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Abstract In this report, a combination of the diffusion

multiple technique and the recently developed pragmatic

numerical inverse method was employed for a high-

throughput determination of interdiffusivity matrices in

Co-Cr-FeMn-Ni high-entropy alloys (HEAs). Firstly, one

face-centered cubic (fcc) quinary Co-Cr-Fe-Mn-Ni diffu-

sion multiple at 1373 K was carefully prepared by means

of the hot-pressing technique. Based on the composition

profiles measured by the field emission electron probe

micro analysis (FE-EPMA), the composition-dependent

interdiffusivity matrices in quinary Co-Cr-Fe-Mn-Ni sys-

tem at 1373 K were then efficiently determined using the

pragmatic numerical inverse method. The determined

interdiffusivities show good agreement with the limited

results available in the literature. Moreover, the further

comparison with the interdiffusivities in the lower-order

systems indicates the sluggish diffusion effect in Co-Cr-Fe-

Mn-Ni HEAs, which is however not observed in tracer

diffusivities. In order for the convenience in further anal-

ysis, a generalized transformation relation among inter-

diffusivities with different dependent components in

multicomponent systems was finally derived.

Keywords Co-Cr-Fe-Mn-Ni � diffusion multiple �
high-entropy alloys � interdiffusion � pragmatic numerical

inverse method

1 Introduction

Due to their unique multiprincipal element compositions

and excellent properties, high-entropy alloys (HEAs) have

gained more and more attentions in the material science

community nowadays.[1–3] Co-Cr-Fe-Mn-Ni alloys with a

single-phase face-centered cubic (fcc) solid solution are

one of the representative HEAs which are widely investi-

gated from the aspects of the lattice structures, thermody-

namics, kinetics and mechanics properties.[4–6] It should be

noted that the diffusion kinetics including diffusion-con-

trolled phase transformation in HEAs are slower than those

in conventional alloys, which is named as ‘‘sluggish dif-

fusion’’. The sluggish diffusion effect in HEAs can affect

the microstructure evolution during preparation process,

and finally the properties of the materials.[4] In order to

utilize the sluggish diffusion effect to design the high-

performance HEAs, a comprehensive understanding of

such sluggish diffusion effect is the prerequisite, which is

however hampered due to lack of adequate diffusivity

information currently.[4,7] Thus, there is an urgent need to

remedy this situation.

Single-phase diffusion couple technique is the most

frequently used method to determine the interdiffusivities

in the liquid and solid states.[8,9] In a binary system, the

composition-dependent interdiffusivities over the investi-

gated composition range can be obtained from the tradi-

tional Boltzmann-Matano method or its variations. While

in a ternary or N-order system, the situation becomes

dramatically complex because four or (N - 1)2
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independent interdiffusivities should be figured out at any

composition point. To obtain the multicomponent inter-

diffusivity matrix at one fixed point with the aid of the

Matano-Kirkaldy method, two or (N - 1) diffusion cou-

ples with a common point along their diffusion paths

should be carefully designed, which is extremely difficult

in high-order systems.

Very recently, the present authors proposed a pragmatic

numerical inverse method for the reliable composition-de-

pendent interdiffusivities by using a single diffusion cou-

ple.[10,11] Up to now, the pragmatic numerical inverse

method has been successfully applied in different binary,

ternary and multicomponent alloys.[10–14] In addition,

Zhao[15–18] developed the concept of diffusion multiple from

the diffusion couple technique. With an efficiency order of

magnitude much higher than that of conventional diffusion

couple technique, a number of composition profiles can be

mapped in one diffusion multiple at one temperature.

The major purpose of the present work is to investigate

the composition-dependent interdiffusivities in fcc quinary

Co-Cr-Fe-Mn-Ni alloys by using the combination of the

pragmatic numerical inverse method and the advanced

diffusion multiple technique. Consequently, a solid diffu-

sion multiple of fcc Co-Cr-Fe-Mn-Ni system at 1373 K

was experimentally prepared by using the hot-pressing

technique, from which a series of composition profiles can

be measured. After that, the corresponding multicompo-

nent interdiffusivities can be then efficiently determined by

the pragmatic numerical inverse method[10,11] and com-

prehensively compared with the literature data.[4,19–24]

2 Experimental Procedure

Cobalt (purity: 99.95 wt.%) and nickel (purity: 99.5 wt.%)

foils, iron (purity: 99.98 wt.%) and manganese (purity:

99.98 wt.%) granules and chromium (purity: 99.997 wt.%)

pieces purchased from Alfa Aesar (China) Chemicals Co.,

Ltd. were used as starting materials. The alloys in quinary

Co-Cr-Fe-Mn-Ni system were prepared by arc melting

under an Ar atmosphere using a non-reactive Welectrode

(WKDHL-1, Opto-electronics Co., Ltd., Beijing, China).

The buttons were re-melted for at least five times to

improve their homogeneities. No chemical analysis for the

alloys was conducted since the weight loss of each alloy

was less than 0.5 wt.% during arc-melting. The buttons

were linearly cut into blocks with the size of

5 9 5 9 5 mm3. These blocks ground by SiC papers were

sealed into an evacuated quartz tube, and then homoge-

nized at 1373 ± 2 K for 14 days. After being polished, a

diffusion multiple of fcc Co-Cr-Fe-Mn-Ni system was

carefully prepared by hot-pressing at 1373 ± 2 K for 4 h

in a self-assembly vacuum hot-pressing apparatus. The

well-prepared Co-Cr-Fe-Mn-Ni diffusion multiple was

then sealed into an evacuated quartz tubes, and annealed at

1373 ± 2 K for 116 h. The effective diffusion time for

diffusion multiple should be the sum of the time during the

period of hot-pressing and vacuum annealing, and thus the

diffusion time of Co-Cr-Fe-Mn-Ni diffusion multiple

should be 120 h. After standard metallographic treatment,

the composition profiles of each diffusion multiple were

determined by using field emission electron probe micro

analysis (FE-EPMA, JXA-8530, JEOL, Japan) with an

accelerating voltage of 15 kV. Here, variations in alloy

compositions were determined to be within ±0.5 at.% for

each component.

3 Calculation Method for Multicomponent
Interdiffusivity Matrix

A pragmatic numerical inverse method for determining the

composition-dependent interdiffusivities in binary and

multicomponent systems from a single diffusion couple

was proposed by the present authors[10,11] based on Fick’s

second law. The composition evolution of component i in

N-component systems can be governed by Fick’s second

law,

oci

ot
¼ o

ox

XN�1

j

~DN
ij

ocj

ox

 !
ði ¼ 1; 2; . . .N - 1Þ ðEq 1Þ

where ci is composition of component i, x is diffusion

distance, t is diffusion time, ~DN
ij is either main or cross

interdiffusivity with component N chosen as the solvent.

The multicomponent interdiffusivities ~D and the atomic

mobility Mi are related by,[25,26]
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where R is the gas constant, and T is absolute temperature.

The second term on the right-hand side denotes the

vacancy-wind effect, and its contribution is determined by

the parameter s (i.e., equals either 0 or 1). The parameter A0

is a factor depending only on crystal structure.[25] The

thermodynamic factor U is expressed by,

UN
ij ¼

ci

RT
� oli

ocj
� oli
ocN

� �
ðEq 3Þ

where the chemical potential li can be obtained from the

corresponding thermodynamic descriptions. It should bear
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in mind that whether the thermodynamic description is

accurate or not has negligible effect on the quality of the

finally obtained interdiffusivities.[11] Here, the ideal solu-

tion model was adopted to describe fcc phase in Co-Cr-Fe-

Mn-Ni system. In order to assign more physical meanings,

the mobility for element i is given by,

Mi ¼
1

RT
exp

�

PN

j¼A

cjDG
j
i þ
P
j

P
k 6¼j

cjckDG
j;k
i þ

P
j

P
k 6¼j
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i þ�� �
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0
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ðEq 4Þ

where DGi
j, DGi

j,k and DGi
j,k,l are the end-members and

interaction parameters for diffusion of element i in element

j and in the binary and ternary systems, respectively. As

stated above, the parameter DGi
j can be fixed first accord-

ing to the experimental data and theoretical values. In this

work, the end-members can be directly fixed by using the

assessed values.[27] The adjustable parameter, DGi
j,k and

DGi
j,k,l, need to be evaluated on the basis of one or several

sets of composition profiles. By combining Eq 1-4, the

composition profiles of component i can be simulated. An

optimal set of adjustable parameters such as DGi
j,k and

DGi
j,k,l were carefully chosen by iterative fitting until the

minimization of the error between the measured and the

calculated composition and interdiffusion flux profiles is

achieved,

min\error[ ¼ min\wc �
XN

i¼A

XNum

j¼1

jccalij � c
exp
ij j

� �

c
exp
ij

þwJ �
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j¼1

j~Jcalij � ~Jexpij j
� �

~Jexpij

���
���

[

ðEq 5Þ

where ccalij ,
~Jcalij , c

exp
ij and ~Jexpij are the calculated and the

experimental composition and interdiffusion flux of com-

ponent i at the jth point, respectively, and Num is the

number of the experimental data. As demonstrated in Ref

11, the more sensitive interdiffusion flux needs to be

included as the minimization criteria. In addition, the

weights of composition and interdiffusion flux in the

minimization are determined by the divergence of the

experimental data. With the optimal set of fitting parame-

ters, the composition profiles can be nicely reproduced, and

the composition-dependent interdiffusivites in the target

system can be computed via Eq 1-4. Moreover, the inter-

diffusion flux ~J at any location x0 for diffusion couples

based on a laboratory frame of reference can be calculated

directly from the normalized composition profile,[28]

~J ¼ cL � cR

2t
f½1� Yðx0Þ� �

Zx0

xL

YðxÞdxþ Yðx0Þ

�
ZxR

x0

½1� YðxÞ�dxg ðEq 6Þ

where cL and cR are the composition normalized variables

at the far left end (xL) and far right end (xR) of the diffusion

Fig. 1 (color on web) Schematic diagram for the preparation and measurement of the Co-Cr-Fe-Mn-Ni diffusion multiple in the present work

Table 1 Summary of the adjustable parameters of Co, Cr, Fe, Mn

and Ni in fcc Co-Cr-Fe-Mn-Ni HEAs at 1373 K in the present work

(a)

Mobility Parameters

Mobility of Co DGCo;Ni
Co ¼ �412500

Mobility of Cr DGCr;Ni
Cr ¼ �367187:5

Mobility of Fe DGFe;Ni
Fe ¼ �350000

Mobility of Mn DGMn;Ni
Mn ¼ �93750

Mobility of Ni DGCo;Ni
Ni ¼ �296875

a In J (mole atoms)-1
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couple, respectively. A composition ratio Y at the distance

coordinate x0 is defined by,

Yðx0Þ ¼ cðx0Þ � cL

cR � cL
ðEq 7Þ

The standard deviation (SD) for the pragmatic numerical

inverse method can be evaluated by using the scientific

statistical method.[29,30]

4 Results and Discussion

Figure 1 shows the schematic diagram of the solid diffu-

sion multiple prepared in the present work. The composi-

tion profiles can be experimentally measured along the

specific direction of the diffusion multiple as shown in

Fig. 1. Considering its high efficiency in determination of

composition-dependent interdiffusivities in target alloys,

the pragmatic numerical inverse method[10,11] was directly

utilized here. Table 1 lists the adjustable parameters of Co,

Cr, Fe, Mn and Ni in fcc Co-Cr-Fe-Mn-Ni HEAs at 1373 K

in the present work.

Figure 2 illustrates the measured composition profiles

and the simulated results for the Co-Cr-Fe-Mn-Ni diffusion

multiple after annealing at 1373 K for 120 h. The corre-

sponding quinary main interdiffusivities in the Co-Cr-Fe-

Mn-Ni HEAs at 1373 K are determined by the pragmatic

numerical inverse method and shown in Fig. 2. In addition,

the quinary cross interdiffusivities are provided in the

Electronic Supplementary Materials in order to make a

clear demonstration in Fig. 2. The average relative uncer-

tainty of the present results determined by using the

numerical inverse method is 37%, which is determined by

the average error between the simulated compositions and

the experimental data along all the diffusion paths. The

good agreement between the simulated composition pro-

files and the measured ones indicates that the composition-

dependent quinary interdiffusivities in Co-Cr-Fe-Mn-Ni

system at 1373 K are reasonable. It can be clearly seen that

the main interdiffusivity ~DNi
MnMn is the largest while the

main interdiffusivity ~DNi
CrCr is larger than ~DNi

FeFe, which is

similar to the previous quasi-binary results.[4] In addition,

the main interdiffusivities ~DNi
CoCo are the lowest over the

most composition ranges, while the main interdiffusivities
~DNi
CoCo over the specific composition range are slightly

larger than those of ~DNi
CrCr and ~DNi

FeFe, indicating that the

interdiffusivities are composition-dependent data rather

than the constant value. Therefore, the fast diffusion phe-

nomenon may exist in specific composition areas of the

HEAs, which has also been observed in an Al0.5
CrFeCoNiCu HEA.[31] It is noted that the present main

interdiffusivities ~DNi
FeFe(0.98–1.98 9 10-15 m2/s) at 1373 K

are close to the corresponding average interdiffusivity with

the component Ni dependent (1.06 9 10-15 m2/s) in qua-

ternary Co-Cr-Fe-Ni alloy at 1273 K,[19] indicating the

Fig. 2 (color on web) Composition profiles and the corresponding

main interdiffusivities for the Co23.95Cr23.3Fe23Mn6.66Ni23.09/Co22.4
Cr27Fe17.5Mn7.5Ni25.6/Co10.8Cr22.8Fe33.4Mn10.8Ni22.2/Co33.3Cr22.4
Fe16.2Mn6.65Ni21.45/Co23.95Cr23.3Fe23Mn6.66Ni23.09 (at.%) diffusion

multiple after annealing at 1373 K for 120 h. Symbols designate

the results from the present experimental measurements while solid

lines are the model-predicted composition profiles and main interdif-

fusivities obtained by using the pragmatic numerical inverse method
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exact existence of the sluggish diffusion kinetics in Co-Cr-

Fe-Mn-Ni HEAs.

Figure 3 shows the main interdiffusivities ~DNi
CoCo and

~DNi
FeFe in quinary Co23.95Cr23.3Fe23Mn6.66Ni23.09 alloy at

1373 K, compared with the corresponding interdiffusivities

in binary Co-50 at.% Ni and Fe-50 at.% Ni alloys and

ternary Co-33 at.% Fe-33 at.% Ni alloy varied with the

increasing temperature (a) and those at 1373 K (b).[20] It

can be found that the binary interdiffusivities are larger than

the ternary interdiffusivities and much larger than the

quinary interdiffusivities, which also indicates that the

interdiffusivities at the core composition of the multicom-

ponent system are restrained by the addition of the element

number. According to the Einstein relation (Di = RTMi),

tracer diffusivity of Ni in quinary Co23.95Cr23.3Fe23Mn6.66
Ni23.09 alloy at 1373 K can be extrapolated from the present

mobility. Here, the relative uncertainty of the tracer diffu-

sivity is estimated to be 10.52% by disregarding the effect

of thermodynamics. Figure 4 illustrates the presently

obtained tracer diffusivity of Ni in Co23.95Cr23.3Fe23
Mn6.66Ni23.09 alloy, the experimental data[21–24] in

Co-49.3Ni, Fe-45.3Ni, Fe-15Cr-20Ni, CoCrFeNi and

CoCrFeMnNi alloys and the extrapolated data[4] in

CoCrFeMn0.5Ni alloy. In Fig. 4(b), the tracer diffusivities

of Ni in quinary alloys are lower than the data in binary

alloys but larger than the values in ternary and quaternary

alloys, which seems to indicate that the sluggish diffusion

characteristic of Co-Cr-Fe-Mn-Ni HEAs is suitable for the

interdiffusivity, rather than the tracer diffusivity. The pre-

sent tracer diffusivity of Ni in CoCrFeMn0.5Ni alloy at

1373 K is lower than the other value[4] extrapolated from

the interdiffusion experiments, which may be caused by the

effect of the off-diagonal terms. According to the present

result in Co23.95Cr23.3Fe23Mn6.66Ni23.09 alloy and the

directly measured data[21] in CoCrFeNi and CoCrFeMnNi

alloys, the tracer diffusivities of Ni increases with the

addition of the element Mn, which may be caused by the

enhancement of the diffusion entropy with the increment of

the large atom (Mn). The further verification needs more

direct measurements for Ni tracer diffusion in

CoCrFeMn(0-1)Ni alloys at 1373 K.

bFig. 3 (color on web) Main interdiffusivities ~DNi
CoCo and ~DNi

FeFe

obtained by using the pragmatic numerical inverse method in quinary

Co23.95Cr23.3Fe23Mn6.66Ni23.09 alloy at 1373 K, compared with the

binary interdiffusivities in Co-50 at.% Ni, and Fe-50 at.% Ni, as well

as the ternary ones in Co-33 at.% Fe-33 at.% Ni alloys (a) varied with

the increasing temperature and (b) at 1373 K[20]
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It should be noted that any element in the equiatomic

or near-equiatomic HEAs can be selected as the

dependent component (i.e., the solvent). In order for the

convenience in further analysis, one set of multicom-

ponent interdiffusivities with a particular dependent

component should be easily converted to other set with a

different dependent component. Based on a common

assumption on constant molar volume, a generalized

transformation relation in an N-component system can

be derived as,

~DN�1
ij ¼ ~DN

ij � ~DN
iN�1 i; j ¼ 1; . . .;N � 2

~DN�1
iN ¼ � ~DN

iN�1 i ¼ 1; . . .;N � 2

~DN�1
Nj ¼

XN�1

i¼1

~DN
iN�1 � ~DN

ij

� �
j ¼ 1; . . .;N � 2

~DN�1
NN ¼

XN�1

i¼1

~DN
iN�1

ðEq 8Þ

The detailed derivation is given in the ‘‘Appendix’’.

According to the above transformation relations, the presently

Fig. 4 (color on web) Tracer diffusivity of Ni in quinary Co23.95
Cr23.3Fe23Mn6.66Ni23.09 alloy at 1373 K extrapolated from the present

interdiffusion experiments, compared with the tracer diffusivities of

Ni in Co-49.3Ni, Fe-45.3Ni, Fe-15Cr-20Ni, CoCrFeNi, CoCrFeMnNi

and CoCrFeMn0.5Ni alloys (a) varied with the increasing temperature

and (b) at 1373 K[4,21,24]
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obtained quinary interdiffusivities with respect to Ni solvent

( ~DNi
ij ) can be easily transformed into those with other depen-

dent component Mn, Fe, Cr or Co ( ~DCo
ij ,

~DCr
ij ,

~DFe
ij or ~DMn

ij ).

5 Conclusion

In the present work, we illustrated a high-throughput method

by combining the diffusion multiple technique and the

pragmatic numerical inverse method for the development of

interdiffusion databank in HEAs. A Co-Cr-Fe-Mn-Ni dif-

fusion multiple at 1373 K was experimentally prepared and

measured here. On the basis of the measured composition

profiles, pragmatic numerical inverse method was adopted to

determine the accurate interdiffusivity matrices over the

composition spaces in Co-Cr-Fe-Mn-Ni HEAs. The sluggish

diffusion effect in Co-Cr-Fe-Mn-Ni HEAs was further

confirmed on the basis of the comprehensive comparison

between the obtained interdiffusivity matrices in quinary

Co-Cr-Fe-Mn-Ni alloys and those in lower-order alloys,

while was not for the tracer diffusivities. Moreover, it is

anticipated that the present combinational method, i.e., dif-

fusion multiple technique in combination with the pragmatic

numerical inverse method, is applicable to the high-

throughput establishment of the interdiffusion databank in

different HEAs. Finally, generalized transformation rela-

tions on interdiffusivities with different dependent compo-

nents in multicomponent systems is derived under the

assumption of constant molar volume, which should be

helpful for further analysis on the effect of different ele-

ments on the interdiffusion behavior in HEAs.
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Appendix

In an N-component system, the interdiffusion flux of a

component i under constant molar volume can be expres-

sed by Fick’s first law,

~Ji ¼ �
XN�1

j¼1

~DN
ij �

ocj

ox

� �
i ¼ 1; . . .;N � 1 ðEq 9Þ

Then, one can obtain

~Ji ¼ �
XN�2

j¼1

~DN
ij �

ocj

ox

� �
� ~DN

iN�1 �
ocN�1

ox
i ¼ 1; . . .;N � 2

ðEq 10Þ

~JN�1 ¼ �
XN�2

j¼1

~DN
N�1j �

ocj

ox

� �
� ~DN

N�1N�1 �
ocN�1

ox
ðEq 11Þ

In fact, Eq 9-11 are presented when the component N is

treated as the dependent component. If the component

N - 1 is selected as the dependent component, one can

have

~Ji ¼ �
XN�2

j¼1

~DN�1
ij � ocj

ox

� �
� ~DN�1

iN � ocN
ox

i ¼ 1; . . .;N � 2

ðEq 12Þ
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~Ji

ðEq 13Þ

Considered the relation (ocN
ox

¼ �
PN�1

j¼1

ðocj
ox
Þ), Eq 12 and 13

can be revised as,

~Ji ¼ �
XN�2

j¼1

ð ~DN�1
ij � ~DN�1

iN Þ � ocj
ox

� �
� � ~DN�1

iN
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~DN�1
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Nj

� �
� ocj
ox

� �
� ~DN�1

NN � ocN�1

ox

�
XN�2

i¼1

~Ji

ðEq 15Þ

A direct comparison between Eq A6 with Eq A4 leads to,

~DN�1
ij ¼ ~DN

ij � ~DN
iN�1 i; j ¼ 1; . . .;N � 2

~DN�1
iN ¼ � ~DN

iN�1 i ¼ 1; . . .;N � 2
ðEq 16Þ

By substituting Eq 14 into Eq 15, one can obtain
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A direct comparison between Eq 17 with Eq 11 leads to,

~DN�1
NN ¼ ~DN

N�1N�1 �
XN�2

i¼1

~DN�1
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XN�1

i¼1

~DN
iN�1
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i¼1

~DN�1
iN � ~DN�1

ij

� �
� ~DN

N�1j

¼
XN�1

i¼1
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i¼1
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N�1j
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~DN
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ij

� �
j ¼ 1; . . .;N � 2

ðEq 18Þ

According to the above mathematical derivations, a gen-

eralized transformation relation in an N-component system

is achieved.
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24. B. Million and J. Kučera, Concentration Dependence of Nickel

Diffusion in Nickel-Cobalt Alloys, Czech. J. Phys. B, 1971, 21,
p 161-171

25. J.R. Manning, Diffusion and the Kirkendall Shift in Binary

Alloys, Acta Metall., 1967, 15, p 817-826

26. W. Chen, L. Zhang, Y. Du, and B. Huang, Viscosity and Diffu-

sivity in Melts: From Unary to Multicomponent Systems, Philos.

Mag., 2014, 94, p 1552-1577

27. W. Zhang, Y. Du, W. Chen, Y. Peng, P. Zhou, S. Wang, G. Wen,

and W. Xie, CSUDDCC1—A Diffusion Database for Multi-

component Cemented Carbides, Int. J. Refract. Met. Hard Mater.,

2014, 43, p 164-180

28. F. Sauer and V.Z. Freise, Diffusion in Binären Gemischen mit
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