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a b s t r a c t

Diffusion in Al-based alloys is a practical topic that is essential to guide the design of materials. Based
on various kinds of experimental diffusivities and thermodynamic parameters, the atomic mobilities in
fcc Al–Ag alloys have been assessed as a function of temperature and composition using the DICTRA
software package in thiswork. The calculated results are in good agreementwith the experimental data. In
addition, the obtainedmobility parameters can reasonably predict the concentration profiles for a variety
of diffusion couples in fcc Al–Ag alloys.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Diffusion plays a very important role in designing and un-
derstanding many important phenomena, such as precipitation,
homogenization of alloys, recrystallization, grain boundary mi-
gration, creep, solidification and protective coatings [1,2]. It is
generally accepted that estimating the kinetics of diffusive phase
transformation from the rate of volume diffusion of different com-
ponents is a well-established procedure if this is the rate deter-
mining process. Although the experimental method is significant
for assessing mobility parameters, there are still many limitations.
Recently, computer simulation has become an important and ef-
fective tool to gain insight into complex material processes [3–5].

The DICTRA (DIffusion Controlled TRAnsformation) software
package is an effective tool, which is an extension of the CALPHAD
method and operates under the CALPHAD framework [6–10].
Based on the thermodynamic and mobility parameters, the
DICTRA software package can assess the atomic mobilities as a
function of temperature and composition. In the past few years,
the atomic mobilities for several Al-based binary systems have
been investigated using DICTRA. These binary systems include
Al–Cu [11], Al–Mg [12], Al–Zn [13], Al–Fe [14], Al–Ni [14],
Al–Cr [15], Al–Ti [16], Al–V [16]. However, the atomic mobilities
for the fcc phase in the Al–Ag binary system has not been assessed.
Thus, the present work is to assess the atomic mobilities in face-
centered cubic Al–Ag alloys through the DICTRA software package.
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2. Experimental information

Great efforts have been made on the measurements of the dif-
fusion coefficients in the Al–Ag binary system. The experimental
data of impurity diffusion coefficients, tracer diffusion coefficients,
intrinsic diffusion coefficients and inter-diffusion coefficients
[17–23] are considered in the present work [17–23]. The experi-
mental data referenced in this work is listed in Table 1.

Alexander [17] and Peterson [18] have measured the impu-
rity diffusion coefficients of Ag in pure Al by the lathe sec-
tioning method at the temperature range of 600–900 K. The
impurity diffusion coefficients of Al in pure Ag have also been
investigated by Fogelson [19], who obtained the impurity diffu-
sion coefficients of Al in Ag at about 800–1300 K by using the
X-ray diffraction method. Several authors [19] have made contri-
bution to the measurement of tracer diffusion coefficients. Using
the lathe sectioning technique, Alexander [17] employed the ra-
dioactive 110Ag tomeasure the tracer diffusion coefficients of Ag in
pure Al and Al-1 at.% Ag alloy at about 600–1000 K and 600–900
K, respectively. Intrinsic diffusion coefficients and inter-diffusion
coefficients in various Al–Ag alloys also have been investigated by
several authors [20–23]. Heumann [20,21] measured the intrinsic
diffusion of the Al-rich solid solution in the composition range of
0 to 10 at.% Ag from 600 to 900 K with the aid of the microprobe
analysis technique. Furthermore, Abbott and Haworth [22] mea-
sured the intrinsic diffusion coefficients between 600 and 800 K
in square diffusion couples consisting of low concentration Al–Ag
alloys andpureAl by the electron probemicroanalysis. The concen-
tration profiles were also obtained by Abbott and Haworth [22] via
the electron probe microanalysis (EPMA). Chryssoulakis et al. [23]
measured the inter-diffusion coefficients in the composition range
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Table 1
Experimental diffusion data selected in the present optimization.

Type of data Temperature (K) Method Refs.

Impurity diffusion coefficient 600–900 Lathe sectioning technique Alexander and
Slifkin [17]

600–900 Lathe sectioning technique Peterson and
Rothman [18]

800–1300 X-ray diffraction method Fogelson et al. [19]
Tracer diffusion coefficient 600–1000 Lathe sectioning technique Alexander and

Slifkin [17]
600–900 Lathe sectioning technique Alexander and

Slifkin [17]
Intrinsic diffusion coefficient 700–900 Microprobe analysis Heumann and

Dittrich [20]
600–900 Microprobe analysis Heumann and

Bghmer [21]
600–800 Electron probe microanalysis Abbott and

Haworth [22]
Inter-diffusion coefficient 600–800 Transient technique Chryssoulakis

et al. [23]

Fig. 1. Calculated phase diagram of the Al–Ag binary system from [29].

of 0 to 20 at.% Ag in the temperature range of 600–800 K using
the transient technique method. All these data mentioned above
are employed for the present optimization in view of their mutual
consistency.

3. Modeling of atomic mobility

The temporal profile of the diffusing species k is given by Fick’s
law in the mass conservation form as follows:

∂Ck

∂t
= −div(J̄k). (1)

where Ck is the concentration inmoles per volume, and div denotes
the divergence operator. The diffusional flux of the species, J̄k, in
a multicomponent system is given in the volume-fixed frame of
reference by Fick’s law as:

J̄k = −

n−1
j=1

D̃n
kj∇Cj. (2)

D̃n
kj is the chemical diffusion coefficient. The summation is

performed over (n − 1) independent concentrations as the
dependent n component may be taken as the solvent. D̃n

kj in a

substitutional solution phase which is given by the following
expression [9,24]:

D̃n
kj =


i

(δik − xk)xiMi


∂µi

∂xj
−

∂µi

∂xn


(3)

where δik is the Kronecker delta (δik = 1 if i = k, otherwise
δik = 0), xi themole fraction,µi the chemical potential of element
i and Mi the composition dependent atomic mobilities.

From the absolute-rate theory arguments, the mobility param-
eters Mi for the element i, can be divided into a frequency factor
M0

i and an activation enthalpy Qi. According to the suggestion by
Jönsson [24,25], the Mi can be pressed as:

Mi = exp

RT lnM0

i

RT


exp


−Qi

RT


1
RT

mgΩ (4)

where R is the gas constant, T is the temperature, and mgΩ

is a factor taking into account a ferromagnetic contribution to
the diffusion. Both M0

i and Qi are temperature, composition and
pressure dependent factors. Because the ferromagnetic effect for
fcc phase can be ignored [26], combining RT lnM0

i and Qi into one
parameter 1G∗

i = RT lnM0
i − Qi, Eq. (4) can be simplified to as:

Mi = exp


1G∗

i

RT


1
RT

. (5)

Similar to the phenomenological CALPHAD approach, Anders-
son and Ågren [9] suggested that the parameter 1G∗

i should be as-
sumed as a function of composition, which can be expressed by
a Redlich–Kister polynomial [27]. For the fcc Al–Ag alloys, 1G∗

i is
given as follows:

1G∗

i = xAl1GAl
i + xAg1GAg

i + xAlxAg
n

j=0

1(j)GAl,Ag
i (xAl − xAg)j (6)

where 1(j)GAl,Ag
i is the interaction term for diffusion between Ag

and Al. It is seen thatMi can be obtained through the available1G∗

i .

Assuming the mono-vacancy atomic exchange as the main
diffusionmechanism, the tracer diffusivity D∗

i can be related to the
atomic mobilityMi by the Einstein’s relation:

D∗

i = RTMi. (7)

In a binary system, the tracer diffusivityD∗

i can be applied to cal-
culate chemical diffusion coefficient D̃ by Darken’s equation [28]:

D̃ = (xBD∗

A + xAD∗

B)φ (8)
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