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ABSTRACT
To validate the ‘sluggish diffusion’ in high-entropy alloys, interdiffusion coefficients of individual ele-
ments and tracer diffusion coefficient of Ni were experimentally determined in FCC Al0.25CoCrFeNi
alloy. The tracer diffusion coefficient was determined without the application of radio-tracers using
a novel analytical method proposed by Belova et al. based on linear response theory coupled with
Boltzmann-Matano approach andGaussian distribution function. Sluggish diffusion kinetics was not
observed in alloys with higher configuration entropy in comparison to alloys with lower configu-
ration entropy. Correspondingly, potential energy fluctuations in alloys with higher configuration
entropy may not always result in anomalously slow diffusion kinetics.

IMPACT STATEMENT
Diffusion is determined not to be necessarily sluggish in Al0.25CoCrFeNi high-entropy alloy by
experimental measurement of chemical and tracer diffusion coefficients.
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1. Introduction

High-entropy alloys (HEAs) were initially proposed to
exhibit sluggish diffusion kinetics [1,2], based on the
indirect observations, e.g. absence of low-temperature
phases upon slow cooling from elevated temperature [3],
limited growth of nano-crystals [4,5], etc. Therefore, it
was postulated that the formation of a new phase would
require a cooperative movement of many different kinds
of atoms to accomplish the partitioning in composi-
tion, which would be difficult in HEAs in comparison to
solvent-based alloys.

The initial investigation by Tsai et al. [6] supported
the sluggish diffusion kinetics in CoCrFeNiMn0.5 alloy
by estimating the tracer diffusion coefficients using the
interdiffusion data. However, the following work by
Vaidya and coworkers [7–9] on CoCrFeNi and CoCr-
FeNiMn alloys suggested that diffusion may be slow at
an inverse homologous temperature but not at absolute
temperatures. Other experimental investigations [10–13]
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also suggested that sluggish diffusion kinetics may not be
true in CoCrFeNi and CoCrFeNiMn HEAs. Few inter-
diffusion investigations [14] supported the sluggish diffu-
sion effects, while others [15–19] suggest that the sluggish
diffusion effect cannot be generalized for all HEAs.

Direct experimental measurement of tracer diffusion
coefficients was previously performed in CoCrFeNi and
CoCrFeNiMn alloys [9] and experimental measurement
of interdiffusion coefficient was performed inCoFeMnNi
[17], CoCrMnNi [17], CoCrFeNi [20], CoCrFeNiMn
[20], AlCoCrFeNi [15], AlCoCrFeNiMn [16], CoCr-
CuFeNi [21], AlCoCrFeTiNi [22] alloys. Few other inves-
tigations had either numerically estimated the tracer dif-
fusion coefficients using interdiffusion data, for example
in Al-Co-Cr-Fe-Ni [14,19], Co-Fe-Mn-Ni [17], Co-Cr-
Mn-Ni [17], Co-Cr-Cu-Fe-Ni [21], Al-Co-Cr-Fe-Ti-Ni
[22] alloy, or suggested that intrinsic diffusion coefficient
is similar to tracer diffusion coefficient based on ideal
solution behavior in CoCrFeNiMn0.5 alloy [6]. Recent
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review articles [23,24] comprehensively summarizes all
the interdiffusion and tracer diffusion investigations per-
formed in HEAs.

In this study, both interdiffusion and tracer diffu-
sion coefficients were experimentally determined in FCC
Al0.25CoCrFeNi alloy. Interdiffusion coefficients were
determined for individual elements using traditional dif-
fusion couple approach usingDayananda-Sohn approach
[25] in the temperature range from 900°C to 1200°C.
Tracer diffusion coefficient of Ni in Al0.25CoCrFeNi alloy
was determined, without the use of radioactive tracers,
using a sandwich diffusion couple experiment, where
concentration profiles are analyzed by a novel formalism,
established by Belova et al. [26], based on linear response
theory coupled with Boltzmann-Matano approach and
Gaussian distribution function [26,27]. Then, tracer dif-
fusivity of Ni (D∗

Ni) was compared with the diffusivi-
ties in other FCC alloys with varying configurational
entropy of mixing (�Smix) and corresponding poten-
tial energy fluctuations (PEF). Analytical emphasis was
given to examine any correlation between D∗

Ni, �Smix,
and PEF to examine the sluggish diffusion postulation
in HEA.

2. Materials andmethod

Single-phase composition of FCC Al6Co19Cr28Fe28Ni19
and Al6Co28Cr19Fe19Ni28 alloys were arc-melted using
elementalAl, Co,Cr, Fe, andNiwith aminimumpurity of
99.9%. To ensure the compositional homogeneity, alloys
were melted, flipped, and re-melted five times and sub-
sequently homogenized at 1100°C for 48 h in an argon
atmosphere, followed by water quenching. For measure-
ment of interdiffusion coefficients, metallographically
polished surfaces (∼ 1μm surface finish) of two alloys
were placed in intimate contact in two stainless steel jigs
and held tightly by clamping screws. Details on diffusion
couple fabrication for the determination of interdiffu-
sion coefficients have been described elsewhere [28–33].
For measurement of tracer diffusion coefficients, an alloy
disc polished on both sides was sandwiched between
two alloys of the same composition. At one of the inter-
faces between the two alloys existed a sputter-deposited
thin film of pure Ni (∼900 nm thickness). Details on
the diffusion couple assembly in sandwich configura-
tion with a thin film to measure the tracer diffusivity
also have been reported elsewhere [26,27]. All diffu-
sion couples were isothermally annealed at a predeter-
mined temperature, and subsequently, water quenched.
Then, couples were sectioned normal to the diffusion
couple interface and metallographically polished down
to 1 μm surface finish. The concentration profiles were

acquired from the Thermo-ScientificTM X-ray energy dis-
persive spectroscopy (XEDS) equipped on ZeissTM Ultra-
55 field emission scanning electron microscope (FE-
SEM). Experimental concentration profiles measured
fromXEDS in this studywere curve fitted usingOriginTM

Pro 8.5 software, with non-linear curve fitting function
given by [15,27]:

c(x) = p1 + p3x + p5x2 + p7x3

1 + p2x + p4x2 + p6x3
(1)

3. Results and analyses

The average effective interdiffusion coefficient can be
determined for any component over the desired compo-
sition range by [25]:

x2∫
x1
J̃idx = –D̃

eff
i (Ci(x1)–Ci(x2))

= –
1
2t

Ci(x2)∫
Ci(x1)

(x–xo)2dCi(i = 1, 2 . . . , n) (2)

where D̃
eff
i is the average effective interdiffusion coeffi-

cient of component i for the composition range, Ci(x1)
to Ci(x2). The detailed procedure for the determination

of D̃
eff
i and limitations of using the Boltzmann-Matano

method extended to a multi-component system to deter-
mine the main and cross interdiffusion coefficients,
specifically for HEAs, have been documented previ-
ously by Mehta and Sohn [15,16]. Figure 1(a–d) presents
the concentration profiles superimposed on backscat-
ter electron micrographs of Al6Co19Cr28Fe28Ni19 vs.
Al6Co28Cr19Fe19Ni28 diffusion couples isothermally
annealed at (a) 900°C for 240 h, (b) 1000°C for 120 h,
(c) 1100°C for 48 h, and (d) 1200°C for 24 h. Figure 1(e)

shows the temperature dependence of D̃
eff
i for Co, Cr,

Fe, and Ni. For Al0.25CoCrFeNi alloy, D̃
eff
Fe < D̃

eff
Ni <

D̃
eff
Cr < D̃

eff
Co. The D̃

eff
Al remained negative for all tem-

peratures because of the large negative value of off-
diagonal interdiffusion coefficients, i.e. strong thermo-
dynamic interaction of Al with other elements (uphill
diffusion). Interdiffusion coefficients, activation energy,
and pre-exponential factors are reported in Table S1 of
Supplementary Materials.

Tracer diffusion coefficient can be measured using the
analytical formalism proposed by Belova et al. [26]:

D∗
A = −

(
x + a
2t

− G2

CX2

)
/

(
d ln(cX1/cX2)

dx

)
(3)
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Figure 1. Concentration profiles superimposed on backscatter electron micrographs of Al6Co19Cr28Fe28Ni19 vs. Al6Co28Cr19Fe19Ni28
diffusion couples isothermally annealed at (a) 900°C for 240 h, (b) 1000°C for 120 h, (c) 1100°C for 48 h, and (d) 1200°C for 24 h. (e)

Temperature dependence of average effective interdiffusion coefficients (D̃
eff
i ) for Co, Cr, Fe, and Ni.

where a is a constant and the value of G2 can be deter-
mined using:

G2 = c+X2 − c−X2
2t

×
[
(1 − y∗

X2)
x∗
∫

−∞
yX2dx + y∗

X2
∞
∫
x∗

(1 − yX2)dx
]
(4)

Determination of G2 and a have been described by
Belova et al. [26]. Schulz et al. [27] used this approach
to demonstrate that the Gaussian distribution function

can be utilized to determine tracer diffusion coefficient
using full width at half maxima (FWHM) of the thin film
diffusion profile as:

D∗ = FWHM2

16 ln2 t
(5)

Figure 2(a) presents the schematics of the sandwich dif-
fusion couple to determine the tracer diffusion coefficient
of Ni in Al0.25CoCrFeNi. Tracer diffusion coefficients
were determined by isothermally annealing the sandwich
diffusion couples at 900°C for 12 h, 950°C for 6 h, and
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Figure 2. (a) A schematic representation of sandwich diffusion couple assembly utilized to determine the tracer diffusion coefficient of
Ni in Al0.25CoCrFeNi. Concentration profile of Ni from thin film interface (Spike profile) superimposed on the Concentration profile of Ni
from interdiffusion interface (Interdiffusion profile) and correspondingGaussian fitted concentration profile obtained aftermathematical
subtraction of interdiffusion concentration profile from spike profile after annealing the sandwich diffusion couple at (b) 900°C for 12 h,
(c) 950°C for 6 h, and (d) 1000°C for 2 h. (e) Temperature dependence of the Trace diffusion coefficients of Ni in Al0.25CoCrFeNi.

1000°C for 2 h. Figure 2(b–d) shows the concentration
profiles of Ni at the interdiffusion interface and thin-
film interface (i.e. spike profile) overlaid on each other,
and the corresponding Gaussian fitted profile obtained
after mathematical subtracting the spike profile from
the interdiffusion profile at 900°C, 950°C and 1000°C.

Figure 2(e) presents the tracer diffusion coefficient of
Ni in Al0.25CoCrFeNi HEA for the temperature range,
900–1000°C. Activation energy and pre-exponential fac-
tors were determined to be 201.7 kJ/mol and 3.4 ×
10−8 m2/s, respectively. Although, this is the first experi-
mental investigation to measure D∗

Ni in Al0.25CoCrFeNi,
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Table 1. Ni tracer diffusion coefficients in various compositions of
Al-Co-Cr-Fe-Ni high-entropy alloys.

This study Numerical extrapolation approach [14,19]

T (K)
Al0.25

CoCrFeNi
AlpCoqCrr
FesNit [14]

Al6.64Co23.82
Cr23.66

Fe23.01Ni22.87
(∼ Al0.29

CoCrFeNi) [19]

Al4.88Co29.53
Cr18.58

Fe19.62Ni27.39
[19]

1173 3.7× 10−17 1.3× 10−17 7.9× 10−17 6.2× 10−17

1223 7.4× 10−17 3.4× 10−17 2.2× 10−17 1.8× 10−16

1273 1.9× 10−16 1.0× 10−16 5.9× 10−16 5.0× 10−16

however, Li et al. [19] and Dabrowa et al. [14] had
previously estimated the D∗

Ni in FCC Al0.29CoCrFeNi
and FCC off-equiatomic AlpCoqCrrFesNit alloys, respec-
tively, using the numerical extrapolation of interdiffusion
data. Table 1 reports the D∗

Ni in various Al-Co-Cr-Fe-Ni
alloys, and suggest that D∗

Ni is lowest in off-equiatomic
AlpCoqCrrFesNit alloy. Moreover, D∗

Ni is slightly higher
in Al0.29CoCrFeNi (i.e. lower configurational entropy)
than Al0.25CoCrFeNi which contradicts the sluggish dif-
fusion hypothesis.

4. Discussion

Figure 3 compares the interdiffusion coefficients of indi-
vidual elements in CoCrFeNi [20], CoCrFeNiMn [20],
AlCoCrFeNi [15], and AlCoCrFeNiMn [16] FCC alloys.

The D̃
eff
Co, D̃

eff
Cr, and D̃

eff
Ni is the lowest in CoCrFeNi quater-

nary alloy. The D̃
eff
Al is lower in quinary AlpCoqCrrFesNit

than in AlpCoqCrrFesNitMnu. The D̃
eff
Mn is similar in

CoCrFeNiMn and AlpCoqCrrFesNitMnu alloys. Gener-
ally, interdiffusion coefficients are not always lower in
alloys with a composition corresponding to a higher con-
figurational entropy of mixing. Figure 4 compares the
tracer diffusion coefficient of Ni in Ni [34], FeNi [35],
FeCrNi [36], CoCrFeNi [9,20], CoCrFeNiMn [6,9,20],
AlCoCrFeNi [19] FCC alloys. Based on the sluggish dif-
fusion effect, the self-diffusion of Ni should be the fastest
and the tracer diffusion coefficient of Ni in CoCrFeN-
iMn should be the slowest. However, D∗

Ni is the high-
est in Al0.29CoCrFeNi alloy, and the lowest in quater-
nary CoCrFeNi. In general, a decrease in tracer diffusion

Figure 3. Average effective interdiffusion coefficients of (a) Co, (b) Cr, (c) Fe, (d) Ni, (e) Al, and (f ) Mn in various FCC alloys as a function
of temperature.
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Figure 4. Tracer diffusion coefficient of Ni (D∗
Ni) in various FCC

alloys as a function of temperature.

coefficient of Ni was not observed in alloys with an increase
in number of elements in an alloy system.

It was postulated that in HEAs each atom has a differ-
ent neighboring atom, therefore an atom experiences a
mismatch in atomic size and difference in bond strength
which give rise to fluctuation in lattice potential energy
[6]. These Potential energy fluctuations (PEF) in the
potential energy landscape of the lattice sites is one of the
important parameters which may contribute towards the
creation of highly stable low energy sites, which can act
as atomic traps and results in anomalously slow diffusion
kinetics [6]. The PEF normalized to the thermal energy
fluctuations (∼ kBT) due tomismatch in atomic size and
difference in bond energies of the neighboring atoms in
HEAs can be determined using [37]:

p = 4.12δ×
√

K̄V̄
kBT

+2

√√√√√∑
i
∑

j,i�=j XiXj(�Hmix
ij –H̄)

2

kBT
(6)

where δ (=
√∑n

i=1 Xi

(
1– ri∑Xi ri

)2
) represents the mis-

match in atomic size, Xi is the composition of con-
stituent elements, ri is the atomic radius, K̄ is the
composition-weighted average bulk modulus, V̄ is
the composition-weighted average atomic volume, and
�Hmix

ij is the binary pair enthalpy of mixing of
the constituents elements determined using Miedema’s
macroscopic model [38]. Figure 5(a) shows the tem-
perature dependence of the normalized PEF in Ni,
FeNi, FeCrNi, CoCrFeNi, CoCrFeNiMn and AlCoCr-
FeNi alloys. For a given alloy composition, normal-
ized PEF (p) decreased with an increase in temper-
ature, and varied as: p(Ni) < p(FeNi) < p(FeCrNi) ≈
p(CoCrFeNi) < p(CoCrFeNiMn0.5) < p(CoCrFeNiMn)

Figure 5. (a) Normalized potential energy fluctuation (p)
as a function of temperature and (b) Ni tracer diffusion
coefficient as a function normalized potential energy
fluctuation (p) at 1000°C for Ni, FeNi, FeCrNi, CoCrFeNi,
CoCrFeNiMn0.5, CoCrFeNiMn, Al0.25CoCrFeNi, Al0.29CoCrFeNi, and
Al4.88Co29.53Cr18.58Fe19.62Ni27.39 alloys.

< p(Al4.88Co29.53Cr18.58Fe19.62Ni17.39) < p(Al0.25CoCr
FeNi) < p(Al0.29CoCrFeNi). The entropy of mixing
(�S) in these alloys varied as:�S(Ni) < �S(FeNi) <

�S(FeCrNi) < �S(CoCrFeNi) < �S(Al4.88Co29.53
Cr18.58Fe19.62Ni27.39) < �S(Al0.25CoCrFeNi) < �S
(Al0.29CoCrFeNi)< �S(CoCrFeNiMn0.5) < �S(CoCr
FeNiMn). Therefore, the assumption that PEF increases
with an increase in the entropy of mixing, was not true
for these alloys. The PEF cannot be directly correlated
with entropy of mixing. In fact, PEF in an alloy system
is a composition dependent. An addition of new ele-
ment (e.g. Al or Mn) in an alloy (e.g. CoCrFeNi HEA)
with a larger magnitude of the binary pair enthalpy
of mixing (�Hmix

ij ) with other elements would yield
a larger PEF, e.g. p(AlCoCrFeNi) > p(CoCrFeNiMn)
because �Hmix

Al - X > �Hmix
Mn - X (X = Co, Cr, Fe, Ni) [16],

as shown in Table S2 of Supplementary Materials.
Moreover, the foundation of sluggish diffusion pos-

tulation based on PEF theory should yield an inverse
relation between tracer diffusivity and PEF. Figure 5(b)
shows the D∗

Ni determined in this study as a function of
PEF at 1000°C. An inverse relationship was not observed
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between D∗
Ni and PEF, which contradicts the sluggish dif-

fusion postulation. Rather, the diffusivity of an element in
HEAs appears to be composition-dependent, which sug-
gests the importance of vacancy formation/migration. In
the substitutional diffusion mechanism, the lower acti-
vation energy required for the vacancy formation and
migration would result in faster diffusion kinetics [39].
Furthermore, the magnitude of normalized PEF does not
provide any idea about the number of ‘atomic traps’. If an
alloy exhibit larger PEF and largerD∗

Ni, then it would sug-
gest that the number of atomic traps were not sufficient
enough to significantly demobilize the diffusing atoms.
Finally, themagnitude of PEF in an alloy system also does
not provide any idea about the mobility of the vacancies,
which is more important in vacancy-mediated diffusion.

5. Conclusions

Interdiffusion coefficients of individual elements and
tracer diffusion coefficient of Ni were determined for
Al0.25CoCrFeNi high-entropy alloy, and their magni-
tudes were examined and compared to relevant FCC
alloys. Experimental results and related analyses suggest
that: (1) diffusivities cannot be correlatedwith the config-
urational entropy of mixing; (2) entropy of mixing is not
proportional to the potential energy fluctuation exhib-
ited by an alloy system; and (3) no evident correlation
between D∗

Ni and PEF was observed, therefore, larger
magnitude of PEF may not always result in the sluggish
diffusion kinetics in HEAs. These findings contradict
‘sluggish diffusion’ postulation based on configurational
entropy of mixing and potential energy fluctuation.

Disclosure statement

No potential conflict of interest was reported by the author(s).

ORCID

Abhishek Mehta http://orcid.org/0000-0003-0884-856X
Yongho Sohn http://orcid.org/0000-0003-3723-4743

References

[1] Yeh JW, Chen SK, Lin SJ, et al. Nanostructured high-
entropy alloys with multiple principal elements: novel
alloy design concepts and outcomes. Adv Eng Mater.
2004;6(5):299–303.

[2] Yeh JW.Recent progress in high entropy alloys. AnnChim
Sci Mat. 2006;31(6):633–648.

[3] Ng C, Guo S, Luan J, et al. Entropy-driven phase stability
and slow diffusion kinetics in an Al0.5CoCrCuFeNi high
entropy alloy. Intermetallics. 2012;31:165–172.

[4] Tong CJ, Chen YL, Yeh JW, et al. Microstructure char-
acterization of AlxCoCrCuFeNi high-entropy alloy sys-
tem with multiprincipal elements. Metall Mater Trans A.
2005;36(4):881–893.

[5] Chang HW, Huang PK, Yeh JW, et al. Influence of sub-
strate bias, deposition temperature and post-deposition
annealing on the structure and properties of multi-
principal-component (AlCrMoSiTi)N coatings. Surf Coat
Technol. 2008;202(14):3360–3366.

[6] Tsai KY, Tsai MH, Yeh JW. Sluggish diffusion in
Co–Cr–Fe–Mn–Ni high-entropy alloys. Acta Mater.
2013;61(13):4887–4897.

[7] Vaidya M, Pradeep KG, Murty BS, et al. Radioactive iso-
topes reveal a non sluggish kinetics of grain boundary
diffusion in high entropy alloys. Sci Rep. 2017;7(1):12293.

[8] Vaidya M, Pradeep KG, Murty BS, et al. Bulk tracer diffu-
sion in CoCrFeNi and CoCrFeMnNi high entropy alloys.
Acta Mater. 2018;146:211–224.

[9] Vaidya M, Trubel S, Murty BS, et al. Ni tracer diffusion in
CoCrFeNi andCoCrFeMnNi high entropy alloys. J Alloys
Compd. 2016;688:994–1001.

[10] Zhang C, Zhang F, Jin K, et al. Understanding of the ele-
mental diffusion behavior in concentrated solid solution
alloys. J Phase Equilib Diffus. 2017;38(4):434–444.

[11] Gaertner D, Abrahams K, Kottke J, et al. Concentration-
dependent atomic mobilities in FCC CoCrFeMnNi high-
entropy alloys. Acta Mater. 2019;166:357–370.

[12] Gaertner D, Kottke J, Wilde G, et al. Tracer diffusion
in single crystalline CoCrFeNi and CoCrFeMnNi high
entropy alloys. J Mater Res. 2018;33(19):3184–3191.

[13] Kottke J, Laurent-Brocq M, Fareed A, et al. Tracer dif-
fusion in the Ni–CoCrFeMn system: transition from a
dilute solid solution to a high entropy alloy. Scr Mater.
2019;159:94–98.

[14] Dąbrowa J, Kucza W, Cieślak G, et al. Interdiffusion in
the FCC-structured Al-Co-Cr-Fe-Ni high entropy alloys:
experimental studies and numerical simulations. J Alloys
Compd. 2016;674:455–462.

[15] Mehta A, Sohn YH. Interdiffusion, solubility limit, and
role of entropy in FCC Al-Co-Cr-Fe-Ni alloys. Metall
Mater Trans A. 2020;51(6):3142–3153.

[16] Mehta A, Sohn YH. High entropy and sluggish diffusion
‘core’ effects in senary FCCAl–Co–Cr–Fe–Ni–Mn alloys.
ACS Comb Sci. 2020;22(12):757–767.

[17] Dąbrowa J, Zajusz M, Kucza W, et al. Demystifying the
sluggish diffusion effect in high entropy alloys. J Alloys
Compd. 2019;783:193–207.

[18] Jin K,Zhang C, Zhang F, et al. Influence of compositional
complexity on interdiffusion in Ni-containing concen-
trated solid-solution alloys. Mater Res Lett. 2018;6(5):
293–299.

[19] Li Q, ChenW, Zhong J, et al. On sluggish diffusion in FCC
Al–Co–Cr–Fe–Ni high-entropy alloys: an experimental
and numerical study. Met (Basel). 2018;8(1):16.

[20] Mehta A. Fundamental core effects in Co-Cr-Fe-Ni based
high entropy alloys. 2019; Electronic theses and disserta-
tions (6333): https://stars.library.ucf.edu/etd/6333.

[21] WangR,ChenW,Zhong J, et al. Experimental andnumer-
ical studies on the sluggish diffusion in face centered
cubic Co-Cr-Cu-Fe-Ni high-entropy alloys. J Mater Sci
Technol. 2018;34(10):1791–1798.

[22] Chen S, Li Q, Zhong J, et al. On diffusion behaviors in face
centered cubic phase of Al-Co-Cr-Fe-Ni-Ti high-entropy
superalloys. J Alloys Compd. 2019;791:255–264.

[23] Divinski SV, Pokoev AV, Esakkiraja N, et al. A mystery of
‘sluggish diffusion’ in high-entropy alloys: the truth or a
myth? Diffus Found. 2018;17:69–104.

http://orcid.org/0000-0003-0884-856X
http://orcid.org/0000-0003-3723-4743
https://stars.library.ucf.edu/etd/6333


246 A. MEHTA AND Y. SOHN

[24] Dąbrowa J, Danielewski M. State-of-the-art diffusion
studies in the high entropy alloys.Met (Basel). 2020;10(3):
347.

[25] Dayananda MA, Sohn YH. Average effective interdif-
fusion coefficients and their applications for isothermal
multicomponent diffusion couples. ScrMater. 1996;35(6):
683–688.

[26] Belova IV, Sohn YH, Murch GE. Measurement of tracer
diffusion coefficients in an interdiffusion context for mul-
ticomponent alloys. Philos Mag Lett. 2015;95(8):416–
424.

[27] Schulz EA, Mehta A, Belova IV, et al. Simultaneous mea-
surement of isotope-free tracer diffusion coefficients and
interdiffusion coefficients in the Cu-Ni system. J Phase
Equilib Diffus. 2018;39(6):862–869.

[28] Mehta A, Dickson J, Newell R, et al. Interdiffusion and
reaction between Al and Zr in the temperature range of
425 to 475°C. J Phase Equilib Diffus. 2019;40(4):482–494.

[29] Mehta A, Zhou L, Keiser DD, et al. Anomalous growth of
Al8Mo3 phase during interdiffusion and reaction between
Al and Mo. J Nucl Mater. 2020;539(152337.

[30] Park Y, Newell R, Mehta A, et al. Interdiffusion and reac-
tion between U and Zr. J Nucl Mater. 2018;502:42–50.

[31] Schulz E, Mehta A, Park SH, et al. Effects of marker size
and distribution on the development of Kirkendall voids,
and coefficients of interdiffusion and intrinsic diffusion. J
Phase Equilib Diffus. 2019;40:156–169.

[32] Mehta A, Zhou L, Schulz EA, et al. Microstructural
characterization of AA6061 versus AA6061 HIP bonded
cladding–cladding interface. J Phase Equilib Diffus.
2018;39(2):246–254.

[33] Zhou L, Mehta A, Cho K, et al. Composition-dependent
interdiffusion coefficient, reduced elastic modulus and
hardness in γ -, γ ′-and β-phases in the Ni-Al system. J
Alloys Compd. 2017;727:153–162.

[34] Bronfin M, Bulatov G, Drugova I. Self-diffusion of Ni in
the intermetallic compound Ni3Al and pure Ni. Fiz Met
Metalloved. 1975;40(2):363–366.

[35] Million B, Růžičková J, Velíšek J, et al. Diffusion processes
in the Fe-Ni system. Mater Sci Eng. 1981;50(1):43–52.

[36] Rothman S, Nowicki L, Murch G. Self-diffusion in
austenitic Fe-Cr-Ni alloys. J Phys F Met Phys. 1980;10(3):
383.

[37] He Q, Ye Y, Yang Y. Formation of random solid solu-
tion in multicomponent alloys: from Hume-Rothery
rules to entropic stabilization. J Phase Equilib Diffus.
2017;38:416–425.

[38] BakkerH. Enthalpies in alloys,Miedema’s semi-empirical
model. Enfield Publishing & Distribution Company;
1998, Enfield (NH) United States.

[39] Zhao S, Egami T, Stocks GM, et al. Effect of d elec-
trons on defect properties in equiatomic NiCoCr and
NiCoFeCr concentrated solid solution alloys. Phys Rev
Mater. 2018;2(1):013602.


	1. Introduction
	2. Materials and method
	3. Results and analyses
	4. Discussion
	5. Conclusions
	Disclosure statement
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [609.704 794.013]
>> setpagedevice


