 mm × 0.7 mm sized samples were cut from the ingots 
and polished the surface for the following XAFS and XRD measurements. 
XAFS data were collected in transmission mode from K edges of Cr, Mn, 
Fe, Co and Ni at 4B9A and 1W2B stations in Beijing Synchrotron Radi-
ation Facility (BSRF). XRD measurements were carried out at 4B9A 
station using an X-ray wavelength of 1.5406 Å with a scanning step of 
0.02◦ in a two theta range from 30 to 100◦. 

Magnetic properties of the samples were measured by Vibrating 
Sample Magnetometer (VSM) affiliating to Dynacool PPMS system from 
American Quantum Design with a temperature stability better than ±
0.2%, and a magnetism resolution higher than 0.2 mT. Hysteresis loops 
(M − H curve) were collected at 300 K in a magnetic field of ±5T. 

3. Results and discussions 

3.1. Microstructure and chemical composition 

Table 1 shows the chemical compositions of CrCoNi MEA, CrFeCoNi 
HEA and CrMnFeCoNi HEA, which are in a near equiatomic ratio as 
expected. The EBSD inverse pole map (IPF) in Fig. 1 indicates that the 
three alloys do not have preferred orientations but contain many 
annealing twins. The average grain sizes of CrCoNi MEA, CrFeCoNi HEA 
and CrMnFeCoNi HEA were calculated to be 23.4, 22.7 and 20.3 μm. 

3.2. Crystalline structure and microstrain 

Fig. 2 displays XRD patterns of the as-prepared CrCoNi MEA, CrFe-
CoNi HEA and CrMnFeCoNi HEA, the three alloys are all in a single 
phase with well-defined FCC structure. The diffraction peaks in Fig. 2 (a) 
do not show apparent damping and broadening in CrFeCoNi and 
CrMnFeCoNi HEAs compared with that of CrCoNi MEA, implying 
absence of severe local lattice distortions in the alloys, which akin to the 
previous reports [26,28]. The lattice parameters a of CrCoNi MEA, 
CrFeCoNi and CrMnFeCoNi HEAs presented in Fig. 2(b) are 3.509(2) Å, 
3.547(2) Å, 3.594(1) Å, which are calculated through Rietveld refine-
ment using High Scoure suite [41], illustrating that the lattice of 

Table 1 
Chemical compositions of CrCoNi MEA, CrFeCoNi HEA and CrMnFeCoNi HEA 
obtained from the EDS spectra.  

Composition 
/ at. % 

CrCoNi MEA CrFeCoNi HEA CrMnFeCoNi HEA 

Cr 35.9 26.9 21.4 
Co 32.8 24.5 19.2 
Ni 31.3 23.0 17.8 
Fe - 25.6 21.0 
Mn - - 20.6  

Fig. 1. IPF images and grain size distributions of (a) CrCoNi MEA, (b) CrFeCoNi HEA and (c) CrMnFeCoNi HEA extracted from EBSD data sets.  
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CrFeCoNi and CrMnFeCoNi HEA have been expanded compared with 
CrCoNi MEA. 

To quantify the averaged lattice distortions, we calculated micro-
strains by fitting the following equation [42,43]: 

FWHM2cos 2 θ=
(λ

d

)2
+ σ2sin 2 θ (1)  

where FWHM is the full-width at half-maximum of the diffraction peak 
on the 2θ-scale. The symbols d, λ, σ, and θdenote the grain size, X-ray 
wavelength, lattice distortion or strain, and diffraction angle, respec-
tively. Fig. 2(c) illustrates that microstrain growth with chemical 
complexity increase. The results show that increasing chemical 

complexity would simultaneously induce lattice distortion and averaged 
lattice expansion, both of them are not significant but actually exist from 
CrCoNi MEA to CrMnFeCoNi HEA. 

It is apparent that adding Mn to CrFeCoNi HEA would cause a lattice 
parameter increase of 1.33%, while adding Fe to CrCoNi MEA would 
induce an expansion of 1.08%. At the first glance, we attributed this to a 
relatively larger effective atomic radius of Mn (1.235 Å) than Fe (1.219 
Å) [12]. Supposing the differences between lattice expansions of CrFe-
CoNi and CrMnFeCoNi HEAs were mainly caused by atomic mismatch, 
then the lattice of CrMnFeCoNi HEA needs to relax much more than 
CrFeCoNi HEA to reach a more stable configuration structure after ac-
commodating element with larger atomic radius, which seems to be 
reasonable. However, both Mn and Fe have smaller effective atomic 

Fig. 2. Crystalline structure and microstrain evolutions in CrMnFeCoNi alloy system. (a) XRD patterns of CrCoNi MEA (bottom), CrFeCoNi (middle) and CrMnFeCoNi 
(top) HEAs present simple FCC structure. (b) The calculated lattice parameters a show gradual lattice expansion with chemical complexity increase, and (c) the 
corresponding growth of microstrain. 

Fig. 3. FT XAFS spectra from K-edges of each alloying element in (a) CrCoNi MEA, (b) CrFeCoNi HEA and (c) CrMnFeCoNi HEA, presenting a relatively larger atom 
pair distance deviation centred around Ni than other alloying composition. The detailed atom pair distances of (d) CrCoNi MEA, (e) CrFeCoNi HEA and (f) 
CrMnFeCoNi HEA centred around each alloying element. 
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radii than Cr (1.269 Å) [12], lattice shrinkage rather than expansion 
should be observed in CrFeCoNi and CrMnFeCoNi HEAs compared with 
CrCoNi MEA under the circumstance that all the atoms are hard spheres. 
Hence, we proposed that the chemical complexity should be another 
major factor that is mainly responsible for lattice expansions in 
CrMnFeCoNi system besides atomic radius. 

Here comes to another question that how the chemical complexity 
influences local lattice distortions? The XRD pattern supplied an aver-
aged lattice structure distortion without distinguish local lattice differ-
ences among chemical compositions. Then, how about the local lattice 
distortions centred around specific alloying elements? Therefore, we, in 
this work, employed XAFS technique to answer this question. 

3.3. Local lattice distortions centred around specific alloying element 

Local atomic structures centred around each alloying element are 
carefully examined through analysis of Fourier transformed (FT) XAFS 
spectrum from the K-edges of each element in CrCoNi MEA, CrFeCoNi, 
and CrMnFeCoNi HEAs using Demeter software package [44]. In CrCoNi 
MEA (Fig. 3(a)), the averaged atom pair distances centred around Cr, Co 
and Ni atoms are very close and almost the same with the averaged 
Ni–Ni atom pair distance in standard pure Ni foil, suggesting subtle 
lattice expansion and local lattice distortion in CrCoNi MEA compared 
with standard Ni sample. The averaged atom pair distances centred 
around Fe, Co and Cr atoms in CrFeCoNi HEA in Fig. 3(b) are slightly 
larger than averaged Ni–Ni atom pair distance in Ni foil. Noticeably, a 
larger averaged atom pair distance centred around Ni indicates a greater 
magnitude of atomic structure distortion around Ni and implies that Ni 
is under compression in CrFeCoNi HEA, which accords well with sim-
ulations [23]. Thus, we remark that the local lattice distortion in CrFe-
CoNi HEA is highly element dependent, in particular, the local atomic 
structure around Ni has been distorted to a larger extent than that 
around Fe, Co, and Cr atoms. This element dependent local lattice 
distortion becomes more obvious in equiatomic CrMnFeCoNi HEA in 
Fig. 3(c). The averaged atom pair distance centred around Ni shows the 
maximum increase, thus confirming that Ni atoms are suffered from 
compression in CrMnFeCoNi HEA as well as in CrFeCoNi HEA. The 
averaged atom pair distances centred around Fe and Mn are smaller than 
Ni but greater than Cr and Co. Evidently, Cr and Co atoms in CrCoFe-
CoNi HEA are under tension. The evident differences between averaged 
atom pair distances centred around individual element species indicate a 
greater magnitude of local lattice distortions in CrMnFeCoNi HEA than 
CrFeCoNi HEA and CrCoNi MEA, which is in good consistence with the 
growing microstrains in Fig. 2(c). 

Another noticeably feature in Fig. 3(a–c) is the gradual overall 
elongations of averaged atom pair distances centred around the same 
element specie from CrCoNi MEA to CrMnFeCoNi HEA, demonstrating 
lattice expansions with chemical complexity increase. Both of the XAFS 
and XRD observations confirm the increasing of local lattice distortions 
with chemical complexity and illustrate highly element dependence of 
local lattice distortions in CrMnFeCoNi system. Many factors could 
impact lattice parameters of synthesized materials, such as introducing 
doping element with different atomic size [45–47], increasing or 
decreasing sample temperature [48,49], interactions between materials 
and its interfaces [50], and reducing sample size down to nanometre 
[51]. For bulk metallic materials, introducing atomic size mismatch are 
employed often to improve strength of materials through solid solution 
strengthening [46]. In the binary alloy system, the Vegard’s Law 
described a nearly linear variation of lattice parameter with element 
content: increasing the content of element with larger atomic size to the 
base alloy, the lattice parameter of the obtained binary alloy will in-
crease accordingly, and vice versa. As demonstrated by Owen et al. [26], 
introducing Cr to pure Ni base alloy, the lattice parameter of obtained 
Ni–Cr alloys increased with increasing Cr content. However, this 
increasing trend was interrupted when adding a third element Co and a 
forth element Mn, implying that lattice parameters of HEAs could not be 

solely determined by atomic size mismatch. Hence, chemical complexity 
[29] and valance-electron concentration [52] are proposed to illustrate 
this. As it is commonly recognized that lattice structure would be relaxed 
through expansion to reach a thermodynamic stabilized configuration 
structure, we thus proposed that lattice expansion increased with 
complexity increase in CrMnFeCoNi HEAs might has relaxed local lattice 
distortions [13,23]. Considering about the reported factors that would 
cause local lattice distortion in CrMnFeCoNi system, chemical 
complexity and local electron structure are well discussed on their im-
pacts on local lattice distortion in the following sections. 

The specific atom pair distances around each alloying element were 
obtained by FT-XAFS fitting without phase correction (see fitting details 
in Supplement Materials) in Fig. 2(d–f). In Fig. 2(d), tiny differences 
among atom pair distances centred around Cr, Co and Ni are detected in 
CrCoNi MEA, which consists well with the previous report [53]. How-
ever, the atom pair distance differences in CrFeCoNi HEA (Fig. 2(e)) 
increased apparently, in particular, centred around Ni and Co. The atom 
pair distances centred around Fe are relatively uniform compared with 
that around Ni and Co, while, atom pair distances differences around Mn 
are much smaller. In CrMnFeCoNi HEA, the atom pair distances become 
more complex, indicating a higher order of local lattice distortion. 

To quantitatively assess local lattice distortions centred around 
specific alloying element, we further calculated standard deviation of 
atom pair distances centred around specific alloying element from the 
XAFS fitting results of each alloying element of all the three alloys. The 
calculation was processed using the following equation: 

δi =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i− j
Ci

(
1 −

ri− j

r

)2
√

× 100% (2)  

where δi is the calculated standard deviation of atom pair distances 
centred around i atom, ri− j is the atom pair distance of j atoms centred 
around i atom, r is the averaged atom pair distance calculated based on 
lattice parameter a, and Ciis the atomic content of i atom. A higher δi 
value represents a higher magnitude of local lattice distortion centred 
around i atom. The results in Fig. 4 illustrates that the local lattice dis-
tortions centred around Cr, Co and Ni atoms are in the order of Ni > Co 
> Cr, although XRD pattern verified subtle average lattice distortion in 
CrCoNi MEA. In CrFeCoNi and CrMnFeCoNi HEAs, the overall local 
lattice distortions centred around each alloying element have increased 
gradually, but the magnitude of local lattice distortion centred around 
specific element keeps in the same order in different alloys, generally, 
Ni > Co > Fe > Cr > Mn. However, this order is different with either the 
order of Gold Schmidt radium of the elements or the order of effective 
atomic radium. As we have mentioned above, the factors that contribute 
to local lattice distortions in HEA community should consider chemical 
complexity, more fundamentally, the electron structures, which would 
be discussed in detail in following section 3.4. 

We further calculated the averaged strain around each alloying 
element using equations (3) and (4) to explore the underlying reasons 
for the observation of subtle local lattice distortion. 

Fig. 4. Calculated standard deviation of atom pair distances δi centred around 
specific alloying element from the XAFS spectra from K-edges of each alloy-
ing element. 
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ε= ri − r
r

(3)  

ri =
∑n

i− j
ciri− j (4)  

where ri is the averaged atom pair distance centred around i atom. The 
results in Fig. 5 showed different positive and negative average strains 
around each alloying element. In CrCoNi MEA, the absolute value of 
average positive strains around Co and Ni is slightly larger the negative 
strain around Cr. In CrFeCoNi HEA, the strains around Co and Fe is very 
small, however, the absolute value of negative strain around Cr is 
comparable with that around Ni. Surprisingly, in CrMnFeCoNi HEA, the 
summary of negative strains around Co, Cr and Mn is almost equal to the 
positive strains around Ni and Fe. In CrMnFeCoNi alloy system, Ni 
usually has positive strains and thus undergoes compression, while, Cr 
has negative strains with tension. Hence, the negative and positive 
strains presented in Fig. 5 clearly indicate the underlying mechanism for 
the observation of subtle averaged lattice distortions in HEAs. Averaged 
lattice distortions do exist in HEAs and increase with chemical 
complexity in the CrMnFeCoNi alloy system, however, the negative 
strains counteract positive strains resulting in the observation of subtle 
lattice distortions. We further evaluated strain fluctuations in the stud-
ied alloys using root mean square εRMS factor and compared with re-
ported lattice distortion values in Table 2. Evidently, the lattice 
distortions in CrCoNi, CrFeCoNi and CrMnFeCoNi alloys are smaller 
than those in CrFeCoNiPd and CrFeCoNiAl0.375 [54]. Hence, we pro-
posed that atomic size mismatch in multiple components alloys might 
dominate lattice distortions when the atom radii are quite different, 
however, other factors, such as chemical complexity and local electron 
structure variations should be taken into considerations if the atomic 
size of the components are comparable. 

Fig. 5. Averaged strain centred around specific alloying element calculated 
from the XAFS fitting results. 

Table 2 
Comparison of lattice distortion between this work and the reported ones.  

Sample εRMS (%)a εRMS (%) [54] 

CrCoNi 0.33 – 
CrFeCoNi 0.72 0.39 
CrMnFeCoNi 0.67 3.25 
CrFeCoNiPd – 4.46 
CrFeCoNiAl0.375 – 4.06  

a Lattice distortion values calculated from EXAFS in this work. 

Fig. 6. WT-XAFS spectra from K-edges of each component in (a) CrCoNi MEA, (b) CrFeCoNi HEA and (c) CrMnFeCoNi HEA. (d) shows the WT-XAFS of standard Ni 
foil for an ease of comparison. The peak intensity fluctuations around Ni in CrMnFeCoNi alloy systems are generally more violent than that of Ni foil, indicative of a 
higher magnitude of local lattice distortion centred around Ni. 
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3.4. Local lattice distortions from WT-XAFS 

We further performed wavelet transformation (WT) of the collected 
XAFS spectra (WT-XAFS) as shown in Fig. 6(a–c) to explore possible 
atom pair coordination peaks. However, no additional peak intensity 
was observed besides the main one around 2.3–2.5 Å. Probably, the 
differences between each favourable atom pair distance are too small to 
be distinguished, again valid that the local lattice distortion in 
CrMnFeCoNi system is not severe. Interestingly, we found that the peak 
intensity of Ni center has more violent fluctuations along k axis 
compared with that of standard Ni foil spectrum (Fig. 6(d)). Considering 
the standard deviation of atom pair distances centred around Ni in 
CrCoNi MEA, CrFeCoNi HEA and CrMnFeCoNi HEA, the obvious in-
tensity fluctuations were attributed to a higher magnitude of local lattice 
distortion centred around Ni than other alloying elements. 

3.5. Local electron structure flexibility of alloying elements in HEAs 

As it is proposed that electronic structure has significant effects on 
local lattice distortions in HEAs [36]. However, few experimental data 
have been reported on addressing this issue. Thus we examined the local 
electron structure variations of element species from the X-ray absorp-
tion near edge structure (XANES) spectra. After background removing, 
normalized XANES spectra from Cr K-edge (Fig. 7(a)) present clear 

fluctuations when alloying in CrCoNi MEA, CrFeCoNi and CrMnFeCoNi 
HEAs, while the XANES structures from Ni and Co K-edges present much 
smaller variations in Fig. 7(b–c), indicating that electron structure of Cr 
varies notably in different alloys but those of Ni and Co are relatively 
stable. The d band of Cr is half full making it very flexible and easier to 
be affected by its local alloying environment, whereas the d band of Ni is 
nearly full and 80% full for Co, leading to a strong resistance of d elec-
tron variations during alloying. In contrast, averaged atom pair dis-
tances centred around Ni in both CrFeCoNi and CrMnFeCoNi HEAs have 
the largest deviations from that in standard Ni foil. While the averaged 
atom pair distances centred around Cr in all the three alloys have slight 
deviations. The fluctuations around Fe is in between of Cr and Co, Ni in 
Fig. 7(b). 

It seems that Cr acts more like soft sphere during alloying, its high 
local electronic structure flexibility [55] promotes it adjusting its 
effective atomic radius to accommodate the lattice structure well and 
thus inducing little local lattice distortions around Cr. Nevertheless, Ni 
acts more like hard sphere, it is difficult to tune electronic structures 
accordingly in line with the lattice structure relaxation and subsequently 
retaining greater local lattice distortions than Cr. Apparently, the 
intrinsic electron structure flexibility has significant effects on averaged 
atom pair distances of individual element species, more generally, local 
lattice distortions. It is thus reasonable to conclude that local electron 
structure flexibility of elements differs significantly when alloying in 

Fig. 7. XANES spectra from K-edges of (a) Cr, (b) Fe, (c) Co and (d) Ni in CrCoNi MEA, CrFeCoNi and CrMnFeCoNi HEAs. Differences on electron structure flex-
ibilities of component elements when alloying in multicomponent alloys have been clearly presented. 
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different multicomponent alloys. Hence, the local electron structure is 
proposed as one of the factors that contribute to local lattice distortions. 

3.6. Magnetic properties 

The calculation results [56–59] demonstrated that lattice structure 
and chemical composition of HEAs have close correlations with their 
magnetic properties, therefore, we measured hysteresis loops (M − H 
curves) of CrCoNi, CrFeCoNi, and CrMnFeCoNi alloys at 300 K to further 
explore magnetic properties of all the studied alloys. The magnetic 
moment increased linearly with applied magnetic field in Fig. 8, 
reaching to 0.07, 2.61, and 0.81 emu/g for CrCoNi, CrFeCoNi, and 
CrMnFeCoNi, respectively, at 5T under ambient conditions. Clearly, all 
the studied three alloys are paramagnetic at ambient conditions, agreed 
well with theoretical calculations from Vitos et al. [56]. Although the 
magnetic moment values are very small for all the three alloys, 
increasing trend from CrCoNi to CrFeCoNi alloys was observed, prob-
ably, due to high Fe concentrations. However, the magnetism decreased 
for CrMnFeCoNi compared with CrFeCoNi and very small increase 
compared with CrCoNi. We thus proposed that the small magnetism of 
CrCoNi, CrFeCoNi, and CrMnFeCoNi might have little impact on their 
lattice structures at ambient conditions. 

4. Conclusions 

In summary, we have demonstrated that averaged lattice distortions 
and element specified local lattice distortions in CrMnFeCoNi systems 
will increase with chemical complexity, although the observations are 
subtle. The XRD patterns verified a subtle averaged lattice distortion and 
gradual lattice expansion with chemical complexity increase. FT-XAFS 
presented that local lattice distortions centred around specific alloying 
element are in the order of Ni > Co > Fe > Cr > Mn, and this order is 
kept in CrCoNi MEA, CrFeCoNi and CrMnFeCoNi HEAs. Positive strains 
were observed around Ni, while, negative strains were observed around 
Cr. The counteract positive and negative strains is proposed as the 
reason for observation of subtle averaged lattice distortion. Further-
more, WT-XAFS spectra demonstrate more violent peak intensity fluc-
tuations around Ni centres than others, further confirmed the FT-XAFS 
observations. XANES results proposed that electron structure flexibil-
ities in different alloys might be one major factor that contributes to 
local lattice distortions. The magnetic measurements indicated a weak 
paramagnetic state of all the three alloys at ambient conditions. 
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