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Abstract

Microscopic phase-field model with varying interatomic
potentials was used to simulate the ordered domain interfaces
formed between L1, phases in Ni-Al-Cr alloy. The behavior of
interfaces migration and atoms segregation at the interfaces were
investigated using the atomic evolution picture and occupation
probability. The results show that there are stable domain
interfaces and transition interface formed between L1, phases.
The crystallization speed and the interfaces migration speed are
related to the interatomic potentials. The crystallization speed
gets faster when the interatomic potentials given 10% bigger
than literature data, however, the crystallization speed gets
slower and the final morphology of phases are very different
while the interatomic potentials smaller. The elements of alloy
have different preferences of segregation or depletion varying
interatomic potentials at different interfaces (stable interfaces
and migratory interfaces). In one case, at the interface of two Ni
atoms between the planes (100) vs (100), the interface migration
speed gets faster when the interatomic potentials bigger, and Al
and Ni are depleted faster but Cr is segregated faster when the
interatomic potentials given bigger values, conversely when the
interatomic potentials given smaller values.

Keywords: Ni-Al-Cr alloy, Microscopic Phase-field method,
Interatomic potential, Interface migration, Atoms segregation.

Introduction

There are two equilibrium phases L1, phase and DO0,, phase and
two transient phases L1 phase and L1, (M=1) phase in Ni-Al-Cr
high temperature superalloys [1-5]. Therefore, phase precipitation
sequences exist during the early stage and the status of coexistence
of multiple mixed phases is more likely to take place. During
the mixed phases, there are many kinds of interfaces. It should
be emphasized here that most materials processes are strongly
affected by the interfacial properties during recrystallization
and grain growth, especially in high temperature superalloys.
Therefore, information on the interfaces is necessary to gain a
better understanding. However, interfacial properties are hard to
measure experimentally.

Many researchers have widely investigated the precipitation of
Ni-Al-Cr alloys [6-10], but few on interfacial properties [11].
The difficulty in experimental works presents an opportunity for
Microscopic Phase-field method simulations. The microscopic
phase field method developed in the 1990s adopted in this study
is a type of deterministic method which is capable of describing
all diffusion processes including atomic clustering, ordering,
crystal boundary migration, grown-up and coarsening of new
phase, and formation of transient phase [12]. In addition, this
method can reproduce microstructures, compositions and degree
of order changes for the system in precipitation stage thoroughly.
So it has shown a great advantage in the study of interfacial
properties (interface migration and atoms segregation) during
precipitation process. The Microscopic Phase-field method
simulations have been successfully used for exploring interfacial
properties, especially the kinds of interfaces in Ni-Al-V alloys
[13-15]. The interatomic potentials are one of the basis input
parameters of the Microscopic Phase-field method simulations,
so it is quite reasonable to study the interfacial properties of
Ni-Al-Cr alloys with the interatomic potentials. In this paper,
the interface migration and atoms segregation of the ordered
domain interfaces formed between L1, phases varying with the
interatomic potentials will be simulated using the Microscopic
phase-field method.

Microscopic Phase Field Model

The phase field dynamic equation is based on the Onsager and
Ginzburg-Landau theories [16-19], which describes atomic
configuration and the precipitation pattern of the ordered phases
by the occupation probability p(7 r) at the crystal lattice site 7*
and the time ¢, whose change rate is proportional to the variation
of free energy to it. For ternary system, atomic occupation
probabilitiesis p, (7, 1)+ p,(7,1) + P.(7,1) = 1, Where the subscripts
A, B and C designate three kinds of atoms. In this simulation, it
puts the simplification for crystalline defects, but just considers
the integrated lattice to response atomic diffusion. The kinetic
equation can be written as:
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In the mean-field approximation, the free energy for ternary
system is given by:
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where the first sum represents the chemical energy, and the
second sum represents the thermal dynamic energy of system, the

L(F —7") is a constant related to exchange probabilities of a pair
of atoms at lattice sites r and r’ per unit time, k is the Boltzmann

constant. V (7 —7") is the effective interactive energy given as:

Vo, ir=r)=W, (r=r )W, (r=1r)-2W,(r—+) 3)
where W _,W, , W are pairwise potentials between a-a, b-b, and
a-b. In order to keep reliability of simulations, the fourth nearest-
neighbor interaction is adopted. Use V', V 2, V_ 3, V_*to stand
for the first-nearest, second-nearest, third-nearest and fourth-
nearest interatomic potentials respectively. Then substitute them
into the E.C.C., reciprocal space:

V. (k)= 4V.( cosmh- cosik + costh- cosrl
+ cosrk - cosml)
+ 2V,( cos2mh+ cos2uk + cos2il) (4)
+ 8V ( cos2rh-cosrk - cosnl + costh
-cos27k - cosal + cosmh- cosrk - cos2ml
+ 4V;( cos2mh-cos2rk +cos2rh- cos2ml
+ cos2rk - cos2al)

where k, h and, | are reciprocal lattice site through

k= (k. k k) =hd +ka, +1d, ®)

with a',a,,a, being the unit reciprocal lattice vectors of the
EC.C. structure.

It is convenient and even computationally advantageous to solve
the kinetic equations in reciprocal space. First, the Euler method
is used to solve the equation, and next the inverse Fourier
transformation is carried out; finally the relationships between
occupation probability and time are obtained.

Results and discussion

We use the microstructural evolution pictures to study the
effect of interatomic potentials on the microstructure and
interfaces migration. Under the conditions that temperature

sets at 1100K, time steps t*= 300000 and 128*128 lattice points,
using the references’ interatomic potentials [1,20] (for Ni and
Al interactions, V' . =122.3, V?  =6.0, V°  =16.58, V* =-
6.82; for Ni and Cr interactions, V' . =-84.8, V* .=46.8, V°
=104, V* . =-33.2; and for Al and Cr interactions, V', =-
140.0, V?,| . =-40.0, V*,  =74.5,V*  _=0.0 (unit: meV)) or 10%
smaller than that or 10% higher than that, Figure 1 demonstrates
microstructural evolution pictures of Ni Al Cr, alloy with
varying time steps. The time step At is 0.0002, and the thermal
fluctuations are removed after nucleation, the system chooses
the dynamic path automatically. In this paper, we focus on the
first-nearest interatomic potentials which usually known as the
biggest and the most impact of all the interatomic potentials.
V! interatomic potentials of Ni-Al, Ni-Cr and Al-Cr are used
in Figurel(a2-d2) as 122.3 meV, -84.8 meV and -140 meV,
respectively. With the same values in other parameters, V'
interatomic potentials are changed in Figure 1(al-d1) as 10%
smaller and Figure 1(a3-d3) as 10% bigger, respectively.

From Figure 1(al)-(a3), it demonstrates that the V' interatomic
potentials have great effect on microstructure at the early stage
of precipitation at time step 3000. The map is totally blue which
indicates the basal body is in complete disorder as shown in
Figure 1(al) while L1, phases precipitated in Figure 1(a2) and
(a3). In other words, the crystallization beginning speed gets
slower when the interatomic potentials given 10% smaller than
literature data according to the Figure 1(al) and (a2); and the
crystallization beginning speed gets faster while the interatomic
potentials given bigger values as in Figure 1(a2) and (a3). As time
goes by, L1, phase precipitated gradually. We can see the V'
interatomic potentials don’t have much effect on the intermediate
state microstructure during the time steps of 6000 to 18000 seen in
the Figure 1(b1)-(c3), except the Figure 1(c1) in which the phase
microstructure is different from Figure 1(c2) and (c3) as ellipse
marked. The arrangement and volume of phase microstructure
in evolutional morphology are very different as marked in Figure
(d1)-(d3), which testifies to the fact that the final morphology of
phases and the interfaces migration speed are greatly affected by
the interatomic potentials. The morphology of phases depends
on the interfaces migration as known in literature [13-15]. The
results in Figure (d1)-(d3) show that there are stable domain
interfaces and transition interfaces formed between L1, phases.
The interfaces ellipse marked migrate very differently while
rectangle marked migrate just a little bit. The migration ability
of interface is related to its structure while the migration speed is
related to the interatomic potentials.

More generally, interatomic potentials have great influence on
crystallization speed, the phase microstructure, the interfaces
and their migration speed which determine the properties of
alloys.

To study the effect of interatomic potentials on the solute
segregation and depletion of interfaces, the concentration
distributions of alloy elements of two Ni atom between the
planes (100) vs (100) shown in Figure 1(d1-D), represented
by the average site occupation probabilities of alloy elements
varying interatomic potentials, along the lattice site across the
interfaces were calculated as in Figure 2. The elements of alloy
have different preferences of segregation or depletion varying
interatomic potentials at different interfaces (stable interfaces
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Figure 1: Microstructural evolution of Ni75AI16Cr9 alloy at 1100K under different interatomic potentials: (al-d1) interatomic potentials 10%
smaller than reference values; (a2-d2) interatomic potentials from references[1,20]; (a3-d3) interatomic potentials 10% higher than reference
values; (al-a3) t=3000; (b1-b3) t=6000; (c1-c3) t=18000; (d1-d3) t=300000.

and migratory interfaces) similarly to references results [13-15].
From all the curves, we can see the compositions of alloy elements
at the interfaces are different from that inside the domains and Ni
and Al deplete but V segregates. The migratory interface forms
between this L1, phases planes (100) vs (100) and migrates from
the lattice site 67-69 to 69-71 or 71-73.

From Figure 2(a), the concentration curves across the interfaces
of Ni and Al are lower and the composition of Cr is raised when
the V! interatomic potentials given 10% bigger than literature
data at 3000 step, which indicates Ni and Al depleted but Cr
segregated and the interface forms agreeing with Figure 1(a3)

J Nanosci Adv Tech 1(2).

and L. The degrees of segregation and depletion of alloy elements
are different when given the different interatomic potentials at
6000 step in Figure 2(b). The concentration curves across the
interface of Ni and Al are the lowest when given 10% bigger
potentials and the Cr is the highest, which means Al and Ni are
depleted faster but Cr is segregated faster when the interatomic
potentials given bigger values, Whereas the opposite. Analyzing
the Figure 2(c), the interface when given 10% smaller potentials
migrates from the lattice site 67-69 to 69-71 while the interface
when given bigger potentials migrates from the lattice site 67-69
to 71-73, which demonstrates the interface migration speed gets
faster when given the bigger interatomic potentials.
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Figure 2: Concentration distributions of alloying elements varying interatomic potentials along the lattice site across interfaces (Fig.1

@-D) for different time steps: (a) t=3000; (b) t=6000; (c) t=300000.
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Conclusions

1) The results show that the interatomic potentials has great
influence on the crystallization, the phase microstructure, the
interfaces structure, segregation or depletion at the interfaces
and their migration.

2) It is presented that the interatomic potentials affect the early
stage of precipitation. The microstructure is disorder and
the crystallization beginning speed gets slower when the
interatomic potentials given 10% smaller than literature
data. However, the L1, phases completely formed and the
crystallization speed get faster when given bigger potentials.
And the final morphology of phases are also very different
varying with the potentials.

3) The results indicate that the alloy elements segregation or
depletion varying interatomic potentials at different interfaces.
In case of two Ni atoms between the planes (100) vs (100), Al
and Ni are depleted faster but Cr is segregated faster when
the interatomic potentials given bigger values, whereas the
opposite. And moreover the (100) vs (100) interface migration
speed gets faster when given bigger potentials.
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