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Microscopic phase-field study on directional coarsening mechanism caused by
interaction between precipitates in Ni—Al—V alloy
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Abstract: A microscopic phase-field model was used to investigate a directional coarsening mechanism caused by the anisotropic
growth of long period stacking and different effects of phases on precipitation in Ni—Al—V alloy. The results show that DO,, mainly
coarsens along its short axis, which may press the neighboring L1,, leading to the interaction among atoms. Diffusion channels of Al
are formed in the direction where the mismatch between y’ and y reduces; the occupation probabilities are anisotropic in space; and
direction coarsening of L1, occurs finally. With a rise of ageing temperature, phases appear later and DOy, is much later at a higher
temperature, the average occupation probabilities of Al and V reduce, and Al changes more than V.
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1 Introduction

y" (L1,) is the main strengthened phase of
nickel-based superalloys which have significantly raised
operating temperature and efficiency due to their
excellent properties in service, and it may form oriented
growth when stress exists [1-5]. Rafting is the oriented
growth of phases, which is caused during the diffusion of
elements. Stress may induce elements to diffuse in a
certain direction and form diffusion channels, where new
precipitates occur or disappear at the same time.

Nickel-based superalloys are a kind of alloys with
negative mismatch. External load may reduce the elastic
mismatch energy in a direction, which becomes a driving
force of directional coarsening [6]. Therefore, mismatch
stress plays an important role in directional coarsening
and diffusion channels.

The mismatch of various nanosize phases, elasticity
modulus and anisotropy factors, which relates to
directional diffusion and rafting, may change with
precipitation environments such as temperature,
constituent, and crystal structures[7-9]. CAHN and
HILLIARD [10] calculated the minimum energy on a
coherent interface and investigated the influence of
elastic energy on an even elastic system. JOHNSON and

BROWN [11] and VOORHEES et al [12] investigated a
heterogeneous elastic system, especially in the nano
stress field. Moreover, directional diffusion caused with
stress, anisotropic growth of the y’ phase, and so on were
reported more in this field [13—15]. The oriented growth
of y’ without stress is also found in the experiment of
CMSX—4 alloy [16]. In this experiment, the elements Re
and W which have larger atomic radii are added to the
system, and the phases with different crystal structures
form. Stress affects elements differently for these phases,
which promotes or blocks the diffusion in a certain
direction, and diffusion channels may be strengthened or
weakened [17,18]. Therefore, new precipitates form or
disappear in a direction and directional coarsening forms.

According to the phase diagram, y’ and 6 phases (y’
is a short period stacking phase with a face-centered
cubic lattice structure (L1,), and 4 is long period stacking
with a tetragonal structure (DOy,)) exist in NizsAl, Vs,
system in certain precipitation environments. Phases may
affect each other at the interfaces during the coarsening
as a reason of the anisotropic growth for the different
crystal structures, and the directional diffusion may also
be formed without external load. It is of interest to
investigate the mechanism of directional diffusion and
coarsening by the interaction between phases during the
precipitation process, which incudes many factors such
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as elements, precipitation order, components,
temperautre, crystal strucutres and mismatch. It is
difficult to describe and analyze this process with the
tranditional ways because this is a high-concentration
gradient non-linear nonequilibrium stage with various
complex overlopping process such as atom clustering,
spinodal decomposition, nucleation, disordered-order
transition, growth and coarsening.

2 Model and method

The microscopic phase-field kinetics model created
by KHACHATURYAN [19] and developed by CHEN et
al [20] is a kind of phase-field method, which uses atom
transition probability (occupation probability) of the
lattice as the field wvariables to describe the
microstructure evolution, and it is a discrete lattice form
of Cahn-Hilliard diffusion equation [10]. The functions
of this model are at atomic scale so that we can obtain
the information about coordinates and
organizational structures during the precipitation process.
The information about the atoms for the system at
different time can be used to describe the complex
processes such as atom clustering, ordering, interface
migration and coarsening. Theoretically, it is better to
study the diffusion process and the dendritic growth by
this method [21].
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Equation (1) is a microscopic Langevin equation,
where L,s(r—") is the atom transition probability constant
of a and f, which changes from lattice » to 7'; and a, S
=A, B or C; &, f) is thermal noise random phase; kg is
Boltzmann constant; ¢ is time step; 7 is the temperature;
Px(r, 1), Pg(r, ) and Pc(r, t) stand for occupation
probability of A,B and C at a certain time step, and Pc(r,
)= 1—P(r, t)—Pg(r, ); F is the free energy of system, it
comes from the mean field theory that

F=1/2Y. > W —rYP(Fr)P(r')+ KT -

Z [P(rYIn P(r")+ (1= P(r") In(1 - P(r"))] 2)

Waﬂ(r_r’) = Waﬂ(r _r')ch + Waﬁ(r _r’)el (3)

where W, ;(r—r") is a useful interaction energy among

atoms and in the Fourier space is V(k); W, z(r —1")y is
the elastic interaction energy and in Fourier space is B(e);
Wo3(r—7")g is the chemical interaction energy and in
Fourier space is V (k) -

V)=V (k) +B(e) Q)

The elastic mismatch stress is then added to the free
engergy expression.
4(cpy +2¢p5)
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k>
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where c; is the elastic constant of alloy and the used

B(e)=- &5 (cyy — iy = 2¢44)-

lattice constant is from Ref. [22]; the mismatch between
y" and y is from Ref. [23] and the mismatch between 6’
and 6 is from Ref. [24].

A Fourier transform was applied to Egs. (1) and (2)
and the free energy was added to the microscopic
Langevin equation in the Fourier space. We solved the
equation using the Euler method and obtained the
occupation probabilities of the atoms at different time
steps, and the evolution of morphologies for precipitates
is obtained according to the variation of occupation
probabilities.

We chose 128%128 lattice points and used dark blue
for the Ni atoms, light green for the Al atoms and red for
the V atoms. The lattice points are dark blue if the
occupation probability value of Ni is 1, light green if the
value of Al is 1 and red if the value of V is 1. The depth
of color defined the height of the value for an atom at a
lattice point. The figures for the precipitation process are
obtained to investigate and analyze the diffusion process
and the dendritic growth.

3 Results and discussion

3.1 Evolution of directional coarsening and structures
of phases

Figure 1 shows the crystal structures of order phases
and morphology of precipitates which separate from
matrix when =2.2x10*. L1, is a face-centered cubic
structure with eight Al atoms and six Ni atoms in a lattice.
Ni atoms occupy six face-centered positions, which are
shown as dark blue. Al atoms occupy eight vertices,
which are shown as light green in the simulation figure.
DO,, is a long-period stacking order structure (LPS),
which is a face-centered tetragonal structure with
fourteen Ni atoms and nine V atoms in a lattice. Ni atoms
occupy ten face-centered positions and four vertices of
the middle crystal face, which are shown as dark blue in
the simulation figure. V atoms occupy eight vertices and



Kun YANG, et al/Trans. Nonferrous Met. Soc. China 23(2013) 193200 195

the body centered position, which are shown as red. In
Fig. 1, L1, precipitates appear firstly and occupy most of
the figure, and a few DO,, forms at the boundary of L1,.
As the time goes, the grains of DOy, become more,
and precipitates do not arrange in neat rows at ¢ of 40000,
which shows a weaker tendency of directional
coarsening (Fig. 2(a)). At =8x10% grains of DO,
become larger and DO,, phases coarsen more, and L1,

(a)
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(b)

becomes smaller at the same time (Fig. 2(b)). In Fig. 2(c),
precipitates become shorter along [100] and more
elongated along [001]. At =10.5x10°, the tendency of
directional coarsening becomes stronger (Fig. 2(d)). In
Fig. 3, DO,, grows mainly along its short axis, and the
neighboring L1, phases disappear along the same
direction. According to this evolution, we can thus obtain
that it is the process that L1, appears firstly with
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=>—
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Fig. 1 Morphology of Ni;sAls;V g3 alloy at 1100 K when =2.2x10* and corresponding relation between simulation results and
lattice structures projected in direction [010] (Horizontal and ordinate coordinates are lattice positions in [001] and [100],

respectively): (a) Ni3sAl-L1,; (b) NizV-DOp,
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Fig. 2 Evolution of morphology for Ni;sAls,V g3 alloy at 1100 K at different time steps (Horizontal and ordinate coordinate are
lattice positions in [001] and [100], respectively): (a) =4x10%; (b) =8x10%; (c) =3%10%; (d) =10.5x10°
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isotropic growth so that the tendency of directional
coarsening is weaker at the beginning, and DO,, forms at
the boundary of L1, and coarsens along a certain
direction to influence the growth of L1,, and directional
coarsening of precipitates occurs finally.
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Fig. 3 Evolution of oriented growth for DO,, from ¢ of 4x10* (a)
to 8x10* (b)

3.2 Directional coarsening caused by influence of

migration between phases

In order to study the mechanism of directional
coarsening between phases, structures of the interface
between two phases and the occupation probabilities of
atoms in these positions were investigated (Fig. 4). DOy,
coarsens along the direction [001] in Fig. 3, and the
structures of interface between L1, and DOy, precipitates
are shown in Figs. 4(a) and (b). In position a, the
occupation probability of Ni reduces and that of V rises,
and Al changes little in Fig. 4(c). In position b, the
occupation probability of Al and V reduces and that of
Ni increases, and Al reduces more than V (Fig. 4(d)). In
position e, the occupation probability of Al reduces and
that of V increases, and Ni changes few (Fig. 4(e)). This
indicates that during the process, Ni atom turns to V in
position a, Al atom turns to Ni in position b, and Al atom
turns to V in position e. Therefore, DO,, prefers to
coarsen along its short axis (the direction of [001]).

Figure 5 shows the evolution of occupation
probabilities of Al for L1, in [100] and [001]. At

=50000, occupation probabilities of Al in center are
higher than those in the boundary for L1, phase in [001].
As time goes on, occupation probability of Al rises and
reaches balance little by little. However, occupation
probability of Al rises more in the boundary in [001]
during this process (Fig. 5(a)), and it changes few in the
boundary in [100] at the same time (Fig. 5(b)). At
=10.5%x10°, occupation probability of Al almost reaches
balance in two directions, obvious anisotropic diffusion
of Al occurs in spatial scale, the diffusion of Al is
blocked in [100] and promoted in [001], and directional
coarsening occurs. Nickel-based superalloys are a kind
of alloys with negative misfit. If a tensile stress exists in
[100], y" precipitates are compressed by neighboring
phases, and the elastic misfit energy between y’' and
matrix reduces in [001], where Al atoms from matrix
diffuse and concentrate easily. Al atoms enter y’ from the
[001] direction so that new L1, forms, and thus
directional coarsening forms finally. Moreover, with a
compressive stress in [100], L1, precipitates are
compressed in [100], where the elastic misfit energy
reduces, and thus they coarsen along this direction.
Without external load, the neighboring L1, is also
compressed with the anisotropic growth of DOy, the
mismatch between L1, and matrix may reduce in a
direction, the release of mismatch energy gives a drive of
directional diffusion for Al atoms so that their
occupation probabilities change in a direction, and
directional coarsening occurs finally.

3.3 Effects of phases
3.3.1 Effects of phases on precipitates

In this work, L1, separates from matrix first.
However, the anisotropic growth of DO, makes the
neighboring L1, form diffusion channels later, and the
occupation probability of Al may be later balance. In
Fig. 4(c), Ni transforms to V in position a, where few Al
takes part in, and the occupation probability of Al is
lower. In Fig. 4(d), Al transforms to Ni in position b,
where a higher occupation probability of V exits at the
beginning. In Fig. 4(e), Al transforms to V in position e,
where a higher occupation probability of Ni exits. Ni and
V atoms have a higher occupation probability than Al
atoms during the coarsening process of DOy,.

In Fig. 6, the occupation probabilities of V almost
reach the constant values (y=0.8704) when =5.167x10*,
and Al reaches balance (y=0.6296) when =5.565x10°. V
atoms have a higher occupation in DO,, phase and the
values are earlier to reach constant than Al in L1,. In the
system of Ni;sAlg,Vis3, the component of V is much
higher than Al in the alloy, and thus the occupation
probability of V is higher. DO,, occurs later, and its
anisotropic growth causes the neighboring L1, to be
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Fig. 4 Evolution of interface between L1, and DO,;, (a,b) and occupation probabilities of atoms at interface in positions a (c), b (d)
and e (e)

pressed. The mismatch increases or reduces in a direction from 1000 to 1140 K. The time step increases with a rise
as a result that it gives a drive of directional diffusion of of temperature, L1, always appears earlier than DOy,
Al, which makes diffusion channels of Al and directional DO,, changes more than L1,, and the difference of time
coarsening of L1, form in different directions. Therefore, step between two phases increases rapidly at a higher
the occupation probability of Al is higher first than V, temperature. In Fig. 7(b), the occupation probabilities of
reduces during the directional coarsening and balances Al and V reduce with a rise of temperature, and Al (from
later. 0.71 to 0.61) varies more than V (from 0.92 to 0.85). The
3.3.2 Effects of phases on ageing temperature rise of temperature makes the drive of nucleation for two

Figure 7(a) shows the evolution of appearing time phases weaken, two phases are harder to precipitate, and

for L1, and DOy, precipitates as the temperature changes thus they appear later at a higher temperature. However,
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Fig. 7 Evolution of appearing time for two phases (a) and
occupation probability of Al and V of Ni;sAlg;V 53 alloy (b)

the effects of phases on temperature are different, and
DO,, may appear much later than L1, at a higher
temperature. The atomic coordinate environment may
affect the occupation of atoms in lattice positions. Due to
the different structures for two phases, the atomic
coordinate environments of V in DO,, and Al in L1, are
different, and abilities of occupation in the lattice
position are also different. Therefore, the occupation
probability of V in DOy, is higher than Al in L1,. The
reducing of the drive of nucleation also makes the lower
occupation probabilities for two phases at a higher
temperature. DO,, appears much later at a higher
temperature and its anisotropic growth causes the
directional coarsening of L1,, diffusion channels of Al
are later balance, and the occupation probability of Al is
also affected by the coarsening of DO,,, which changes
more with the rise of temperature.

4 Conclusions
1) A directional coarsening mechanism caused by

the interaction of anisotropic growth for LPS was studied
and the different effects of phases on the interaction were
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discussed by microscopic phase-field method.

2) DO,, grows along its short axis. It may press the
neighboring L1, and reduce or increase the mismatch,
which makes the interaction among atoms and forces Al
to form diffusion channels in different directions, and
directional coarsening of L1, occurs and rafting forms
finally.

3) The occupation probabilities of Al in L1, vary
differently in the directions during the coarsening
process. The occupation probability of Al at the
boundary of L1, rises more in [001], where L1, coarsens.
However, the occupation probability of Al in the
[100],
probability of Al is anisotropic in space, and directional
coarsening of L1, occurs.

4) The effects
environments are different. With the rise of temperature,
two phases appear later, DO,, varies rapidly at a higher
temperature. The occupation probability of Al and V
reduces, and Al reduces more than V.

boundary changes few in the occupation

of phases on precipitation
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