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A B S T R A C T
Tracer diffusion of Co, Cr, Fe and Ni is measured at 1373 K in Co20 Cr20 Fe20 Mn20 Ni20 , Co10 Cr10 Fe10 Mn10 Ni60
and Co2 Cr2 Fe2 Mn2 Ni92 alloys. Diffusion retardation in the high-entropy Co20 Cr20 Fe20 Mn20 Ni20 alloy is most
prominent in comparison to the Co2 Cr2 Fe2 Mn2 Ni92 solid solution, however the concept of ‘sluggish’ diffusion cannot be used as a blanket statement. The tracer diffusion coeﬃcient drops either slightly (by a factor
of three, Fe) or marginally (by a factor of 1.2, Ni) if compared at 1373 K. Alternatively, if compared on a
homologous temperature scale, the diffusion retardation can be as large as a factor of 30 (Fe) or 10 (Ni).
© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Alloys have traditionally been developed according to a ‘base element’ paradigm, where one element of the alloy is predominant, e.g.
iron in steel and nickel in super alloys, and other elements are taken
to improve their properties [1]. In 2004, a new concept was introduced [2,3] and, since then, alloys with multiple principal elements
and the concentration of each element between 5 and 35 at.%, still
forming a solid solution, have been investigated. These alloys are
known as multi-principal-element alloys or further as high-entropy
alloys (HEAs) [4]. The last name goes back to Yeh et al. [2]. Some
of these HEAs have exhibited very promising mechanical properties
[5,6], thus initiating a very dynamic ﬁeld of research. Step by step,
properties of HEAs are explored and one of primary importance is
diffusion. Indeed, diffusion is of interest for basic research as well as
for applications since it is related with the atomic structure and electronic interactions, but at the same time controls phase formation or
degradation of materials.
A concept of ‘sluggish’ diffusion in HEAs in comparison to conventional alloys was proposed as one of the four ‘core effects’ of
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HEAs [7]. The ﬁrst interdiffusion measurements on the Co–Cr–Fe–
Mn–Ni alloys seemed to support this paradigm [8].1 However, for
the past two years, the concept of ‘sluggish’ diffusion has been questioned [4,12-15]. Moreover, the latest diffusion measurements on
HEAs have shown that the determination whether diffusion in HEAs
is sluggish or not is not straightforward [14].
In fact, the term ‘sluggish’ diffusion is vaguely deﬁned, since the
reference is ambiguous. So far, the diffusion rates in HEAs were
compared to those in pure elements or (nearly) equiatomic alloys.
Solid solutions, including concentrated ones, present further systems, which might be relevant. In this case one may differentiate
the effects of vacancy–solute binding and those of the variable environments of a vacancy in a high-entropy alloy. Furthermore, the
diffusivities have to be compared on both, absolute and homologous
temperature scales. For an overview of the recent progress on this
topic see e.g. Ref. [9].
In the present study, we focus on the comparison of the diffusion rates of elements in multi-principal element alloys within the
same system when the composition is varied from pure metal to
a dilute solid solution and ﬁnally to a HEA. Thus, the inﬂuence of

1
However, serious drawbacks in the original analysis of the interdiffusion data
were found [9], see also the discussion in [10,11].
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the element concentration on diffusion in HEAs can be determined
without having to take into account the inﬂuence of the nature of
the elements. This approach could clarify the ‘sluggish diffusion’ core
effect of HEAs. To this end, three alloys containing the same chemical elements in different proportions, namely Co20 Cr20 Fe20 Mn20 Ni20 ,
Co10 Cr10 Fe10 Mn10 Ni60 and Co2 Cr2 Fe2 Mn2 Ni92 were selected. Those
three alloys were already proven to form single face-centered cubic
(FCC) solid solutions [16-18]. The ﬁrst is the widely studied socalled Cantor HEA. The last one is a conventional dilute solid solution, where Ni is the main element and Co, Cr, Fe and Mn are
solutes. The composition of the Co10 Cr10 Fe10 Mn10 Ni60 alloy is in
between an equimolar HEA and a conventional alloy. Its purpose
is to identify a possible discontinuity (if it exists) in the evolution of the diffusion properties, which would reﬂect a speciﬁcity of
HEAs.
The Co10 Cr10 Fe10 Mn10 Ni60 and Co2 Cr2 Fe2 Mn2 Ni92 alloys were
prepared by the same procedure: First, Co, Cr, Fe, Mn and Ni metal
pieces of at least 99.95% purity were melted by high frequency electromagnetic induction melting in a water-cooled copper crucible
under He atmosphere. Then, suction casting was performed to shape
the ingots into a rod with a diameter of 13 mm. Rods were wrapped
in Ta foil and annealed at 1373 K for 13 h under a He atmosphere for
chemical homogenization. Afterwards, the ingots were cold-rolled
with a thickness reduction of 70–80 %, to obtain sheets with a
thickness of 0.7 to 1 mm suitable for the diffusion measurements.
A ﬁve-component equiatomic HEA was manufactured using elemental ingredients of Co, Cr, Fe, Mn and Ni of 99.9% purity in an
inductive furnace (Balzer, VSG-50) under a protective Ar atmosphere.
During the process, Co, Fe, Mn and Ni were ﬁrst melted and then
Cr was added to the liquid alloy (due to the possibility of covering
Cr pieces with oxides during the slow heating process in the furnace). Taking into consideration the probability of Mn evaporation,
its amount was increased by 1%. The samples were cast in a steel
mold, pre-heated to 473 K, and rods of 20 mm diameter and 100 mm
length were obtained. The samples were homogenized by annealing
at 1473 K for 50 h.
Discs of 5–6 mm diameter were cut by spark erosion, wrapped
in Ta foil, sealed in quartz ampoules under puriﬁed Ar atmosphere
and annealed at 1423 K for 3 days allowing recrystallization to occur.
One face of each sample was ground and polished ﬁrst mechanically and ﬁnally chemically to a mirror-like ﬁnish. All samples were
annealed at the intended diffusion annealing temperature (1373 K)
for the diffusion annealing time (1 month) to achieve equilibrium
defect concentrations.
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The microstructure was characterized by scanning electron
microscopy (SEM, FEI Nova NanoSEM 230) using energy-dispersive
X-ray spectroscopy (EDS) and electron backscatter diffraction
(EBSD), as well as by X-ray diffraction (XRD, Siemens D5000). A Netzsch DSC 404 F1 Pegasus calorimeter was used to perform Differential Scanning Calorimetry (DSC). Around 100 mg of each composition
was put into an alumina crucible and heated up to 1773 K at a rate
of 20 K/min under an Ar ﬂow, afterwards, the crucibles were cooled
down to room temperature at the same rate. When the same heating cycle is reproduced several times, the relative difference of the
determined solidus and liquidus temperatures is lower than 0.1%.
Few microliters of a mixture of c-isotopes, 51 Cr, 57 Co and 59 Fe,
with the partial activities between 6 and 10 kBq, were dropped on
the ﬂat, etched surface of annealed samples. 63 Ni tracer solution
(a b-isotope) was separately deposited on a second set of samples.
The samples were wrapped in Ta foil, sealed into high purity silica
tubes, evacuated ﬁrst to a residual pressure below 10−5 mbar and
backﬁlled with Ar, and diffusion annealed for 1 month at 1373 K.
Afterwards, the discs were reduced in diameter to exclude the inﬂuence of surface and/or lateral diffusion. The penetration proﬁles were
measured by parallel sectioning using precise mechanical grinding.
The thickness of each section was determined by the mass difference before and after grinding. The relative speciﬁc activity of each
section, which is proportional to the tracer concentration, was measured using a Liquid Scintillation Analyzer for the b-tracer (63 Ni) and
an intrinsic Ge c-detector for the c-tracers (51 Cr, 57 Co and 59 Fe). The
counting time was chosen to approach 2% statistical accuracy.
After the homogenization annealing, XRD (Fig. 1a) revealed
that Co20 Cr20 Fe20 Mn20 Ni20 , Co10 Cr10 Fe10 Mn10 Ni60 and Co2 Cr2 Fe2
Mn2 Ni92 alloys are composed of a single phase FCC solid solution.
A SEM-EDS analysis (step size of 100 nm) proved elemental homogeneity in all alloys and has not detected precipitates or element
enrichment at grain boundaries after annealing at 1373 K.
The lattice parameters of Co20 Cr20 Fe20 Mn20 Ni20 , Co10 Cr10 Fe10
Mn10 Ni60 and Co2 Cr2 Fe2 Mn2 Ni92 are 3.598 ± 0.001, 3.585 ± 0.003
and 3.543 ± 0.001 Å, respectively. Those results are in agreement
with the previous work [16,18]. The samples were also characterized by SEM after cold-rolling and recrystallization annealing. As
expected, large recrystallized grains were formed with an average
size larger than 300 lm. Due to considerable large grains, a probable contribution of grain boundary diffusion is decreased. The SEM
inspection with EBSD revealed a high fraction of high-angle grain
boundaries, although numerous twin boundaries were also observed
after the annealing treatment.

Fig. 1. Normalized X-ray diffraction patterns of Co20 Cr20 Fe20 Mn20 Ni20 , Co10 Cr10 Fe10 Mn10 Ni60 , Co2 Cr2 Fe2 Mn2 Ni92 and pure Ni. The crystallographic planes of the FCC phase
are indicated above the corresponding peaks. The peak shifts are explained by varying lattice parameters [18]. DSC curves of Co20 Cr20 Fe20 Mn20 Ni20 , Co10 Cr10 Fe10 Mn10 Ni60 and
Co2 Cr2 Fe2 Mn2 Ni92 alloys. The inset on the bottom left is a zoom of the endothermic peaks, which represent the melting process.
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Table 1
Volume diffusion coeﬃcients for Cox Crx Fex Mnx Ni100−4x alloys at 1373 K.
Alloy

Tm
K

DV for 51 Cr
10−15 m2 /s

DV for 57 Co
10−15 m2 /s

DV for 59 Fe
10−15 m2 /s

DV for 63 Ni
10−15 m2 /s

Co20 Cr20 Fe20 Mn20 Ni20
Co10 Cr10 Fe10 Mn10 Ni60
Co2 Cr2 Fe2 Mn2 Ni92

1611
1659
1743

+0.7
4.0−0
.5
+0.5
6.1−0
.2
+1.0
8.4−1.2

+0.5
1.4−0
.1
+0.2
3.2−0
.1
+0.3
3.5−0.4

+0.2
2.9−0
.5
+0.3
5.5−0
.1
+1.3
7.8−0.8

+0.6
1.6−0
.2
+0.3
2.4−0
.3
+0.3
1.9−0.7

In order to be able to compare the diffusion coeﬃcients on a
homologous temperature scale, the melting points of the three alloys
were measured by DSC. During heating between room temperature
and 1773 K, a single endothermic peak, which corresponds to the
melting, was recorded for the three alloys (Fig. 1b). As previously
proposed [12], the liquidus temperature is chosen to represent the
melting point and is determined at the maximum of the peak. The
values are given in Table 1 and plotted in Fig. 2b. The melting point
decreases from (1743 ± 1) K for Co2 Cr2 Fe2 Mn2 Ni92 to (1611 ± 2) K for
Co20 Cr20 Fe20 Mn20 Ni20 .
Exemplarily, the penetration proﬁles of 51 Cr, 57 Co and 59 Fe diffusion in the Co10 Cr10 Fe10 Mn10 Ni60 alloy are shown in Fig. 2a by
plotting the logarithm of the relative speciﬁc activity of the tracer, c,
against the diffusion length squared, y2 . All penetration proﬁles are
of a similar quality. A linear decrease of the tracer concentration in
the given coordinates can be followed to the penetration depths of
300 to 500 lm. Accordingly, the instantaneous source solution of the
diffusion problem [19],


y2
c( y, t) = 
exp −
4D
Vt
pDV t
M


(1)

is fulﬁlled. Here t is the diffusion annealing time and DV the volume
diffusion coeﬃcient. M denotes the initial amount of tracer material
applied to the external surface. Due to the linearity of the proﬁles

in Gaussian coordinates, the volume diffusion coeﬃcients, DV , can
directly be determined:

DV =



1
∂ ln c( y, t) −1
−
.
4t
∂ y2

(2)

All investigated elements provided reliable penetration proﬁles
for the diffusion time used, for which the relative uncertainty is
between 3 and 32% respectively for Fe and Co. The determined
volume diffusion coeﬃcients are given in Table 1 and plotted in
Fig. 2b as functions of the Ni concentration (the left ordinate).
For Co10 Cr10 Fe10 Mn10 Ni60 , Co2 Cr2 Fe2 Mn2 Ni92 and for pure Ni,
the diffusion coeﬃcients at 1373 K can be ranked similarly: DV (Cr) ≈
DV (Fe) > DV (Co) > DV (Ni). Furthermore, in Co20 Cr20 Fe20 Mn20 Ni20
and Co10 Cr10 Fe10 Mn10 Ni60 , DV (Co) and DV (Ni) are found to be similar
at 1373 K.
In Fig. 3, the present results on the high-entropy Co20 Cr20
Fe20 Mn20 Ni20 alloy are compared to the previous measurements,
including the data on radiotracer diffusion on a coarse-grained polycrystalline alloy from Vaidya et al. [14], radiotracer diffusion on a
single crystalline alloy from Gaertner et al. [24] and the diffusion couple measurements on a polycrystalline alloy by Tsai et al. [8]. Thus,
different diffusion measurement techniques and processing routes
are compared. The relative standard deviations between those four
studies range from 13% to 25% respectively for Ni and Co. These deviations correspond roughly to the measurement uncertainties. Still,

Fig. 2. (a) Examples of penetration proﬁles measured for 51 Cr, 57 Co and 59 Fe diffusion in the Co10 Cr10 Fe10 Mn10 Ni60 alloy. The Gaussian ﬁts are plotted by solid lines. The penetration proﬁles of all investigated alloys are of a similar quality for all isotopes. (b) Volume diffusion coeﬃcients of the constituent elements at 1373 K as functions of Ni content
in the three studied alloys (left ordinate). For comparison, the melting point of the alloys are plotted as red pentagons (red ordinate on the right side). Data for pure Ni are plotted
for comparison [20-23].
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Fig. 3. Comparison of volume diffusion DV measured at 1373 K in the
Co20 Cr20 Fe20 Mn20 Ni20 alloy. DV were measured by radiotracer diffusion on polycrystalline alloys (this study, Vaidya et al. [14]), by radiotracer diffusion on a single
crystalline alloy (Gaertner et al. [24]) and by a diffusion couple consisting of polycrystalline alloys (Tsai et al. [8]). The error bars correspond to deviations between
maximal and minimal Gaussian solutions of the proﬁles (see Eq. (2)). DV (Mn) was not
measured in this study.

some discrepancies are larger and most likely due to slight differences in processing which induce spurious C or O contamination.
However, this comparison illustrates that diffusion coeﬃcients measured in different alloys can reliably be compared, both qualitatively
and quantitatively.
Now, the diffusion rates in the HEAs and the dilute solid solutions
are compared. The evolution of DV (Ni) with the alloy composition is different from those of DV (Cr), DV (Co) and DV (Fe). Indeed,
DV (Ni) is approximately constant for the whole range of composition from pure Ni to Co20 Cr20 Fe20 Mn20 Ni20 . On the contrary,
DV (Cr), DV (Co) and DV (Fe) decrease when the composition is modiﬁed from a dilute solid solution (i.e.: Co2 Cr2 Fe2 Mn2 Ni92 ) to a HEA
(i.e.: Co20 Cr20 Fe20 Mn20 Ni20 ). This decrease is between 60 and 76%
for DV (Co) and DV (Fe), respectively, and it appears smooth and continuous. Although more compositions should be studied to get a
complete description, a kink in the diffusion behavior between dilute
solid solution and HEA is very unlikely to exist.
Furthermore, relatively strong changes of the diffusion rates
of solute and solvent atoms are observed between pure Ni and
Co2 Cr2 Fe2 Mn2 Ni92 . For example, the diffusion rates of Cr and Fe are
increased by a factor of 3, whereas the diffusion rate of Ni is decreased
by 20% at 1373 K. It is known that an enhancement of solute diffusion in substitutional FCC diluted alloys corresponds typically to
an increase of the solvent diffusion rate, too [25,26]; the effect is
essentially due to the increase of the vacancy concentration [27]. The
opposite trends are clearly seen in Fig. 2b which indicate a sophisticated competition for vacancies by the multi-solute alloying at this
temperature.
It is highlighted that the enhancement of the solute diffusion rates
in the dilute solution is almost as large as the subsequent deceleration of the diffusion rates between Co2 Cr2 Fe2 Mn2 Ni92 and the
Co20 Cr20 Fe20 Mn20 Ni20 HEA. To conclude, at the given absolute temperature of 1373 K, the volume diffusion coeﬃcients of solutes (Cr, Co
and Fe) are slower in the high-entropy alloy than in the dilute solid
solution. However, the diffusion coeﬃcients are almost the same
(within 50%) when HEA and pure Ni are compared; moreover some
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Fig. 4. Volume diffusion of Cr, Co, Fe and Ni plotted as a function of the homologous temperature Tm /T where Tm is the melting temperature and T is the diffusion
annealing temperature. The ﬁlled dots, squares and triangles correspond respectively
to the Co20 Cr20 Fe20 Mn20 Ni20 , Co10 Cr10 Fe10 Mn10 Ni60 and Co2 Cr2 Fe2 Mn2 Ni92 alloys.
The dashed lines are the Arrhenius plots of the Co20 Cr20 Fe20 Mn20 Ni20 alloy, which
were established by Vaidya et al. [14]. The straight lines correspond to the Arrhenius
plots of pure Ni, which were published by Monma et al. [20], Vladimirov et al. [21],
Bakker et al. [22] and Bronﬁn et al. [23]. All data for Cr, Co, Fe and Ni are in respective
colors, i.e. black, blue, green and orange.

elements diffuse slower (Ni, Co, Fe) and some are diffusing slightly
faster (Cr).
In Fig. 4, the diffusion coeﬃcients are compared using the
inverse homologous temperature scale, Tm /T, where T and Tm
are the diffusion annealing and melting temperature, respectively.
Signiﬁcant differences between the diffusion rates of the investigated elements in the HEAs and the dilute solid solution are
revealed on this scale. Indeed, at the same homologous temperature, the diffusion coeﬃcients in Co10 Cr10 Fe10 Mn10 Ni60 are
by a factor of 3 (Ni) or 8 (Co) larger than the ones in the
Co20 Cr20 Fe20 Mn20 Ni20 HEA (Tm /T = 1.21) and the diffusion coefﬁcients of Co2 Cr2 Fe2 Mn2 Ni92 are up to 10 (Ni) or 30 (Fe) times
larger than those of Co20 Cr20 Fe20 Mn20 Ni20 (Tm /T = 1.27). The difference between the tendencies on the homologous and absolute
temperature scales is due to a decrease of the melting temperature between Co2 Cr2 Fe2 Mn2 Ni92 and Co20 Cr20 Fe20 Mn20 Ni20 . In
future work, the temperature dependencies of the tracer diffusion
in Co10 Cr10 Fe10 Mn10 Ni60 and Co2 Cr2 Fe2 Mn2 Ni92 will be determined.
The comparison of the calculated activation energy will give more
insights on the diffusion mechanism and the element competition
for vacancies.
Are these differences signiﬁcant in order to state the existence
of sluggish diffusion in HEAs? The determined retardation of the
diffusion rates in HEAs is still within general rules established for
substitutional diffusion in FCC metals [28], namely that the diffusion rates of substitutional solutes in FCC matrix are typically within
one order of magnitude of that for self-diffusion.2 Thus, we conclude
that the concept of sluggish diffusion cannot be used as a blanket
statement for all elements in HEAs and, strictly speaking, the concept
is not correct. However, a retardation of the diffusion rate of some

2
Abnormally slow diffusion of some 3d transition metals in Al [28] is explicitly
taken out of consideration in this comparison.
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elements in HEAs is most signiﬁcant if it is referenced to the solid
solutions instead of the pure matrix.
In the present work, volume diffusion was measured for the
ﬁrst time in Co10 Cr10 Fe10 Mn10 Ni60 and Co2 Cr2 Fe2 Mn2 Ni92 and remeasured in the well-known equimolar Co20 Cr20 Fe20 Mn20 Ni20 at
1373 K. The three alloys were shown to form a single-phase FCC solid
solution. Co2 Cr2 Fe2 Mn2 Ni92 is a conventional dilute solid solution
whereas Co20 Cr20 Fe20 Mn20 Ni20 is a HEA. Thus, the impact of element
concentration with no or limited inﬂuence of their chemical nature
on diffusion in HEAs is addressed.
The main results are the following:
• For the three alloys, the measured tracer diffusion coeﬃcients
are in the range of 10−15 to 10−14 m2 s−1 and Cr is the fastest
element, followed by Fe, Co and Ni, which is the slowest
element at the temperature under investigation.
• At 1373 K, diffusion of Co, Cr and Fe in Co20 Cr20 Fe20 Mn20 Ni20 is
slower than in Co2 Cr2 Fe2 Mn2 Ni92 but the differences are comparable with those between pure Ni and Co2 Cr2 Fe2 Mn2 Ni92 .
The changes of the tracer diffusion coeﬃcients are within a
factor of three (Co) or even marginal (Ni).
• On a homologous temperature scale, the element diffusion
rates in Co20 Cr20 Fe20 Mn20 Ni20 are by about one order of magnitude slower than in Co2 Cr2 Fe2 Mn2 Ni92 at Tm /T = 1.27.
At this homologous temperature, the diffusion coeﬃcients for
Co2 Cr2 Fe2 Mn2 Ni92 are within a factor of two of those measured
for pure Ni.
We highlight that an increase of the solute concentration while
keeping the same elements does not inevitably induce ‘sluggish’ diffusion at a given temperature. The decrease of the diffusion rates
is comparable to differences which are observed between conventional alloys. In contrast, on a homologous temperature scale, tracer
diffusion of some elements in HEA can be slower by one order of
magnitude compared to that in a conventional dilute solid solutions.
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