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Abundant experimental diffusion data in two Co-base binary systems, that is, Co-Ni and Co-Fe,
have been assessed to develop the atomic mobility for the face-centered cubic (fcc) phase of the
two binaries. The general agreement is obtained by comprehensive comparisons made between
the calculated and experimental diffusion coefficients. The developed mobility database, in
conjunction with the CALPHAD-type thermodynamic description, has been successfully used to
simulate such typical experimental interdiffusion phenomena as the concentration profiles, the
microstructural stability of the Kirkendall plane, and the lattice plane displacement.
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1. Introduction

Very recently, cobalt-base alloys were found to offer
great promise as candidates for next-generation high-
temperature materials.[1] The diffusion process, as for Ni-
base superalloys, is expected to govern much of heat
treatment processing and performance of Co-base high-
temperature alloys. The composition and morphology of the
ordered face-centered cubic (fcc) precipitate c¢ are also
dependent on the diffusion interaction between c¢ and the
disordered fcc matrix c. Knowledge of both thermodynam-
ics and diffusion characteristics is critically important in
developing an understanding of this new type of Co-base
high-temperature alloys. As the CALPHAD technique
(Calculation of Phase Diagram) has made significant
progress in technological applications, there is no longer a
problem finding an appropriate thermodynamic description
for a specific constituent binary system of the Co-base
alloys; for instance, there is such data for the Co-Ni
system,[2] the Co-Fe system,[3] and the Co-W system.[4]

While an atomic mobility database has recently been
developed for the fcc phase of multicomponent Ni-base
superalloys,[5,6] no work has yet been reported for Co-base
high-temperature alloys. In contrast, practical modeling
algorithms, with the phase field model as representative,[7-9]

can at present realistically model the microstructural evo-
lution of certain materials with input of real variable
mobility. As a consequence, there is an increasing need for
accurate expressions of atomic mobility.

The DICTRA code (DIffusion Controlled TRAnsforma-
tion), running with data for atomic mobility, is capable of
modeling diffusion-limited phenomena for multicomponent
alloys.[10] The atomic mobility database developed in this
code, in conjunction with the CALPHAD-based thermody-
namics, not only permits prediction of the concentration
profile determined from diffusion-couple experiments, but
also enables analysis of the microstructural stability of the
Kirkendall plane and the lattice plane displacement.[11,12]

Accordingly, the purpose of the present work, as the first
part of development of an atomic mobility database for
multicomponent Co-base high-temperature alloys, is to
assess the atomic mobility for the fcc phase of two
fundamental Co-base binaries, that is, Co-Ni and Co-Fe,
and provide further insight into their diffusion characteris-
tics by simulating in-depth diffusion behaviors resulting
from interdiffusion.

2. Modeling

2.1 Atomic Mobility and Diffusivity

Andersson and Agren[13] suggested that the atomic
mobility Mi of species i could be expressed as a function
of temperature T,

Mi ¼ M0
i exp

�QS
i

RT

� �
1

RT
ðEq 1Þ

where QS
i is the activation energy, M 0

i is the frequency
factor, and R is the gas constant. Note that the mobility
parameters in the DICTRA notation, �QS

i and RT ln M 0
i ;

can be grouped into one single parameter, Qi ¼
�QS

i þ RT ln M 0
i ; in the case when there is no magnetic

effect on the atomic mobility. Similar to the phenomeno-
logical CALPHAD technique, the parameter Qi is assumed
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to be composition dependent[14] and can be expressed by a
Redlich-Kister polynomial in composition,

Qi ¼
X
p

xpQ
p
i þ

X
p

X
q>p

xpxq
X

r¼0;1;2;:::

rQp;q
i ðxp � xqÞr

" #

þ
X
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X
q>p

X
v>q

xpxqxv vspqv
sQp;q;v

i

h i
; ðs ¼ p; q; vÞ;

ðEq 2Þ

where xp is the mole fraction of species p; Qp
i is the value

Qi of species i in pure species p; rQp;q
i and sQp;q;v

i are the
binary and ternary interaction parameters, and the parameter
vspqv is given by vspqv ¼ xs þ ð1� xp � xq � xvÞ=3: The
tracer diffusion coefficient D�i is rigorously related to
the atomic mobility by a simple relation, D�i ¼ RTMi: The
interdiffusion coefficient with n as dependent species, ~Dn

pq;

can be derived by,

~Dn
pq ¼

Xn�1
i¼1
ðdip � xpÞxiMi

@li

@xq
� @li

@xn

� �
ðEq 3Þ

where the Kronecker delta dip = 1 when i = p and 0
otherwise, and li is the chemical potential of species i. Upon
the proposed relations, the mobility parameters, Qp

i ;
rQp;q

i ;
and sQp;q;v

i ; can be numerically assessed by fitting to
experimental diffusion coefficients.

2.2 Marker Displacement and Kirkendall Shift

In case of a diffusion couple in a binary A - B system
where the partial molar volume is assumed to be constant,
the composition varying with the diffusion time t in the
diffusion zone can be described by the equation of
continuity,

1

Vm

@xB
@t
¼ �r

~M

Vm
r lB � lA½ �

� �
ðEq 4Þ

where Vm is the molar volume and ~M ¼ xAxB½xBMAþ
xAMB�: Equation 4 can be solved numerically corresponding
to different initial conditions and boundary conditions. The
solution expresses the form of the concentration profile.

If diffusion occurs by a vacancy mechanism, the
nonuniform velocity of the inert markers with respect to
the laboratory-fixed frame of reference is dependent on the
difference of the intrinsic diffusivities of the species and the
composition gradient,[11,15,16]

v ¼ Vm JA þ JBð Þ ¼ Vm DB � DAð Þ @xB
@z

ðEq 5Þ

where JA and JB are the flux of species A and B relative to a
lattice-fixed frame, DA and DB are the intrinsic diffusivities
of species A and B, and z is the distance. When using a
reduced distance variable, k ¼ z=

ffiffi
t
p
; it reads

v ¼ Vm DB � DAð Þffiffi
t
p @xB

@k
ðEq 6Þ

In a diffusion-controlled interaction, the Kirkendall plane
is the only plane that stays at a constant composition during

the whole diffusion annealing and moves parabolically in
time with a velocity,

vk ¼
dz

dt
¼ zk � zk0

2t
¼ zk

2t
ðEq 7Þ

where zk and zk0 (=0) are the positions of the Kirkendall
plane at times t = t and t = 0, respectively. As a result, it can
be graphically determined from the Kirkendall velocity
construction, that is, a plot of the velocity of the inert
markers as a function of the distance, by finding the
intersection between the marker velocity curve (Eq 6) and
the straight line (Eq 7).[11,17,18] The lattice plane displace-
ment can be computed from the velocity of the inert markers
by integrating

@y

@z0
¼ y� 2vt

z0
ðEq 8Þ

where z0 is the position of original location of the markers,
and y is the displacement of the markers relative to z0.

3. Assessment of Atomic Mobility

The thermodynamic descriptions of the systems Co-Ni
and Co-Fe were taken from the works of Guillermet.[2,3] The
atomic mobilities for the self-diffusions of the fcc Fe and Ni
were taken from the work of Jonsson.[14] The assessment of
other mobility parameters was carried out within the
DICTRA software by an iterative optimization based on
minimization of the residuals between the calculated values
and the selected experimental diffusion coefficients in
literature. The optimization process, for the Co-Ni system,
was performed mainly by fitting to the data on tracer
diffusion for two components and from those data the
interdiffusion coefficient was calculated. The situation for
the Co-Fe system is different in that the data on interdif-
fusion were given a dominant weight in the optimization.
The results of the assessed mobilities are listed in Table 1. In

Table 1 Assessed atomic mobilities for the fcc phase
of the Co-Ni and Co-Fe binaries

Mobility Parameter, J/mole Ref

Mobility of Co

QCo
Co - 301,654 - 70.10*T This work

QFe
Co - 301,900 - 76.58*T 25, 26

QNi
Co - 284,724 - 69.23*T This work

QCo;Ni
Co - 5000 This work

0QCo;Fe
Co + 305,495 - 201.71*T This work

Mobility of Fe

QCo
Fe - 253,301 - 97.97*T 25

QFe
Fe - 286,000 - 79.55*T 14

0QCo;Fe
Fe - 63,300 + 48.68*T This work

Mobility of Ni

QCo
Ni - 315,816 - 57.16*T This work

QNi
Ni - 287,000 - 69.80*T 14

0QCo;Ni
Ni + 9335 This work
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the sections that follow, the results of the present assessment
are discussed compared with experimental information.

Campbell et al.[5] assessed the atomic mobility for the
self-diffusion of fcc-Co and compared it with the early
experimental data[19,20] (in fact, the authors misread the Co
impurity diffusivity in fcc-Ni[20] as the self-diffusivity in
fcc-Co). Only two more recent experimental data[21,22] were
considered in the present work. Figure 1 shows an
Arrhenius plot of fcc-Co self-diffusion. Excellent agreement
is obtained between the calculated and experimental values
over a very wide temperature range,[21,22] whereas two other
earlier experimental data appear remarkably large, espe-
cially in the low-temperature range.[23,24]

3.1 The Co-Ni System

3.1.1 Tracer Diffusivity. In Fig. 2, the calculated Co
impurity diffusion in fcc-Ni compares favorably with all
available experimental data.[23,25,27,28] The experimental
data for the impurity diffusivity of Ni in fcc-Co lie within
a narrow band,[23,25,29-31] as shown by the Arrhenius plot
of the Ni diffusion in fcc-Co in Fig. 3. Appreciable care
was given to the selection of those data. The assessed
result (solid line in Fig. 3) was mainly based on the work
of Million and Kucera[31] and a recommended value at
1100 �C, supplemented with a compromise made among
three measurements.[25,29,30] The recommended value is
1.0 � 10-15 (m2/s), and was derived from a wide variety
of experimental measurements either by extrapolating or
eye guide.[30-35]

The calculated tracer diffusivity of Co in the Co-Ni
binary alloys is shown to be dependent on the Ni content in

Fig. 4 and is in good agreement with the experimental
data.[23] The data measured by Million and Kucera[24]

exhibit appreciable scatter and, therefore, were excluded
from the assessment procedure in this work. Note that an
arbitrarily chosen scaling factor S has been added in Fig. 4

L
og

10
(D

*C
o/

fc
c-

C
o)

  10000/T (K-1)

Tc=1120 °C

lathe, Lee et al. [22]
sputter, Lee et al. [22]

lathe, Bussmann et al. [21]
sputter, Bussmann et al. [21]

-22

-21

-20

-19

-18

-17

-16

-15

-14

-13

-12

5 6 7 8 9 10 11 12

Hirano et al. [23]
Million & Kucera [24]

600 800100012000140001600
  T (°C)

Runder &Birchenall [19]

Fig. 1 Arrhenius plot of fcc-Co self-diffusion. The calculated
values (solid line) are compared with the experimental points
(symbols)

-19

-18

-17

-16 

-15

-14

-13

-12

5 6 7 8 9 10 11

Hirano et al. [23]

Badia & Vignes [25]

Vladimirov et al. [27]

Jung et al. [28]

L
og

10
(D

* C
o/

fc
c-

N
i)

10000/T (K-1)

700 9001100130015001700

T (°C)

Fig. 2 Arrhenius plot of Co diffusion in fcc-Ni compared with
the experimental data (symbols)

-19

-18

-17

-15

-16

-14

-13

-12

5 6 7 8 9 10 11

L
og

10
(D

* N
i/f

cc
-C

o)

10000/T (K-1)

Evaluated value at 1100 °C

Hirano et al. [23]

Million & Kucera [31]

MacEwan et al. [29]

Hassner & Lange [30]
Badia & Vignes [25]

Tc=1120 °C

700 9001100130015001700
T (°C)

Fig. 3 Arrhenius plot of Ni diffusion in fcc-Co compared with
the experimental data (symbols)

Section I: Basic and Applied Research

4 Journal of Phase Equilibria and Diffusion Vol. 29 No. 1 2008



Million & Kucera [31]1290 °C

1245 °C

1200 °C

1155 °C

1110 °C

1065 °C

L
og

10
(D

* N
i/C

oN
i)

Mole Fraction Ni

-15.5

-15.0

-14.5

-14.0

-13.5

-13.0

0 0.2 0.4 0.6 0.8 1.0

1290 °C
1245 °C

1200 °C

1155 °C

1110 °C

1065 °C

Fig. 5 Calculated tracer diffusivity of Ni in the fcc Co-Ni
binary alloys. Symbols are from the experimental measurements

Hirano et al. [23]

1246 °C
1192 °C
1144 °C
1090 °C
1048 °C

Million & Kucera [24]

 988 °C
 948 °C

1304 °C
1255 °C
1202 °C

1300 °C, S=7

1142 °C
1090 °C

1250 °C, S=6

1200 °C, S=5

1150 °C, S=4

1090 °C, S=3

1048 °C, S=2

988 °C, S=1

948 °C, S=0

L
og

10
(D

* C
o/

C
oN

i)+
S

Mole Fraction Ni

81-

61-

41-

21-

01-

8-

6-

4-

0 2.0 4.0 6.0 8.0 0.1

Fig. 4 Calculated tracer diffusivity of Co in the fcc Co-Ni
binary alloys. Symbols are from the experimental measurements.
An arbitrarily chosen scaling factor S is added to clearly repre-
sent the data at different temperatures

Ustad & Sorum [34]
1400 °C
1325 °C
1250 °C
1200 °C

1150 °C
1110 °C

Kucera et al. [35]

L
og

10
(D

C
oN

i)

1400 °C

1325 °C

1250 °C

1200 °C

1150 °C

1050 °C

1300 °C

1110 °C

Heumann & Kottmann [36]
1400 °C
1305 °C

Jung et al. [28]
1325 °C
1300 °C
1250 °C
1200 °C
1150 °C
1050 °C

-15.5

-15.0

-14.5

-14.0

-13.5

-13.0

-12.5

-12.0

0 0.2 0.4 0.6 0.8 1.0

Iijima & Hirano [32]
1300 °C

Mole Fraction Ni

Fig. 6 Calculated interdiffusion coefficients of the fcc Co-Ni
binary alloys. Symbols are from the experimental measurements

Hirai et al. [33]

1150 °C
1110 °C

Kucera et al. [35]

Ugaste et al. [38]
1100 °C

1100 °C
Jung et al. [28]

L
og

10
(D

C
oN

i)+
S Iijima & Hirano [32]

1115 °C
1155 °C

1100 °C

Borovsky et al. [37]
1150 °C

Heumann & Kottmann [36]
1155 °CT=1150 °C, S=2;

T=1110 °C, S=1;

T=1100 °C, S=0;

-16.0

-15.5

-15.0

-14.5

-14.0

-13.5

-13.0

-12.5

-12.0

-11.5

0 0.2 0.4 0.6 0.8 1.0
Mole Fraction Ni

Fig. 7 Calculated interdiffusion coefficients of the fcc Co-Ni
binary alloys at 1150, 1110, and 1100 �C. Symbols are from the
experimental measurements. An arbitrarily chosen scaling factor
S has been added to separate the data at different temperatures

Co tracer diffusivity
Fe tracer diffusivityL

og
10

(D
* C

o/
F

eC
o)

, L
og

10
(D

* F
e/

F
eC

o)
1200 °C

1164 °C

1127 °C

1062 °C

1020 °C

Fishman et al. [40]
Fe tracer diffusivity

1164 °C
1127 °C
1062 °C
1020 °C

Wanin & Khon [39]

1200 °C
Fe tracer

Mole Fraction Co

0.61-

5.51-

0.51-

5.41-

0.41-

5.31-

0 2.0 4.0 6.0 8.0 0.1

1100 °C

1100 °C Ugaste et al. [38]
1100 °C

Fe tracer
Co tracer

Fig. 8 Calculated tracer diffusivities of Co and Fe in the fcc
Co-Fe binary alloys. Symbols are from the experimental
measurements

L
og

10
(D

C
oF

e)

Badia & Vignes [43] 
1356 °C
1315 °C
1280 °C
1258 °C
1200 °C
1136 °C

1356 °C
1315 °C

1280 °C

1258 °C 1200 °C

1136 °C

Mole Fraction Co

-12.5

-13.0

-13.5

-14.0

-14.5

-15.0

-15.5
0 0.2 0.4 0.6 0.8 1.0

Fig. 9 Calculated interdiffusion coefficients of the fcc Co-Fe
binary alloys. Symbols are from the experimental measurements

Basic and Applied Research: Section I

Journal of Phase Equilibria and Diffusion Vol. 29 No. 1 2008 5



to separate the data at different temperatures. Without it,
many symbols at different temperatures would lie too close
together to distinguish clearly. Precise agreement may be
observed in Fig. 5 for the tracer diffusivity of Ni in
the binary alloys between the calculated and measured
values,[31] where the curves show a convex shape. This
shape is inverse to that of the T0 line of the binary Co-Ni
phase diagram.[2]

3.1.2 Interdiffusion Coefficient. The calculated inter-
diffusion coefficients of the Co-Ni binary alloys are given in
Fig. 6 with the experimental data shown for comparison.
Figure 7 presents an enlargement of the temperature span

from 1100 to 1150 �C. It is apparent that the data obtained
by different authors[28,32,33,35-38] differ markedly; only two
of them[28,33] extrapolate to reasonable impurity diffusivities
of Ni in fcc-Co and of Co in fcc-Ni, which were retained in
the assessment of the mobility parameters.

3.2 The Co-Fe System

3.2.3 Tracer Diffusivity. The mobility of the impurity
diffusion of Co in fcc-Fe was taken from the data of Badia
and Vignes[25] and Suzuoka,[26] and that of Fe in fcc-Co was
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given by Badia and Vignes[25] The variation of the Fe and
Co tracer diffusions in the Co-Fe binary alloys with
composition were more or less in accord with each other
among three measurements,[38-40] but in substantial dis-
agreement with the others.[41,42] The former[38-40] are
believed to be more reliable because those data behave in
better accord with the proposed impurity diffusion
rates,[25,26] and were therefore used to assess the interaction
parameters of the Co-Fe atomic mobility. However, closer
inspection revealed that the Co tracer diffusivity measured
by Fishman et al.[40] does not work well with the
interdiffusion rate measured by Badia and Vignes[43] As a
result, this set of the Co tracer diffusivity was finally
excluded from the assessment. The calculated tracer diffu-
sivities are compared with the measured data in Fig. 8.

3.2.4 Interdiffusion. As seen from Fig. 9, the calcu-
lated interdiffusion coefficient compares favorably with the
experimental values of Badia and Vignes.[43] Two other sets
of data were not given because one appears substantially
large[38] and the other describes an overcomplex variation of
interdiffusion coefficients with composition.[44]

4. Diffusion Simulations

Evaluation of the assessed diffusion mobility not only
includes comparison with the experimental diffusion coeffi-
cients, but also comparison between the predicted and
observed in-depth diffusion behavior resulting from interdif-
fusion. In conjunction with the CALPHAD-base thermody-
namics, solving Eq 4, 6, and 8 numerically with input of the
assessed atomic mobility enables prediction of much of the
diffusion phenomena during a diffusion-couple experiment.

4.1 Concentration Profile of Diffusion Couple

Diffusion simulation has been set up to model a number
of semi-infinite Co/Ni and Fe/Fe-Co diffusion-couple

experiments under different initial conditions and heat
treatment processes. Figure 10 shows the calculated con-
centration profiles of two Co/Ni diffusion couples after
annealing at 1305 �C for 485 h (Fig. 10a) and at 1300 �C for
40 and 112 h (Fig. 10b), respectively. The calculations are in
reasonable agreements with the measured curves.[32,36]

However, minor discrepancy was observed on the Co-side
of the diffusion couple in Fig. 10(b). This can be understood
by looking back to Fig. 6, where an underestimated
interdiffusion coefficient (the light symbols) measured by
Iijima and Hirano[32] was observed in the Co-rich content at
1300 �C.

Figure 11 shows the concentration profiles of two other
Co/Ni couples after annealing at 1100 �C for 1000 h
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(Fig. 11a) and at 1150 �C for 4, 16, and 49 h (Fig. 11b).
Precise representation is achieved for both couples.[45,46] It
should be noted that, rather than using the new technique for
database evaluation proposed by Campbell,[45] but fixing the
relevant impurity diffusivities by rigorously fitting to the
measured data, the present authors have obtained better
calculated concentration profile without allowing any arbi-
trarily given impurity diffusivity.

Figure 12 shows the calculated concentration profile
of the Fe/Fe-20 at.%Co incremental couple annealing at
1150 �C for 50 h. The agreement with the measured curve is
satisfactory at the Fe side of the couple,[43] but not so good
at the incremental alloy side. This discrepancy results from
the fixed impurity diffusivity of Fe in fcc-Co.

4.2 Kirkendall Velocity Construction and Marker
Displacement

As stated previously, the velocity of the inert markers can
be determined from the knowledge of intrinsic diffusivities
and the composition gradient at the marker position. Figure
13(a) shows the variation of two intrinsic diffusivities DCo

and DNi with compositions, which take slightly different
forms and cross each other at the Ni-rich side. Figure 13(b)
illustrates the Kirkendall velocity construction for the Co/Ni
diffusion couple annealing at 1150 �C. Note that the reduced
velocity curve v

ffiffi
t
p

intersects the straight line vt ¼ z=2
ffiffi
t
p

(determined by Eq 7) at a point with a negative gradient. As
a result, there is a stable Kirkendall plane for the Co/Ni
couple at 1150 �C; that is, the Kirkendall marker remains
sharply concentrated. This fact has been expected experi-
mentally.[32,47] It should be also noted that the point with a
zero velocity, marked by the square symbol in Fig. 13(b),

corresponds to the position where the two intrinsic diffu-
sivities are identical, see Fig. 13(a). The Ni-Pd diffusion
couple was found to have a similar feature on the
microstructural stability of the Kirkendall plane.[11,48]

Integration of Eq 8 yields the lattice plane displacement
as a function of the initial lattice position relative to the
Matano plane, see Fig. 14 for the Co/Ni diffusion couple
annealed at 1150 �C for 4, 16, and 49 h, respectively. As can
be seen, the shift of the Kirkendall marker is as small as
about 5.2 lm toward the Ni side of the couple after
annealing for 49 h. This is in good accord with the finding
that the Kirkendall markers move toward the Ni side but
were almost immobile.[32,36,38] The displacement of the
Kirkendall plane is plotted in the inset of Fig. 14 as a
function of the square root of the diffusion time. Apprecia-
ble discrepancies were observed for the long diffusion
times, which were believed to arise from two critical errors
associated with the displacement measurement mentioned
already by Kucera et al.[47] The first is the mechanical
pressing of the inert markers into the Ni side prior to
diffusion annealing. This deformation has to be removed to
gain genuine displacement by a way used by Van Dal
et al.[48] The second is the errors in the distance measure-
ment of the initial markers, and this effect could most
probably lead to surprisingly large displacement.[47]

Figure 15(a) shows the calculated intrinsic diffusivities
and interdiffusion coefficients of the Co-Fe binary system at
1100 �C. Figure 15(b) gives the Kirkendall velocity
construction for the Co-Fe diffusion couple annealing at
1100 �C. Note that it also exhibits an intersection with a
negative gradient, and thus a stable Kirkendall plane occurs
for the Co/Fe couple at 1100 �C. The calculated shift and
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Fig. 14 Lattice plane displacement of the Co/Ni diffusion couples after annealing for 4, 16, and 49 h at 1150 �C as a function of the
initial lattice position. The inset shows the Kirkendall marker displacement versus the square root of the diffusion time at 1150 �C.
Symbols are from the experimental measurement
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composition of the Kirkendall plane are 11 lm and 46 at.%
Co for the diffusion couple after annealing for 196 h, which
compare fairly with the experimental values, 16 lm and 42
at.% Co.[38]

5. Conclusion

The atomic mobilities for the fcc phase of the Co-Ni and
Co-Fe binaries have been assessed by fitting to the evaluated
experimental diffusion coefficients. The developed mobility
database, in conjunction with CALPHAD-base thermody-
namics, has been used to successfully model a number of
semi-infinite Co/Ni and Fe/Co diffusion-couple experi-
ments. The concentration profiles have been well repre-
sented, and the interesting details concerning the
microstructural stability of the Kirkendall plane and the
lattice plane displacement have been predicted. The general

agreement has been obtained by comprehensive compari-
sons between the calculated and experimental data.
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