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Abstract The interdiffusion behavior of ternary face-cen-

tered-cubic (fcc) Al-Co-Cr alloys has been studied by the

diffusion-couple technique and CALculation of PHAse

Diagram (CALPHAD) approach. The composition profiles

of the fcc Al-Co-Cr diffusion couples at 1000 and 1200 �C
were measured by using electron probe microanalysis

(EPMA), followed by the extraction of interdiffusion

coefficients through the Whittle-Green method. Based on

the available thermodynamic description and diffusion

coefficients in the literature as well as the experimental

data obtained in the present work, the atomic mobilities of

Al, Co, and Cr in fcc Al-Co-Cr alloys were assessed by

means of the CALPHAD method. The diffusion coeffi-

cients, composition profiles and diffusion paths of fcc Al-

Co-Cr alloys were calculated by adopting the atomic

mobilities assessed in the present work, reaching a good

agreement with the experimental data.

Keywords atomic mobility � CALPHAD � diffusion
couple � fcc Al-Co-Cr alloy � interdiffusion coefficient

1 Introduction

Multicomponent cobalt-based superalloys and high entropy

alloys (HEAs) have attracted much attention due to their

excellent mechanical properties, high-temperature stability

and corrosion resistance.[1-6] To efficiently design alloys

that meet performance requirements, both phase diagram

and diffusion kinetics are indispensable tools. Compre-

hensive understanding of bulk diffusion processes in the

multicomponent alloys is essential for various applications,

such as solidification, homogenization, recrystallization,

precipitation, and creep. Although many versions of ther-

modynamic description of the cobalt-based superalloys and

HEAs have been reported so far, there are fewer studies on

atomic mobilities to describe diffusion coefficients. In

2004, Gómez-Acebo et al.[7] assessed the mobilities in the

fcc phase for the binary and ternary sub-systems of the

multicomponent Al-Co-Cr-Ni-Ti system but did not con-

sider sufficient experimental data. Among them, the

mobilities of the binary systems such as Al-Co, Co-Cr, Co-

Ti and Cr-Ti were obtained by approximation and eight

ternary systems including the Al-Co-Cr system were

regarded as ideal without interaction parameters. Mina-

mino et al.[8] conducted interdiffusion experiments on the

binary, ternary, and quaternary alloys in Co-based solid

solutions (Al-Co-Cr-Ni) at 1150 �C to quantitatively

evaluate the effect of the addition of elements on the

interdiffusion. More recently, Chen et al.[9] studied the

compositional profiles of Ni-rich fcc Ni-Co-Cr and Al-Ni-

Co-Cr diffusion couples. Based on these compositional

profiles, atomic mobilities of the Al-Ni-Co-Cr system were

obtained directly by HitDIC software. For the ternary Al-

Co-Cr system, one of the basic sub-systems of cobalt-based

superalloys and the common HEAs,[10-13] there is currently

no systematic assessment of its atomic mobilities available.
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Therefore, the purpose of the present work is to study the

diffusion kinetics of the ternary Al-Co-Cr system and

provide a reference for design of high-performance alloys.

In 1998, Ishikawa et al.[14] investigated the phase

equilibrium relationship of the Al-Co-Cr alloys from 1000

to 1350 �C using multi-phase alloys and diffusion couple

method. Later, Gómez-Acebo et al.[7] assessed the ther-

modynamics of the Al-Co-Cr ternary system, which was

extrapolated from the three binary sub-systems[15-17]

without any ternary interaction parameter. However, there

is a deviation compared to the experimental phase equi-

librium data by Ishikawa et al.[14] Recently, Liu et al.[18,19]

provided new phase equilibrium experiments and first-

principles data and reassessed the Al-Co-Cr system. The

thermodynamic description of the Al-Co-Cr ternary system

by Liu et al.[19] reproduces all experimental results from

Ishikawa et al.[14] and their own data. Therefore, the ther-

modynamic parameters for the Al-Co-Cr ternary system

were taken from Liu et al.[19] in the present work. Its binary

sub-systems of Al-Co, Al-Cr and Co-Cr were adopted from

the work by Dupin et al.,[15] Ansara[20] and Kusoffsky

et al.,[17] respectively.

To study the diffusion behavior of the Co-rich fcc Al-

Co-Cr alloys, Roper and Whittle[21] and Minamino et al.[8]

combined electron probe microanalysis (EPMA) with the

diffusion couple method to obtain interdiffusion coeffi-

cients at 1100 and 1150 �C, respectively. Gómez-Acebo

et al.[7] presented the atomic mobility parameters of the fcc

Al-Co-Cr system based on their own thermodynamic

parameters. However, not all of the experimental data for

the fcc Al-Co-Cr alloys were used in the assessment pro-

cess. Therefore, it is necessary to systematically evaluate

the diffusion behavior of the fcc Al-Co-Cr alloys to obtain

accurate atomic mobilities.

The main objectives of this work are: (1) to experi-

mentally determine the interdiffusion coefficients for fcc

Al-Co-Cr alloys at 1000 and 1200 �C; (2) to evaluate the

atomic mobilities of the fcc Al-Co, Al-Cr and Co-Cr binary

systems based on the reliable experimental data in the lit-

erature; (3) to assess the atomic mobilities of the fcc Al-

Co-Cr ternary system; (4) to validate the accuracy of

atomic mobilities obtained in this work via comparisons of

the experimental diffusion coefficients, composition pro-

files and diffusion paths; and (5) to predict the variation

trend of interdiffusion coefficients with composition based

on the present determined atomic mobilities.

2 Experimental Procedure

Alloys and pure Co button ingots were prepared in a non-

consumable arc furnace under an argon atmosphere. Raw

materials were high-purity Co (99.99 wt.%), Cr (99.95

wt.%) blocks and Al (99.95 wt.%) thin filaments. The

ingots were turned over and re-melted five times to ensure

chemical homogeneity. Then, all the ingots were annealed

at 1200 �C for 72 h in sealed quartz tubes with highly pure

argon atmosphere before water-quenching. This produced

fcc alloy samples with homogeneous composition and

coarse grains, which reduced the influence of grain

boundaries and segregation on diffusion. Alloy blocks with

a size of 4 � 4 � 4 mm3 were cut from the middle of the

homogenized alloy. After grinding and polishing, the two

polished surfaces were clamped and fixed by a special Mo

clamp to form a diffusion couple assembly with good

contact. The annealing treatments for diffusion couples

were carried out at 1000 and 1200 �C respectively.

Detailed heat-treatment conditions are listed in Table 1.

After annealing, all diffusion couples were quickly quen-

ched in cold water. The composition profiles of the diffu-

sion couples were then measured by EPMA (JXA-8230,

JEOL, Japan) operated at 20 kV voltage with a beam

current of 20 mA. The EDS line scans along the diffusion

direction were first used to roughly determine the effective

diffusion zone in samples, according to which, the mea-

surements were then performed with step sizes of 5 and

10 lm for the samples annealed at 1000 and 1200 �C,
respectively. The variation of compositions for each com-

ponent was determined to be within 0.5 at.%.

3 Methodology

3.1 Determination of Interdiffusion Coefficients

The experimental composition profile of a diffusion couple

can be analyzed by the error function expansion (ERFEX)

method as shown in the following equation,

XðzÞ ¼
X

i

aierf bi � cið Þz þ di½ � ðEq 1Þ

where ai, bi, ci and di are fitting parameters, and z is the

diffusion distance. Thus, XðzÞ represents the fitted com-

position for Al, Co, and Cr with notations such as xCr for

mole fraction of Cr in the following expressions. The
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parameters obtained from the ERFEX in the present work

fitted the experimental data satisfactorily. The fitting can

improve the accuracy of the resulting interdiffusion coef-

ficients by reducing noise and smoothing local fluctuations

of the measured data.

Then the interdiffusion coefficients for a ternary system

are obtained by the Whittle-Green method,[22] which

introduces a normalized composition variable Yi as shown

in Eq 2.

Yi ¼ xi � x�i
� ��

xþi � x�i
� �

ðEq 2Þ

where x�i and xþi represent the mole fraction of i at the far

left and far right ends of the diffusion couples, respectively.

Based on Fick’s second law of diffusion, the interdiffusion

coefficients can be obtained using the following

expressions:

1

2t

oz

oYCr

� �
1� YCrð Þ r

z

�1
YCrdz þ YCr r

þ1

z

1� YCrð Þdz

� �

¼ ~DCo
CrCr þ ~DCo

CrAl

xþAl � x�Al
xþCr � x�Cr

dYAl

dYCr

ðEq 3Þ
1

2t

oz

oYAl

� �
1� YAlð Þ r

z

�1
YAldz þ YAl r

þ1

z

1� YAlð Þdz

� �

¼ ~DCo
AlAl þ ~DCo

AlCr

xþCr � x�Cr
xþAl � x�Al

dYCr

dYAl

ðEq 4Þ

where t is the diffusion time, ~DCo
CrCr and

~DCo
AlAl are the main

interdiffusion coefficients, ~DCo
CrAl and ~DCo

AlCr are the cross

interdiffusion coefficients with Co as the dependent com-

ponent. Therefore, two pairs of diffusion couples, with

their diffusion paths having an intersecting point, establish

four equations to determine interdiffusion coefficients for

the ternary Al-Co-Cr system. In the present work, it is

verified that all ternary interdiffusion coefficients satisfy

the thermodynamic constraints.

~DCo
CrCr þ ~DCo

AlAl [ 0 ðEq 5Þ
~DCo
CrCr

~DCo
AlAl � ~DCo

CrAl
~DCo
AlCr � 0 ðEq 6Þ

~DCo
CrCr � ~DCo

AlAl

� �2þ4 ~DCo
CrAl

~DCo
AlCr � 0 ðEq 7Þ

3.2 Modeling of Atomic Mobility

According to Andersson and Ågren,[23] when there is no

magnetic influence, the atomic mobility Mi of component i

(i.e. Al, Co or Cr) can be expressed as a function of

temperature.

Mi ¼ M0
i � exp

�Qs
i

RT

� �
1

RT
ðEq 8Þ

where M0
i is the frequency factor, Qs

i is the activation

energy, and R is the gas constant. The parameters, �Qs
i and

RTLnM0
i , can be combined into a single parameter,

Qi ¼ �Qs
i + RTLnM0

i . The parameter Qi which is usually

treated as composition-dependent can be expressed by the

Redlich–Kister polynomial:

Qi ¼
X

p

xpQp
i þ

X

p

X

q[ p

xpxq

X

r¼0;1;2;...

rQp;q
i xp � xq

� �r

" #

ðEq 9Þ

where xp is the mole fraction of component p, and r is the

Table 1 Alloy compositions of

the diffusion couples and

experimental conditions

No Nominal composition, at.% Temperature, �C Diffusion time, h

A1 Co/Co-25.4Cr-4.4Al 1000 240

A2 Co/Co-10.2Cr-9.0Al

A3 Co-16.0Cr/Co-6.6Al

A4 Co-8.2Cr/Co-3.7Al

A5 Co-24.2Cr/Co-3.6Al

B1 Co/Co-25.4Cr-2.0Al 1200 72

B2 Co/Co-10.1Cr-7.8Al

B3 Co-16.1Cr/Co-6.7Al

B4 Co-8.2Cr/Co-2.0Al

B5 Co-24.1Cr/Co-1.6Al
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order of the Redlich–Kister polynomial. Qp
i represents the

mobility parameter of component i diffusing in pure

component p, rQp;q
i is the binary interaction parameter. The

trace diffusion coefficient is related to the atomic mobility

by the Einstein relation D�
i ¼ RTMi. The interdiffusion

coefficient, comprising a mobility term and a thermody-

namic factor, can be expressed as:

~Dn
ij ¼

X

k

dik � xið ÞxkMk
olk

oxj
� olk

oxn

� �
ðEq 10Þ

Table 3 Summary of the atomic mobility parameters for the fcc Al-Co-Cr ternary system

Mobility Parameter, J mol-1 References

Mobility of Al

QAl
Al �126719þ R � T � LNð1:08� 10�5Þ [24]

QCo
Al �275359þ R � T � LNð1:54� 10�4Þ [27]

QCr
Al �235000þ R � T � LNð5:21� 10�5Þ [40]

QAl;Co
Al

10000 This work

QCo;Cr
Al

�684870:6þ 446:2744� T This work

Mobility of Co

QAl
Co �172082þ R � T � LNð3:28� 10�2Þ [27]

QCo
Co �296542:9þ R � T � LNð1:29� 10�4Þ [25]

QCr
Co �235000þ R � T � LNð5:21� 10�5Þ [34]

QAl;Co
Co

�50000 This work

QCo;Cr
Co

�39158.4054 This work

QAl;Cr
Co

578.976 This work

Mobility of Cr

QAl
Cr �261700þ R � T � LNð6:4� 10�1Þ [40]

QCo
Cr �254464þ R � T � LNð1:7� 10�5Þ [34]

QCr
Cr �235000þ R � T � LNð5:21� 10�5Þ [26]

QAl;Co
Cr

�195629.15 This work

QCo;Cr
Cr

�59538.0768 This work

Table 2 Interdiffusion

coefficients at intersecting

compositions of the diffusion

couples at 1000 and 1200 �C

Temperature Diffusion couple Composition, at.% Interdiffusion coefficients, � 10–16 m2 s-1

Al Cr ~DCo
AlAl

~DCo
AlCr

~DCo
CrCr

~DCo
CrAl

1000 �C A1–A3 2.18 11.09 5.35 0.40 2.74 2.78

A1–A4 1.45 5.53 5.23 0.56 3.20 5.39

A1–A5 1.60 6.60 6.23 0.47 3.10 9.51

A2–A3 4.24 4.36 11.93 1.62 3.12 1.87

A2–A4 2.63 1.13 8.51 0.40 2.70 0.11

A2–A5 2.64 1.16 8.25 0.67 2.31 0.46

A3–A5 0.56 15.48 3.21 - 0.01 5.04 12.08

1200 �C B1–B3 1.18 12.81 346.40 10.18 144.09 199.12

B1–B4 0.75 5.01 39.82 1.94 14.35 16.85

B1–B5 7.50 4.91 343.50 2.77 150.00 72.84

B2–B3 3.63 4.78 446.51 73.80 151.53 89.19

B2–B4 1.55 0.80 366.36 28.05 136.76 36.77

B2–B5 1.54 0.80 442.25 - 69.78 266.20 - 64.00

B3–B5 0.33 15.89 294.56 0.34 158.25 124.44
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where dik is the Kronecker delta (dik ¼ 1 if i ¼ k; otherwise

dik ¼ 0); lk is the chemical potential of element k; n rep-

resents the dependent component.

4 Results and Discussion

4.1 Experimental Results

Table 2 presents the experimentally measured interdiffu-

sion coefficients for fcc Al-Co-Cr alloys at 1000 and

1200 �C. It can be found that all of the the main interdif-

fusion coefficients ( ~DCo
AlAl and ~DCo

CrCr) are positive, while

some of the cross interdiffusion coefficients ( ~DCo
AlCr and

~DCo
CrAl) are negative. At the same temperature, for the main

interdiffusion coefficients, ~DCo
AlAl [ ~DCo

CrCr in the Co-rich

region for all intersecting compositions except for the

diffusion pair A3–A5. This indicates that the diffusion rate

of Al is faster than that of Cr. Therefore, under the same

condition, the diffusion distance of Al is longer than that of

Cr, as shown in Fig. 4 and 5. In addition, it is obvious that

all the main interdiffusion coefficients increase with

increasing temperature.

4.2 Assessments of Atomic Mobilities

The self-diffusion mobilities for Al, Co and Cr were

directly taken from Cui et al.,[24] Zhang et al.[25] and

Engström and Ågren,[26] respectively. For the Al-Co and

Co-Cr binary systems, the atomic mobility parameters need

to be reassessed in accordance with the thermodynamic

parameters provided by Liu et al.[17] and related work.

Then, the atomic mobilities for the fcc Al-Co-Cr system

were assessed. All assessed atomic mobilities for fcc Al-

Co-Cr alloys are listed in Table 3.

4.2.1 Al-Co System

In 2011, Cui et al.[27] used the diffusion couple method to

measure the interdiffusion coefficient of fcc Al-Co binary

system in the temperature range of 900-1300 �C and the

impurity diffusion coefficient of Al in fcc Co. Combined

with the thermodynamic parameters by Ohnuma et al.[28]

and the experimental impurity diffusion coefficients of Co

in fcc Al in the literature,[29-33] the atomic mobilities of the

Al-Co binary system were comprehensively evaluated. In

the present work, the impurity mobilities UCo
Al and U

Al
Co were

adopted from Cui et al.’s assessment.[27] Since the self-

diffusion mobility for fcc-Co and thermodynamic param-

eters of the fcc phase were adjusted, the interaction

parameters of the mobilities were reassessed, resulting in a

satisfactory agreement of interdiffusion coefficients

between the calculated and experimental data as presented

in Fig. 1.

4.2.2 Co-Cr System

Zhang et al.[34] evaluated the impurity diffusion coeffi-

cients of Cr in fcc Co. Their calculation results were in

good agreement with the experimental data measured by

Weeton.[35] Therefore, the atomic mobilities, UCo
Cr evalu-

ated by Zhang et al.[34] were adopted in the present work.

Because fcc-Cr is not stable, there is no experimental data

on the impurity diffusion coefficients of Co in fcc Cr. For

the sake of simplicity, UCr
Cr was assumed to be equal to UCr

Co.

Weeton[35] measured the interdiffusion coefficients of

the fcc Co-Cr alloys in the temperature range of

1000-1369 �C by means of diffusion couple method. Davin

Fig. 1 Calculated interdiffusion coefficients of the fcc phase in the

Al-Co system compared with the experimental data[27]
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et al.[36] determined the interdiffusion coefficients of the

fcc Co-Cr alloys from 1000 to 1300 �C. Green et al.[37]

published the interdiffusion coefficients of the Co-Cr alloys

by means of the Boltzmann-Matano method coupled with

EPMA. Most recently, Zhao et al.[38] supplemented the

diffusion experiments at 1050, 1150 and 1300 �C, and

reassessed the atomic mobilities of fcc Co-Cr based on

their own thermodynamic parameters. Figure 2(a) shows

the calculated interdiffusion coefficients of fcc Co-Cr

alloys at the range of 1000-1369 �C along with the

experimental data.[35-38] It is noticed that the calculated

interdiffusion coefficients of the fcc Co-Cr alloys at 1000

and 1050 �C have a certain deviation from the experi-

mental data. The reason may be that comparing to volume

diffusion, the contribution of grain boundary diffusion at

low temperatures is relatively large and not negligible.

Additionally, the calculated interdiffusion coefficients at

1000 and 1050 �C both exhibit a sudden drop around the

magnetic transition composition, which is caused by the

magnetic contribution to the thermodynamic factor. Neu-

meier et al.[39] have also investigated the interdiffusion

coefficients for the composition range 0 to 6 at.% (Cr) at

1100, 1200 and 1300 �C. However, the interdiffusion

coefficients of the Co-Cr binary system measured by

Fig. 2 Calculated interdiffusion coefficients of the fcc phase in the Co-Cr system compared with the experimental data.[35-39] (a, b) Composition

dependence; (c) temperature dependence. M is a constant and used to separate the results for interdiffusion coefficients for clarity
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Neumeier et al.[39] were less than that of Weeton[35] and

Zhao et al.[38] as shown in Fig. 2(b) and are not considered

in the present optimization. In Fig. 2(c), the comparison

between the calculated temperature dependence of inter-

diffusion coefficients in fcc Co-Cr alloys and the

experimental data is presented. The agreement between the

calculated results and experimental data is good.

4.2.3 Al-Cr System

The stable fcc phase region is very narrow in the Al-Cr

binary system, so the experimental interdiffusion data are

Fig. 3 Comparison between the calculated main interdiffusion

coefficients of the fcc Al-Co-Cr alloys and the experimental data

from the present work and literature. (a) 1000 �C; (b) 1200 �C;

(c) 1100 �C;[21] (d) 1150 �C.[8] The dashed lines show a deviation by

a factor of 2 or 0.5 from the diagonal line
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rather sparce. Therefore, no interaction parameters were

assessed for this binary. In addition, the tracer diffusivity of

Al in fcc Cr was assumed to be the same as the self-

diffusivity of Cr, and the impurity diffusion of Cr in fcc Al

evaluated by Engström and Ågren[40] was directly cited in

the present work.

4.2.4 Al-Co-Cr System

Figure 3 presents the comparison between the calculated

main interdiffusion coefficients and experimental data in

the fcc Al-Co-Cr alloys at 1000, 1200, 1100[21] and

1150 �C.[8] The diagonal line in Fig. 3 indicates that the

calculated logarithmic values of the main interdiffusion

coefficients are equal to the experimental values. The

dotted lines represent a factor of 2 or 0.5 deviation from the

diagonal line, which is a generally accepted experimental

error for the measurements of diffusivities. The results

demonstrate that the majority of the main interdiffusion

coefficients for Co-rich fcc Al-Co-Cr alloys fall within

reasonable error limits, which suggests a good agreement

between the calculation results and experimental data.

4.3 Diffusion Simulation

The assessed atomic mobilities combined with the ther-

modynamic parameters can be used to predict the diffusion

behavior of the ternary diffusion couples, including com-

position profiles and diffusion paths. Figures 4 and 5 dis-

play the simulated composition profiles of fcc Al-Co-Cr

Fig. 4 Calculated composition profiles for the diffusion couples of (a) A1; (b) A2; (c) A3; (d) A4 and (e) A5 annealed at 1000 �C for 240 h

compared with the experimental data from the present work. Solid line: this work; dashed line: Chen et al.[9]
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Fig. 5 Calculated composition profiles for the diffusion couples of (a) B1; (b) B2; (c) B3; (d) B4 and (e) B5 annealed at 1200 �C for 72 h

compared with the experimental data from the present work. Solid line: this work; dashed line: Chen et al.[9]

Fig. 6 Calculated composition

profiles of the fcc Al-Co-Cr

diffusion couples annealed at

1100 �C for 72 h compared

with the experimental data:[7]

(a) Co-8.9Cr/Co-4.0Al (wt.%);

(b) Co-14.0Cr/Co-4.0Al (wt.%).

Solid line: this work; dashed

line: Chen et al.[9]
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diffusion couples compared with the experimental data at

1000 and 1200 �C, respectively. We can see that the pre-

sent atomic mobility can satisfactorily reproduce the dif-

fusion process of the diffusion couples. The calculated

short diffusion distance of Cr at 1200 �C in Fig. 5 by Chen

et al.[9] indicates incorrect low diffusion coefficients at high

temperatures. Figure 6 presents the comparison between

the calculated composition profiles and experimental data

from Gómez-Acebo et al.[7] at 1100 �C. It can be found

that the composition profile of Al is predicted well, but the

calculated mobilities are slightly underestimated for Cr.

The diffusion paths of diffusion couples at 1000 and

1200 �C are shown in Fig. 7. Generally, the calculated

diffusion paths fit the experimental data well except for the

diffusion couple B3 at 1200 �C.
The main interdiffusion coefficients for the fcc phase in

a composition region of Al: 0-20 at.% and Cr:0-50 at.%

calculated by the present atomic mobilities are plotted in

Fig. 8. At 1000 �C, ~DCo
AlAl increases as the Al composition

increases but decreases with increasing Cr composition.

The variation of the ~DCo
CrCr with composition is more

complicated than that of ~DCo
AlAl.

~DCo
CrCr increases with the

increase of Al composition when x Crð Þ[ 20 at:%, while it

decreases with the increasing Al composition when

x Crð Þ\20 at:%. The variation trend of the main

interdiffusion coefficients with the compositions is almost

the same at 1000 and 1200 �C.

5 Conclusions

By means of diffusion couple and EPMA technique, the

present work investigated the composition profiles of dif-

fusion couples at 1000 and 1200 �C for the fcc Al-Co-Cr

alloys and deduced the interdiffusion coefficients. The

atomic mobilities of Al, Co, and Cr in fcc Al-Co-Cr alloys

were critically assessed by the CALPHAD approach based

on available thermodynamic parameters and experimental

interdiffusion coefficients. To further validate the atomic

mobilities obtained in the present work, the calculated

results were compared with the experimental data includ-

ing diffusion coefficients, concentration distributions and

diffusion paths, indicating that most of the experimental

data were well reproduced. Besides, the interdiffusion

coefficients of the fcc Al-Co-Cr ternary system in a wide

range of composition were calculated to explore the

influence of Al and Cr on the interdiffusion coefficients.

Fig. 7 The calculated diffusion paths of diffusion couples annealed at (a) 1000 �C for 240 h and (b) 1200 �C for 72 h compared with the

experimental data from the present work
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