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Abstract: The coherent elastic strain-induced morphological transformation of a binary cubic model alloy was simulated with differ-
ent strain energy parameters. The microscopic diffusion equation was combined with the theory of microscopic elasticity. The results
show that when the strain energy is neglected, the randomly distributed equiaxed particles are obtained with isotropic characteristic.
It is coarsening that follows the Ostwald ripening mechanism: smaller particles dwindle and larger particles grow; when the elastic
strain is considered, plate precipitates tend to align along the elastically soft directions <01> with anisotropic characteristic. The par-
ticles grow in the soft directions and coarsen further; particles dwindle in out of the soft directions. While the coarsening of the parti-

cles localized in the same row or column follows the rule: smaller particles shrink and larger ones grow.
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1 Introduction

During the diffusion process of aging alloys, if the
rearrangements of atoms result in different lattice
parameters between coherent precipitates and matrix
phases, then there exist elastic strain fields around
precipitates, and their superposition result in long-
range elastic interactions, which dramatically affect
the shapes and spatial arrangement of precipitate par-
ticles. Many experiments have been carried out on the
dynamic mechanism of aging alloys [1, 2], yet the
work of computer simulation is still at it’s initial stage,
and is only focused on the system without elastic
strain energy [3, 4].

In this paper, based on the microscopic diffusion
equation and microscopic elasticity theory, the com-
puter simulation of coherent strain-induced mor-
phological transformation of binary cubic model alloy
is performed. In this model, the only input needed is
the information concerning interaction potentials. The
model can describe simultaneously very different
structural transformations, such as shapes, habits,
mutual distributions and concentration profiles erc.
within the same formalism. Any a priori assumptions
concerning the above information become unneces-

sary.
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2 Theory and method

2.1 Microscopic diffusion equation

The diffusion relaxation of atoms between lattice
sites is described by the Onsager equation [5]:
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The function n(7,t) characterizes a single occupa-
tion probability on the site 7 at time f, it can de-
scribe the morphology of precipitate. L(F—F) is a
constant matrix related to the probabilities of elemen-
tary diffusion jumps from lattice 7 to 7, T the
thermodynamic temperature, kg the Boltzmann’ s
constant, C the average alloy composition, F the
total Gibbs free energy of the system.

The Fourier transform of equation (1) is:
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where k is the reciprocal lattice vector within the
first Brillouin zone. 7(k,t), Lo(k) and _SF
dn(r,n)];

are the Fourier transforms of n(7,t), Ly(r —7") and
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In the mean-field approximation [6], the free energy
in equation (1) is given by:
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where W(r —7") is a pairwise interaction energy be-
tween two atoms at lattice sites 7 and 7, including
chemical and elastic interactions:

WE-F)=WFE-7)+W(F =) @
2.2 Microscopic elasticity theory

In the microscopic elasticity theory, the strain ener-
gy of a binary solid solution is given as a sum of two
physically distinct terms [6]:

(1) The configuration-independent term: the self-
energy and image force-induced energy.

(2) The configuration-dependent term: the energy
from concentration inhomogeneity.

The first term is not affected by spatial redistribu-
tion of solute atoms and therefore it can be ignored.
The second term gives a nonlocal strain energy change
associated with spatial distribution of solute atoms,
and affects the precipitate morphology. In the real
space, it’s given by:
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The Fourier transform of equation (5) is [7]:
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where N is the total number of lattice sites. The
prime in the summation (6) implies that the point
k =0 is excluded because V(E ) has a singularity at
k=0. V(k)q is the function of elastic energy density,
it’s the Fourier transform of W(F),, with the long-

wave approximation [6] it can be written:
V(k)a = B@E) =—03{[eQ(E),e,~ <eQ(E),e;>:] (7)

where 6, =(c;; +2c;,)&,, ¢, and ¢, are the elastic
constants of a cubic crystals. Generally, solute atoms
are dilatational centers and their introduction leads to
an isotropic crystal lattice expansion characterized by
a stress-free strain tensor €;° =£,8;, & =92 Cde 1S
the concentration coefficient of the crystal lattice ex-
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pansion, a the crystal lattice parameter of the matrix,
6, the kronecker delta symbol, é=% the unit

vector in the k direction, <--- >; the symbol of av-
eraging over all directions €, (e); the Green ten-

sor reciprocal to cyyee; .

2.3 The kinetic model

The Fourier transform of the variational derivative
of (3) yields:
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Substituting (9) for (8) and (8) for (2), yields a re-
ciprocal space representation of the kinetic equation:
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Using a 2-neighbor interaction model [7], the func-
tion V(k)f can be written as:

V(’? )r = 2w[cos(k,a) + cos(k,a)] +
4w, cos(k.a)cos(k,a) (1)

k= (k:,k,), k, and k, are the components of vector
k along the x and y axes parallel to the [10] and
[01] directions in the reciprocal space; w, and w,
are the nearest and next nearest neighbor pairwise in-
terchange energies.

In the 2D-model [8] the elastic strain energy func-
tion B(e) can be approximately written as

B(é) = B(e,’e,” —0.125) (12)

e, and ¢, are the components of the unit vector
ealong the x and y axes in the reciprocal space,
4y + 2cp)
culey + o+ 2cy)

B=- 802A is a material constant

characterizing the elastic properties and the crystal
lattice mismatch, 4 =c¢;, —¢;, —2c4 is the elastic
anisotropy constant [9].

According to the mean-field approximation, the
minimizing free energy of the system when
n(r) = c as follows:

F= N[%V(O)c2 +kgT(clnc+ (1-c¢)In(1— c))] (13)

Since the function B(e) has a singularity at
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k=0 , the situation is complicated, while &, =<01>
is the “soft” directions providing the minimum value
of B(e). According to equation (11), B(e,)=

—0.125B, thus V(I_c')min =V (0); + B(é,), then the free

energy model resulting in the sable coherent diagram
shown in figure 1 is:

1
F= N[E(V(O)f —=0.125B)c* + kgT(clnc+

(1-c)In(1-c))] (14
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Figure 1 The equilibrium phase diagram of model alloy
(c—content of the solute atom).

Using (11), (12) and (14) in (10) and introducing
the reduced strain energy parameter B’ =B/
V(0)—0.125B|, reduced temperature T =kgT/

[V(0) - 0.125B], reduced time 1" =t[Lc(1—c)/ksT]-
V(0)-0.125B

written in a dimensionless form:

, thus the kinetic equation can be
dﬁ%_’") =-2[(2 - cos(k,a) - cos(k,a))+
a(2 - cos(k,,a + kya)— cos(k,,a - kya))]x

2w, (cos k.a+ cos kya)+ 4w, / «/5 cos(k,a)cos(k,a)
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Equation (15) is good for any system with long-
range interactions. The longer the interaction range,
the more accurate the equation. It is especially accu-
rate in the presence of long-range strain-induced inter-
action [10]. It is a nonlinear equation and a numerical
solution would be preferred. The Euler method is
utilized:
dilk,t*

dr’

where Ar* is a time increment.

ﬁ(E,t‘ +At')= H(E,t‘)+ At (16)

3 Simulation results

In this paper, a binary substitutional alloy is consid-
ered. The phase diagram is shown in figure 1. As-
suming that the two coherent phases have the same
disordered structure and elastic modular, but different
compositions, which result in different crystal lattice
parameters. The 2D simulation is performed in a
square lattice consisting of 128x128 unit cells, and
periodic boundary conditions are applied.

An alloy with composition c¢=0.14 is aged at
T* =0.08, the corresponding point in figure 1 is point
“a” denoting the homogeneous disordered solid solu-
tion and closing to the one side of the spinodal. Its
initial condition is completely disordered with the oc-
cupation probability of solute atoms at each site de-
fining average composition, small perturbations are
added. When B*=0.0, the term of random noise is
considered in the previous 1000 steps; while when
B’ =1.25, the steps needed are 3000 to induce the de-
composition. The solution of equation (14) is carried
out using the Euler method, # k,t) describes the con-
centration wave amplitudes within the entire first
Brillouin zone, its back Fourier transform n(lz ,t)
gives the occupation probability, which is represented

by a gray scale on which black indicates 0 and white
1.

The simulation results with strain energy parameter
B*=0.0 are presented in figure 2. As shown in fig-
ure 2(a), at t* =10, the decomposition starts by de-
veloping concentration waves along all directions; at
t* =20 (see figure 2(b)), some isolated axed precipi-
tate particles are formed in the solute-lean dark matrix;
at =40 (see figure 2(c)), randomly distributed
isolated particles are formed completely; at #* =100
(see figure 2(d)), the coarsening of precipitates can be
obviously observed.

The phase decomposition conditions with
B*=1.25 are shown in figure 3. As shown in figure
3(a), when ' =20, at the initial stage of decomposi-
tion, fine and diffuse concentration modulations ap-
proximately along <01> “soft” directions developed
first. The condition at ¢* =30 is demonstrated in fig-
ure 3(b), the precipitates particles are formed at nodes
produced by intersections of the maxima of the two
mutually perpendicular concentration modulations
along the two directions, and they are linked by “gray
linkage bridges”. Figure 3(c) presents the state at
t" =80, the nodes develop into plate-like particles
tending to distribute along <01> directions by ab-
sorbing solute atoms from all connecting linkages.
The state at ¢* =160 is shown in figure 3(d), the
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coarsening of precipitates has taken place.

Figure 3 Computed microstructure for B#*=1.25 at various stages, (a) £* = 20; (b) £* = 30; (c) £* = 80; (d) #* = 160.

tion mechanism, which coincides with the phase dia-
gram figure 1 of the model alloy: the representing
point lies below the spinodal line.

4 Analysis and discussions

It can be seen from figures 2 and 3 that the phase
transformation is taken place by spinodal decomposi- As shown in figure 2, where B' =0.0, randomly
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oriented concentration waves develop first, an highly
interconnected “sponge-like” structure which is simi-
lar to that obtained in the gymmetrical case [11] 1s
predicted in the initial stage. The structure is unstable
and the connectivity is broken immediately (figure
2(b)). The two phases develop toward their equilibri-
um state, at last the isolated equiaxed precipitates par-
ticles randomly distributed in the solute-lean dark
matrix are formed. In this case, the elastic strain ener-
gy is neglected and the development is controlled only
by the interfacial energy, whose reducing can provide
the driving forces of phase transformation. Thus the
sphere-like particles having the minimizing interfacial
energy are formed. Upon further aging, we can clearly
see the shrinkage of smaller particles and the growth
of larger particles, which follows the Ostwald ripening
theory. Therefore the interfacial energy decreases fur-
ther. In order to provide the isotropic interfacial en-
ergy, the ratio of w, and w, is chosen to be \/5 .So
the microstructure has an isotropic characteristic dur-
ing the evolution process.

As B*=1.25, both the strain energy and the inter-
facial energy control the transformation. Although the
treatment of interfacial energy is the same as
B"=0.0, morphology here has a significant aniso-
tropic characteristic. The reason is that the <01> di-
rections are the elastic “soft” directions along which
the strain energy of the cubic model alloy has the
minimizing value in 2D case. In the Fourier space, the
wave vectors along the elastic “soft” directions have
bigger factors of increasing amplitudes, so the pre-
cipitate particles tend to arrange along them. If only
the elastic strain energy is considered, plate-like pre-
cipitates are preferred and sphere particles are nearly

impossible to form. Here the competition of the strain
energy and the interfacial energy results in the forma-
tion of the ellipsoidal-plate-like precipitates. From
figures 3(a) and 3(d), we can observe the selective
growth and coarsening of precipitates. It follows that
particles grow in the soft directions and coarsen fur-
ther, particles dwindle in out of the soft directions,
while the coarsening of the particles sitting in the
same row or column follows the Ostwald ripening
theory, smaller particles shrink and larger ones grow.

Comparing figures 2 and 3, it can be seen that the
phase decompositions latter take place slower than the
former. Therefore, it is thought that the coherent strain
energy can decrease the effective driving force of spi-
nodal decomposition. So, stronger concentration
fluctuations are needed to stimulate spinodal decom-
position.

The simulated result is compared with the experi-
mental result [12] in figure 4. Figure 4(a) represents
the stmulated microstructure of 14% (atomic fraction,
so as the follows) model alloy aged at T =0.08 for
1"=160. Figure 4(b) represents the TEM image of
Ni-32.7%Cu-9.2%Si aged at 650°C for 120 min ob-
served by Tyapkin er al. The simulated microstructure
shown in figure 4(a) is in good agreement with the ob-
servation by Tyapkin et al. in Ni-Cu-Si alloys. Both of
them have the selective growth and coarsening char-
acteristic. Furthermore, some square precipitate mac-
rolattices are found in the two cases. The regardless of
its oversimplification, the model can be efficiently
used in many cases for understanding, interpreting and
predicting structural evolution in real alloys.

Figure 4 Comparison of the precipitate morphology with the simulation with TEM image, (a) simulated microstructure of
14% model alloy, T#=0.08, r*=160, aging; (b) TEM image of Ni-32.7% Cu-9.2%Si ( atomic fraction) aged at 650°C for 120

min,

5 Conclusions

(1) With B*=0.0, the randomly distributed equi-

axed precipitate particles are formed. The micro-
structure has an isotropic characteristic; its coarsening
process follows the Ostwald ripening theory: smaller
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particles dwindle and larger particles grow.

(2) With B =1.25, the ellipsoidal-plate-like pre-
cipitates are formed and tend to arrange along the
<01> directions. The morphology has an anisotropic
characteristic. The growth and coarsening of precipi-
tates follow the selective law, and particles grow in the
preferring directions and coarsen further, particles
dwindle in out of the soft directions. While the
coarsening of the particles sitting in the same row or
column follows the rule: smaller particles shrink and
larger ones grow.
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