
Vol:.(1234567890)  
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 V
ol

um
e 

36
 

 I
ss

ue
 1

2 
 J

un
e 

 2
02

1 
 w

w
w

.m
rs

.o
rg

/jm
r

2558

 DOI:10.1557/s43578-021-00205-6

Solid solution hardening in CrMnFeCoNi‑based high 
entropy alloy systems studied by a combinatorial 
approach
Tom Keil1,a) , Daniel Utt2, Enrico Bruder1, Alexander Stukowski2, Karsten Albe2, 
Karsten Durst1
1 Technical University of Darmstadt, Materials Science, Physical Metallurgy, Alarich‑Weiss‑Str. 2, 64287 Darmstadt, Germany
2 Technical University of Darmstadt, Materials Science, Materials Modelling, Otto‑Berndt‑Str. 3, 64287 Darmstadt, Germany
a) Address all correspondence to this author. e-mail: t.keil@phm.tu-darmstadt.de

Received: 18 December 2020; accepted: 7 April 2021; published online: 21 April 2021

Solid solution hardening in high entropy alloys was studied for the Cantor alloy using diffusion couples 
and nanoindentation. We study a continuous variation of the alloying content and directly correlate 
the nanoindentation hardness to the local composition up to the phase boundary. The composition 
dependent hardness is analysed using the Labusch model and the more recent Varvenne model. The 
Labusch model has been fitted to experimental data and confirms Cr as the most potent strengthening 
element. For comparison of the experimental hardness and the predicted yield strength of the Varvenne 
model, a concentration‑dependent strain‑hardening factor is introduced to account for strain hardening 
during indentation, which leads to a very good agreement between experiment and model. A study of 
the input parameters of the Varvenne model, performed by atomistic computer simulations, shows no 
significant effect of fluctuations in the atomic size misfit volumes or in the local shear modulus to the 
computed yield strength.

Introduction
The role of solid solution hardening (SSH) in chemically com-
plex alloys e.g. high entropy alloys (HEAs) [1] has been subject 
of substantial attention in the past few years [2–6]. However, a 
generalised and validated model for the prediction of solid solu-
tion hardening in HEAs is still needed [2, 7]. The conventional 
Labusch SSH model [8, 9] describes the interaction of obstacles 
and dislocations in dilute solid solution alloys based on a com-
bination of two elastic effects (namely size and modulus misfits). 
In the Labusch model solid solution hardening is described as 
the change in critical shear stress �τLabusch ∝ �c2/3 required 
for dislocation motion, where �c is the change in concentration 
of the solute. This conventional SSH model requires a clearly 
defined differentiation of solute and solvent species [8, 9]. The 
issue applying the Labusch model to HEAs is that no atomic spe-
cies can be taken as solute or solvent as all elements are present 
in similar fractions in the alloy.

An early approach for modelling SSH in HEAs was pro-
posed by Senkov [4] using the Labusch model. In this case, the 

TiZrNbHfTa body-centered cubic (BCC) alloy was modelled as 
pseudo-binary in terms of atomic size misfit and modulus misfit, 
which resulted in a yield strength difference of 18% between 
model and experiment. This approach, however has not been 
generalized for all HEAs, especially for alloys which cannot be 
split into pseudo-binaries.

A more recent approach for modelling SSH in highly con-
centrated face-centered cubic (FCC) HEAs was proposed by 
Varvenne [10, 11]. The Varvenne model describes a HEA as 
a homogeneous monoatomic matrix with average mechanical 
properties, in which the different constituents of the HEA are 
embedded. These randomly distributed solutes are responsible 
for the observed strengthening. Therefore, a dislocation mov-
ing through a HEA sees this homogeneous background matrix 
and the influence of the different solutes. The strain fields of the 
solutes interact with the dislocation line, exhibiting an interac-
tion force [10–12]. Whereas in the classical SSH models local 
fluctuations in the shear modulus ( �µ ) are assumed to influ-
ence the magnitude of this interaction force [8, 9], the Varvenne 
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model only considers an atomic size misfit ( �V  ), neglects these 
fluctuations, and depends on an average shear modulus. Never-
theless, satisfactory agreement between experimental and pre-
dicted strength was obtained in previous studies of Cantor alloy 
subsystems [5, 6, 13].

In this paper, we study diffusion couples of the Cantor 
(CrMnFeCoNi) alloy [14] with its pure constituent elements 
to determine nanoindentation hardness as a function of local 
composition in a continuous manner. This approach allows us 
to study SSH in HEAs having access to a wide range of chemi-
cal compositions up to the solubility limit of each constituent 
element. Concentrations up to the phase boundary can thereby 
be accessed, which would be impossible using samples prepared 
with discrete concentrations (compare Refs. [5, 6]). We use this 
unique data set to correlate hardness and local composition to 
test the two SSH models and isolate the individual strength con-
tributions of the different solutes in the Cantor alloy system.

Results
Nanoindentation hardness measurements

Figure 1a shows the hardness as a function of indentation depth 
h of pure Ni and Cantor (H–h curves of the other diffusion cou-
ples are shown in the Appendix). The indentation size effect 
(ISE) causes a decreasing hardness with increasing indentation 
depth until a depth independent macroscopic H is reached [15]. 
To minimize the contributions from the indentation size effect 
and also to ensure a high lateral resolution, the hardness is aver-
aged over an indentation depth interval from 900 to 1000 nm. 
Indentations to higher depth (2500 nm) on discrete Ni-diluted 

Cantor subsystems (Ni20, Ni60, Ni92) have shown a concen-
tration independent internal length scale (h* ≈ 0.4) and thus a 
comparable ISE in the FCC solid solution of the Cantor alloy 
[16]. Since the ISE is expected to be comparable for all composi-
tions investigated, the averaged hardness from 900 to 1000 nm 
indentation depth can be used to evaluate the SSH. Furthermore, 
indentation strain rate jump tests on the aforementioned dis-
crete Ni-diluted Cantor subsystems revealed a negligible strain 
rate sensitivity in the range of 0.004 (pure Ni) to 0.009 (Can-
tor). Furthermore, all indentation experiments are performed 
at a constant strain rate, no effects on the evaluation of SSH 
are expected due to strain rate sensitivity. The pile-up behavior 
was measured and no significant pile-up could be detected for 
all investigations up the phase boundary. From these results, 
a composition independent pile-up behavior and strain rate 
sensitivity is assumed for these samples, thus, the used Tabor´s 
equation holds true and no effects on the evaluation of solid 
solution hardening is expected.

The effect of SSH in the CrMnFeCoNi alloy can be clearly 
seen in the indentation data in Fig. 1a as the hardness increases 
upon addition of Cr, Mn, Fe, and Co to Ni. The indentation 
modulus E is constant for each indentation but shows a con-
centration dependency, as can be seen for Ni and Cantor. A 
mean indentation modulus of 198.3 ± 7.9 GPa is obtained for 
the Cantor alloy and 221.4 ± 2.4 GPa for Ni, both being in good 
agreement with literature data of single phase materials [17, 18].

Concentration and hardness profiles

The local concentration, crystal structure and hardness were 
measured over the whole interdiffusion zone using a diffusion 

Figure 1:  (a) Typical measurement of nanoindentation hardness H and indentation modulus E as function of indentation depth h for Cantor and Ni. (b) 
Light microscopy image of the indentation field across the interdiffusion zone of the diffusion couple CrMnFeCoNi + Fe.
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couple approach; here only the FCC single-phase region is 
shown. For more details on the microstructure and a detailed 
discussion of the different diffusion profiles and the stabil-
ity ranges of other phases see Ref. [19]. A light microscopy 
image of a representative indentation field across the com-
plete interdiffusion zone between Cantor and Fe is shown 
in Fig. 1b. We can assume that the composition within the 
plastic zone beneath the indenter is nearly uniform, as we lim-
ited the penetration depth to 1000 nm. Due to the large grain 
size of ≈ 100 µm, grain boundary strengthening effects can be 
neglected, as each indent probes only a single grain. Further-
more, we do not observe a gradient in grain size along the 
interdiffusion zone. For the evaluation of SSH, only indents 
with a minimum distance of the plastic zone’s diameter from 
the phase boundary were considered.

Figure 2 shows the hardness as a function of varying con-
centrations (solid lines) of the FCC structure in the interdif-
fusion zone (IDZ) starting from the equiatomic composi-
tion of the Cantor alloy with a hardness level of ≈ 2.2 GPa on 
the right. The coefficient of variation (ratio of the standard 
deviation to the mean value), caused by the nanoindentation 
testing setup, is shaded in gray. The maximum coefficient of 
variation was determined by reference measurements in the 
equiatomic Cantor alloy as well as in the pure elements and is 
assumed as being constant within the concentration gradients 
(max. ± 3%). On the x-axis, the relative position in the IDZ is 
shown, while the concentrations of the constituents are given 
by colored lines. Figure 2a shows the diffusion couple CrM-
nFeCoNi + Ni, with a single FCC phase over the entire com-
positional gradient, thus, the complete hardness profile can 
be used to analyse the effect of SSH starting from a constant 
and equiatomic composition. Up to a Ni concentration of 70 
at.%, the hardness remains almost constant at a hardness level 
of about 2.2 GPa and decreases with further increase in Ni. 
The hardness decreases to the hardness of pure Ni as the Ni 
concentration approaches 1.

If a phase transition takes place within the interdiffusion 
zone (Fig. 2b–d), only the FCC phase region will be considered 
in the further analysis. The concentrations of the respective dif-
fusion partner elements Co or Fe can be increased substantially 
up to ≈ 65 at.% until a phase transition takes place [19], it is 
possible to evaluate SSH up to ≈ 55 at.%. As Co and Fe increase 
in concentration, all other constituent elements show a decreas-
ing concentration. The diffusion couple CrMnFeCoNi + Co 
(Fig. 2c) shows nearly no influence of changing concentrations 
on the hardness level. An increase in Fe (Fig. 2d) results in a 
continuously decreasing hardness. The diffusion couple CrM-
nFeCoNi + Cr shows the formation of an intermetallic phase 
above ≈ 35 at.%. The relatively small increase in Cr prior to the 
formation of an intermetallic phase leads to a hardness increase 
of 0.3 GPa up to 29 at.% Cr.

Due to oxidation and other surface defects in the CrMn-
FeCoNi + Mn diffusion couple (evident from the scattering of 
the nanoindentation data), the evaluation of the hardness is lim-
ited to Mn concentrations below 55 at.%. The hardness increases 
in this concentration interval with increasing Mn content from 
2.2 to 2.5 GPa.

Discussion
The direct correlation between hardness and chemical gradi-
ents allows to draw conclusions about solid solution hardening. 
The measured concentration profiles are used as an input for 
the Labusch model [8, 9] and alternatively the Varvenne model 
[10, 11]. Both applied models will then be validated against the 
experimentally measured hardness. By adding each constituent 
species to the equiatomic composition, the respective influence 
can be investigated over the complete compositional ranges for 
all five diffusion couples, where the FCC structure of the Cantor 
alloy is (meta-)stable.

Application of the Labusch model

To apply the Labusch model to highly concentrated multi com-
ponent alloys—including HEAs, we generalize the model intro-
ducing a different strengthening parameter kn for each element n 
leading to the following formulation of the Labusch strengthen-
ing model (Eq. 1). Here it is assumed that �τLabusch contribu-
tions are additive per constituent of the alloy:

Equation 1 is used to fit the modified Labusch model to 
the experimental hardness data. The individual kn param-
eters are found using the change in hardness ( �H ) and the 
change in concentration ( �c ) for the two boundary phases 
(equiatomic Cantor alloy and composition at phase boundary) 
for all five diffusion couples simultaneously and solving the 
resulting system of linear equations. The following strength-
ening parameters in units of GPa/at.%2/3) were obtained: 
kCr = 0.0514, kMn = 0.0058, kFe = −0.0470, kCo = −0.0109,

kNi = −0.0342 . The absolute value and sign of the strengthening 
parameter determine the effect of a changing concentration of 
the specific element on the strength of the equiatomic Cantor 
alloy. Based on these k-values and the measured concentration 
profiles, the concentration dependent hardness is modelled and 
compared to experimental results. The measured and calculated 
hardness values normalised by the hardness of the Cantor alloy 
are shown in Fig. 3. Discrete points denote our measurements, 
while solid lines give the Labusch solution. Please note, that the 
different data series are shifted by a constant offset to improve 
readability. The modified Labusch model is able to accurately 

(1)�τLabusch =
∑

n

kn�c2/3n ∝ �H
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describe the measured hardness for Cr, Mn, Co, and Fe. For Ni 
on the other hand, the hardness plateau up to ≈ 70 at.% Ni is not 
captured by this model. It predicts a continuously decreasing 
hardness in the Cantor + Ni sample.

As outlined in “Relating yield stress to hardness” section, the 
conversion between changes in the hardness of a material and 

its yield strength is not straight forward. Fitting Eq. (1) how-
ever, allows us to circumvent these uncertainties as they are 
incorporated in the different kn values. Therefore, the apparent 
deviation of the Ni hardness series from the prediction cannot 
be explained by concentration dependent strain hardening or 
the ISE.

Figure 2:  Concentration profiles for the different Cantor + i diffusion couples measured using EDX. d is the relative position within the IDZ starting from 
the Cantor alloy on the right. The respective diffusion partner is Ni, Cr, Co, Fe, and Mn going from (a) to (e). Only the single-phase FCC region for each 
sample is shown. Due to oxidation effects of Mn (e), the evaluation of the hardness is limited to the Mn concentration interval from 20 to 55 at. %. The 
full concentration profiles can be found in Ref. [19]. The nanoindentation hardness is scaled on the secondary y-axis. For further details regarding the 
error bars (grey), please see the full text.
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Even though, the modified Labusch model is not predictive 
(the strengthening parameters kn cannot be known a priori) it 
provides important insights into the strengthening characteris-
tics of the Cantor system. Note that we have not only used the 
narrow concentration gradient towards the phase boundary of 
the diffusion couple Cantor + Cr but we also solved the linear 
system of equations using all five diffusion couples simulta-
neously. Based on the obtained strengthening parameters, Cr 
(positive kn ) seems to be the most potent strengthening ele-
ment. This observation is consistent with results from Wu et al. 
[3], where Cr was identified as the element with the strongest 
impact on strength, which they attributed to modulus mismatch 
effects. They suggest that the effect is caused by the different 
shear modulus of Cr compared to the other constituents, based 
on the assumption of the elastic constants of the elements in 
their ground state. But it should still be considered, that the 
Cantor alloy shows a well-defined shear modulus distribution 
(Fig. 6), which raise the question how the shear modulus misfit 
needs to be taken into account.

Fe on the other hand shows a contrary effect as it leads to a 
decrease in hardness, which has already been observed by Bracq 
et al. [5] for discrete compositions. This behavior is expressed by 
a negative strengthening parameter.

Application of the Varvenne model

The Labusch model can be used to describe the measured 
hardness data, but given its large number of tunable param-
eters it can hardly be used to predict the concentration 
dependent strength of a HEA. The Varvenne model in its 
simplified elastic form given by Eqs. (2)–(4) (see methodol-
ogy “Varvenne solid solution-hardening model” section), on 

the other hand, remains parameter-free and can therefore be 
used as a predictive tool. However, the Varvenne model can-
not provide the absolute hardness measured by nanoindenta-
tion, as it describes only a concentration dependent critical 
shear stress at zero strain. Therefore, we rescaled the experi-
mental and predicted hardness by the Cantor hardness level: 
�σSSS ∝ H(cn)/HCantor ∝ fCM�τVarvenne and the ratio between 
the composition of the equiatomic Cantor alloy on the one side 
and the local composition at the phase boundary on the other 
side. This ratio ( H(cn)/HCantor ) is considered in Fig. 4. This 
approach is similar to the normalisation chosen in Refs. [5, 6]. 
Additionally, a strain hardening factor f (c) is introduced, which 
includes concentration dependent strain hardening and other 
effects during indentation. The normalization H/HCantor cancels 
out errors in the conversion from H to σy for the Cantor alloy. 
Concentrations far away from equimolarity have different strain 
hardening contributions and this effect can be compensated by 
the strain hardening factor. Initially, a concentration independ-
ent strain hardening was assumed using a constant f parameter 
of 2 (≈ 1.84 found in tensile tests [20]), which leads to the results 
shown in Fig. 4a, where the predicted and measured hardness 
ratios over the concentration of the main element in the diffu-
sion couple are shown. Here the solid lines corresponds to the 
yield strength obtained from the Varvenne model at 300 K. The 
required pure metal material constants were taken from Refs. 
[21, 22], model specific parameters e.g. α and �Vn were taken 
from Ref. [11] and are summarized in Table 2.

The Varvenne model is able to describe the hardness gradi-
ents for the increase in Co and Fe, but it fails to predict the 
hardening behavior for Cr or Mn, or the softening for Ni accu-
rately. In case of the CrMnFeCoNi + Ni couple, the model pre-
dicts a decreasing hardness down to 0 GPa for pure Ni. This 
behavior is caused by the fact that for pure elements, the atomic 
size misfit in Eq. (2) becomes zero and consequently the pre-
dicted critical shear stress is zero. In order to take the indenta-
tion base hardness of Ni (1.5 GPa) into account, we shifted the 
predicted hardness by this constant hardness level: 
H(c) = HNi + fCMτVarvenne . The superposition of the Ni base 
hardness and the Varvenne model is now represented by a 
dashed line in Fig. 4a and good agreement is found. Moreover, 
the Varvenne model is able to capture the plateau in hardness 
upon addition of Ni. Since we are not able to describe all diffu-
sion couples sufficiently well with the model, the question arises 
whether this is due to the basic assumptions of the Varvenne 
model (grey matrix, fixed misfit volumes) or due to the compari-
son between computed yield strength at zero strain and nanoin-
dentation hardness. To address the first issue, we have deter-
mined the standard deviation of the atomic misfit volumes using 
atomistic computer simulations (Appendix C.2.: Misfit volumes) 
and integrated these into Eqs. (2) and (3) according to Ref. [11]. 
Here �V2

n is replaced by ( �V̄2
n + σ 2

�Vn
 ), where �V̄n is the mean 

Figure 3:  Measured hardness as function of the concentration of the 
Cantor alloy partner in each diffusion couple (symbols). The fit results 
from the modified Labusch model (Eq. (1)) are given by solid lines. For 
clarity, each sample has been shifted along the ordinate. The coloured 
bars represent the error of the indentation experiments.
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misfit volume and σ denotes its standard deviation. The respec-
tive standard deviations of the solutes are determined to: 
σ2
�VCr

= 0.0887Å3, σ2
�VMn

= 0.0900Å3, σ2
�VFe

= 0.0754Å3, σ 2�VCo
= 0.0773Å3,

σ 2�VNi
= 0.0673Å3 . Furthermore, we determined the distribution of 

the local shear modulus (Appendix C.1: Local shear modulus) 
and implemented the standard deviation of the local shear mod-
ulus (6.246 GPa) as additive strengthening contribution into the 
aforementioned equations ( µ̄ is changed to µ̄+ σµ ). Inserting 
both standard deviations ( σ 2

�Vn
 and σµ ) is only physically mean-

ingful, if there is a correlation between the atomic size misfit and 
the local shear modulus in the HEA-matrix. Even though simu-
lations could not show a correlation, it serves as an upper limit 
for yield strength predictions of the Varvenne model. Including 
the standard deviations, a maximum increase in yield strength 
of roughly 13% can be observed for the equiatomic Cantor alloy, 
which is mostly attributed to the variation in shear modulus. 
Nevertheless, the absolute nanoindentation hardness is not 
provided.

Despite the consideration of the standard deviations, some 
hardness trends (Cr and Mn) cannot be described by the model. 
Therefore, a concentration-dependent strain-hardening behav-
ior has now been introduced. Figure 4b shows the fit using a 
concentration dependent f factor for describing the nanoinden-
tation hardness evolution for all diffusion couples. Substantial 
concentration changes are found within the IDZ and as a conse-
quence, parameters such as the stacking fault energy (SFE) will 
change, which in turn affects the local strain hardening behavior 
and thus the parameter f. The concentration dependent param-
eter f was fitted based on the measured hardness to account 
for the strain hardening of changing compositions within the 

interdiffusion zone. Since we do not have access to all required 
experimental data for the direct derivation of the concentration-
dependent f factor for all diffusion couples, in the following we 
will assume a linear dependency. As it can be seen in Fig. 4b, 
a linearly increasing hardening behavior from 2.0 for Cantor 
to 2.3 for Cr rich compositions and to 2.75 for Mn rich com-
positions describes the increasing hardness with increasing Cr 
or Mn concentration well. The introduction of a concentration 
dependent f factor leads to good agreement using the Varvenne 
SSS model and nanoindentation hardness mapping, whereas 
fluctuations in the local shear modulus and atomic size misfit 
volumes show negligible effects on the predicted hardness.

Bracq et al. [5] tested 24 discrete compositions based on 
the Cantor alloy with four elements staying in equiatomic ratio, 
while the respective fifth element is varied in concentration 
within the FCC phase space. Using discrete compositions gives 
better statistics for the mechanical characterisation on each 
sample, but the investigation of the vast compositional range of 
HEAs is strongly limited due to a high experimental effort. The 
diffusion couple approach on the other hand can be considered 
as a high-throughput screening method investigating broad 
concentration ranges up to the phase boundary. A quantitative 
comparison of the nanoindentation hardness values seems to 
be not appropriate, as the evaluation of hardness took place at 
different indentation depth. Furthermore, the equiatomic ratio 
of the other elements can not be kept while adding the respec-
tive fifth element during interdiffusion heat treatment. However, 
a qualitative comparison shows similarities for the addition of 
Co, Fe, Ni and differences for Cr, Mn. While Bracq et al. [5] 
could not notice any effect of Mn or Cr increase on hardness, 

Figure 4:  Predicted (solid lines) and measured hardness (symbols) normalized by HCantor as function of the concentration of the Cantor alloy partner in 
each diffusion couple. (a) shows the calculated results from the Varvenne model (Eqs. (2)–(4). (b) shows the Varvenne fit results with a concentration 
dependent f factor for Cr, Fe, Mn and Ni. The respective f factors are shown in the inset. For Co and Fe a constant f of 2 is assumed as it describes the 
measured hardness data well. For Cantor + Ni a constant hardness value was introduced to describe the indentation base hardness of pure Ni (dashed 
lines). The coloured bars represent the error of the indentation experiments.
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we observe an increase in hardness especially by adding Cr up 
to the FCC phase boundary. This observation is consistent with 
the results from Wu et al. [3], where Cr was also identified as the 
most potent strengthener element.

Summary and conclusion
The diffusion couple approach enables the investigation of mul-
ticomponent alloys over wide compositional intervals regarding 
phase stability or solid solution strengthening. In this work, the 
superposition of EDX and nanoindentation hardness measure-
ments was used to investigate SSH as a function of the chemical 
composition up to the phase boundary of the FCC phase of the 
Cantor alloy system. It has been shown that nanoindentation 
hardness mapping can be used for fast exploration of SSH of 
various chemical compositions. Moreover, the experimentally 
measured hardness was compared to the hardness predicted by a 
modified Labusch model and the more recent Varvenne model.

1. The Labusch model can be modified and fit to experimen-
tal nanoindentation data. Trends and effects for different 
constituent elements and solute additions (Co, Cr, Fe) are 
described well, but the model fails to describe trends for 
the large compositional range to pure Ni. According to this 
model, Cr seems to be the most potent strengthening ele-
ment due to its highest strengthening parameter.

2. The Varvenne model qualitatively describes the trends 
in most diffusion couples over the whole compositional 
range in the FCC structure. A concentration dependent 
correlation factor was introduced to consider changing 
strain hardening behavior and to fit the Varvenne model 
to experimental nanoindentation results, leading to good 
quantitative agreement.

3. Considerable fluctuations in the local shear modulus as 
well as in the atomic size misfit volumes were calculated 

by atomistic computer simulations, which in turn have no 
significant effect on the yield strength predictions of the 
Varvenne model and could be neglected.

Methodology
Varvenne solid solution‑hardening model

The Varvenne solid solution model specifically designed to 
describe highly concentrated FCC alloys based on the assump-
tion of a homogeneous average background matrix. There are 
various notations for the Varvenne model, which contain dif-
ferent prefactors. The notation we will be using follows Ref. [23] 
and is valid for FCC samples:

Parameters of the model are the mean shear modulus µ̄ and 
Poisson’s ratio ῡ of the alloy, the length of the Burgers vector b, 
the concentration of each constituent cn and the corresponding 
misfit volume �Vn . The temperature T can then be used to cal-
culate the critical shear stress τy at finite temperatures. Further 
parameters and their derivation are explained in Ref. [11]. The 
mean properties of the HEA are commonly obtained from a 
rule-of-mixture, ξ̄ =

∑

n
cnξn , where ξ is the physical property 

of interest [23]. The misfit volumes of the Cantor system are 
taken from Ref. [11]. The flow stress is linked to the predicted 
shear stress (cf. Eq. (4)) by the Taylor factor M (equal to 3.06 for 

(2)�τy0 = 0.01785α−1/3µ̄

(

1+ ν̄

1− ν̄

)4/3[∑
n cn�V2

n

b6

]2/3

(3)�Eb = 1.5618α1/3µ̄b3
(

1+ ν̄

1− ν̄

)2/3[∑
n cn�V2

n

b6

]1/3

(4)τy = τy0

[

1−

(

kBT

�Eb
ln
ε̇0

ε̇

)
2
3
]

Figure 5:  Relation between depth and concentration-dependent hardness H (h, c) and the yield strength σy as function of the concentration change �c 
using Tabors eq. Knowledge of the strain hardening σstrain is required to extrapolate from the experimentally measured hardness to the yield strength.
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polycrystalline FCC samples) [11]. The Varvenne model only 
considers a mean shear modulus and the respective atomic size 
misfit volumes �Vn , whereas Labusch describes the strengthen-
ing based on the addition of two elastic contributions: atomic 
size and shear modulus mismatch [8, 9].

Experimental procedure

Diffusion couples were prepared from a homogenized 
 Cr20.7Mn18.5Fe20.2Co20.5Ni20.1 Cantor alloy and its constitu-
ent pure elements. The purity levels of the diffusion partner 
elements (> 99.0%), sample preparation, heat treatment and 
quenching conditions can be found in Ref. [19]. The used heat 
treatment procedure avoids decomposition and retains the FCC 
phase stable of the Cantor alloy at ambient temperatures despite 
being potentially metastable. Cross sections of the diffusion cou-
ples were prepared by a mechano-chemical polishing down to 
colloidal silica to prepare deformation free and smooth surfaces, 
required for chemical, structural and mechanical investigations 
within the interdiffusion zone. The mechanical properties were 
investigated by nanoindentation testing, using a G200 nanoin-
dentation system (KLA) equipped with a diamond Berkovich tip 
(Synton-MDP). The local mechanical properties were measured 
with a continuous stiffness measurement (CSM) [24, 25], with 
an oscillation frequency of 45 Hz and a harmonic displacement 
of 2 nm. An input strain rate ( ̇ε =

ṗ
p ) of 0.05 was chosen. The 

maximum indentation depth was set to 1000 nm and the hard-
ness is averaged over an indentation range of 900–1000 nm. The 
pile-up behavior around the indent was measured via a Laser 
Scanning Microscope (Olympus Lext OLS 4100). A scanning 
electron microscope (TESCAN Mira3) was used to investigate 
the chemical and phase distribution within the interdiffusion 
zone by energy dispersive X-ray spectroscopy (EDX) and elec-
tron backscatter diffraction (EBSD).

Relating yield stress to hardness

With SSS models, the contribution of individual alloying ele-
ments onto the yield stress are determined, whereas these 
models do not quantify possible changes in the defect stor-
age, annihilation and thus work hardening behaviour of the 
alloys. The experimentally determined hardness H however 
comprises different factors besides solid solution strength-
ening, for example work hardening in presence of the 
indentation strain gradient needs to be considered. Hence, 
the difference in hardness between an alloy and the pure 
matrix element (referred to as unalloyed) is used to quan-
tify solid solution strengthening using nanoindentation: 

�σSSH ∝ �HSSH = Halloy −Hunalloyed [26]. Figure  5 sche-
matically depicts an approach to relate the depth h and con-
centration dependent indentation hardness H (h) to the con-
centration dependent yield strength σy(xi) . The hardness can 
be related to the flow stress σ at representative strain using 
Tabor’s equation [27]: H ≈ Cσ

(

εrep
)

 , where C represents the 
constraint factor C = 3 [28] and εrep is the representative strain. 
The dependency of the constraint factor on the elastic/plastic 
work ratio according to Leitner et al. [29] was used and a 
fully plastic behavior was observed for all compositions up 
to the phase boundary and we do not expect any influence 
for the further model analysis. For the used Berkovich tip, a 
representative strain of εrep ≈ 8% [28] is found. Tabor’s eq. 
only holds true if other contributions to the experimental 
hardness, like strain hardening, indentation size effect (ISE), 
pile-up behavior and strain rate sensitivity, are independent 
of concentration [26, 30]. For the tested material systems 
pile-up and rate sensitivity can be neglected, and the ISE is 
considered to be comparable for all compositions (as shown 
for Cantor and pure Ni in Fig. 1). However, knowledge of the 
strain hardening behavior σ = σ0ε

n where the work harden-
ing exponent n depends on the composition is essential for a 
correlation between flow stress at representative strain and 
the yield strength σy at zero strain. In particular, the stack-
ing fault energy (SFE) will change with composition and thus 
affect the local strain-hardening behavior ( +�σ , see Fig. 5) 
[31, 32]. Finally, the yield strength can be related to a hardness 
value and thus nanoindentation hardness mapping as function 
of the concentration c allows us to investigate solid solution 
strengthening in a continuous manner. Bracq et al. [5] also 
compared the indentation hardness of various FCC HEAs 
based on the Cantor alloy with a calculated yield strength 
using Tabor´s eq. and assumed a 20% uncertainty.
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Appendix A: List of symbols
See Table 1.

Appendix B: Material parameter
See Table 2.

TABLe 1:  List of symbols.

τcrit Critical shear stress

kn Strengthening parameter of element n

cn Concentration of each constituent

α Line tension parameter

µ̄ Mean shear modulus

ν̄ Mean Poisson´s ration

b Burgers vector

�Vn Misfit volume of element n

T Temperature

�Eb Energy barrier

ε̇0 Experimental strain rate

τy0 Zero temperature critical shear stress

τy Critical shear stress

C Constraint factor

σy Yield strength

˙P Loading rate

P Load

a Lattice constant

TABLe 2:  Material parameters 
used as input for the yield 
strength calculations based on 
the Varvenne model [11, 21, 22].

Element a/pm µ/GPa ν E/GPa b/pm �VnÅ
3

Cr 288.46 115.3 0.21 279 249.81 12.27

Mn 386.24 79.5 0.24 191 273.11 12.60

Fe 364.68 81.6 0.29 208 257.87 12.09

Co 354.45 82 0.32 211 250.63 11.12

Ni 352.38 76 0.31 199 249.17 10.94

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
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Appendix C: Atomistic computer simulations
C.1: Local shear modulus

The Varvenne model is based on the assumption of an aver-
age background matrix, into which solutes are embedded [10, 
11]. This average matrix has an average shear modulus µ̄ , which 
is taken as homogeneous over the whole sample. The interac-
tion of the dislocation with the local chemical fluctuations of 
the HEA are included by means of the volume misfit term �V  , 
which accounts for the size difference of the elements. Atomistic 
computer simulations are used to investigate whether the HEA 
matrix can be seen as an average matrix with a homogeneous 
shear modulus or if there are strong local fluctuations which 
need to be treated individually (Fig. 6).

To answer this question, we calculate the local stiffness ten-
sor for each atom in a Cantor alloy sample using the computa-
tional approach presented in Ref. [33]. Calculations were per-
formed using LAMMPS [34] and the equimolar CrMnFeCoNi 
HEA was described by the 2-nearest neighbor modified embed-
ded atom method (MEAM) interatomic potential [35] para-
metrized by Choi et al. [36]. The single crystalline FCC sample 
was prepared using ATOMSK [37] and contained 5 ×  105 lattice 
sites occupied by randomly distributed Cr, Mn, Fe, Co, and Ni 
atoms. We determined the macroscopic elastic constants from 

finite deformations of the simulation cell using Hooke’s law. Post 
processing and visualization were performed in OVITO [38].

From this data the Voigt–Reuss–Hill (VRH) [39] averaged 
local shear modulus can be obtained for each atom. Fig. 6 shows 
a histogram of the local shear modulus ( µVRH, local ) compared to 

Figure 6:  Distribution of the local VRH shear modulus ( µVRH,local ) in the equimolar Cantor alloy. For comparison the VRH shear modulus for the same 
alloy determined from Hooke’s law is given ( µVRH,global ). The inset shows a snapshot of the sample with atoms color-coded based on their local shear 
modulus.

Figure 7:  Distribution of the static atomic volume  Vi for each atomic 
species in the CrMnFeCoNi HEA determined by polydisperse Voronoi 
tessellation at 0 K. The average atomic volume ¯V  is indicated as well.
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the VRH shear moduli obtained from Hooke’s law for the whole 
simulation cell ( µVRH,global ). The inset shows a snapshot of the 
simulated sample with the atoms color-coded based on their 
local shear modulus.

The mean of the local shear modulus distribution is located 
at 52 GPa which is lower than the one reported by Wu et al. [3] 
80 GPa. Nevertheless, the atomic shear modulus shows a broad 
distribution with a full width a standard deviation of 6.25 GPa 
and a full width at half maximum of 14 GPa. The inset shows no 
significant clustering of low (high) shear modulus atoms form-
ing subvolumes of locally decreased (increased) stiffness. Given 
that the strain field of the dislocation is farther reaching than 
multiple interatomic distances [40] and with the activation vol-
ume for dislocation glide in the Cantor alloy being about 70–360 
 b3 [41], it remains unclear whether these short ranged fluctua-
tions of the shear modulus need to be included in a SSH model.

C.2.: Misfit volumes

The misfit volume is a key quantity strongly influencing the 
yield strength predicted by the Varvenne model. It can be 
obtained from experiments on binary subsystems of the HEA 
[11], the rule-of-mixtures [23], or from atomistic computer 
simulations of the full HEA [12]. In the following, we deter-
mine the misfit volume of the different constituents in the 
Cantor alloy using atomistic computer simulations based on 
the approach developed by Yin and Curtin [12].

Similar to the local shear modulus, the local atomic 
volume in a HEA is not a single number, but varies locally 
depending on the chemical environment. We use poly-dis-
perse Voronoi tessellation as implemented in OVITO [38] to 
determine the volume associated to each atomic species in the 
HEA. We used the sample prepared in sec. Appendix C.1 as it 
contained a sufficiently large number of atoms to achieve rep-
resentative results. The elemental Goldschmidt radii are used 
as input for the tessellation and the resulting atomic volume 
distribution Vi is shown in Fig. 7. Additionally, the average 
atomic volume V̄CrMnFeCoNi is indicated. The five constitu-
ent elements show differences between their element specific 
Voronoi volume and the average atomic volume of the matrix 
V̄  in the range of 0.14–0.56 Å3. The Voronoi volumes confirm 
that the atomic volume in the HEA is not a single number, 
but follows a normal distribution with standard deviations 
in the range of 0.0674 Å3 for Ni to 0.0909 Å3 for Mn. If the 
atomic volumes in a HEA show a finite width distribution, the 
corresponding misfit volumes need to have a similar distribu-
tion. While the finite width of the misfit volume distribution 
is included as σ�Vn in the original equations of the Varvenne 
SSH model (see Ref. [11] Eqs. 15 and 16) this value is usually 
set to 0 ({e.g. Refs. [11, 12, 23]).

Appendix D: Nanoindentation hardness data
See Fig. 8.

Figure 8:  Nanoindentation hardness as a function of indentation depth for the equiatomic composition (named as Cantor) and the composition at 
phase boundary for the respective diffusion partner element (named as phase boundary). Please note here, only indents with a minimum distance of 
the plastic zone’s diameter from the phase boundary were considered. For clarity, not all data points are displayed and each sample has been shifted 
along the ordinate.
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