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Abstract. Grain growth in open systems is analyzed for the cases of flux-driven ripening during
soldering, flux-driven lateral growth during deposition of thin films, flux-driven lateral growth
during reactive growth of intermediate phase, flux-driven lateral growth of antiphase domains in
FCC-phase A3B and BCC-phase AB during the diffusion growth of ordered phase layer.

1. Introduction

Most of solid materials are polycrystalline. Evolution of their structure means, first of all, the
change of grain size and grain shape distributions. This problem is commonly known as the Grain
Growth problem. Usually, grain growth means coarsening, i.e. the growth of mean grain size. The
problem of grain growth is one of the traditional fields of the materials science [1-10]. In this paper
we will concentrate on the non-traditional aspect of this traditional problem, the grain growth in
open systems. Here, under open system we will imply (1) diffusion zone of the diffusion couple, (2)
thin film under various deposition conditions, and (3) reaction zone during solid state reaction. In all
the mentioned cases the new material is produced in the system. This material is typically poly-, or
even nanocrystalline, and demonstrates the coarsening. This coarsening, as we will see below, is
very different from the coarsening in closed systems due to fluxes of matter through the open
system. Below we present a few examples of coarsening in open systems: (1) Flux Driven Ripening
in reaction between solid copper or nickel with tin-based molten solder, (2) Flux-Driven Grain
Growth during deposition of a thin film on the inert substrate (theory, model and special
experiment), (3) Flux-Driven Coarsening of grains of the growing intermediate layer during reactive
diffusion — elementary estimations, (4) Flux-Driven Coarsening of antiphase domains in ordered
intermediate phase layers (A3B in the case of FCC lattice and AB in the case of BCC lattice).

2. Basic Aspects of Flux-Driven Ripening

The growth of intermetallic compound CueSns (or Ni3Sns) during reactions between Cu (or Ni) and
molten tin-based solder is accompanied with diffusion coarsening. A classical coarsening stage in
closed systems typically starts after the growth stage when the total volume of a new phase almost
reaches an asymptotic maximal volume, and this volume is now just redistributed among competing
grains [11-13]. The driving force of classical coarsening in closed system is the reduction of surface
energy due to the reduction of interface surface area. Contrary to this, reactions between molten
solder and metal demonstrate that ripening of scallop-type intermetallic phase in the contact zone
proceeds simultaneously with scallop growth. Since the volume of intermediate phase increases
with time, this type of coarsening can be called non-conservative. The driving force of this process
is the release of free energy due to the production of intermetallic phase volume.

If one assumes scallops to have a hemispherical shape, then the total area of an interface is just

twice larger than the planar cross-section area (4™ ~ Z27rRl.2 = 22 AR} ~ 247"y and

therefore is not changing with time in the process of growth. The scallop growth is observed during
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the reaction between eutectic SnPb solder and Cu and also between Pb-free solders (for example,
SnAg) and Cu, and between pure tin and copper [14-19]. It was experimentally shown that as the
layers of reaction products grow, the scallops ripening takes place, and the corresponding model
describing this phenomenon was proposed as well. In [20-21] the new kinetic theory was developed
for the new type of coarsening (jointly with King Ning Tu), based on (a) conservation of the
interface area at increasing volume and (b) dominating role of channels between the scallops. This
phenomenon was called flux-driven ripening (FDR).

Soldering (using the tin-based solders) proceeds at about 200°C-250°C, the typical time of
soldering being from a few seconds to several minutes. The result of soldering reaction is the
formation of intermetallic compounds Cus;Sn and CueSns. In case of reaction with molten solder the
CueSns is the dominant growth phase (due to fast penetration of copper through the liquid channels)
and has scallop-type morphology. The size of the scallops can grow to several microns in diameter
after a few minutes of reaction at 200°C-250°C between molten solder and Cu. The mean radius of
scallops grows with time approximately as ¢”*. The number of scallops decreases with time as ¢ 2.
On the other hand, the CusSn is a thin layer and its growth is very slow. Liquid channels between
the scallops remain during the whole process. The morphology of scallops and channels, most
probably, is thermodynamically stable under the presence of molten solder. Indeed, the molten
eutectic solder SnPb quickly wets the grain boundaries of CusSns, These channels are actually the
fast diffusion paths supplying copper to the molten solder. Then extra copper precipitates at the
scallops enabling their growth. The channel width will be theoretically evaluated in the next
Section.

3. Attempt of Evaluation of the Channel Width in FDR.

As mentioned above, the formation of the scallop-like 77-phase during the reaction of copper

substrate with the liquid tin-based solder proceeds much faster than the same phase growth in the
reaction with solid solder under the temperature just a little lower than the eutectic one. It cannot be
related to the temperature dependence of diffusion in intermetallic compound. Instead, it is related
to the easy-diffusion paths emerging between the neighboring scallops, which let copper intensively
diffuse into the melt and there to react with tin at the scallop/liquid interfaces. To the best of our
knowledge, there are 3 ways of interpreting the easy-diffusion paths in the mentioned system:

1. According to [20-21], the paths are just liquid channels formed due to full wetting of inter-
scallop boundaries by liquid solder, so that grain-boundary tension between two neighboring grains
of compound is larger than two interface tensions between the scallop and liquid solder:
Vn > 27, (¥). In this case the liquid channels are formed towards the very bottom of scallops —

towards the copper substrate (at first) and later towards the layer of & -phase Cu3Snl.
2. According to [22], the wetting of grain-boundaries by the liquid solder is not full:
Vyn <27,,(**). In this case the easy paths are the grooved grain boundaries between scallops.

3. There is also a compromise possibility [23]: the scallops growing at the base of the same
copper grain have close orientations, so that grain boundaries between them have low tension, and
condition (**) is satisfied. On the other hand, the scallops growing at different (neighboring) grains,
have large misorientations, grain-boundaries between them have high tension, they are wetted by
liquid solder, and condition (*) is satisfied.

Cases (1) and (3) mean the existence of the liquid channels. Let us make some theoretical
predictions for the width of channels [24]. Obviously, it cannot be too big, since there is a driving
force of reaction which will lead to filling the existing gap by the 7 -phase growing grains. On the

other hand, it cannot be zero because then two compound/liquid interfaces will convert into one
grain-boundary between two solid grains, then the energy will increase due to condition (*).
Let us consider the channel of some width 6 dividing two parallel walls of 77 -compound grains

based on the substrate of ¢-phase. In this configuration the bottom of the channel presents the
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contact of liquid tin-based solution and ¢ -phase, so that in usual free contact one might expect
emergence of 77-phase. Yet, in our case it should mean simultaneously the change of surface energy.

It means that we actually have the nucleation problem — competition of bulk and surface terms. The
only peculiarity is that the nucleus now is the island of 7 -phase containing grain-boundary instead

of two preexisting 77 -phase/liquid interfaces.

Nucleation can be “homogeneous™ (“kissing” of grains somewhere at arbitrary point contact of
two walls — disk of 77-phase ) and “heterogeneous” — emerging of 7 -phase island (semi-cylindrical

or rectangular “sheet” of 7 -phase) at the base of & -phase bottom. The second possibility seems to
be more probable due to the presence of copper necessary to form a “sheet” of 77-phase from the
tin-based liquid.

For simplicity consider a semi-disc of radius R and thickness 6 at the bottom of the channel.
The semi-disc consists of two semi-discs of some thicknesses 0o,,0,, 0,+0, =0 being the

“continuations” of the two neighboring grains. An exact position of a grain-boundary (and the
related &,/ J, ratio) does not influence the energy and therefore is not important.

The change of Gibbs free energy due to the formation of a semi-disc is equal to

1

Ag-é,‘+so er—> 1
AG (R’ 5) = (_#j 0 5 7R + (7,7/,7 - 27;,/1iquid) E 7R’

(1)
+7/7]/liquid ﬂ-R 5+ (77]/5 _ys/liquid) 2R 5
The first term is a “bulk” one. The second term corresponds to the change from two solid/liquid
interfaces to one grain-boundary. The third term corresponds to a side semicircle. The last, fourth
term, corresponds to the change of the bottom rectangular side interface from liquid/epsilon to

eta/epsilon.
As usual in nucleation problems, let us unite terms with squared radius and with linear radius:

Ag &+solder— 1
AG(Ra 5) = (7/;7/77 - zyq/liquid _$5]5 ﬂ-RZ

2)
T
+(E 777/1iquid + 7/77/5 - j/g/liquid J 5 ZR

One can easily see that the R-dependence of Gibbs free energy (1) can have typical barrier type at
5> 7/77/77 _27/17/liquid Q
g g+solder—n
or (2) can be monotonically increasing at
5 < 7/77/77 _277]/11'quid Q
g£+solder~>7]

Thus, there exists some “critical” channel width, under which the further filling of the liquid
channel by eta-phase is impossible.

5* — 7/17/17 _Zyn/liquid Q
Ag£+solder—)77 (3)

If 6>, then the nucleation is not even needed, and the channel will proceed becoming
narrower by normal movement of walls till the width reaches the mentioned critical value.
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4. Basic Equations of FDR

Let f(z,R) be the scallop radii distribution function (under the assumption of hemispherical

scallops). Since all scallops are based on the same substrate with fixed total area, S“, their total
volume grows but the sum of their basement areas remains almost constant. The constraint of
constant interface is:

N ©
> ZR? = j R f(t, R)dR = S — §"* = §“ = const . (4)
i=1 0
In Eq. (4) we neglected the area S”* of channels cross-section. It determines the incoming flux
of copper into the molten solder and is approximately equal to

S = j §2ﬂRf(t,R)dR . (5)
0
The volume of the growing intermetallic scallop is
N ©
v, = Z% R = j %;ﬂﬁ f(t,R)dR . (6)
i=1 0

The major constraint of our system is the conservation of mass. Namely, if molten solder is
saturated with copper (and the saturation is reached fast in a small micro-bump), then the ‘in-flux’
of copper is fully consumed by growing intermetallic scallops. It means that the product of the in-
flux density J” of copper and of the channels cross-section area S”* is equal to the increase of
copper quantity in the growing volume of the intermediate phase.

nC, 4V, _ g (7)

dt

Here n,, C, are atomic density and mole fraction of copper in the growing intermetallic,

respectively. The ‘in-flux’ density is determined by Fick’s law with average gradient being equal to
the ratio of the difference AC = C” —C* (between the equilibrium concentrations of copper in solder
with substrate and with growing scallops of intermetallic phase), and average width of the reaction
zone (approximately equal to average radius of a grain):
e b
c°-C . )
<R>
Since scallops must grow and shrink atom by atom, the distribution function should satisfy the
usual continuity equation in the size space:

d__0
o~ ar Vi) )

where the velocity in the size space, u,, is just the growth rate of scallops found from the equation

J" =—-nD

for the flux density:
dR _ —j(R)
U, =—==—"—-. 10
T ETC (10)
Flux in (out) of each individual scallop is proportional to the difference between the mean-field

B

chemical potential of copper £ in the reaction zone and the chemical potential s +E at the

spherical scallop-melt surface:

J'(R)Z—L(ﬂ—ﬂm—gj- (an
Here the parameters L,u are determined self-consistently from the above mentioned two

constraints — of constant surface and mass conservation.
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Equations (4) — (11) lead to the following equation for distribution function:

of k  <R> 0 o1
o __k 9 L 12
ot  9<R>-<R>’ 6R(f(<R> RD (12)

where the growth rate £ is determined by the incoming flux conditions instead of the surface tension
(contrary to LSW-theory of ripening in a closed system):

L 91 D(C"-C)s

13
2 ni Ci ( )
The mean cubed radius is proportional to time:
<R >=kt. (14)
The normalized size distribution function is
u 4
g(u)=0.0169(2_u)4 exp[—ﬁ), u=R/<R>. (15)

Thus, the mean size kinetics is the “LSW-like” (LSW: Lifshitz-Slezov-Wagner [11-13]) and size
distribution is “Hillert-like” [2] demonstrating that FDR incorporates the features both of ripening
and of grain growth.

5. Basic Aspects of Flux-Driven Grain Growth during Deposition

In 2003 Tu, Gusak and Sobchenko generalized the idea of grain growth in an open system on the
case of thin film deposition. The model was called the Flux-Driven Grain Growth ( FDGG) [25].

Fig 1. (a) Cross-sectional view of grain structure after the 250-nm Al film deposition at room
temperature (Zeiss Libra 200 FE, dark-field mode) [26];
(b) Idea and basic scheme of “mushroom” effect

We considered the grain growth simultaneously with the formation of bamboo structure during
the thin film deposition (Fig.1). The main idea was the so-called mushroom (edge) effect — the grain
structure of a new atomic layer is basically inherited from the previous layer, but can slightly differ
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from the previous in a very narrow band (of atomic thickness 29 ') just above the grain boundary. If
an ad-atom is about to become attached in this region, it can choose between the two adjacent grains
as host. In order to obtain the linear growth law, the authors assumed in [25] that the above
mentioned choice is done in a deterministic way, i.e. an atom which lands within the 20 -band
always chooses the larger grain as its host. So, the larger grain extends in each new deposited layer
and gradually overlaps the neighboring smaller grain. This scheme has led to the conclusion that the

average lateral diameter should develop according to the relationship 2R ~ 0.8 -(5 /d ) -h in which

d denotes the inter-planar distance.

In [26], an experiment with Al deposition demonstrated that the growth of the lateral mean size is
substantially slower and, moreover, it is better approximated by the parabolic dependence. Thus, a
revision of the FDGG model was required. It turned out that thermodynamic probabilities had to be
taken into account when the choice of the host grain is made: The probability is controlled by the
local curvature 1/r of a grain boundary, which generates the difference of pressure between both
sides of the boundary Ap =y /r (the Laplace pressure/tension, depending on curvature sign). Hence,

the difference of binding enthalpy exists, AH = QAp = )£ 2/r . Therefore, the probabilities of
) e
sticking to one of the adjacent grains are equal to e *" / {ez”‘T +e 2T } , so that the local lateral

shift of the grain boundary after the deposition of a new atomic layer of thickness d will amount to

<Ax>=§-tanh( A2 j (16)

2rkT
Accordingly, the velocity of lateral grain boundary motion is given by

po SAX>  <Ax> :@E.tanh(ﬁl)_ (17)
At (d/(dhidt)) dtd 2kT r
layer
: : : . . . dh &
If the ratio }/Q/(kT r) is large, the previous FDGG model is retained with V:id_;
4

depending on the curvature direction. However, if the ratio ;/Q/(kT r) is small enough (e.g.

r=20nm,y =0.5 J/mz,Q =2 10_29m3,T =300K yield a ratio of 0.12 << 1), the function may

be approximated by its argument. In this case, the migration velocity of the grain boundary becomes
proportional to its local curvature, as has been used before in the Neuman-Mullins approach for
conventional thermal grain growth in the 2D case [4, 5]:
v dh o6 Q
v=M*>=withM =—-—-——, (18)
r dt d 2kT
As has been shown in numerous previous works on conventional grain growth, such dependence
of the driving force always leads to a parabolic growth law for the mean size, as in the case of
conventional grain growth. The only but fundamental difference in the case of FDGG is that the
effective lateral mobility M is proportional to the deposition rate, while it is determined by the
kinetics of the detachment of atoms from one grain structure and incorporation into another in the
case of conventional grain growth. Thus, one may formulate:

R*-R’=k-t=x-h, (19)
where
k My
dh/dt dh/dt

(20)
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6. Attempt of FDGG-Theory for the Case of Reactive Diffusion

Here we will compare the kinetics of common normal grain growth with lateral grain growth in the
growing phase layer during reactive diffusion.

At first, we will evaluate the lateral grain growth rate in a closed thin film. Very roughly, we will
consider the film with bamboo structure and will treat each grain as approximately cylindrical (with
some lateral radius and some height equal to the film thickness). The velocity of a grain boundary
between two grains of lateral radii R, and R, (the velocity projection on the direction from grain i to

grain j) can be estimated according to main principles of non-equilibrium thermodynamics with the
account of the Laplace tension terms:

Au D™ 1 Lapl Lapl D' 1 72 A2
A DT g i) D112 A 21
R G Ay R, 2D

Here Au is a difference of chemical potentials between the neighboring grains due to their

*

v=-L

different sizes; L is the Onsager coefficient, proportional to the tracer diffusion coefficient D™

across the boundary; p’“' is the Laplace pressure within the i-th grain, ¢ is the grain boundary

width and y is the grain boundary tension.
Then the rate of the i-th grain radius change is approximately equal to

dR, D~ 1(7@ 7@} 22)

dt kT 5| R R

where R is the mean lateral grain radius.
Then the rate of the mean radius growth is approximately equal (as shown in the Hillert’s model
of normal growth [2]) to

normal 1
dr["™ DV 1 o)
dt kT 6 R

where « is about one (more close to 0.5).

Now we will estimate the lateral diffusion induced growth rate in an open system. We see this
process in the following way: atom A in the process of the reactive diffusion migrates (at relatively
low temperature) through the layer of ordered intermediate phase along the grain boundary or along
the boundary between the anti-phase domains. Time 7 of this migration will be estimated below. At
the end of the travel along the boundary the atom should react with B and join one of grains or one
of antiphase domains. By the joining the atom continues the intermediate phase grain (domain) both
in lateral direction as well as in the direction of intermediate layer growth. The choice of a grain
(domain) to join is determined by the difference of probabilities

| expl =2 | x| X A B OGN S
Ap—Lexp( kTRl} exp( kTRjJJ/Lexp( kTRi]+eXp( kTRjD 2kT{Rj Rl}, (24)

The average lateral displacement from grain i toward grain j is determined by the product of
these probabilities difference and of the interatomic distance:

~K

1 1) 2s)
/ 2kT\ R, R,
Hence, the rate of the grain lateral growth (or shrinking) approximately equals to
R
R a1 1) 6
dt t2kT'\R R

Then the rate of the mean radius growth due to distribution of “newly arrived” atoms among
domains (grains) is equal to
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FDGG

dar ~ a A2 1 (27)
dt r 72T R’
Here 7 is the time of migration across the phase layer along the grain boundary (along the
boundary between domains). Let us estimate this time. The effective flux density through the phase

layer of thickness 4 equals to

7, =tci~tlopnasl (28)
Q QR kT h
where Ag is the thermodynamic driving force of phase formation.
Thus, the mean velocity 7 of atoms B migration through the phase layer is
V~——D 29
CR “kTh #)
Here D_, - is the tracer diffusivity along the grain boundary.
Thus, the average time spent by atoms during the travel along the boundary is
TC,
T:izhz k*f’ . (30)
4 0D ,Ag
Hence, for the lateral grain growth in an open system one gets:
FDGG
ar z/cﬁ—ygl:/c a ﬁl (31)
dt 7 2kT R P kTC, |2kT R
SDgzAg
Now we find the ratio of the lateral growth rates in open and closed systems:
FDGG normal
dRI et Ll ? A1 dREE D1 (32)
dt 7 2kT R i kTC, |2kT R dt kT 6 R
SDgzAg
a A1
e kTC, |2kT R
dR / d |FDGG 5DZ~ZAg a52 Ag D*// (33)
dR / d normal KDJ_* l@ 2CRh2 kT D;JI; :
kT 6 R

Thus, the ratio of grain growth rates in open and in closed polycrystalline layer depends on its
thickness, as well as on the mean grain size, changing with time. The thinner is layer, the stronger
should be influence of external fluxes on the lateral grain growth.

7. Model Monte Carlo Experiment for Polycrystalline A3B (FCC lattice) — Simultaneous
Growth of Phase Layer Thickness and of Mean Lateral Grain Size Growth in Reactive
Diffusion between A and AB

We tried to check our ideas of the previous section by Monte-Carlo modeling of domain growth in
the ordered phase. We treat the anti-phase domains as grains and boundaries between the anti-phase
domains as grain boundaries between grains with different orientations. Of course, we keep in mind
that merging of domains is much more probable than merging of grains due to the much smaller set
of possible domains than the set of possible orientations. We limit ourselves here by the exchange
mechanism in the FCC lattice. The choice of pair energies was the following:

@, /kT=-3,® ,/kT ==5 @, | kT =-2.25 .
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We compare the evolution kinetics for two cases. Case (1) — Closed system with elongated grains
along axis Z (actually, 4 times a lattice parameter with periodic boundary conditions; note that one
lattice parameter is equal to two inter-planar 001 distances) and 2D-coarsening in XY-plane. Case
(2) — Open system — thin layer of intermediate ordered phase A3B (containing initial set of 4 types
of competing anti-phase domains) between pure A and ordered AB phase.

The initial thickness of the intermediate ordered A3B layer was 3 times a lattice parameter; the
initial thickness of AB marginal sample was 5 times a lattice parameter; and the initial thickness of
pure A sample was also 5 times a lattice parameter, (A-A3B-AB-A3B -A...).

L. At first we tried to use the standard Residence Time Algorithm (RTA) for simulation of atomic
migration both in closed and open systems. Namely, we assume that the activation barrier Q for
each atomic exchange is constant, so that the magnitude of the saddle-point E*““* is equal to

Eold + Enew

E e =T+Q. Then the energy needed to reach the saddle-point from the old state is
Enew _ Eold
Erdde g = — % Q. Then the probability of each possible exchange can be found as
Enew i _Eold i
e
p(l) = new [ - o . : (34)
E" () =E™ (J)
D v,exp| -
- AT

The actual exchange is chosen among all possibilities for all possible exchanges of all atoms, and
the time is added according to:

ti=t+ | (35)

P )

Here the sum is taken over all possible exchanges of all atoms with their nearest neighbors of
alternative sort.
The “time” at the abscissa in Fig. 2 is actually

greteed . =10% -t -v, exp (—gj (36)

kT

The ordinate in Fig. 2 is a mean number of atoms per a cross-section of a domain satisfying the
condition of the ordered phase.

One can see that the growth in the open system is faster.

The initial decrease of lateral size in this computer experiment and in all experiments below is,
evidently, due to the widening of the initially sharp boundaries between the antiphase domains. (We
artificially prepared the set of ideally ordered antiphase domains. After the start of simulation, the
domains start to lose the ideal order and the boundaries widen.)



238 Structure, Thermodynamics and Diffusion Properties of Grain Boundaries
and Interfaces

10

9ot
(V]
N
(4]
o osp
(]
=
©
(8]
(2]
o7
$
=4
6
5 000 10 000 15 000 20 000 25 000
Reduced time
(a)
124
114
o 10T
N
1]
© 91
o
L
=
©
8 .1
Q
[
o
a); 7
4
6
5
500 1 000 1 500 2 000 2 500 3 000 3 500 4 000 4 500 5 000
Reduced time

Fig. 2. Comparison of coarsening kinetics in closed (a) and open (b) systems at the RTA algorithm,
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: e

II. An alternative version of the algorithm is also well known. Let us assume that instead of Q the

position of the saddle point, E*“, is common for all possible exchanges. Then the probability of
the i-th exchange is given by

saddle _ prold ( -
l%expf—E E @)J

kT

Esaddle _Eold i :
;voexp(— T ( )J

1
Esaddle _ Eold .
Zrenl

Here the sum is taken over all possible exchanges of all atoms with their nearest neighbors of
alternative sort.
The “time” at the abscissa in Fig. 3(a and b) is actually

Esaddle
treduced = 10—35 1V ex _ )
o €XPp T

p@)= (37)

t=1+

(38)
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Fig. 3. Comparison of coarsening kinetics in closed (a) and open (b) systems at the RTA algorithm,

saddle
E*% = const , 1" =107 -t-v, exp| — :
kT

In this case the growth in open system is faster as well.

III. Metropolis algorithm.

We tried one more version of algorithm — the most “ancient” one — the Metropolis algorithm. We
randomly choose an atom and one of its neighbors. If the exchange leads to the decrease of energy,
then the change is accepted, otherwise it is tried according to Boltzmann distribution. The exchange
is not accepted if the randomly generated number from interval (0.1) 1is larger

Enew _ Eold
than exp |

One can see that the growth in open system under the Metropolis algorithm is also faster.
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Fig. 4. Comparison of coarsening kinetics in closed (a) and open (b) systems at the Metropolis
algorithm

8. Model Monte Carlo experiment — Thickness Growth and Simultaneous Lateral Grain
Growth of Polycrystalline AB (BCC lattice) in Reactive Diffusion between A and B

Here we study the second-order transition in the open system with concentration gradient and
corresponding fluxes. In this case of ordering at BCC lattice the choice of antiphase domains is of
course more limited, namely, only two sublattices are available. Therefore the probability of simple
merging is higher.

Open system: 7 times a lattice parameter for A, 5 times a lattice parameter for the initial AB
couple at the rigid BCC lattice and 7 times a lattice parameter for B, (A-AB-B-AB-A...).

Similar to Section 7, we started with the standard Residence Time Algorithm. The probabilities
and time scale are determined by Egs. (34, 35).

The “time” at the abscissa in Figs. 5a,b is actually #“““* :=10’-¢-v, exp(—k%j :
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Fig. 5. Comparison of coarsening kinetics of the BCC AB phase in closed system (a)

and in open system (b) at the RTA algorithm, Q=const, t“““** :=10°-¢-v, exp(— %) .

Similar to the FCC-lattice, for the ordering in the BCC lattice we also tried the second version of
the algorithm, with fixed saddle-point instead of fixed barrier height, according to Egs. (37-38).
In this case the “time” at the abscissa in Figs. 6a,b is actually

edince - Esaddle
e =10 19-t-voe:xp(— :

kT
Once more one can see the faster growth in the open system.
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saddle
and in open system (b) at RTA algorithm, E*“" = const , "' :=107" -¢t-v, exp(— J .
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Fig. 6. Comparison of coarsening kinetics in BCC AB phase in closed system (a)

kT

Summary

1.

The lateral grain growth during solid - liquid interactions in soldering proceeds due to
external fluxes penetrating the reaction zone via the liquid channels, and the rate of the
lateral grain growth is determined by 1/3 time law and is proportional to the channel width
instead of surface tension, contrary to normal grain growth in closed thin films.

The lateral grain growth during the deposition can proceed due to the choice of host grain by
the atoms arriving to the grain boundary junction from the vapor phase. Its rate is determined
by the deposition rate.

The lateral grain growth during solid — solid interaction with the formation of intermediate
phase layer can proceed due to the choice of host grain by the atoms arriving to the grain
boundary junction through the growing phase layer.

The lateral growth of anti-phase domains during the reactive growth of A3B FCC-phase and
of AB BCC phase proceeds faster in the open system than in the closed one. We are not
ready to claim anything numerically at the moment but the faster grain growth in open
systems seems evident. More accurate evaluation of the rates and of time scales will be
reported elsewhere.
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