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The effect of interaction among γ′ ordered domains on the interdiffusion process in γ + γ′/γ and γ + γ′/γ + γ′

diffusion couples is investigated by using the phase-field method, in which bulk free energy and mobility are linked with

thermodynamic and kinetic databases. Simulated results show that the interaction among γ′ ordered domains has great

influence on the microstructure, the interdiffusion velocity and the volume fraction of γ′ phase on both sides of the

diffusion couples.
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1. Introduction

Diffusion couples are formed by joining two dif-
ferent alloys together so that they are intimately con-
tacted between two faces. Interdiffusion is the process
where atoms diffuse from one side of a diffusion cou-
ple to the other side. Interdiffusion is of great impor-
tance in many subjects of materials science, including
electrical contacts, thin film devices, high-temperature
coatings and composite materials.

Due to the importance of interdiffusion, many
researchers have paid much attention to the inter-
diffusion study. Morral et al [1−6] and Dayananda
et al [7−11] concentrated on one-dimensional diffusion
process from the analytical perspective. In the numer-
ical simulation aspect, most studies are also limited to
one dimension and fail to take morphologies of various
phases into account. The phase-field method, a pow-
erful tool in microstructure simulation, has been used
to investigate the interdiffusion process. Among these
various methods for the interdiffusion prediction, the
phase-field method can be used to predict microstruc-
ture morphology and phase constitution with a re-
markable accuracy.[12] Using the phase-field method,
Wu et al [13,14] studied the interdiffusion process of
prototype alloys, especially the microstructure evolu-

tion in interdiffusion zone, the movement of Kirkendall
markers and the Type 0 boundary of two-phase diffu-
sion couples. Recently, they also predicted the inter-
diffusion microstructures of the β+γ/γ and β+γ/β+γ

diffusion couples in Ni–Al–Cr alloys.[15] In their work,
it is claimed that the antiphase relation among or-
dered phase particles has no effect on the interdiffu-
sion process. However, it is universally received that
the interdiffusion process is affected by the microstruc-
tures when the volume fraction of second phase is
high.[13,16] Wang et al [17,18] concluded that the or-
dered nature of the precipitates could affect the mor-
phology of the mesoscopic microstructure in diffusion-
controlled growth process. Thus, it is expected that
the ordered domains can also affect the morphology in
both halves of diffusion couples, so it is also expected
that this interaction will influence the interdiffusion
process.

In the present study, the phase-field method is
used to investigate the effect of antiphase relation of
γ′ ordered phase on the interdiffusion process of the
γ + γ′/γ and γ + γ′/γ + γ′ diffusion couples in the
Ni–Al–Cr alloys. The bulk free energy and the mo-
bility are linked with the available databases by the
calculation of phase diagrams (CALPHAD) method.
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2. Model

2.1.Gibbs free energy

In an Ni–Al–Cr ternary alloy system, the γ′ pre-
cipitate possesses an ordered L12 structure and can
be described by using a compound energy model with
four sublattices: (Al, Cr, Ni)0.25(Al, Cr, Ni)0.25(Al,
Cr, Ni)0.25(Al, Cr, Ni)0.25. y1

Al, y2
Al, y3

Al and y4
Al are

used to denote the site fractions of Al at sites of 1, 2,
3 and 4, respectively. Similarly, y1

Cr, y2
Cr, y3

Cr and y4
Cr

denote the site fractions of Cr at sites of 1, 2, 3 and 4,
respectively. The relationship among the site fraction,
composition and long-range order parameters can be
written as

y1
Al = cAl (1− η1 − η2 + η3) ,

y2
Al = cAl (1− η1 + η2 − η3) ,

y3
Al = cAl (1 + η1 − η2 − η3) ,

y4
Al = cAl (1 + η1 + η2 + η3) ,

y1
Cr = cCr (1− η′1 − η′2 + η′3) ,

y2
Cr = cCr (1− η′1 + η′2 − η′3) ,

y3
Cr = cCr (1 + η′1 − η′2 − η′3) ,

y4
Cr = cCr (1 + η′1 + η′2 + η′3) , (1)

where cAl and cCr are the molar fractions of Al and
Cr, ηi and η′i (i = 1, 2, 3) are the corresponding long-
range parameters. The relationship among Ni, Al and
Cr site fractions can be expressed as ys

Ni+ys
Al+ys

Cr = 1
(s = 1, 2, 3, 4). The composition of Al and Cr can be
related by the site fraction as

cAl =
1
4

(
y1
Al + y2

Al + y3
Al + y4

Al

)
,

cCr =
1
4

(
y1
Cr + y2

Cr + y3
Cr + y4

Cr

)
. (2)

The molar Gibbs free energy of γ′ ordered phase
in the Ni–Al–Cr ternary alloy system can be written
by using a four-sublattice model as follows:

Gorder
m

=
Ni∑

i=Al

ci
0Gfcc

i +
Ni∑

i=Al

Ni∑

j=Al

Ni∑

k=Al

Ni∑

l=Al

y1
i y2

j y3
ky4

l ∆
0GL12

ijkl

+
4∑

s=1

(
RT

4

Ni∑

i=Al

ys
i ln (ys

i )

)
+ ∆xsGL12

m , (3)

in which 0Gfcc
Al ,

0Gfcc
Cr and 0Gfcc

Ni are the Gibbs energy
of pure Al, Cr and Ni in the non-magnetic fcc state,
∆xsGL12

m is the excess energy of mixing, and ∆0GL12
ijkl

is the Gibbs free energy for the formation of the ijkl-
type compound with i, j, k, l atom in 1, 2, 3, 4 sites,
respectively.

The Gibbs free energies of γ and γ′ phases in the
ternary Ni–Al–Cr system can be described by a single
function as a sum of the Gibbs free energy of disor-
dered phase and the ordering energy,[19,20]

G (cAl, cCr, ηi, η
′
i)

= Gdis (cAl, cCr) + ∆Gorder (cAl, cCr, ηi, η
′
i) , (4)

where Gdis (cAl, cCr) is the Gibbs free energy of the
disordered phase, i = 1, 2, 3. Also, the ordering en-
ergy ∆Gorder (cAl, cCr, ηi, η

′
i) is expressed as

∆Gorder (cAl, cCr, ηi, η
′
i)

= Gorder (cAl, cCr, ηi, η
′
i)

− Gorder (cAl, cCr, ηi = η′i = 0) . (5)

The bulk free energy in the Ni–Al–Cr system de-
scribed by the CALPHAD method can be directly
used in the phase-field model.

2.2.Phase-field model

The total free energy in the phase-field model is
given by the sum of the bulk free energy and the gra-
dient energy as

F =
∫

V

[
f (cAl, cCr, ηi, η

′
i) +

∑

i,j=Al,Cr

(αij∇ci∇cj)

+
3∑

i=1

β

2
(∇ηi)

2 +
3∑

i=1

β′

2
(∇η′i)

2
]
dV, (6)

where f (cAl, cCr, ηi, η
′
i) = G (cAl, cCr, ηi, η

′
i)/Vm, Vm

is the molar volume, αij , β and β′ are the gradient
energy coefficients. Microstructure evolution is de-
scribed by solving the Cahn–Hilliard nonlinear diffu-
sion equation and the Ginzburg–Landau equations,[20]

∂ci

∂t
=

∑

j

∇ ·
(

M̃ij∇ δF

δcj

)
, i, j = Al,Cr,

∂ηi

∂t
= −Lii

δF

δηi
, i =1, 2, 3,

∂η′i
∂t

= −L′ii
δF

δη′i
, i = 1, 2, 3, (7)

where Lii and L′ii are the kinetic coefficients to charac-
terise structure relaxation. M̃ij (i, j = Al,Cr) are the
chemical mobilities defined in the laboratory reference
system, which can be related to the atomic mobilities
of MAl, MCr and MNi by Eq.(8),
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M̃CrCr = Vm

[
cCr (1− cCr)

2
MCr + c2

CrcAlMAl + c2
CrcNiMNi

]
,

M̃CrAl = Vm [−cCrcAl (1− cCr) MCr − (1− cAl) cCrcAlMAl + cCrcAlcNiMNi] ,

M̃AlAl = Vm

[
c2
AlcCrMCr + cAl (1− cAl)

2
MAl + c2

AlcNiMNi

]
, (8)

where the atomic mobilities of MAl, MCr and MNi for
Al, Cr and Ni are expressed as,[21]

Mi =
1

RT
exp

(−∆Q∗i
RT

)
(i = Al,Cr,Ni), (9)

where R is the gas constant, T temperature and ∆Q∗i
the diffusional activation energy.

3. Results and discussion

In this study, the temperature is 1373 K, the gra-
dient energy coefficients take the values of αAlAl =
αCrCr = αCrAl = 2.5 × 10−9 J/m and β = β′ =
7.3×10−12 J/m.[19]. The dimensionless time step and
spatial step are 0.0005 and 1.0, respectively. The di-

mensionless kinetic coefficients are
_

Lii =
_

L′ii = 1.0.
The control equations are solved by the semi-implicit
Fourier spectral method.[22,23]

Two groups of diffusion couples, γ + γ′/γ and
γ + γ′/γ + γ′, are investigated. For each group, two
diffusion couples are studied: one has one kind of or-
dered domain and the other has four kinds of ordered
domains on the left side. Because we only focus on the
effect of antiphase relation of ordered domains on the
interdiffusion processes, the elastic field is not taken
into account in the present study.

3.1.γ + γ′/γ diffusion couple

Two different sets of diffusion couples with one
or four types of ordered domains on the left side are
studied. The initial average composition of Al and
Cr is c̄L

Al = 0.16 and c̄L
Cr = 0.07 on the left side and

c̄R
Al = 0.16 and c̄R

Cr = 0.07 on the right side. Initially,
the γ′ precipitates on both sides randomly distribute
in the disordered matrix following the Gaussian dis-
tribution. The same seeds are used in all the diffusion
couples to assure that the distribution is identical.

Figure 1 shows the microstructural evolution of
the diffusion couple with one type of ordered domain
on the left side (the gray levels represent the compo-
sition of Al). It can be seen that the microstructure
coarsens severely and the γ′ precipitates coalesce to
form larger particles. As shown in Figs.1(b) and 1(c),

the γ′ particles with irregular shapes are found in the
left half of the diffusion couple.

Fig.1. Morphology evolutions in γ +γ′/γ diffusion couple

(with one kind of domains) with initial average composi-

tion of c̄LAl = 0.16, c̄LCr = 0.07, c̄RAl = 0.1, and c̄RCr = 0.08

at different times: t = 0 (a), 10000 (b), 40000 (c) and

140000 (d).

Figure 2 shows the microstructure evolution in
the diffusion couple with four types of ordered do-
mains. Analogously, it is also found that the γ′ par-
ticles coarsen significantly. However, from Figs.1 and
2, it is shown that the microstructures are obviously
different in the two diffusion couples. For example,
at t = 10000, the particles in Fig.1 are more irregu-
lar than those in Fig.2. The particles in Fig.2 keep
separated while those in Fig.1 interconnected, which
results from the different interactions among the or-
dered domains.

Fig.2. Morphology evolutions in γ + γ′/γ diffusion couple

(with four types of domains) with the initial average com-

position of c̄LAl = 0.16, c̄LCr = 0.07, c̄RAl = 0.1, c̄RCr = 0.08 at

different times: t = 0 (a), 10000 (b), 40000 (c) and 140000

(d).

In the precipitate growth and the coarsening pro-
cesses, two mechanisms appear: the conventional
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Ostwald ripening and the coalescence of neighboring
particles.[18] In the conventional Ostwald ripening pro-
cess, the atoms transfer from one particle to another
through the matrix. The particles smaller in size dis-
appear while those of a bigger size grow. However,
in the mechanism of coalescence, neighbouring par-
ticles coalesce into larger ones. In the four-domain
system, there are four types of γ′ ordered particles, so
there are two relations: “in-phase” and “out-of-phase”
between any two particles. Furthermore, the chance
for each of them to appear is nearly identical, so the
chance for the neighbouring particles to be “in-phase”
(the same type of particles) is 25%.[18] However, in
the system with only one type of ordered domain, all
particles are “in-phase”. So it is obvious that the co-
alescence of neighbouring particles in the one-domain
system is more frequent than in the four-domain sys-
tem. The different interactions between particles lead
to the difference between the above mechanisms on the
diffusion couple. In the one-domain system, the coa-
lescence mechanism of neighbouring particles occurs
more frequently than in the four-domain system.

Fig.3. Composition profiles along the arrow shown in

Fig.1(b) at t = 10000 for the two diffusion couples.

In the Ni–Al–Cr alloy system, when the γ′ parti-
cles dissolve in the Ostwald ripening process, the com-
position of Al in the matrix increases. Figure 3 shows
the composition profiles of Al along the line shown
by an arrow ‘A’ at t = 10000 for the two diffusion
couples. It is found that in the left half, the Al com-
position in the matrix of the four-domain system is
higher than that in the one-domain system, while the
compositions of Al are nearly the same in the right
half of these two diffusion couples. Consequently, the
gradients of Al composition are different in these two
diffusion couples: the gradient of Al composition in

the four-domain system is larger than that in the one-
domain system near the initial coupling interface.

Figure 4 shows the volume fractions of the γ′ pre-
cipitate as a function of time for these two diffusion
couples (the symbols are obtained by the phase-field
method and the lines are the corresponding B-spline
fitting results). A decrease of the volume fraction of γ′

precipitate is found in the left half of the two diffusion
couples. Moreover, the curve of the volume fraction
for the four-domain system is lower than that for the
one-domain system, which indicates that Al atoms in
the four-domain system diffuse faster than that in the
one-domain system.

Fig.4. Volume fractions of γ′ phase on the left side of

diffusion couples as a function of time.

3.2.γ + γ′/γ + γ′ diffusion couple

To further assure the effect of antiphase relation
on interdiffusion process, the γ + γ′/γ + γ′ diffusion
couples are also investigated to confirm the regularity
found in the γ + γ′/γ diffusion couples.

Similarly, two diffusion couples are studied: one
with one type of ordered domain and the other with
four types of ordered domains in the left half. In the
right half, there are four types of ordered domains
for both diffusion couples. Distributions of γ′ precip-
itates are identical in these two diffusion couples. For
all γ + γ′/γ + γ′ diffusion couples, the initial average
composition of Al and Cr is c̄L

Al = 0.16, c̄L
Cr = 0.07 on

the left side and c̄R
Al = 0.17, c̄R

Cr = 0.1 on the right
side.

Due to the same reason as in γ + γ′/γ diffusion
couples, on the left side of the one-domain system, the
neighbouring γ′ precipitates interconnect with each
other and the corresponding γ′ particles are irregu-
lar (see Fig.5). However, as shown in Fig.6, in the
four-domain system the shape of the γ′ precipitates
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in the left half of the diffusion couple is more regular
than in the one-domain system, and the regularity is
the same as in the γ + γ′/γ diffusion couples.

Fig.5. Morphology evolutions in γ + γ′/γ + γ′ diffusion

couple (with one kind of domains) with initial average

composition of c̄LAl = 0.16, c̄LCr = 0.07, c̄RAl = 0.17,

c̄RCr = 0.1 at different times: t = 0 (a), 10000 (b), 40000

(c) and 140000 (d).

Fig.6. Morphology evolutions in γ + γ′/γ + γ′ diffusion

couple (with four domains) with initial average composi-

tion of c̄LAl = 0.16, c̄LCr = 0.07, c̄RAl = 0.17, c̄RCr = 0.1 at

different times: t = 0 (a), 10000 (b), 40000 (c) and 140000

(d).

Figure 7 shows the composition profiles of Al
along the diffusion direction (at the same position
shown by the arrow ‘A’ in Fig.1(b)) at t = 10000 for
the two diffusion couples. During the early stage of
coarsening process, the γ′ particle smaller in size dis-
solves in the matrix, leading to the increase of Al com-
position in the matrix. In the left half of the diffusion
couple, the Al composition in the matrix of the four-
domain system is higher than that of the one-domain
system. In the right half of these two diffusion cou-
ples, due to the same antiphase relation and the same
distribution of γ′ particles, the Al compositions in the
matrix are close to each other. In the matrix of the
four-domain system, the Al composition increases. So
the gradient of Al in the four-domain system is smaller
than that in the one-domain system near the initial
coupling interface region.

Figure 8 shows the volume fractions of γ′ phase
on the left and the right sides of diffusion couples as
a function of time (the lines are the corresponding B-
spline fitting results). It is seen that Al diffuses along
its own composition gradient (from the right to the
left of the diffusion couple), as a result, the volume
fraction of the γ′ precipitate decreases in the right
half while increasing in the left half. In the left half
of the diffusion couple, the volume fraction of the γ′

precipitate in the four-domain system is lower than
that in the one-domain system. Correspondingly, in
the right half, the volume fraction of the γ′ precipitate
in the four-domain system is greater than that in the
one-domain system.

Fig.7. Composition profiles for Figs.5(b) and 6(b)

at t = 10000 for the two diffusion couples.

Fig.8. Volume fractions of γ′ phase of the left and

the right sides of diffusion couples as a function of

time.
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4. Conclusion

In conclusion of this paper, by linking the bulk free energy and mobility with the available databases, the
phase-field method is employed to investigate the microstructure evolutions in the γ + γ′/γ and γ + γ′/γ + γ′

diffusion couples in the Ni–Al–Cr alloys. The effect of the antiphase relation of the γ′ ordered domain on the
interdiffusion process is mainly studied. It is found that the interaction among ordered domains can remarkably
affect the interdiffusion process. Due to the different frequencies for the two coarsening mechanisms to appear
in the one- and the four-domain systems in the precipitation process in the two diffusion couples, both the
γ′ precipitate morphology and the composition gradient near the diffusion zone in the one-domain system are
different from those in the four-domain system, which leads to the difference in diffusion velocity and volume
fraction of the γ′ precipitate.
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