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A quantitative phase-ﬁeld approach for multiphase systems that is based upon
CALPHAD free energies is used to model the aluminization of nickel wires,
wherein vapour-phase alloying is used to deposit Al on the surface of the Ni
wire and then the wire is annealed so that to remove all Al gradients and
achieve a homogenous Ni-Al alloy. Both processes are modelled and numerical results are compared with experiments. It is found that the kinetics of both
processes is controlled by bulk diffusion. During aluminization at 1273 K, formation and growth of intermetallics, Ni2Al3 NiAl and Ni3Al, are strongly
dependent on the Al content in the vapour phase. Ni2Al3 growth is very fast
compared with NiAl and Ni3Al. It is also found that an intermediate Al content in the vapour phase is preferable for aluminization, since the Ni2Al3 coating thickness is difﬁcult to control. Ni2Al3 is found to disappear in a few
minutes during homogenization at 1373 K. Thereafter, the NiAl phase, in
which the composition is highly non-uniform after aluminization, continues
growing until the supersaturation in this phase vanishes. Then, NiAl coating
disappears concomitantly with the growth of Ni3Al, which disappears
thereafter. Finally, the Al concentration proﬁle in Ni(Al) homogenizes.
Keywords: Phase-ﬁeld method; coatings; diffusion; phase transformations

1. Introduction
Aluminization by pack-cementation of nickel-based macroscopic objects such as turbine
blades has been used for decades to create near-equiatomic NiAl or Ni2Al3 coatings that
are oxidation and corrosion resistant [1–3]. Recently, aluminization of sub-millimetre
nickel wires [4], struts in nickel foams [5,6] or LIGA nickel objects [7] was performed
as a means to alloy the wire in its entirety, whereby the coating is then diffused into
the bulk to achieve a gradient-free composition. During the vapour-phase aluminization
process, Al is supplied to the Ni surface through the vapour phase in the form of halide
that decomposes on the surface and forms shells of one or more intermetallic
compounds such as Ni3Al, NiAl and Ni2Al3 [8–11], which grow and shrink upon subsequent interdiffusion.
Multiphase diffusion problems are generally investigated solving Fick’s equations
for mass transport where the motion of the interfaces between phases is dependent on
the difference between the diffusional ﬂuxes [11–13]. The main difﬁculty for modelling
*Corresponding author. Email: thomas.philippe@univ-rouen.fr
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the aluminization of Ni layers is the signiﬁcant composition-dependence of the interdiffusion coefﬁcient in the non-stoichiometric NiAl phase, which has been shown to vary
by more than two orders of magnitude with changes in Ni/Al ratio [13–16]. Interdiffusivities are almost constant in the other compounds and are often considered as concentration-independent in the numerical approaches [13,17,18]. Only a few studies deal
with the composition-dependence of the diffusion coefﬁcients and account for all the
phases involved in the aluminization and homogenization processes. This compositiondependence can be easily implemented in the phase-ﬁeld method [19–22] that, in
addition, naturally accounts for the Gibbs–Thomson effect that modiﬁes the interfacial
compositions, and therefore the diffusion ﬂuxes, for non-planar interfaces.
Multiphase diffusion models for the aluminization of Ni have been developed under
conditions of constant surface Al concentration [4,10,17,18] and for the sake of simplicity, the Ni3Al and NiAl phases are often neglected in the simulation of the high-pack
aluminization process [4]. The intermetallic compounds are commonly assumed to
nucleate quickly so that the kinetics of the process is controlled by the competitive
growth of each phase. Here, we propose to use a phase-ﬁeld approach to simulate each
step of the aluminization process where the driving forces are the chemical potentials
that follow from CALPHAD free energies. Composition-dependent interdiffusion coefﬁcients employed in the phase-ﬁeld method are taken from literature [13–17]. The advantage of this phase-ﬁeld approach is that it accounts for both kinetics and
thermodynamics of the aluminization process, and thus will yield a predictive description of the overall process. In the present study, all the phases involved in the aluminization of Ni are taken into account and the composition dependence of the
interdiffusion coefﬁcient in the NiAl phase has also been included.
We use a quantitative phase-ﬁeld model for multiphase system recently developed
by Moelans that can accurately reproduce bulk diffusion controlled growth or interfacelimited kinetics [19–22]. After a concise description of the phase-ﬁeld approach, the
method is used to predict microstructure evolution during vapour-phase Al-alloying of
Ni wires and subsequent annealing of the aluminized Ni wires. Numerical results are
compared to experiments and used to optimize the aluminization process.
2. Phase-ﬁeld model
Let us consider a system of n components (k = 1, …, n) and p phases (ρ = 1, …, p) at
constant pressure, temperature and molar volume. The concentration ﬁeld is represented
by n−1 independent components:
0
1
c1
B . C
~
c ¼ @ .. A
(1)
cn1
and the p phases are represented by non-conserved orders parameters:
0 1
g1
B .. C
~
g¼@ . A
gp

(2)
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such as in the ρ phase, ηρ = 1 and ησ = 0 for σ 6¼ ρ and across an interface the order
parameters vary smoothly and monotonously.
The free energy of the system is expressed by:
)
Z (X
~Þ X
jðg
2
~Þ þ
~q Þ þ mf0 ðg
(3)
F¼
/q fq ðc
ðrgq Þ dV
2 q
V
q
where the φρ are the interpolation functions proposed by Moelans [19–22]:
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P
which can be interpreted as phase fractions such as q /q ¼ 1 and have the following
properties:


d/q 
d/q 


¼
¼0
(5)
dgr gr ¼0 dgr gr ¼1;gq6¼r ¼0
fρ is the free energy density of the ρ phase (in J/m3). The virtual compositions ~
cq are
given by conditions that the diffusion chemical potentials l~k are equal at each position
for each component:
l~q;k ¼ l~k ¼
and are related by mass conservation:
~
c¼

~q Þ
@fq ðc
@cq;k
X

/q~
cq

8q; 8k

(6)

(7)

q

P
~q Þ ¼ fq ðc
~Þ. They are called virtual compositions, since
In ρ phase, ~
c ¼~
cq and q /q fq ðc
this holds at all positions in the system, including the interfacial region. f0 is a 4th-order
Landau polynomial:
!
X g4q g2q
X X cq;r
1
(8)

g2q g2r þ
f0 ¼
þ
4
4
2
2
q
q r6¼q
which has minima for (η1, …, ηρ, …, ηp) = (0, …, 1, …, 0). The parameter γρ,σ controls
the equilibrium proﬁle of the order parameters at the interface ρ,σ [20] and m is a
model parameter.
The gradient energy coefﬁcient is given by [22]:
P P
2 2
q
r6¼q jq;r gq gr
~Þ ¼ P P
jðg
(9)
2 2
q
r6¼q gq gr
such as κ = κσ,ρ at the interface σ,ρ.
Time evolution of the concentration ﬁeld is controlled by an Onsager-type diffusion
equation, modiﬁed at the interface as proposed by Kim [23]:
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n1 
X
@ck
dF
~
~; ~Þr
¼ r  J k ¼ r 
Mki ðg
c
dci
@t
i¼1

(10)

Assuming that the mobilities follow a mixture rule:
X
~; ~Þ
~Þ
c ¼
/q Mq;ki ðc
Mki ðg

(11)

q
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(
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/q Mq;ki ðc
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i¼1

(12)

Classically, the chemical mobility matrix in the ρ phase (Mρ) can be related to the interdiffusion coefﬁcients [22]:
~ q;ki ¼
D

n1
X

Mq;kj

j¼1

@ 2 fq
@cj @ci

(13)

which is the standard result in multicomponent alloys when the ﬂuxes are written in a
volume centred frame.
The evolution of the non-conserved order parameters is assumed to follow:
@gq
dF
~Þ
¼ Lðg
(14)
dgq
@t
where the kinetic coefﬁcient is η-dependent:
P P
~Þ ¼
Lðg

q
r6¼q
P
P
q

Lq;r g2q g2r

r6¼q

(15)

g2q g2r

~Þ ¼ Lq;r at the interface ρ,σ.
leading to Lðg
Assuming that κρ,σ = κ and γρ,σ = γ, Equation (14) leads to the following fully variational evolution equation for the order parameters:
"
#
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The parameters m and κ are related to the interface thickness l and to the interfacial
energy σint [20,23–25]. It can be demonstrated [20] that the interfacial energy of an
interface between phases ρ, σ is related to m and to the gradient coefﬁcient κ:
pﬃﬃﬃﬃﬃﬃﬃ
rint ¼ gðcÞ mj
(17)
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2c1
with gðcÞ  43 4ð2cþ1Þ
a very good approximation (error <2%) of the g(γ) function for γ
belonging to [0.75,3.45].
By deﬁnition, the interface thickness l can also be related to m and κ and a very
good approximation for γ belonging to [0.75,3.45] is [20]:
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(18)

It was shown that the thin interface limit for inﬁnite interface mobility leads to bulk diffusion controlled growth and following expression of the kinetic coefﬁcient Lρ,σ [22]:
pﬃﬃﬃ
2mgðcÞ
Lq;r ¼
(19)
jIðcÞsq;r
with I(γ) a γ dependent function (~0.34 for γ = 3) and τρ,σ deﬁned as:
sq;r ¼

n1 
X
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k¼1

eq
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eq
mki ceq
q;i  cr;i

(20)

i¼1

The mki coefﬁcients are the elements of the inverse of the mobilities matrix M = Mik
Mik = (Mρ,ik + Mσ,ik )/2. This formulation quantitatively reproduces results in a binary
alloy without anti-trapping current, even for a mesoscale interface width [22].
In this study, aluminization of Ni wires was modelled using a mesoscale interface
width, 0.4 μm, that is about ten times smaller than the smallest average diffusion-length
in the system (~4 μm in the solid solution) so that inaccuracies due to the ﬁnite interface width remain negligible [26–32]. We have veriﬁed this is indeed the case using
analytical solutions for particles of sizes and growth rates seen in the experiments. The
axial symmetry of the experiments allows the phase-ﬁeld equations to be implemented
in cylindrical coordinates. Parabolic approximations of the CALPHAD free energy
functions were used [33]. Thus Equation (6) with the constraint given by Equation (7)
can be solved analytically and therefore it considerably reduces the computation time.
When the full CALPHAD representation of the free energies was employed, a suitable
root-ﬁnding algorithm had to be used to solve this system of non-linear equations [34].
While the parabolic approximation was found to accurately reproduce the thermodynamics of the binary system in the present work, it appears that a more sophisticated
description needs to be used to model multicomponent alloys for which the free energy
landscapes can exhibit complicated curvatures. The mobility matrices have been directly
computed using Equation (13) from the free energy of the phases [33] and the interdiffusion coefﬁcients given in ref. 13, tables II-V. Local equilibrium was assumed at both
interfaces so that bulk diffusion controls the motion of the interfaces. The Al surface
composition has been chosen to ﬁt the experimental results. This parameter is different
for each pack used in the experimental process and depends on the Al activity in the
vapour phase. As shown by the experiments, nucleation of the intermetallic phases is
very fast at 1273 K. The experimental conﬁguration observed after 5 min of aluminization is used as the initial conﬁguration for the simulations. Coatings are considered as
being purely stoichiometric for the initial conﬁguration and their respective thicknesses
observed at 5 min are used as input parameters for the simulation.
3. Experimental procedure
Pack aluminization experiments were carried out in a tube furnace under continuous
argon ﬂow at 1273 K on Ni (99.95% pure, from MWS Wire Industries) wires with a
diameter of 127 μm. For each experiment, ﬁve wires, 30–40 mm in length, were

Downloaded by [Northwestern University] at 19:04 30 October 2017

940

T. Philippe et al.

embedded in a powder pack mixture that was contained in an Al2O3 crucible. The powder pack mixture consisted of 82 wt.% Al2O3 powders (20–50 μm particle size) as the
ﬁller, 15 wt.% Al source powders, and 3 wt.% NH4Cl powders (100 μm particle size)
as the activator. Three different types of Al source powders were employed to change
the kinetics of the aluminization process. These were pure Al, Ni2Al3 (Ni-40 wt.% Al,
150 μm particle size, procured from Goodfellow) and Ni-20 wt.% Al (100–300 μm particle size, arc melted and crushed by ball milling). From here on these packs will be
labelled according to their Al compositions, i.e. P100, P40, and P20, respectively. The
crucible was closed with a tight Al2O3 lid, containing the specimen and the powder
mixture. The crucible was pushed into the hot zone of the furnace and held there for
various durations (5, 7.5, 10, 15, 30, and 60 min). Time started as soon as the crucible
reached the hot-zone of the furnace, which caused a sudden drop of temperature of
45 K. At the end of the process, the crucible was pulled back to the water-cooled end
of the furnace.
Select specimens were encapsulated under vacuum in capillary quartz tubes. Encapsulated specimens were homogenized in a box furnace at 1373 K for speciﬁed durations
(0.25, 0.5, 1, 10, and 24 h). All specimens were mounted in epoxy and prepared for
microscopy by means of standard metallographic techniques. An Olympus PMG3 optical microscope and a Hitachi S4800 scanning electron microscope (SEM) equipped
with an energy dispersive X-ray spectrometer (EDS) were used for specimen characterization. EDS signal was calibrated by using standard samples of Ni2Al3.
4. Results and discussion
The vapour-phase alloying process involves the formation of Ni2Al3, NiAl, and Ni3Al
phases. The number of phases involved depends on the Al content in the vapour phase.
For instance, a low Al concentration at the surface of the wire may not be sufﬁcient to
form a Ni2Al3 coating or even a NiAl coating. The purpose of this portion of the paper
is to compare the phase-ﬁeld simulations to the aluminization experiments, so that the
code can be used to guide the experiments.
Al concentration proﬁles in the wire are shown in Figure 1 after 10, 20 and 30 min
for a chosen Al surface composition of 55 at.%. Only the Ni(Al), NiAl and Ni3Al
phases are involved in the aluminization process because the Al surface composition is
lower than the Al composition in Ni2Al3. The unusual shape of the concentration proﬁle
in the NiAl phase is due to the very low diffusion coefﬁcient in this phase near its stoichiometry of 50 at.%. The horizontal lines are the compositions of the phases as given
by the equilibrium phase diagram. Consistent with the local equilibrium assumption, the
compositions of these phases at the interface do not change with time. Figure 1 shows
that the width of the Ni3Al phase region remains constant during aluminization, approximately 1 μm. Thus, most of the growth is in the NiAl phase as the diffusivity in this
phase is high in comparison with Ni3Al and Ni(Al). This scenario is in good agreement
with previous studies on the low-pack process [17].
The aluminization process has been investigated experimentally using three different
packs: a high Al content pack (denoted P100), a medium Al content pack (P40) and a
low Al content pack (P20). As expected these packs gave different coatings. The experimental measurement of the thickness of each phase is an average of ﬁve experiments.
The high packs involve the formation of NiAl, Ni3Al or Ni2Al3 coatings. Due to the
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Figure 1. (colour online) Al concentration proﬁles in a Ni wire for three aluminization times (Al
surface composition of 55 at.%) at 1273 K.

very high diffusion coefﬁcient in the Ni2Al3 phase, the phase-ﬁeld simulations show
that its growth is very fast and that the Ni3Al and NiAl coatings remain very thin,
which explains why theses phases are almost invisible on the micrographs (not shown
here). Moreover, the Ni2Al3 coating thickness has been found to be very different from
one wire to another and this non-uniformity is the result of the very high diffusivity in
this phase (preventing uniform surface diffusion along NiAl). As a result, the microstructure of the high pack case is difﬁcult to control.
The lower Al content in the vapour phase for P40 leads to a thin Ni2Al3 coating at
the surface of the wire, as shown Figure 2(b) presenting a micrograph of a Ni wire aluminized for 30 min at 1000 °C. NiAl and Ni3Al are also present (see Figure 2(a) and
(b)). The kinetics of the medium pack is much slower than the high pack as the surface
Al composition is lower. The coating thicknesses with this pack have been found to be
homogeneous from a wire to another. Coating thicknesses have been compared to the
numerical predictions in Figure 3. As expected because of its high diffusivity, Ni2Al3
was found to grow faster than any other phase. Comparison with the numerical predictions shows a relatively good agreement. The low pack (P20) only entails the formation
and growth of Ni3Al. Ni3Al thickness as given by the phase-ﬁeld simulation is given
Figure 4 and compared to the experimental results. For both P40 and P20 packs, a reasonable agreement between simulation and experiment was found.
A homogenization step is performed in order to reach the equilibrium state where
there are no gradients in Al and Ni across the wire diameter, with the equilibrium state
depending on the overall Al composition in the Ni wire, which is dependent on the
respective thicknesses of the different coatings. For homogenization, there is no free
parameter in the phase-ﬁeld simulation, contrary to the aluminization case for which the
Al content at the surface of the wire was kept constant. As expected because of its high
Al content, Ni2Al3 coating thickness has a strong inﬂuence on the ﬁnal average Al
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Figure 2. (colour online) Micrographs of Ni wires aluminized at 1273 K for 15 min (a) and
30 min (b).

composition in the Ni wire and a difference of only a few microns in the thickness of
this layer leads to a very different equilibrium state. This is illustrated by Figure 5,
which shows the predictions of the phase-ﬁeld simulations for the temporal evolution of
the phase thicknesses during homogenization at 1373 K for two different initial Ni2Al3
coating thicknesses, i.e. 15 and 18 μm. The equilibrium state is a two-phase system
with NiAl on the outside and Ni3Al on the inside, in agreement with the phase diagram
(see Figure 6), as the Al nominal composition in the wire (~0.33 for the 15 μm case
and ~0.35 for the 18 μm case) falls in the two-phase (Ni3Al and NiAl) region. This
complicated sequence of phase formation and dissolution, due to changes in the diffusion ﬂuxes at the interfaces, naturally happens with the phase-ﬁeld method. A difference
of a few microns in the initial Ni2Al3 coating thickness is shown to lead to very different coating thicknesses. In the 18 μm case, NiAl and Ni3Al coatings have about the
same thickness (~30 μm) whereas the Ni3Al coating thickness is much larger in the
15 μm case. As previously mentioned, Ni2Al3 coating was found to be non-uniform
from one wire to another after high pack aluminization, and the previous simulation
shows that the high pack is difﬁcult to control.
Coating thicknesses during homogenization at 1373 K of a Ni wire aluminized for
30 min at 1273 K (P40) are compared to the experiments in Figure 7. The initial wire
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Figure 3. (colour online) Temporal evolution of the thicknesses of three coatings during aluminization (P40 pack). Numerical results are compared to the experiments. Ni2Al3 coating at 10 and
15 min is not clearly visible on the micrographs.

Figure 4. (colour online) Temporal evolution of the Ni(Al) and Ni3Al phase thicknesses involved
in the low pack aluminization process (P20). Numerical results are compared to the experiments.

contains four phases: three coatings (the intermetallic compounds) and the solid solution
(not shown in Figure 7). Again, a good agreement was found. As expected, Ni2Al3 was
found to disappear in a few minutes because of its high diffusivity. Thereafter, the NiAl
phase, in which the composition is highly non-uniform, continues growing until the Al
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Figure 5. (colour online) Predictions of various phase thicknesses during homogenization
(1373 K) for two different initial Ni2Al3 thicknesses: 15 μm (solid lines) and 18 μm (dotted lines).

Figure 6. (colour online) Ni-Al phase diagram [35].

concentration gradient in this phase at the NiAl/Ni3Al interface sufﬁciently decreases
for having Al atoms leave NiAl and enrich the Ni3Al phase. Then, NiAl disappears
concomitantly with the growth of Ni3Al. The next step corresponds to the
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Figure 7. (colour online) Coating thicknesses given by the phase-ﬁeld simulation during homogenization at 1373 K of the Ni wire aluminized for 30 min (1273 K, medium pack, P40), as compared to the experimental results. The phase-ﬁeld simulation predicts that ~10 h is required for
each coating to disappear. Experiments have conﬁrmed this prediction as no coatings were found
after 10 h homogenization (t1/2~190 sec1/2).

disappearance of Ni3Al. Finally, the last step requires homogenization of the Al concentration proﬁle in Ni(Al). While the disappearance of Ni3Al is fast (<10 h), the complete
homogenization of the Ni(Al) solid solution requires longer times because of the low
diffusivity in this phase near the equiatomic composition. The coating thicknesses
evolve approximately as t1/2 for both homogenization simulations (Figures 5 and 7).
This is consistent with diffusion-limited growth and constant interfacial compositions.
Only growth of Ni3Al and shrinking of NiAl and Ni(Al) behave differently after NiAl
reaches ~30 μm for the homogenization simulation presented in Figure 5. This can be
explained by a rapid change in the far-ﬁeld Al composition in the solid solution during
shrinking of Ni(Al) as the composition in the centre of the wire rapidly increases during
this regime and therefore is expected to lead to non-parabolic thickness evolution. As
for aluminization, phase-ﬁeld simulations can be used to optimize the homogenization
process. The good agreement between simulation and experiment for both aluminization
and homogenization reveals that bulk diffusion controls the kinetics of both processes
as local equilibrium was assumed at the interfaces in the phase-ﬁeld simulations.
5. Conclusion
A quantitative phase-ﬁeld approach for multiphase systems was used to model aluminization and homogenization of Ni wires. Numerical results were compared to experiments. It was found that both steps of the aluminization process are controlled by bulk
diffusion. During aluminization at 1273 K, formation and growth Ni2Al3 NiAl and
Ni3Al phases are strongly dependent on the Al content in the vapour phase. Ni2Al3
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growth is very fast compared with NiAl and Ni3Al. It was also found that at an intermediate Al content in the vapour phase is preferable for aluminization since the Ni2Al3
coating thickness is difﬁcult to control because of a high interdiffusion coefﬁcient in
this phase. Ni2Al3 coating is found to disappear in a few minutes during homogenization at 1373 K. Thereafter, the NiAl phase, in which the composition is highly nonuniform, continues growing until the supersaturation in this phase vanishes. Then, NiAl
coating disappears concomitantly with the growth of Ni3Al, which disappears thereafter.
The last step corresponds to homogenization of the Al concentration proﬁle in Ni(Al).
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