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Abstract: The interdiffusion coefficients in Alp2CoCrFeNi, CoCrCug2FeNi, and CoCrFeMng,Ni high-entropy alloys
were efficiently determined by combining diffusion couple experiments and high-throughput determination of
interdiffusion coefficients (HitDIC) software at 1273—1373 K. The results show that the addition of Al, Cu, and Mn to
CoCrFeNi high-entropy alloys promotes the diffusion of Co, Cr, and Fe atoms. The comparison of tracer diffusion
coefficients indicates that there is no sluggish diffusion in tracer diffusion on the thermodynamic temperature scale for
the present Aly,CoCrFeNi, CoCrCug2FeNi, and CoCrFeMng,Ni high-entropy alloys. The linear relationship between
diffusion entropy and activation energy reveals that the diffusion process of atoms is unaffected by an increase in the
number of components as long as the crystal structure remains unchanged.
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1 Introduction

High-entropy alloys (HEAs), also known as
multi-principal element alloys, usually contain five
or more elements in equal or near-equal atomic
ratios [1], and have received widespread attention
due to their excellent overall properties, such as
high strength and ductility [2], high fracture
toughness [3], and excellent creep strength [4]. As
one of the four “core effects” in HEAs proposed by
YEH et al [5], sluggish diffusion has become the
research hotspot due to the wide debates on its
existence in the literature [6,7]. Moreover, the study
of diffusion kinetics in HEAs also helps to assess
phase stability and solid-state phase transitions,
thereby effectively controlling the kinetic processes
during the preparation, processing and use of
HEAs and accelerating the process of design and

development of new high-performance HEAs [8].
Many researchers have studied the diffusion
behavior of HEAs. CHEN et al [9] revealed that the
sluggish diffusion only existed for Al, Co, Cr and Ti
in fcc Al-Co—Cr—-Fe—Ni—Ti HEAs. GAERTNER
et al [10] found that Cr, Mn, and Fe in the
CoCrFeMnNi HEAs system exhibited significant
uphill diffusion. KOTTKE et al [11] reported the
sluggish diffusion effect in the equiatomic
CoCrFeMnNi HEAs, and the diffusion retardation
can be as large as a factor of 30 (Fe) or 10 (Ni) on
a homologous temperature scale. TAO et al [12]
revealed the diffusion behavior of CuCoCrFeNi
HEAs with nickel and copper coating. Cu atoms do
not generate lattice diffusion in the CuCoCrFeNi
alloy, but they can diffuse at grain boundaries after
annealing at high temperature or annealing for long
time, while interdiffusion can easily occur between
Ni and HEAs. DABROWA et al [13] studied the
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interdiffusion in Co—Cr—Fe—Mn—Ni, Co—Fe—
Mn—Ni, Co—Cr-Fe—Ni, Co—Cr-Mn—Ni, and
Al-Co—Cr-Fe—Ni, and there is no signs of
diffusion retardation in HEAs when the absolute
temperature scale is considered. And sluggish
diffusion occurs only for alloys with prominent
manganese content in HEAs and binary systems.
The above researches [9—13] indicate that HEAs
with different alloying elements exhibit different
diffusion behaviors. However, the effect of their
additions on the interdiffusion coefficient in fcc
HEAs has rarely been discussed. Therefore, it is
necessary to study the influence of different
alloying elements on the diffusion behavior of
HEAs. What” more, understanding the effect of the
additional elements on the diffusion behaviors in
alloys helps to design the high-performance alloys
to meet the usage requirements [14].

Al, Cu, and Mn are common additional
elements in fcc-based HEAs [6,15,16]. The
influence of Al, Cu and Mn additions on diffusion
behaviors in CoCrFeNi high-entropy alloys is
chosen as the target in the present work. The major
objectives are: (1) to determine the interdiffusion
coefficients of Alp2CoCrFeNi, CoCrCug.FeNi
and CoCrFeMno:Ni HEAs by combining the
diffusion couple experiments and high-throughput
determination of interdiffusion coefficients (HitDIC)
software; (2) to discuss the effect of the addition of
Al, Cu and Mn on the interdiffusion coefficients in
fcc CoCrFeNi HEAs; (3) to analyze the influence of
diffusion entropy on the tracer diffusion coefficients
and the premise of sluggish diffusion in CoCrFeNi-
based HEAs.

2 Experimental

Metal rods of pure Al (purity: 99.99%), Co
(purity: 99.95%), Cr (purity: 99.95%), Cu (purity:
99.99%), Fe (purity: 99.9%), Mn (purity: 99.9%),
and Ni (purity: 99.98%) were added to prepare
Alp2CoCrFeNi, CoCrCug2FeNi, CoCrFeMny,Ni
and CoCrFeNi HEAs in a vacuum arc melting
furnace under a purified Ar atmosphere. The HEA
ingots were melted and re-melted at least five times
to ensure homogenous composition. The as-cast
buttons were subsequently homogenized in a
high-temperature tube furnace (GSL1700X) at
1373 K for 7 d. After being quenched in cold water,
the homogenized alloys were subjected to X-ray

diffraction (XRD, D8 Advance) technique for phase
identification.

Subsequently, the homogenized buttons were
cut into small pieces with size of 5 mm X 5 mm X
1.8 mm. All samples were ground to remove any
contaminant, and one face with a dimension of
S5mm x 5mm of the samples was polished. The
polished faces of homogenized samples were fitted
together, and assembled by Mo fixture to prepare
the diffusion couples, as listed in Table 1.

Table 1 Actual compositions for end-members of
different diffusion couples together with their diffusion
treatment in this work

Couple Actual Temperature/ Diffusion
No. composition/at.% K time/h
Al 247C0-26.3Cr—24.8Fe— 1273 71
B1  24.2Ni/4.5A1-23.6Co— 1323 65
Cl 25.1Cr—23.6Fe—23.2Ni 1373 48
A2 247C0-26.3Cr-24.8Fe— 1273 71
B2 24.2Ni/23.4Co—25.2Cr— 1323 65
2 4.8Cu—23.5Fe—23.1Ni 1373 48
A3 247C0-26.3Cr—24.8Fe— 1273 71
B3 24.2Ni/23.6Co—25.4Cr— 1323 65
C3 23.6Fe—4.1Mn—23.3Ni 1373 48

Diffusion couples were sealed in a quartz tube
with a vacuum environment, and then they were
annealed at 1273, 1323, and 1373 K for 71, 65, and
48 h, respectively, followed by water quenching.
After that, the cross section of each diffusion couple
was ground and polished by standard metallo-
graphic techniques, and the microstructure was then
characterized by scanning electron microscopy
(SEM, Gemini 300). The composition profiles on
the straight line along the wvertical diffusion
interface were analyzed with the electron probe
microanalyzer (EPMA, JXA-8230).

3 Results and discussion

3.1 Concentration profiles

The actual compositions of Alp>CoCrFeNi,
CoCrCugoFeNi, CoCrFeMng,Ni, and CoCrFeNi
HEAs are determined by EPMA as 4.5A1-23.6Co—
25.1Cr—23.6Fe—23.2Ni,  23.4C0—25.2Cr—4.8Cu—
23.5Fe—23.1Ni, 23.6C0—25.4Cr-23.6Fe—4.1Mn—
23.3Ni, and 24.7C0—26.3Cr—24.8Fe—24.2Ni (at.%),
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respectively. According to our previous work and
literature reports [6,7,17—19], CoCrFeNi, Alg.Co-
CrFeNi, CoCrCug,FeNi, and CoCrFeMng,Ni alloys
prepared in this work locate in fcc single-phase
region. To further identify the phases in the HEAs
prepared in this work, XRD patterns of four HEAs
were measured and shown in Fig. 1. It can be
observed in Fig. 1 that CoCrFeNi, Alyp,CoCrFeNi,
CoCrCugFeNi, and CoCrFeMng,Ni alloys exhibit
a typical fcc single phase.
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Fig.1 XRD patterns of as-homogenized CoCrFeNi,
CoCrFeMng,Ni, Alp,CoCrFeNi, and CoCrCug,FeNi
alloys

A representative backscattered electron image
(BEI) of B2 (CoCrFeNi/Alp,CoCrFeNi) diffusion
couple, which was annealed at 1323 K for 65 h, is
depicted in Fig.2. As can be seen from Fig. 2,
CoCrFeNi and Alp,CoCrFeNi alloys on both sides
of the B2 diffusion couple possess a homogeneous
structure, and no second phase precipitation is
observed. Thus, the BEI of CoCrFeNi and
Alp,CoCrFeNi alloys also indicates a single-phase
microstructure.

! Interface

Aly,CoCrFeNi ' CoCrFeNi

Fig. 2 Representative backscattered electron image of B2
diffusion couple annealed at 1323 K for 65 h

Figure 3 presents experimental composition
profiles of diffusion couples for AlCoCrFeNi,
CoCrCuFeNi, and CoCrFeMnNi systems at
1273—-1373 K. As displayed in Fig. 3, the
composition profiles for all elements are S-shaped,
which indicates that interdiffusion between the
alloys occurs. Besides, under the same diffusion
conditions, Al, Cu and Mn have greater diffusion
depths than Co, Cr and Fe in the same alloy systems,
inferring diffusion rates of Al, Cu and Mn are
generally larger than those of Co, Cr and Fe. Based
on the experimental composition profiles, the
mobility parameters together with the interdiffusion
coefficients in AlCoCrFeNi, CoCrCuFeNi and
CoCrFeMnNi systems were evaluated by using the
HitDIC software, which has been widely used for
the evaluation of interdiffusion coefficients of
binary, ternary and even multicomponent/multi-
principal element alloys [20,21]. Meanwhile, Fig. 3
also shows the simulated composition profiles
generated by the HitDIC software. As seen in Fig. 3,
all the experimental data can be well reproduced by
the simulated results.

3.2 Interdiffusivity matrices

Figure 4 shows the evaluated main interdiffusion
coefficients for AlCoCrFeNi, CoCrCuFeNi, and
CoCrFeMnNi systems at 1273—1373 K. It can be
clearly seen from Fig. 4 that the interdiffusivities
increase with the increase of temperature. In
AlCoCrFeNi system, Al has the largest inter-
diffusion coefficient, followed by Fe, Co, and
Cr. In CoCrCuFeNi system, the order of the
interdiffusion coefficients is Cu > Fe > Cr > Co. In
CoCrFeMnNi systems, Mn possesses the largest
interdiffusivities, followed by Cr, Fe, and Co. The
facts indicate that the additions of Al, Cu and
Mn in CoCrFeNi have different effects on the
interdiffusion coefficients of Co, Cr and Fe.

The presently evaluated interdiffusivities are
compared with the reported results in the literature
[6,18,19,22], as displayed in Fig. 5. As can be seen
in Fig. 5, the differences between the presently
evaluated interdiffusion coefficients in AICoCrFeNi,
CoCrCuFeNi, and CoCrFeMnNi systems and those
reported in Refs. [6,18,19,22] are with half an order
of magnitude, indicating that the interdiffusion
coefficients evaluated in this work are reliable.

In order to analyze the effect of the addition of
Al, Cu and Mn on the interdiffusion coefficients of
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Fig. 3 Experimental composition profiles (symbols) and simulated values (solid lines) of Al, B1, and C1 diffusion
couples in AICoCrFeNi (a), A2, B2, and C2 diffusion couples in CoCrCuFeNi (b), and A3, B3, and C3 diffusion
couples in CoCrFeMnNi (c) systems under different diffusion conditions

Co, Cr and Fe in the CoCrFeNi HEAs, respectively,
the interdiffusivities in CoCrFeNi, Alo>CoCrFeNi,
CoCrCug,FeNi and CoCrFeMng,Ni alloys at
1273—-1373 K are compared in Fig. 6. As shown
in Fig. 6, the interdiffusion coefficients of Co, Cr
and Fe in Alp2CoCrFeNi, CoCrCug,FeNi and
CoCrFeMng,Ni alloys are greater than their
interdiffusivities in the CoCrFeNi alloy. This fact
indicates that the addition of Al, Cu, and Mn
enhances the interdiffusion coefficients of Co, Cr,
and Fe in CoCrFeNi alloy. The similar phenomenon
has been already reported in the literature [6,18,23].
The reason might be that the addition of Al, Cu, and

Mn in the CoCrFeNi HEAs lowers the melting
point of the alloy. Under this situation, at a given
temperature, the alloy owns a higher equilibrium
concentration of vacancies, accelerating the
substitutional diffusion [23]. Moreover, the increase
in the interdiffusion coefficients of Cr and Fe in the
Alp2CoCrFeNi alloy is greater than that of Co.
The interdiffusion coefficients of Fe/Cr on the
Alp2CoCrFeNi alloy side in the Alp,CoCrFeNi/
CoCrFeNi diffusion couple are about twice as high
as those on the CoCrFeNi alloy side. The increase
in the interdiffusivities of Co, Cr, and Fe in
CoCrCug2FeNi and CoCrFeMn2Ni alloys shows



188

(@)

(®)

(©)

Interdiffusivity/(107'0m?-s™") Interdiffusivity/(107®m?+s7")

Interdiffusivity/(107® m2-s7")

0

4

0

Juan CHEN, et al/Trans. Nonferrous Met. Soc. China 35(2025) 184—193

1273 K, 71 h

Fe

CI'\

[ Co

I — s

100 200 300
Distance/um

400

LA2
1273 K, 71 h

_~Fe

Cr
%

L Cu

100 200 300
Distance/um

400

A3
1273 K,71h

/Cr

100 200 300
Distance/pum

400

Interdiffusivity/(10710 m?.s7")

Interdiffusivity/(1071® m2-s71)

Distance/um
121g3
1323K, 65 h
oF /Cr
6
M
. ﬁ
Co
0 100 200 300 400
Distance/um

~ 20
N; 1323 K, 65 h
< 15}
=
210t
2 Fe
[72]
£ N
B S Cr _Al
[}
E Co
0 100 200 300 400
Distance/um
B2
15}
1323 K, 65 h
10+ _—Fe

N

Co

S

100 200 300 40

Interdiffusivity/(107'0 m?.s™") Interdiffusivity/(1071® m2-s7")

Interdiffusivity/(107® m2-s71)

50

40

20+

30

20

1373 K, 48 h

Al

_Co

200 300 400
Distance/um

100

C2
1373 K, 48 h

Cu

Fe

/CI‘

T TG

100

200 300
Distance/um

400

1373 K, 48 h

“Mn

——— Cr |
———— _Fe |
~Co

100 200 300 400
Distance/um

0

Fig. 4 Main interdiffusivities calculated for Al, Bl, and Cl1 diffusion couples in AlCoCrFeNi (a), A2, B2, and
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Fig. 5 Comparison between interdiffusivities in AlICoCrFeNi (a), CoCrCuFeNi (b), and CoCrFeMnNi (c¢) systems from
reference [6,18,19,22] and present work

little difference. This suggests that Al has a greater
effect on the interdiffusivities of Cr and Fe than on
Co. In contrast, the effects of Cu and Mn on the
interdiffusivities of Co, Cr, and Fe do not differ

significantly.

1317 is the cross interdiffusion coefficient,
which refers to the effect of j on the interdiffusion
coefficient of 7 in the alloy system with solvent M.
Figure 7 illustrates the calculated cross inter-

diffusivities for A1, B1, and C1 diffusion couples in
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AlCoCrFeNi, A2, B2, and C2 diffusion couples in
CoCrCuFeNi, and A3, B3, and C3 diffusion couples
in CoCrFeMnNi systems at 1273—1373 K. It
can be observed from Fig. 7(a) that ‘[)é‘fAl‘,

‘Dg’; Al‘ and ‘D;\EAI are larger than the other cross

189

remn| are the largest. This suggests that the effect
of the added elements of Al, Cu, and Mn on the
interdiffusion coefficients of atoms in CoCrFeNi
alloy is greater than that of Co, Cr, and Fe atoms on
the interdiffusivities of other atoms. What’s more,
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alloy side. In contrast, all the cross interdiffusion
coefficients in the A2, B2, C2, A3, B3, and
C3 diffusion couples on the CoCrCuFeNi/
CoCrFeMnNi and CoCrFeNi alloy sides are not
significantly different. Therefore, the addition of Al
has a greater effect on the interdiffusion coefficients
of atoms in CoCrFeNi alloys than the addition of
Cu and Mn.

3.3 Effect of diffusion entropies on diffusion

coefficients

The tracer diffusion coefficient (Di*) can be
calculated from the mobility parameter (M;) by
Einstein formula ( D ,.* =RTM,;). The tracer
diffusivities evaluated in the present work as a
function of reciprocal of temperature are given in
Fig. 8, compared with the reported data in different
fce alloy systems: pure Ni [24], pure Co [25], pure
Cu [26], pure Fe [27], Al in Ni [28], Co in Ni [29],
Cr in Ni [30], Fe in Ni [31], Mn in Ni [32],
FeCI’lsNi45 [33], COzsCI‘stezsNizs [34], COzoCI'zo-
FexoMnyoNiy [34]. As can be seen, the tracer
diffusion coefficients of Al, Cu and Mn in the

HEAs determined in this work are smaller than the
self-diffusion coefficients of the pure metals or
impurity diffusion coefficients of alloys. The tracer
diffusion coefficients of Cr in the HEAs are smaller
than those of Cr in Ni and close to those of Cr in the
FeCrisNiys alloy. The tracer diffusion coefficients of
Co, Fe and Ni in HEAs are even higher than some
tracer diffusion coefficients in pure metals or
conventional alloys. It can be inferred from Fig. 8
that the tracer diffusion coefficients in Alg2Co-
CrFeNi, CoCrCug,FeNi and CoCrFeMno:Ni HEAs
might not have sluggish phenomenon, which is
consistent with the findings in literature [6,18,23].
The temperature-dependent tracer diffusion
coefficient follows the Arrhenius formula (D=
Doexp[—Q/(RT)]. Here, Q is the activation energy,
Dy is the pre-exponential factor, 7' is the thermo-
dynamic temperature and R is the molar gas
constant. Activation energy and pre-exponential
factors for tracer diffusivities of the components in
Alg2CoCrFeNi, CoCrCug,FeNi and CoCrFeMng,Ni
HEAs are plotted in Fig. 9. In general, larger
diffusion coefficients correspond to lower diffusion
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Fig. 9 Activation energy (a) and pre-exponential

factors (b) for tracer diffusivities of components in

Alp2CoCrFeNi, CoCrCugp,FeNi and CoCrFeMng,Ni

HEAs

activation energies. As shown in Fig. 9(a), Mn, Cu,
and Al have lower diffusion activation energy than
Co, Cr, Fe, and Ni in the same system. As shown in
Fig. 9(b), the relationship between the magnitude of
the pre-exponential factor and the diffusion
coefficient is not obvious. Dy is often derived from
the formula Do=gfa*voexp(AS/R) [35]. Here, f is
correlation factor, g is geometric factor, « is lattice
parameter, vo is attempt frequency, and AS is

diffusion entropy. For FCC lattice, g=1, and /~=0.787.

vo can be taken as the Debye frequency (10" s7).
The lattice parameters for Alp,CoCrFeNi, CoCr-
Cuo2FeNi and CoCrFeMn,Ni HEAs obtained from
the XRD patterns in Fig. 1 are 0.358, 0.359, and
0.358 nm.

Figure 10 shows diffusion entropy, AS/R, as a
function of the corresponding diffusion activation
energy of the components in pure metals, binary,
ternary, and HEAs [23,25,33,36—39]. Figure 10
indicates that the diffusion entropies are linearly
related to activation energies for a wide range
of fcc alloys, which has been observed in the

literature [23]. The linear relationship between
diffusion entropy and activation energy in fcc-phase
HEAs and low-component alloys hints that the
addition of components in HEAs might not alter the
atomic diffusion process, provided the -crystal
structure remains unchanged.

10
This work
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Fig. 10 Diffusion entropy (AS/R) as

corresponding diffusion activation energy of components

in pure metals, and HEAs [23,25,33, 36—39]

function of

4 Conclusions

(1) Nine groups of fcc solid/solid diffusion
couples for Alp2CoCrFeNi, CoCrCuo.FeNi, and
CoCrFeMn,Ni high-entropy alloy systems were
prepared. After diffusion annealing at 1273, 1323,
and 1373 K, the composition profiles
measured by electron probe, and the composition-
dependent interdiffusivities were determined with
the aid of HitDIC software.

(2) The interdiffusivities of Co, Cr, and Fe in
the Alp2CoCrFeNi, CoCrCugsFeNi, and CoCrFe-
Mng,Ni HEAs are greater than those in the
CoCrFeNi HEAs. Al has a greater effect on the
interdiffusion coefficients of atoms in CoCrFeNi
alloys than Cu and Mn. Comparison between the
tracer diffusivities determined in this work and the
data available in the literature reveals that there is

WEre

no sluggish diffusion effect in the tracer
diffusivities.

(3) AL Cu, and Mn atoms that have higher
diffusion coefficients have lower diffusion

activation energies, while their pre-exponential
factors are not significantly related to the diffusion
coefficients. In addition, the diffusion entropies of
fcc-phase HEAs and low-component alloys exhibit
a linear relationship with the diffusion activation
energy.
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