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Phase-field study on competition precipitation process of Ni—Al—-V alloy
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Abstract: With microscopic phase-field kinetic model, atomic-scale computer simulation program for the precipitation sequence and
microstructure evolution of the ordered intermetallic compound y" and 6 in ternary Ni;sAl,V,s—, alloy were studied. The simulation
results show that Al concentration has important effects on the precipitation sequence. When Al concentration in Ni;sAl V,s_, alloy is
low, O(Ni;V) ordered phase will be firstly precipitated, followed by y'(NizAl) ordered phase. With Al concentration increasing, 6 and
y" ordered phases are simultaneously precipitated. With Al concentration further increasing, " ordered phase is firstly precipitated,
followed by O ordered phase. There is a competition relationship between 6 and y' ordered phases during growth and coarsening
process. No matter which first precipitates, 0 ordered phase always occupies advantage in the competition process of coarsening, thus,

the microstructure with preferred orientation is formed.
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1 Introduction

The Ni;X intermetallic compounds have attracted
considerable interests as the high temperature structural
materials and as a component in composite because of
their good resistance against high temperature creep
[1,2]. The morphology, size and distribution of NizX
intermetallic compound have important effects on the
mechanical properties of superalloys [3,4]. NABARRO
et al [5] predicted the microstructure with preferred
orientation in superalloys by calculating the
thermodynamic driving force. REED et al [6] studied the
relation between the directional y' phase and strain rates.
LI et al [7] studied the influence of pre-compression on
the directional y' phase. WU et al [8] observed the
microstructure evolution of a Ni;Al-based single crystal
superalloy. Unfortunately, these experiments are usually
limited to a small observation range, and cannot observe
the microstructure evolution at atomic scale.

The microscopic phase-field kinetic model [9-11]
based on the Ginzburg—Landau kinetic equation is an
effective method to study the precipitation process, in
which it is not necessary to assume the phase structure or
the precipitation style, and the growth and coarsening
process can be modeled simultaneously. In the last

several years, many efforts have been made to study the
microstructure evolution using phase-field method.
ZHANG et al [12] expounded the site occupation
evolution of alloying element in Ni—Al-V alloy. YANG
et al [13] studied the transformation of rafting style in
Niz;sAlgsVigs alloy. However, the effect of solute
concentration and competitive relation between two
phases on the microstructure evolution has not been
investigated yet. In the present work, the effect of Al
concentration on the microstructure evolution of phase
growth and coarsening in Ni;sAl Vys_, alloy (x represents
Al concentration) was investigated. The morphological
evolution, precipitate sequence, and volume fraction
during the precipitation process were mainly analyzed.

2 Theoretical modeling

2.1 Microscopic phase-field kinetic model of ternary
system

The microscopic phase-field kinetic model is based
on the Onsager and Ginzburg—Landau equation [14,15],
which describes the atomic structure morphology by
single-site occupation probability. Pa(r, ), Pg(r, ) and
Pc(r, ?) respectively represent the probabilities of finding
A, B or C atom at a given site and a given time. Since
only two equations are independent at each lattice
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site, and there will be two independent kinetic equations
at each lattice site for A and B, the microscopic
phase-field kinetic model of ternary system is described
as follows [16]:
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where L,s(r—1') is a constant related to the exchange
probabilities of a pair of atoms, a and f, at lattice site y
and y' per unit time, and a, f=A, B, or C; kg is the
Boltzmann constant; &(r, ¢) is the thermal noise term,
which is assumed to be Gaussian-distributed with the
average value of zero, and is uncorrelated with space and
time, and obeys the so-called fluctuation dissipation
theory; F is the total free energy including the elastic
strain energy contribution. Based on the mean-field
approximation, F'is given by the following equation:
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where V,4(r—1") is the interaction energy between o and f
at lattice site y and y’, including short-range chemical
interaction Vs(r—r')., and long-range strain-induced
elastic interaction Vs(r—I")e:

Vop(r=r")= Vop(r—r"ent Vop(r—r")e 3)

Here, the fourth nearest-neighbor interatomic model
was employed, and the data of interatomic interchange
energies were taken from Ref. [16].

2.2 Microelasticity theory

In the microelasticity theory, the elastic strain
energy of solid solution is given as a sum of two
physically distinct terms [17]: 1) the configuration-
independent term describing the self-energy and image
force-induced energy; 2) the configuration dependent
term associated with the concentration inhomogeneity.
The first term is not affected by spatial redistribution of
solute atoms and therefore it can be ignored. The second
term, however, gives a substantially nonlocal elastic
strain energy change associated with spatial distribution
of solute atoms, so, it affects the morphology of the
precipitation phase.

In a real space, the configuration-dependent elastic
strain energy associated with an arbitrary atomic
distribution P(r) can be described as [18]
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where N is the total lattice number. The prime in the
Eq. (5) implies that the point £=0 is excluded. V(k) is
the Fourier transformation of the density function of
elastic energy, and the long-wave approximation for
V' (k). can be described as

V,5(K)g ~ B(e) = B(nn’ —%) ©)

where n=k/k is a unit vector in the k direction; », and n,
are components of the unit vector k along the x and y
axes, therefore, V,;(0), ~—B/8; B is the strain energy
parameter which characterizes the elastic properties and
the crystal lattice mismatch,
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where ey=da(c)/(aqdc) is the concentration coefficient of
crystal lattice expansion caused by the atomic size
difference; a(c) is the crystal lattice parameters of solute;
ay is the crystal lattice parameters of matrix; ¢ is the
atomic fraction of solute; 0=C;;—C;,—2C44 is the elastic
anisotropy constant and Cj; is the elastic constants of
Ni-based solid solution. In this study, C;;=206.8 MPa,
C,=148.5 MPa, C44,=94.4 MPa were chosen based on the
value of Ni-based alloy at 1050 K [19].

In this simulation, Eq. (1) was solved in the
reciprocal space by taking Fourier transformation to
simplify the solution process. Finally, the clear atomic
configuration and phase morphology of the growth and
coarsening process could be obtained, and the
relationship between atomic occupation probability and
time was acquired as well.

3 Results and discussion

The Ni;sALVys-, alloys (x=4, 5.5, 10) aged at 1050
K are located in the y'+6 region [20,21], both " (Ni;Al,
L1;) and 8 (NizV, DO,;) ordered phase can be
precipitated from the matrix during the precipitation
process. The simulated pictures are two-dimensional
projection along [010] direction and are depicted with
different colors. If the occupation probability of
vanadium is 1.0, its sublattice is red. If the occupation
probability of aluminum is 1.0, the sublattice is green.
Therefore, the 8 phase appears to be red and the )’ phase
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appears to be green, and all the nickel sublattices in both
phases appear to be blue. The ordered phase structures
are shown in Fig. 1. The simulation was performed in a
square lattice consisting of 128x128 unit cells, and the
periodic boundary conditions were applied along both
dimensions. The time step (Af) was 0.0001.

3.1 Microstructure evolution of phase growth

The microstructure evolution of phase growth in
Ni;sAL Vs, alloy (x=4.0, 5.5, 10.0) is shown in Fig. 2.
For Ni;sAlV,, alloy, the concentration of disorder
matrix begins at 500 time step, as shown in
Fig. 2(al). With the increase of atomic occupation
probability at each site, it can be observed that the first
precipitate is 6 phase, as shown in Fig. 2(a2). With
increase in time, 6 phase grows bigger and ¢’ phase
begins to precipitate along the phase boundary of 6, as
shown in Figs. 2(b2—d2). With Al concentration
increasing, for Niz;sAlssVygs alloy, 8 and y' phases are
simultaneously precipitated from the disordered matrix,
and then gradually grow up, as shown in Figs. 2(a2—d2).
With Al concentration further increasing, for Ni;sAljgV s
alloy, y" phase is firstly precipitated from the disordered
matrix and it is separated by disorder areca. With time
proceeding, y' phase grows bigger and bigger, and the
width of disorder area among them decreases, as shown
in Figs. 2(a3—b3). At about 10000 time step, 0 phase
begins to precipitate around the phase boundary of y’
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Fig. 1 Ordered phase structures: (a) 8 phase (DOy,) crystal
structure; (b) Projection of € phase (DOy,); (¢) y' phase (L1,)
crystal structure; (d) Projection of y’ phase (L1,)

Fig. 2 Microstructure evolution of phase growth in Ni;sAl,V,s_, alloy: (al) x=4, =500; (bl) x=4, =2000; (c1) x=4, =10000;
(d1) x=4, =15000; (a2) x=5.5, =500; (b2) x=5.5, =2000; (c2) x=5.5, =10000; (d2) x=5.5, =15000; (a3) x=10, =500; (b3) x=10,

=2000; (c3) x=10, £=10000; (d3) x=10, /=15000
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phase, as shown in Fig. 2(c3). In the subsequent
precipitation process, 6 phase constantly grows up and
some of y' phase begins to dissolve, as shown in Fig.
2(d3). For NizsAl Vs, alloy (x=4, 5.5, 10), in the growth
process, the distribution of  and ' phases is always
irregular.

Figure 3 shows the variation of volume fraction of §
and y' phases in Ni;sAlL Vys-, alloy (x=4, 5.5, 10). From
Fig. 3(a), it can be seen that the volume fraction of 6
phase firstly begins to increase after a period incubation
period while that of y’ phase still remains at zero. When
the volume fraction of @ phase reaches the equilibrium
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Fig. 3 Variation of volume fraction of # and y' phases in
Ni;sAlL Vs, alloy: (a) x=4; (b) x=5.5; (c) x=10

value, the volume fraction of y’ phase begins to increase,
which indicates that 6 phase is firstly precipitated,
followed by ' phase in Ni;sAl;V,; alloy. From Fig. 3(b),
the volume fractions of & and )’ phase simultaneously
increase in NijsAlssVigs alloy after a period of
incubation period. At the beginning, the volume fraction
of 6 phase increases faster than that of y’ phase, then the
volume fraction of y’ phase exceeds that of & phase. From
Fig. 3(c), one can observe that the volume fraction of )’
phase in Ni;sAl;(Vs alloy firstly increases rapidly to the
maximum and declines slightly, due to the dissolvation
of some y' phase at its phase boundary. At about 4800
time step, the volume fraction of # phase begins to
increase, which shows that 8 phase is precipitated from
the disordered matrix.

For Ni;sAl Vys_, alloy, Al concentration decides the
precipitation sequence of 8 and y’ phases [20]. ' phase is
face-centered cubic structure which is isotropic, so it will
not produce preferred growth at the free state. 6 phase is
a long-period and anisotropic structure (Fig. 1), and it
mainly grows along its short axis ( [100] direction as
shown in Fig. 1). When 8 phase is first precipitated, the
number of )’ phase is small at the early stage of
precipitation process. Al atoms needed for )’ phase
growth are mainly from phase boundary, and V atoms
needed for § phase are mainly from other 6 phase. As we
know, the atom diffusion rate at phase boundary is higher
than that at phase inside, so, y’ phase occupied growth
advantage at the early stage of precipitation process.

3.2 Microstructure evolution of phase coarsening

The microstructure evolution of phase coarsening is
shown in Fig. 4. During the process of phase coarsening,
some precipitates dissolve and others grow up. The
shapes of @ and y' phase change from initial irregular
shape to quadrate. At the same time, their alignment
becomes more and more regular, and some precipitates
located in particular direction gradually grow and others
disappear. In the later stage, § and y' phases exhibit
quadrate shape and distribute regularly along the soft
directions ([100] and [001] direction). The reason is that
6 phase possesses advantage in the process of coarsening
competition, which results in its preferred orientation.

In order to further identify the competition process,
the average occupation probability of atom at different
phases was calculated with the advantage of computer
simulation, which is difficult to achieve by experiments,
and presents the advantages of phase-field method.

Figure 5 shows the variation of atomic average
occupation probability (OP) in 6 and )’ phases of
Niz;sAlLVys_, (x=4). As the first precipitated phase is 6
phase, the average OP of V atom in 6 phase increases to
the equilibrium value after the initial fluctuation. At
the same time, # phase contains a certain amount of Al
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Fig. 4 Microstructure evolution of phase growth in Ni;sAl V,s-, alloy: (al) x=4, =18000; (bl) x=4, =50000; (c1) x=4, =150000;
(d1) x=4, =300000; (a2) x=5.5, =18000; (b2) x=5.5, =50000; (c2) x=5.5, =150000; (d2) x=5.5, =300000; (a3) x=10, =18000;

(b3) x=10, =50000; (c3) x=10, £=150000; (d3) x=10, =300000
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Fig. 5 Variation of atomic average occupation probability with time in different phase of Ni;sAl,V,; alloy: (a) 6 phase; (b) y' phase

atoms, which decreases to the equilibrium value, as
shown in Fig. 5(a). When the average OP of V and Al
atoms in 6 phase reaches the equilibrium value, that of Al
and V atoms in 9’ phase is still in the change of stage, as
shown in Fig. 5(b). At the later stage, the average OP of
V atom in @ phase is larger than that of Al atom in )’
phase. The atomic average OP in 6 phase relatively early
reaches the equilibrium value, at this time, the variation
of atomic average OP in ' phase does not end, and the
atomic migration causes further morphology evolution.
When the atomic average OP in )’ phase reaches the

equilibrium state, there are still a number of V atoms but
a very small number of Al atoms in 6 phase when the
atom average OP gets to the equilibrium state. So, during
the coarsening process, the number of 6 phase can supply
V atom for coarsening of other # phases, but cannot
supply enough Al atom for the coarsening of other y’
phases. Thus, it can be indicated that Al atom required by
the growth and coarsening of y’ phase is mainly from the
dissolving of other y’ phases, and V atom required by the
growth and coarsening of 8 phase is from the dissolving
of either other @ phases or other )’ phases. Therefore, the
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coarsening rate of @ phase is greater than that of y' phase,
that is, the @ phase occupies advantage during coarsening
process. At the later stage, 8 and y' phases align along
[100] and [001] directions.

Due to the difference of solute V and Al atoms,
there is difference of chemical energy for different
precipitates, and the directional growth of 6 phase along
its short axis promotes the appearance of chemical
energy anisotropy for different phases, causing the
directional growth of y’ phase. CHENG et al [21] studied
the influence of local chemical segregation on the
directional coarsening of precipitates, and they
concluded that internal chemical gradients which
resulted from multiple alloying elements, could lead to
the development of the preferred precipitates by leading
to anisotropy in their growth kinetics during coarsening
process. Our simulation results have a good agreement
with those of CHENG et al [21] and TAKEYAMA
KIKUCHI [22], which proves that the simulation result
is believable.

The variation of atomic average OP in 6 and 9’
phases of Ni;sAl,Vys_ (x=5.5) is shown in Fig. 6. 8 and
y" phases are almost simultaneously precipitated from
disordered matrix. The change law of curve is similar to
that of Ni;sAL Vas—, (x=5.5). The atomic average OP of V
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atom in 6 phase reaches the equilibrium value faster than
Al atom in y' phase, which shows that 8 phase occupies
growth advantage in the competition process.

Figure 7 shows the variation of atomic average OP
in @ and y' phases of Ni;sAlVys_, (x=10). The first
precipitate is y' phase. When the average OP of Al and V
atoms in ' phase reaches the equilibrium value, the
average OP of V and Al atoms in @ phase still changes,
which indicates that the number and morphology of
precipitates still change. At the equilibrium state, the
average OP of V atom in @ phase is higher than that of Al
atom in y’' phase. However, the average OP of Al atom in
0 phase is lower than that of V atom in § phase. Similar
to that of NizsAl,Vas_, (x=4, 5.5), 6 phase still possesses
growth advantage in the competition process.

4 Verification

The simulated morphology of ¢’ phase in Ni;sAlgV;
alloy aged at 1023 K is shown in Fig. 8(a). The
experiment observation [23] of y' phase in Ni—8%Al-
6%Ti (mole fraction) alloy aged at 1023 K for 1.728x
10° s is shown in Fig. 8(b). From the comparison, it can
be found that the simulation results are available.
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Fig. 8 Comparing y' morphology obtained from simulated result (a) with experiment observation (b) [23]

5 Conclusions

1) The microstructure evolution of the ordered
intermetallic compound j' and 8 in ternary NizsAlLV,s—,
alloy during phase growth and coarsening in Ni;sAL Vjs-,
(x=4, 5.5, 10) alloy was studied using microscopic
phase-field kinetic model. The variation of atomic
average OP and volume fraction for different precipitated
phases was obtained.

2) The precipitation sequence is affected by Al
concentration. For alloy with lower Al concentration, the
first precipitated phase is 8 phase. For alloy with medium
Al concentration, € and ' phases are simultaneously
precipitated from disordered matrix. For alloy with
higher Al concentration, the first precipitated phase is
changed to y' phase.

3) During precipitation process, 6 phase always
occupies advantage in the competition process no matter
which first precipitates. The anisotropic growth and
coarsening of & phase result in the preferred orientation
microstructure in the coarsening process.
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