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Abstract: By utilizing phase field method combined with analysis on free energy and interatomic potentials, pre-precipitation phase
formation and transformation process of Nij;5AlyosFeg, alloy in early precipitation stage during the ageing process under 1 000 K
were studied. And free energy, microstructures, compositions and volume fractions of pre-precipitation phase and equilibrium phase
were analyzed. The simulation results indicate that nonstoichiometric L1, pre-precipitation phase formed first, and then would
gradually transform into L1, equilibrium phase. It is discovered that the phase transformation process was closely related to free
energy and interatomic potentials. Additionally, it is revealed that free energy of L1, pre-precipitation phase was higher and
interatomic potential was smaller than that of L1, equilibrium phase. Therefore, it is concluded that L1, phase was unstable, and

phase transformation would occur to L1, which was more stable.
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1 Introduction

The precipitate transformation in precipitation
process is regulated by atomic diffusion. Therefore, a
series of metastable phases could probably be formed in
this process[1]. To date, the diffusive phase transitions
only include equilibrium phases. But some physical
changes that preceded the formation of equilibrium
phases determine the structures and properties to a
certain extent, which is also instructive to practical
production. Thereby, investigations on them have
attracted attention for many years[2—3]. Al-Cu alloy
series had been studied most extensively[4—5].
Metastable or transitional nonequilibrium phases
precipitate first when alloys quickly cool off from
single-phase region to double-phase region[6]. And these
nonequilibrium phases are called ‘pre-precipitation
phase’. However, this process is so transient that it can
be finished instantaneously. Therefore, it is difficult to
conduct an investigation by conventional experimental
methods. LI et al[7] prepared Cu-1.56Cr alloy powder by
utilizing fog test and implemented ageing at 500 °C. And

it was found that there were two modulated metastable
structures which could offer structural transition from
FCC oversaturation solid solution to BCC precipitated
phase. TAWANCY and ABOELFOTOH][8] discovered
that there are DOy and DI, super-structure as a
transitional metastable phase in Ni(Cr, Mo) evolving
with time during ageing process using TEM images. In
relation to the temporal and spatial scales of alloy in
early precipitation stage, the temporal one is in
time-scale of seconds and the spatial one stays in
volume-scale of ten to hundred atoms. Therefore, it
forms nano-scale dispersion strengthening phase. It is
necessary to employ computer simulations to analyze
patterns in early precipitation stage of alloys because
existing measurements are insufficient and incapable of
examining them thoroughly. In terms of computer
simulations, CHEN and KHACHATURYAN]9] utilized
microscopic phase field method to simulate alloys and
discovered the probable existence of virtual ordered
phase during the transformation process from evenly
disordered phase to double equilibrium phase.
REINHARD and TURCHI[10] found that B32
transitional ordered phase would appear when the
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quenched solid solution was dissolved into Ti-and V- rich
disordered phase with Monte-Carlo method. SOISSON
and MARTIN[11] studied the decomposition of the
instantaneous nucleation and the steady-state nucleation
dynamics of metastable solution with Monte Carlo
method. NI et al[12—14] found that nonequilibrium phase
of quenched alloy turned to equilibrium ordered phase
during the ordering process with microscopic master
equation. TSAO et al[15] made quantitative analysis on
natural ageing of Al-Mg-Si alloy with continuous heating
and reciprocal transformation between metastable phase
" and f’ during the subsequent isothermal aging process
by integrating SAXS, TEM and the numerical simulation
of the classical theory.

The microscopic phase field adopted in this study is
a type of deterministic phase field method which is
capable of describing all diffusion processes, including
atomic clustering, ordering, crystal boundary migration,
growing up and coarsening of new phase, and formation
of transient phase. In addition, this model can reproduce
microstructures, compositions and order degree changes
of the system in early precipitation stage thoroughly. So
it has shown a great advantage in the study of
pre-precipitation phase. MIAO et al[16] and ZHAO et
al[17] found that pre-precipitation phase L1, would
separate out during ageing process of NigyAl;3Cr; and
Ni;sAly;Zng alloys by this model. Free energy is based on
continuous medium. And many previous investigations
used it to discuss and explain the various phenomena of
micro-organizational processes, but it had been proven to
be very limited in atomic simulation. Since the
interatomic potentials are the basis of computer
simulation on properties and processes of atomic
condensed matters, it is quite reasonable to study the
process of precipitation by combining free energy and
interatomic potentials.

2 Theoretical models

2.1 Microscopic phase field model

The phase field dynamic equation is based on the
Onsager and Ginzburg-Landau theories, which describe
atomic configuration and the precipitation pattern of the
ordered phases by the occupation probability P(r, ¢) at
the crystal lattice site r and the time ¢, whose change rate
is proportional to the variation of free energy. The kinetic
equation is written as

OP(r,1) . OF
ot _;L(r r)SP(r',t) M

For ternary system, atomic occupation probabilities
satisfy

P (r,t)+ B(r,0)+ FPe(r,t)=1 2)

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. Therefore the
equations can be obtained by

%=ICBLT;[LAAU—W)%+
LAB(r—r'>%]+a(r,r) N

%=,{BLT;[LBB(FW>%+
LAB<r—r')%J+@(r,t>

where ((r, ¢) is the random noise term; L(r—r') is the
proportionality constant.

In the mean-field approximation, the free energy for
ternary system is given by

F =_%ZZ[(—VAB("—W)+VBC("—r')+

Vac(r =1t"Py (NP (1) +Vac(r =1 )Py (r) Py (r')+
Ve (r— r')PB(")PB(r,)]+
kBTZ[PA (N1In(Py (r)+ P (r)In(F(r)) +

(1= Py ()= Py () In(1 = Py (1) = Py (1)]

“)
where kg is the Boltzmann constant; Vap(r—r') is the
effective interactive energy given as

Va(r=r") = Wap(r=r") +Weg(r —r") =2W,p(r —r’)
(5)

where Wxa, Wgp, Wap are pairwise potentials between A
and A, B and B, and A and B. In order to keep
reliabilities of simulations, the fourth nearest-neighbor
interaction is adopted. Vagl, Vi Vag, Vag' stand for
the first-nearest, second-nearest, third-nearest and
fourth-nearest interactive energies, respectively. Then
substitute them into the FCC, reciprocal space:

Vig(K) = 4VA1B [cos(mth) - cos(mtk) + cos(mth) - cos(ml) +
cos(mk)-cos(nl)]+ ZVKB [cos(2mh) +
cos(2mk) + cos(2ml)] + 8V Ag[cos(2mh) -
cos(tk) - cos(nl) + cos(mh) - cos(2mk) - (6)
cos(nl) + cos(mh) - cos(mk) - cos(2ml) ]+
4V {s[cos(2mh) - cos(2mk) +
cos(2mh) - cos(2nl) + cos(2mk) - cos(2nl)]

For

k=(k,.k,.k.)=ha, +ka, +la; (7)

where k, h and, [ are reciprocal lattice sites; a;, & and
a; are the unit reciprocal lattice vectors of the FCC
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structure along three directions.

2.2 Interatomic potentials equations

The evaluation equations of interatomic potentials
were initially proposed by KHACHATURYAN[18].
Based on concentration wave equations, the relational
equations between occupation probability of solute
atoms (B atoms) and free energy were deduced out:

[1+an (r)j _

-1
{exp(‘”“‘ Q- 'TV(kS)-mEs(r)JH}
B

where ¢ is atomic concentration of solute atoms (B
atoms); #, corresponds to long range order parameter;
E(r) denotes a function associated with lattice symmetry;
1 means chemical potential between atoms; /—1 indicates
the number of non-zero vector K in superlattice structure,
with kg being the Boltzmann constant; 7 is temperature;
7(0) is potential energy of disordered atoms.

There are two occupations of L1, phase: ¢(1+3#)
and c(1-#). The equation between the first nearest
neighbor interatomic potential Vig' of L1, phase and
long range order parameter can be gained according to

Eq.(8):

—4Vag 1 _y (A== c(l+37)]
kT (+3[l=e(1-1)]

©)

And L1, phase also has two occupations: c(1+#)
and c(1-#). The equation between the first nearest
neighbor interatomic potential Vag' of L1, phase and
long range order parameter also can be gained according
to Eq.(8):

~4Vagn _ (=m)l=e(l+7)]

(10)
kT (I+ml-c(-n)]

The first nearest neighbor interatomic potential Vag!
of L1, phase and L1, phase under varying temperature
and atomic concentrations can be computed out by
considering Eqgs.(9) and (10). This study initiates
simulations on Niy;sALFeq,s-, alloy based on the
aforementioned equations. They can overcome the
deficiencies of conventional model ignoring the impact
of temperature and concentrations, as well as using fixed
interaction potential values in simulation computation.

3 Results

Due to the close connection between free energy
and interatomic potentials of alloy in precipitation
process, here we use atomic evolution maps, occupation
probabilities and volume fractions to study this type of

connection. Using the calculated interatomic potentials at
1 000 K, the atomic evolution maps of Nigy7sAlgsFeqs
alloy with varying time step are illustrated in Fig.1, in
which the black parts indicate Ni basal body and white
parts correspond to Al(Fe) atoms. The L1y(Ni-Al(Fe))
phases and LI1,(Ni-Al(Fe)) phases gained during the
precipitation process of alloy are marked in the maps.
The map is totally gray when the time step is 10, which
indicates the basal body is in complete disorder, as
shown in Fig.1(a). As time goes by, many ordered phases
separate out. When time step increases to 1 200, a few
L1o(Ni-Al(Fe)) phases while only a small amount of
L1,(Ni-Al(Fe)) phases appear. And Fig.1(c) demonstrates
that L1y(Ni-Al(Fe)) phases start to transform into
L1,(Ni-Al(Fe)) phases when time step is 1 500, which
testifies the fact that pre-precipitation phases L1, are
quite unstable and their existences are very transient. In
Fig.1(d), L1,(Ni-Al(Fe)) phases have already occupied
the whole evolution map when time step is 2 000. And
most ordered L1,(Ni-Al(Fe)) phases are interconnected,
which means that L1o(Ni-Al(Fe)) phases have already
transformed into LI1,(Ni-Al(Fe)) phases completely.
When time step reaches 10 000, as illustrated in Fig.1(e),
the previous ordered phases gradually grow up and form
into the stoichiometric order phase of L1, phases. With
time step of 200 000, Fig.1(f) shows that occupation
probabilities of atoms in corresponding lattice have
ultimately arrived at their equilibrium values, and L1,
phases coarsen. The above results are consistent with the
precipitation process, which fully indicates that
corresponding phase transformation outcomes could be
gained by employing interatomic potentials obtained
from equation calculations to model the microscopic
phase field. And the L1, phases in Fig.1(e) match well
with the experimental results by HIMURO et al[19].
From the evolution maps, we know that there are
pre-precipitation phases L1, in the precipitation process
of Nig75AlygsFeg, alloy. In order to further clarify the
early precipitation effects and the transformation process
of equilibrium phase, we analyzed the two-dimensional
atomic structure and the evolution maps changing with
time step shown in Fig.2 and the occupation probability
curves shown in Fig.3. Among them, Fig.2(a) shows L1,
atomic structure and related atomic evolution map of
phase, in which the indices (lattice positions) o, f§ and y
in atomic structure correspond to the same indices in the
evolution map. Similarly, Fig.2(b) means the atomic
structure and related atomic evolution map of L1, phase.
Specifically, the indices in Fig.2(a) and Fig.2(b) indicate
the same lattice position. As seen from the Fig.2(a) and
Fig.2(b), the element in lattice position a is black Ni all
the time; the element of lattice position £ in Fig.2(a) is
white Al(Fe), but it is replaced by black Ni in Fig.2(b);
white Al(Fe) occupies lattice position y all along, but it
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Fig.1 Temporal atomic evolution maps of Niy75AlgosFeg, alloy at 1 000 K: (a) =10 step; (b) =1 200 step; (c) =1 500 step; (d) =

2 000 step; (e) =10 000 step; (f) =200 000 step
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Fig.2 Atomic structure and simulated evolution maps: (a) =
1 200 step, L1, phase; (b) =2 000 step, L1, phase

whitens more and transforms from equilibrium phase to
stoichiometric structure as time step increases. These
correspond to atomic structures of pre-precipitation
phase L1, (Ni-Al (Fe)) and equilibrium phase L1, (Ni-
Al(Fe)).

The atomic structure transformation processes
demonstrated by Fig.2 is inadequate to further
specifically study the transformation status of occupation
probabilities at each lattice position. The atomic
occupation probability (concentration) variation curves
shown in Fig.3 must be incorporated, in which the solid
line corresponds to occupation of Ni atoms, the
long-dashed line means occupation of Fe atoms and the
dashed line denotes occupation of Al atoms. Fig.3(a)
indicates the atomic occupation probability changes with
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time step variance at lattice position a in Fig.2. It is
obvious that Ni atomic occupation probability increases
up to near 1 while both Fe and Al decrease to around 0.
Thus it is consistent with the fact that Ni atoms occupy
lattice position a all the time. Figure 3(b) shows the
atomic occupation probability at lattice position f in
Fig.2. It is indicated that occupation probability of Ni
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Fig.3 Occupation probability changes with time step: (a) a
lattice; (b) g lattice; (c) y lattice (1—Gestation of disordered
basal body; 2—Migration process of disordered phase to
pre-precipitation L1, phase, and L1, phase migrates into
equilibrium L1, phase; 3—Coarsening and growing-up process
of L1, phase)

atoms first goes down to near 0.5 and then increases to
around 1, but Fe and Al first increase to near 0.5 and then
decrease to around 0. Therefore, L1, phase does not
arrive at stoichiometric structure. This is in line with the
change in lattice position f from Fig.2(a) and Fig.2(b),
which signifies that Al(Fe) atoms will be replaced by Ni
atoms. That is, the transitional pre-precipitation phases
L1y(Ni-Al(Fe)) exist. Similarly, Fig.3(c) corresponds to
the atomic occupation probability at lattice position y in
Fig.2. It is represented that occupation probabilities of Ni
atoms keep getting down to near 0, while occupation
probabilities of Fe and Al atoms maintain increasing till
around 1, which is corresponding to changes at lattice
position y from Fig.2(a) and Fig.2(b). They could explain
the fact that Al(Fe) atoms occupy lattice position y all the
time until they reach equilibrium phase L1,.

Before lattice positions a and S come to equilibrium
phases, reduction occupation probabilities of Al(Fe)
atoms corresponds to the increase of lattice position y.
This denotes the migration of Al(Fe) atoms during the
precipitation process; the increase of occupation
probabilities of Ni atoms before lattice  and S reaches
equilibrium phases and means the reduction of lattice
position p, which indicates that migration of Ni atoms
could also occur in precipitation process. Moreover, the
migration process is in correspondence with such
procedure: disordered phase—pre-precipitation phase
L1¢(Ni-Al(Fe))—equilibrium phase L1,(Ni-Al(Fe)). This
procedure is illustrated by sections 1, 2 and 3 in the
curve in Fig.3, respectively.

The alloy volume fraction curves of precipitation
phases are shown in Fig.4. Obviously, between the
1 000th and 2 000th step L1, phase increases rapidly,
which also shows the existence of pre-precipitation phase
L1y. And a sharp reduction after that indicates that L1,
phase changes to equilibrium phase L1,. The curve of
L1, phase increases after the step 2 000, which means the
L1, phase forms until the step 2 000.
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Fig.4 Volume fractions of different phases with time steps
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4 Discussion

Studies found that parent phase usually could not
transform into the lowest free energy equilibrium phase
directly during the phase transition process. It turned into
pre-precipitation phase of which the free energy was
lower than parent phase but higher than equilibrium
phase. This pre-precipitation phase is approximately
comparable to crystal structures and chemical
compositions with parent phase. In order to lower the
interfacial energy between basal body and precipitant,
pre-precipitation phase tends to possess similar structures
with basal body. In the Nig;sAlposFeo, alloy, the
structure of L1, phase is more close to the structure of
disordered basal body. Therefore, prior to the formation
of L1, phase, L1, phase will be formed first. The curve
of free energy calculated by Eq.(4) changes with the
molar fraction shown in Fig.5(a). From Fig.5(a), free
energy continues to lower from the disordered phase to
the L1, phase, which means the pre-precipitation phase
L1y is served as the transitional phase during the
decreasing process of free energy, so the unstable L1,
phase will transform to the L1, phase. Figure 5(b)
demonstrates the interatomic potentials calculated by

-10
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Fig.5 Free energy and interatomic potentials curves of different
phases: (a) Free energy; (b) Interatomic potentials

Egs.(9) and (10) for different phases with varying
long-range order parameters. They all could increase
with the augmentation of long-range order parameter. It
is obviously shown that, for each curve, the interatomic
potentials first go up gradually with increasing
long-range order parameter, and then skyrocket when the
parameter approaches to 1. More specifically, the
potential curve of L1, phase is in the bottom, which
means that its potentials are the least in the alloy. All
potential curves of L1, phase are higher than those of L1,
phase, and with L1,(Ni-Al(Fe)) on the top. The size
relations of these potentials would affect the stability of
pre-precipitation phase and equilibrium phase of alloy
during the precipitation process. However, as seen from
interatomic potentials curves in Fig.5(b), interatomic
potentials of L1, are less than those of L1,, which means
that L1, phase is not as stable as L1, phase, and the
pre-precipitation phase L1, will transform into
equilibrium phase L1, that is more stable.

5 Conclusions

1) Pre-precipitation phase L1, separates out before
stable equilibrium phase L1, in Nij75AlgosFeo, alloy.
And as time goes by, this unstable transitional phase L1,
will transform into equilibrium phase L1, that is more
stable.

2) Due to the unstable property of transitional phase,
pre-precipitation phase L1, cannot reach stoichiometric
structure. However, equilibrium phase L1, is stable and
can coarsen and grow up as time goes by. Therefore, it
could arrive at stoichiometric structure.

3) Free energy lowers from the disordered phase to
L1, phase to L1, phase. And the interatomic potentials of
L1, phase are larger than those of L1, phase. Therefore,
L1, phase is unstable, and will transform into L1, phase
as time increases.

4) The precipitation sequence of Nig75AlggsFeqs
alloy is:

lower interfacial energy and similar structure

disordered phase

L1, pre - precipitation phase

lower free energy and larger interatomic potentials

L1, equilibrium phase
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